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For practical purposes, the term waste includes any mate-
rial that enters the waste management system. In this chap-
ter, the term waste management system includes organized
programs and central facilities established not only for fi-
nal disposal of waste but also for recycling, reuse, com-
posting, and incineration. Materials enter a waste man-
agement system when no one who has the opportunity to
retain them wishes to do so.

Generally, the term solid waste refers to all waste ma-
terials except hazardous waste, liquid waste, and atmos-
pheric emissions. CII waste refers to wastes generated by
commercial, industrial, and institutional sources. Although
most solid waste regulations include hazardous waste
within their definition of solid waste, solid waste has come
to mean nonhazardous solid waste and generally excludes
hazardous waste.

This section describes the types of waste that are de-
tailed in this chapter.

Waste Types Included
This chapter focuses on two major types of solid waste:
municipal solid waste (MSW) and bulky waste. MSW
comprises small and moderately sized solid waste items
from homes, businesses, and institutions. For the most
part, this waste is picked up by general collection trucks,
typically compactor trucks, on regular routes.

Bulky waste consists of larger items of solid waste, such
as mattresses and appliances, as well as smaller items gen-
erated in large quantity in a short time, such as roofing
shingles. In general, regular trash collection crews do not
pick up bulky waste because of its size or weight.

Bulky waste is frequently referred to as C&D (con-
struction and demolition) waste. The majority of bulky
waste generated in a given area is likely to be C&D waste.
In areas where regular trash collection crews take anything
put out, the majority of bulky waste arriving separately at
disposal facilities is C&D waste. In areas where the regu-
lar collection crews are less accommodating, however, sub-
stantial quantities of other types of bulky waste, such as
furniture and appliances, arrive at disposal facilities in sep-
arate loads.

Waste Types Not Included
In a broad sense, the majority of nonhazardous solid waste
consists of industrial processing wastes such as mine and
mill tailings, agricultural and food processing waste, coal
ash, cement kiln dust, and sludges. The waste management
technologies described in this chapter can be used to man-
age these wastes; however, this chapter focuses on the man-
agement of MSW and the more common types of bulky
waste in most local solid waste streams.

—F. Mack Rugg
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This section identifies the sources of solid waste, provides
general information on the quantities of solid waste gen-
erated and disposed of in the United States, and identifies
the potential effects of solid waste on daily life and the en-
vironment.

Sources
The primary source of solid waste is the production of
commodities and byproducts from solid materials.
Everything that is produced is eventually discarded. A sec-
ondary source of solid waste is the natural cycle of plant
growth and decay, which is responsible for the portion of
the waste stream referred to as yard waste or vegetative
waste.

The amount a product contributes to the waste stream
is proportional to two principal factors: the number of
items produced and the size of each item. The number of
items produced, in turn, is proportional to the useful life
of the product and the number of items in use at any one
time. Newspapers are the largest contributor to MSW be-
cause they are larger than most other items in MSW, they
are used in large numbers, and they have a useful life of
only one day. In contrast, pocket knives make up a negli-
gible portion of MSW because relatively few people use
them, they are small, and they are typically used for years
before being discarded.

MSW is characterized by products that are relatively
small, are produced in large numbers, and have short use-
ful lives. Bulky waste is dominated by products that are
large but are produced in relatively small numbers and
have relatively long useful lives. Therefore, a given mass
of MSW represents more discreet acts of discard than the
same mass of bulky waste. For this reason, more data are
required to characterize bulky waste to within a given level
of statistical confidence than are required to characterize
MSW.

Most MSW is generated by the routine activities of
everyday life rather than by special or unusual activities or
events. On the other hand, activities that deviate from rou-
tine, such as trying different food or a new recreational
activity, generate waste at a higher rate than routine ac-
tivities. Routinely purchased items tend to be used fully,
while unusual items tend to be discarded without use or
after only partial use.

In contrast to MSW, most bulky waste is generated by
relatively infrequent events, such as the discard of a sofa
or refrigerator, the replacement of a roof, the demolition

of a building, or the resurfacing of a road. Therefore, the
composition of bulky waste is more variable than the com-
position of MSW.

In terms of generation sites, the principal sources of
MSW are homes, businesses, and institutions. Bulky waste
is also generated at functioning homes, businesses, and in-
stitutions; but the majority of bulky waste is generated at
construction and demolition sites. At each type of gener-
ation site, MSW and bulky waste are generated under four
basic circumstances:

Packaging is removed or emptied and then discarded. This
waste typically accounts for approximately 35 to 40%
of MSW prior to recycling. Packaging is generally less
abundant in bulky waste.

The unused portion of a product is discarded. In MSW,
this waste accounts for all food waste, a substantial por-
tion of wood waste, and smaller portions of other waste
categories. In bulky waste, this waste accounts for the
majority of construction waste (scraps of lumber, gyp-
sum board, roofing materials, masonry, and other con-
struction materials).

A product is discarded, or a structure demolished, after
use. This waste typically accounts for 30 to 35% of
MSW and the majority of bulky waste.

Unwanted plant material is discarded. This waste is the
most variable source of MSW and is also a highly vari-
able source of bulky waste. Yard wastes such as leaves,
grass clippings, and shrub and garden trimmings com-
monly account for as little as 5% or as much as 20%
of the MSW generated in a county-sized area on an an-
nual basis. Plant material can be a large component of
bulky waste where trees or woody shrubs are abundant,
particularly when lots are cleared for new construction.

Packaging tends to be concentrated in MSW because
many packages destined for discard as MSW contain prod-
ucts of which the majority is discarded in wastewater or
enters the atmosphere as gas instead of being discarded as
MSW. Such products include food and beverages, clean-
ing products, hair- and skin-care products, and paints and
other finishes.

Quantities
The most important parameter in solid waste management
is the quantity to be managed. The quantity determines
the size and number of the facilities and equipment re-
quired to manage the waste. Also important, the fee col-
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lected for each unit quantity of waste delivered to the fa-
cility (the tipping fee) is based on the projected cost of op-
erating a facility divided by the quantity of waste the fa-
cility receives.

The quantity of solid waste can be expressed in units
of volume (typically cubic yards or cubic meters) or in units
of weight (typically short, long, or metric tons). In this
chapter, the word ton refers to a short ton (2000 lb).
Although information about both volume and weight are
important, using weight as the master parameter is gener-
ally preferable in record keeping and calculations.

The advantage of measuring quantity in terms of weight
rather than volume is that weight is fairly constant for a
given set of discarded objects, whereas volume is highly
variable. Waste set out on the curb on a given day in a
given neighborhood occupies different volumes on the
curb, in the collection truck, on the tipping floor of a trans-
fer station or composting facility, in the storage pit of a
combustion facility, or in a landfill. In addition, the same
waste can occupy different volumes in different trucks or
landfills. Similarly, two identical demolished houses oc-
cupy different volumes if one is repeatedly run over with
a bulldozer and the other is not. As these examples illus-
trate, the phrases “a cubic yard of MSW” and “a cubic
yard of bulky waste” have little meaning by themselves;
the phrases “a ton of MSW” and “a ton of bulky waste”
are more meaningful.

Franklin Associates, Ltd., regularly estimates the quan-
tity of MSW generated and disposed of in the United States
under contract to the U.S. Environmental Protection
Agency (EPA). Franklin Associates derives its estimates
from industrial production data using the material flows
methodology, based on the general assumption that what
is produced is eventually discarded (see “Estimation of
Waste Quantity” in Section 10.4). Franklin Associates es-
timates that 195.7 million tons of MSW were generated
in the United States in 1990. Of this total, an estimated
33.4 million tons (17.1%) were recovered through recy-
cling and composting, leaving 162.3 million tons for dis-
posal (Franklin Associates, Ltd. 1992).

The quantity of solid waste is often expressed in pounds
per capita per day (pcd) so that waste streams in different
areas can be compared. This quantity is typically calcu-
lated with the following equation:

pcd 5 2000T/365P 10.2(1)

where:

pcd 5 pounds per capita per day
T 5 number of tons of waste generated in a year
P 5 population of the area in which the waste is gen-

erated

Unless otherwise specified, the tonnage T includes both
residential and commercial waste. With modification the
equation can also calculate pounds per employee per day,
residential waste per person per day, and so on.

Franklin Associates’s (1992) estimate of MSW gener-
ated in the United States in 1990, previously noted, equates
to 4.29 lb per person per day. This estimate is probably
low for the following reasons:

Waste material is not included if Franklin Associates can-
not document the original production of the material.

Franklin’s material flows methodology generally does not
account for moisture absorbed by materials after they
are manufactured (see “Combustion Characteristics” in
Section 10.3).

Table 10.2.1 shows waste quantities reported for vari-
ous counties and cities in the United States. All quantities
are given in pcd. Reports from the locations listed in the
table indicate an average generation rate for MSW of 5.4
pcd, approximately 25% higher than the Franklin
Associates estimate. Roughly 60% of this waste is gener-
ated in residences (residential waste) while the remaining
40% is generated in commercial, industrial, and institu-
tional establishments (CII waste). The percentage of CII
waste is usually lower in suburban areas without a major
urban center and higher in urban regional centers.

Table 10.2.1 also shows generation rates for solid waste
other than MSW. The quantity of other waste, most of
which is bulky waste, is roughly half the quantity of MSW.
The proportion of bulky and other waste varies, however,
and is heavily influenced by the degree to which recycled
bulky materials are counted as waste. The quantities of
bulky waste shown for Atlantic and Cape May counties,
New Jersey, include large amounts of recycled concrete,
asphalt, and scrap metal. See also “Component Compo-
sition of Bulky Waste” in Section 10.3.

Franklin Associates (1992) projects that the total quan-
tity of MSW generated in the United States will increase
by 13.5% between 1990 and 2000 while the population
will increase by only 7.3%. On a per capita basis, there-
fore, MSW generation is projected to grow 0.56% per
year. No comparable projections have been developed for
bulky waste. Table 10.2.2 shows the potential effect of this
growth rate on MSW generation rates and quantities.

Effects
MSW has the following potential negative effects:

• Promotion of microorganisms that cause diseases
• Attraction and support of disease vectors (rodents

and insects that carry and transmit disease-caus-
ing microorganisms)

• Generation of noxious odors
• Degradation of the esthetic quality of the envi-

ronment
• Occupation of space that could be used for other

purposes
• General pollution of the environment
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Bulky waste also has the potential to degrade esthetic
values, occupy valuable space, and pollute the environ-
ment. In addition, bulky waste may pose a fire hazard.

MSW is a potential source of the following useful ma-
terials:

• Raw materials to produce manufactured goods
• Feed stock for composting and mulching processes
• Fuel

Bulky waste has the same potential uses except for com-
posting feed stock.

The fundamental challenge of solid waste management
is to minimize the potential negative effects while maxi-
mizing the recovery of useful materials from the waste at
a reasonable cost.

Conformance with simple, standard procedures for the
storage and handling of MSW largely prevents the pro-
motion of disease-causing microorganisms and the attrac-
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TABLE 10.2.1 SOLID WASTE GENERATION RATES IN THE UNITED STATES

Commercial/
Residential Industrial Other Total
Fraction of Fraction of Total Bulky Solid Solid
MSW MSW MSW Waste Waste Waste

Location Year (%) (%) (pcd) (pcd) (pcd)a (pcd)

Atlantic County, NJ 1991 — — 6.0 5.9 0.3 12.2
Bexar County, TX 1990 — — — — — 6.5
Cape May County, NJ 1990 — — 6.6 6.0 0.6 13.2
Delaware (state) 1990 — — — — — 7.1
Fairfax County, VA 1991 55 45 4.8 1.3 0.0 6.1
Marion County, FL 1989 — — 5.4 — — —
Middlesex County, NJ 1988 — — 4.4 2.1 1.6 8.2
Minnesota Metro Area 1991 — — 6.5 2.6 0.0 9.1
Monmouth County, NJ 1987 75 25 4.8 2.7 0.0 7.5
Monroe County, NY 1990 — — 5.7 — — —
Rhode Island (state) 1985 52 48 4.9 — — —
San Diego, CA 1985 — — — — — 8.0
Sarasota County, FL 1989 — — — — — 9.2
Seattle, WA 1987 37 63 7.6 — — —
Somerset County, NJ 1989 — — 4.2 1.5 0.6 6.3
Warren County, NJ 1989 — — 3.2 0.4 0.9 4.5
Wichita, KA 1990 61 39 6.6 1.1 0.0 7.7

Averageb 56 44 5.4 2.6 0.5 8.1
Minimum 37 25 3.2 0.4 0.0 4.5
Maximum 75 63 7.6 6.0 1.6 13.2

USA (Franklin Associates) 1990 62 38 4.3 — — —

Sources: Data from references listed at the end of this section.

Note: pcd 5 pounds per capita per day
aMost waste in this category falls within the definition of either MSW or bulky waste. Specific characteristics vary from place to place.
bBecause different information is available from different locations, the overall average is not the sum of the averages for the individual waste types.

TABLE 10.2.2 PROJECTED GENERATION OF MSW IN THE UNITED STATES IN THE YEAR 2000

Average
MSW Quantity Per Capita Annual Per Capita MSW Quantity
Projected by Generation Growth of Generation Based on
Franklin Based on Per Capita Based on Average in

Population Associates Franklin Generation Average in Table 10.2.1
(in (millions Associates Represented Table 10.2.1 (millions

Year millions) of tons) (lb/day) (%) (lb/day) of tons)

1990 249.9 195.7 4.3 — 5.4 247.6
2000 268.3 222.1 4.5 0.56 5.7 281.0

Source: Data from Franklin Associates, Ltd., 1992, Characterization of municipal solid waste in the United States: 1992 Update (EPA/530-R-92-019, NTIS PB92-
207-166, U.S. EPA).

Note: Derived from Table 10.2.1.



tion and support of disease vectors. Preventing the re-
maining potential negative effects of solid waste remains
a substantial challenge.

Solid waste can degrade the esthetic quality of the en-
vironment in two fundamental ways. First, waste materi-
als that are not properly isolated from the environment
(e.g., street litter and debris on a vacant lot) are generally
unsightly. Second, solid waste management facilities are
often considered unattractive, especially when they stand
out from surrounding physical features. This characteris-
tic is particularly true of landfills on flat terrain and com-
bustion facilities in nonindustrial areas.

Solid waste landfills occupy substantial quantities of
space. Waste reduction, recycling, composting, and com-
bustion all reduce the volume of landfill space required
(see Sections 10.6 to 10.14).

Land on which solid waste has been deposited is diffi-
cult to use for other purposes. Landfills that receive un-
processed MSW typically remain spongy and continue to
settle for decades. Such landfills generate methane, a com-
bustible gas, and other gases for twenty years or more af-
ter they cease receiving waste. Whether the waste in a land-
fill is processed or unprocessed, the landfill generally
cannot be reforested. Tree roots damage the impermeable
cap applied to a closed landfill to reduce the production
of leachate.

Solid waste generates odors as microorganisms metab-
olize organic matter in the waste, causing the organic mat-
ter to decompose. The most acute odor problems gener-
ally occur when waste decomposes rapidly, consuming
available oxygen and inducing anaerobic (oxygen defi-
cient) conditions. Bulky waste generally does not cause
odor problems because it typically contains little material
that decomposes rapidly. MSW, on the other hand, typi-
cally causes objectionable odors even when covered with
dirt in a landfill (see Section 10.13).

Combustion facilities prevent odor problems by incin-
erating the odorous compounds and the microorganisms
and organic matter from which the odorous compounds
are derived (see Section 10.9). Composting preserves or-
ganic matter while reducing its potential to generate odors.
However, the composting process requires careful engi-
neering to minimize odor generation during composting
(see Section 10.14).

In addition to odors, solid waste can cause other forms
of pollution. Landfill leachate contains toxic substances
that must be prevented from contaminating groundwater
and surface water (see Section 10.13). Toxic and corro-
sive products of solid waste combustion must be prevented
from entering the atmosphere (see Section 10.9). The use

of solid waste compost must be regulated so that the soil
is not contaminated (see Section 10.14).

While avoiding the potential negative effects of solid
waste, a solid waste management program should also seek
to derive benefits from the waste. Methods for deriving
benefits from solid waste include recycling (Section 10.7),
composting (Section 10.14), direct combustion with en-
ergy recovery (Section 10.9), processing waste to produce
fuel (Sections 10.8 and 10.12), and recovery of landfill gas
for use as a fuel (Section 10.13).

— F. Mack Rugg
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This section addresses the characteristics of solid waste in-
cluding fluctuations in quantity; composition, density, and
other physical characteristics; combustion characteristics;
bioavailability; and the presence of toxic substances.

Fluctuations in Solid Waste
Quantities
Weakness in the economy generally reduces the quantity
of solid waste generated. This reduction is particularly true
for commercial and industrial MSW and construction and
demolition debris. Data quantifying the effect of economic
downturns on solid waste quantity are not readily avail-
able.

The generation of solid waste is usually greater in warm
weather than in cold weather. Figure 10.3.1 shows two
month-to-month patterns of MSW generation. The less
variable pattern is a composite of data from eight loca-
tions with cold or moderately cold winters (Camp Dresser
& McKee Inc. 1992, 1991; Child, Pollette, and Flosdorf
1986; Cosulich Associates 1988; HDR Engineering, Inc.
1989; Killam Associates 1990; North Hempstead 1986;
Oyster Bay 1987). Waste generation is relatively low in
the winter but rises with temperature in the spring. The
surge of waste generation in the spring is caused both by
increased human activity, including spring cleaning, and
renewed plant growth and associated yard waste. Waste
generation typically declines somewhat after June but re-
mains above average until mid to late fall. In contrast,
Figure 10.3.1 also shows the pattern of waste generation
in Cape May County, New Jersey, a summer resort area
(Camp Dresser & McKee Inc. 1991). The annual influx
of tourists overwhelms all other influences of waste gen-
eration.

Areas with mild winters may display month-to-month
patterns of waste generation similar to the cold-winter pat-
tern shown in Figure 10.3.1 but with a smaller difference
between the winter and spring/summer rates. On the other
hand, local factors can create a distinctive pattern not gen-
erally seen in other areas, as in Sarasota, Florida (Camp
Dresser & McKee Inc. 1990). The surge of activity and
plant growth in the spring is less marked in mild climates,

and local factors can cause the peak of waste generation
to occur in any season of the year.

Component Composition of MSW
Table 10.3.1 lists the representative component composi-
tion for MSW disposed in the United States and adjacent
portions of Canada and shows ranges for individual com-
ponents. Materials diverted from the waste stream for re-
cycling or composting are not included. The table is based
on the results of twenty-two field studies in eleven states
plus the Canadian province of British Columbia. The
ranges shown in the table are annual values for county-
sized areas. Seasonal values may be outside these ranges,
especially in individual municipalities.
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Residential MSW contains more newspaper; yard
waste; disposable diapers; and textiles, rubber, and leather.
Nonresidential MSW contains more corrugated card-
board, high-grade paper, wood, other plastics, and other
metals.

The composition of MSW varies from one CII estab-
lishment to another. However, virtually all businesses and
institutions generate a variety of waste materials. For ex-
ample, offices do not generate only paper waste, and
restaurants do not generate only food waste.

Component Composition of Bulky
Waste
Fewer composition data are available for bulky waste than
for MSW. Table 10.3.2 shows the potential range of com-
positions. The first column in the table shows the com-
position of all bulky waste generated in two adjacent coun-
ties in southern New Jersey, including bulky waste
reported as recycled. The third column shows the compo-
sition of bulky waste disposed in the two counties, and the
middle column shows the estimated recycling rate for each
bulky waste component based on reported recycling and
disposal. Note that the estimated overall recycling rate is
almost 80%.

The composition prior to recycling is dramatically dif-
ferent from the composition after recycling. For example,
inorganic materials account for roughly three quarters of
the bulky waste before recycling but little more than one
quarter after recycling. Depending on local recycling prac-
tices, the composition of bulky waste received at a disposal
facility in the United States could be similar to the first col-
umn of Table 10.3.2, similar to the third column, or any-
where in between.

The composition of MSW does not change dramatically
from season to season. Even the most variable component,
yard waste, may be consistent in areas with mild climates.
In areas with cold winters, generation of yard waste gen-
erally peaks in the late spring, declines gradually through
the summer and fall, and is lowest in January and Febru-
ary. A surge in yard waste can occur in mid to late fall in
areas where a large proportion of tree leaves enter the solid
waste stream and are not diverted for composting or
mulching.

Density
As discussed in Section 10.2, the density of MSW varies
according to circumstance. Table 10.3.3 shows represen-
tative density ranges for MSW under different conditions.
The density of mixed MSW is influenced by the degree of
compaction, moisture content, and component composi-
tion. As shown in the table, individual components of
MSW have different bulk densities, and a range of densi-
ties exists within most components.
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TABLE 10.3.1 REPRESENTATIVE COMPONENT
COMPOSITION OF MSW

Range of
Representative Reasonable

Composition Reported
Waste Category (%)b Values (%)b

Organics/Combustibles 86.6 —
Paper 39.8 —

Newspaper 6.8 4.0–13.1
Corrugated 8.6 3.5–14.8
Kraft 1.5 0.5–2.3
Corrugated & kraft 10.1 5.4–15.6
Other papera 22.9 17.6–30.6
High-grade paper 1.7 0.6–3.2
Other papera 21.2 16.9–25.4
Magazines 2.1 1.0–2.9
Other papera 19.1 12.5–23.7
Office paper 3.4 2.5–4.5
Magazines & mail 4.0 3.6–5.7
Other papera 17.2 —

Yard waste 9.7 2.8–19.6
Grass clippings 4.0 0.3–6.5
Other yard waste 5.7 —

Food waste 12.0 6.8–17.3
Plastic 9.4 6.3–12.6

Polyethylene terephthalate 0.4 0.1–0.5
(PET) bottles

High-density polyethylene 0.7 0.4–1.1
(HDPE) bottles

Other plastic 8.3 5.8–10.2
Polystyrene 1.0 0.5–1.5
Polyvinyl chloride (PVC) 0.06 0.02–0.10

bottles
Other plastica 7.2 5.3–9.5
Polyethylene bags & film 3.7 3.5–4.0
Other plastica 3.5 2.8–4.4

Other organics 15.7 —
Wood 4.0 1.0–6.6
Textiles 3.5 1.5–6.3
Textiles/rubber/leather 4.5 2.6–9.2
Fines 3.3 2.8–4.0

Fines ,As inch 2.2 1.7–2.8
Disposable diapers 2.5 1.8–4.1
Other organics 1.4 —

Inorganics/Noncombustibles 13.4 —
Metal 5.8 —

Aluminum 1.0 0.6–1.2
Aluminum cans 0.6 0.3–1.2
Other aluminum 0.4 0.2–0.9

Tin & bimetal cans 1.5 0.9–2.7
Other metala 3.3 1.1–6.9
Ferrous metal 4.5 2.8–5.5

Glass 4.8 2.3–9.7
Food & beverage 4.3 2.0–7.7

containers
Other glass 0.5 —

Batteries 0.1 0.04–0.10
Other Inorganics

With noncontainer glass 3.2 1.9–4.9
Without noncontainer glass 2.7 1.8–3.8

aEach “other” category contains all material of its type except material in the
categories above it.

bWeight percentage
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Within individual categories of MSW, bulk density in-
creases as physical irregularity decreases. Compaction in-
creases density primarily by reducing irregularity. Some
compaction occurs in piles, so density tends to increase as
the height of a pile increases. In most cases, shredding and
other size reduction measures also increase density by re-
ducing irregularity. The size reduction of regularly shaped
materials such as office paper, however, can increase ir-
regularity and decrease density.

Particle Size, Abrasiveness, and
Other Physical Characteristics
Figure 10.3.2 shows a representative particle size distribu-
tion for MSW based on research by Hilton, Rigo, and
Chandler (1992). Environmental engineers generally esti-
mate size distribution by passing samples of MSW over a
series of screens, beginning with a fine screen and work-
ing up to a coarse screen. As shown in the figure, MSW
has no characteristic particle size, and most components
of MSW have no characteristic particle size.

MSW does not flow, and piles of MSW have a ten-
dency to hold their shape. Loads of MSW discharged from
compactor trucks often retain the same shape they had in-

TABLE 10.3.2 COMPONENT COMPOSITION OF BULKY WASTE AND THE POTENTIAL IMPACT OF RECYCLING

Composition Composition Composition
of all of Bulky of Bulky
Bulky Waste Waste Waste
Generated Recycled Landfilled

Waste Category (%)a (%)a (%)a

Organics/Combustibles 24.7 37.9 73.4
Lumber 13.1 47.2 33.0
Corrugated cardboard 0.7 2.5 3.1
Plastic 1.0 18.8 3.7
Furniture 1.3 0.0 6.3
Vegetative materials 3.8 73.0 4.9
Carpet & padding 0.7 0.0 3.2
Bagged & miscellaneous 2.1 0.0 10.2
Roofing materials 1.2 0.4 5.9
Tires 0.3 100.0 0.0
Other 0.6 0.0 3.1

Inorganics/Noncombustibles 75.3 92.6 26.6
Gypsum board & plaster 1.8 3.9 8.3
Metal & appliances 15.4 92.5 5.5
Dirt & dust 1.2 0.0 5.8
Concrete 26.5 96.7 4.2
Asphalt 28.7 99.9 0.1
Bricks & blocks 1.3 81.8 1.1
Other 0.3 0.0 1.6

Overall 100.0 79.1 100.0

Sources: Data from Camp Dresser & McKee, 1992, Atlantic County (NJ) Solid Waste Characterization Program (Edison, N.J. [May]) and Idem, 1991, Cape May
County Multi-Seasonal Solid Waste Composition Study (Edison, N.J. [August]).

aWeight percentage

TABLE 10.3.3 DENSITY OF MSW AND
COMPONENTS

Density
Material and Circumstance (lb/cu yd)

Mixed MSW
Loose 150–300
In compactor truck 400–800
Dumped from compactor truck 300–500
Baled 0800–1600
In landfill 0800–1400

Loose Bulk Densities
Aluminum cans (uncrushed) 54–81
Corrugated cardboard 050–135
Dirt, sand, gravel, concrete 2000–3000
Food waste 0800–1500
Glass bottles (whole) 400–600
Light ferrous, including cans 100–250
Miscellaneous paper 080–250
Stacked high-grade paper 400–600
Plastic 060–150
Rubber 200–400
Textiles 060–180
Wood 200–600
Yard waste 100–600



side the truck. When MSW is removed from one side of
a storage bunker at an MSW combustion facility, the waste
on the other side generally does not fall into the vacated
space. This characteristic allows the side on which trucks
dump waste be kept relatively empty during the hours
when the facility receives waste.

MSW tends to stratify vertically when mixed, with
smaller and denser objects migrating toward the bottom
and lighter and bulkier objects moving toward the top.
However, MSW does not stratify much when merely vi-
brated.

Although MSW is considered soft and mushy, it con-
tains substantial quantities of glass, metal, and other po-
tentially abrasive materials.

Combustion Characteristics
Most laboratory work performed on samples of solid
waste over the years has focused on parameters related to
combustion and combustion products. The standard lab-
oratory tests in this category are proximate composition,
ultimate composition, and heat value.

PROXIMATE COMPOSITION

The elements of proximate composition are moisture, ash,
volatile matter, and fixed carbon. The moisture content of

solid waste is defined as the material lost during one hour
at 105°C. Ash is the residue remaining after combustion.
Together, moisture and ash represent the noncombustible
fraction of the waste.

Volatile matter is the material driven off as gas or va-
por when waste is subjected to a temperature of approx-
imately 950°C for 7 min but is prevented from burning
because oxygen is excluded. Volatile matter should not be
confused with volatile organic compounds (VOCs). VOCs
are a small component of typical solid waste. In proximate
analysis, any VOCs present tend to be included in the re-
sult for moisture.

Conceptually, fixed carbon is the combustible material
remaining after the volatile matter is driven off. Fixed car-
bon represents the portion of combustible waste that must
be burned in the solid state rather than as gas or vapor.
The value for fixed carbon reported by the laboratory is
calculated as follows:

% fixed carbon 5 100% 2 % moisture
2 % ash 2 % volatile matter 10.3(1)

Table 10.3.4 shows a representative proximate com-
position for MSW. The values in the table are percentages
based on dry (moisture-free) MSW. Representative mois-
ture values are also provided. These moisture values are
for MSW and components of MSW as they are received
at a disposal facility. Because of a shortage of data for the
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proximate composition of noncombustible materials, these
materials are presented as 100% ash.

The dry-basis values in Table 10.3.4 can be converted
to as-received values by using the following equation:

A 5 D(100% 2 M) 10.3(2)

where:

A 5 value for waste as received at the solid waste facil-
ity

D 5 dry-basis value
M 5 percent moisture for waste received at the solid

waste facility

Between initial discard at the point of generation and
delivery to a central facility, moisture moves from wet ma-
terials to dry and absorbent materials. The largest move-
ment of moisture is from food waste to uncoated paper

discarded with food waste. This paper includes newspa-
per, kraft paper, and a substantial portion of other paper
from residential sources as well as corrugated cardboard
from commercial sources.

Other sources of moisture in paper waste include wa-
ter absorbed by paper towels, napkins, and tissues during
use, and precipitation. Absorbent materials frequently ex-
posed to precipitation include newspaper and corrugated
cardboard. Many trash containers are left uncovered, and
precipitation is absorbed by the waste. Standing water in
dumpsters is often transferred to the collection vehicle.

The value of proximate analysis is limited because (1)
it does not indicate the degree of oxidation of the com-
bustible waste and (2) it gives little indication of the quan-
tities of pollutants emitted during combustion of the waste.
Ultimate analysis supplements the information provided
by proximate analysis.
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TABLE 10.3.4 REPRESENTATIVE PROXIMATE AND ULTIMATE COMPOSITION OF MSW

Proximate Composition—
Dry Basis

Volatile Fixed
Ultimate Composition—Dry Basisa

Ash Matter Carbon Carbon Hydrogen Nitrogen Chlorine Sulfur Oxygen Moisture
Waste Category (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Organics/Combustibles 7.7 82.6 9.6 48.6 6.8 0.94 0.69 0.22 35.0 32.5
Paper 6.3 83.5 10.1 43.0 6.0 0.36 0.17 0.17 43.8 24.0

Newspaper 5.2 83.8 11.1 43.8 5.9 0.29 0.14 0.24 44.4 23.2
Corrugated & kraft paper 2.2 85.8 12.1 46.0 6.4 0.28 0.14 0.22 44.8 21.2
High-grade paper 9.1 83.4 7.5 38.1 5.6 0.15 0.12 0.07 46.9 9.3
Magazines 20.4 71.8 7.9 35.0 5.0 0.05 0.07 0.08 39.4 8.6
Other paper 6.9 83.8 9.3 42.7 6.1 0.50 0.22 0.14 43.3 28.7

Yard waste 9.6 73.0 17.4 45.0 5.6 1.5 0.31 0.17 37.7 53.9
Grass clippings 9.7 75.6 14.7 43.3 5.9 2.6 0.60 0.30 37.6 63.9
Leaves 7.3 72.7 20.1 50.0 5.7 0.82 0.10 0.10 36.0 44.0
Other yard waste 12.5 70.5 17.0 40.7 5.0 1.3 0.26 0.10 40.0 50.1

Food waste 11.0 79.0 10.0 45.4 6.9 3.3 0.74 0.32 32.3 65.4
Plastic 5.3 93.0 1.3 76.3 11.5 0.26 2.4 0.20 4.4 13.3

PET bottles 1.3 95.0 3.6 68.5 8.0 0.16 0.08 0.08 21.9 3.6
HDPE bottles 2.4 97.4 0.2 81.6 13.6 0.10 0.18 0.20 1.9 7.0
Polystyrene 1.8 97.8 0.4 86.3 7.9 0.28 0.12 0.30 3.4 10.8
PVC bottles 0.6 46.2 3.2 44.2 5.9 0.26 40.1 0.89 7.6 3.2
Polyethylene bags & film 8.8 90.1 1.1 77.4 12.9 0.10 0.09 0.12 1.8 19.1
Other plastic 4.2 94.1 1.7 72.9 11.4 0.45 5.3 0.24 5.5 10.5

Other Organics 11.3 77.8 10.9 46.2 6.1 1.9 1.0 0.36 33.3 27.3
Wood 2.8 83.0 14.1 46.7 6.0 0.71 0.12 0.16 43.4 14.8
Textiles/rubber/leather 6.6 84.0 9.4 50.3 6.4 3.3 1.8 0.33 31.3 12.4
Fines 25.3 64.7 10.0 37.3 5.3 1.6 0.54 0.45 29.5 41.1
Disposable diapers 4.1 87.1 8.7 48.4 7.6 0.51 0.23 0.35 38.8 66.9
Other organics 31.3 58.8 9.9 44.2 5.3 1.8 2.2 0.81 14.4 8.0

Inorganics/Noncombustiblesb 100 0 0 0 0 0 0 0 0 0
Overall 24.9 67.2 7.8 39.5 5.6 0.76 0.56 0.18 28.5 28.2

aAlso includes ash values from first column of proximate analysis.
bValues assumed for the purpose of estimating overall values.



ULTIMATE COMPOSITION

Moisture and ash, as previously defined for proximate
composition, are also elements of ultimate composition. In
standard ultimate analysis, the combustible fraction is di-
vided among carbon, hydrogen, nitrogen, sulfur, and oxy-
gen. Ultimate analysis of solid waste should also include
chlorine. The results are more useful if sulfur is broken
down into organic sulfur, sulfide, and sulfate; and chlo-
rine is broken down into organic (insoluble) and inorganic
(soluble) chlorine (Niessen 1995).

Carbon, hydrogen, nitrogen, sulfur, and chlorine are
measured directly; calculating oxygen requires subtracting
the sum of the other components (including moisture and
ash) from 100%. Table 10.3.4 shows a representative ul-
timate composition for MSW. The dry-basis values shown
in the table can be converted to as-received values with
use of Equation 10.3(2).

The ultimate composition of MSW on a dry basis re-
flects the dominance of six types of materials in MSW: cel-
lulose, lignins, fats, proteins, hydrocarbon polymers, and
inorganic materials. Cellulose is approximately 42.5% car-
bon, 5.6% hydrogen, and 51.9% oxygen and accounts for
the majority of the dry weight of MSW. The cellulose con-
tent of paper ranges from approximately 75% for low
grades to approximately 90% for high-grade paper. Wood
is roughly 50% cellulose, and cellulose is a major ingre-
dient of yard waste, food waste, and disposable diapers.
Cotton, the largest ingredient of the textile component of
MSW, is approximately 98% cellulose (Masterton,
Slowinski, and Stanitski 1981).

Despite the abundance of cellulose, MSW contains
more carbon than oxygen due to the following factors:

• Most of the plastic fraction of MSW is composed
of polyethylene, polystyrene, and polypropylene,
which contain little oxygen.

• Synthetic fibers (textiles category) contain more
carbon than oxygen, and rubber contains little
oxygen.

• The lower grades of paper contain significant
quantities of lignins, which contain more carbon
than oxygen.

• Fats contain more carbon than oxygen.

The nitrogen in solid waste is primarily in organic form.
The largest contributors of nitrogen to MSW are food
waste (proteins), grass clippings (proteins), and textiles
(wool, nylon, and acrylic). Chlorine occurs in both organic
and inorganic forms. The largest contributor of organic
chlorine is PVC or vinyl. Most of the PVC is in the other
plastic and textiles components. The largest source of in-
organic chlorine is sodium chloride (table salt). Sulfur is
not abundant in any category of combustible MSW but is
a major component of gypsum board. The sulfur in gyp-
sum is largely noncombustible but not entirely so. In Table
10.3.4, gypsum board is included in the Inorganics/

Noncombustibles category, which is shown as 100% ash
because of a lack of data on the ultimate composition.

The inorganic (noncombustible) waste categories con-
tribute most of the ash in MSW. Additional ash is con-
tributed by the inorganic components of combustible ma-
terials, including clay in glossy and high-grade paper, dirt
in yard waste, bones and shells in food waste, asbestos in
vinyl–asbestos floor coverings, fiberglass in reinforced plas-
tic, and grit on roofing shingles.

HEAT VALUE

Table 10.3.5 shows the heat value of typical MSW based
on the results of laboratory testing of MSW components.
Calculations of the heat value based on energy output mea-
surements at operating combustion facilities generally yield
lower values (see Section 10.5).

The heat value shown for solid waste and conventional
fuels in the United States, Canada, and the United
Kingdom is typically the higher heating value (HHV). The
HHV includes the latent heat of vaporization of the wa-
ter created during combustion. When this heat is deducted,
the result is called the lower heating value (LHV). For ad-
ditional information see Niessen (1995).

The as-received heat value is roughly proportional to
the percentage of waste that is combustible (i.e., neither
moisture nor ash) and to the carbon content of the com-
bustible fraction. The heat values of the plastics categories
are highest because of their high carbon content, low ash
content, and low-to-moderate moisture content. Paper cat-
egories have intermediate heat values because of their in-
termediate carbon content, moderate moisture content,
and low-to-moderate ash content. Yard waste, food waste,
and disposable diapers have low heat values because of
their high moisture levels.

Bioavailability
Because microorganisms can metabolize paper, yard waste,
food waste, and wood, this waste is classified as biodegrad-
able. Disposable diapers and their contents are also largely
biodegradable, as are cotton and wool textiles.

Some biodegradable waste materials are more readily
metabolized than others. The most readily metabolized
materials are those with high nitrogen and moisture con-
tent: food waste, grass clippings, and other green, pulpy
yard wastes. These wastes are putrescible and have high
bioavailability. Leaf waste generally has intermediate
bioavailability. Wood, cotton and wool, although
biodegradable, have relatively low bioavailability and are
considered noncompostable within the context of solid
waste management.

Toxic Substances in Solid Waste
Solid waste inevitably contains many of the toxic sub-
stances manufactured or extracted from the earth. Most
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toxic material in solid waste is in one of three categories:

• Toxic metals
• Toxic organic compounds, many of which are also

flammable
• Asbestos

The results of studies of toxic metals in solid waste vary.
Table 10.3.6 summarizes selected results of two compre-
hensive studies performed in Cape May County, New
Jersey (Camp Dresser & McKee Inc. 1991a) and Burnaby,
British Columbia (Chandler & Associates, Ltd. 1993;
Rigo, Chandler, and Sawell 1993). Reports of both stud-
ies contain data for additional metals and materials, and
the Burnaby reports contain results for numerous subcat-
egories of the categories in the table. The Burnaby reports
also analyze the behavior of specific metals from waste
components during processing in an MSW incinerator.

Franklin Associates, Ltd. (1989) provided extensive in-
formation on sources of lead and cadmium in MSW, and
Rugg and Hanna (1992) compiled detailed information on
sources of lead in MSW in the United States.

Most MSW referred to as household hazardous waste
is so classified because it contains toxic organic com-
pounds. Large quantities of toxic organic materials from
commercial and industrial sources were once disposed in
MSW landfills in the United States, and many of these
landfills are now officially designated as hazardous waste
sites. The large-scale disposal of toxic organics in MSW
landfills has been largely eliminated, but disposal of house-
hold hazardous waste remains a concern for many.
Generally, household hazardous waste refers to whatever
toxic materials remain in MSW, regardless of the source.

Estimates of the abundance of household hazardous
waste vary. Reasons for the lack of consistency from one
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TABLE 10.3.5 REPRESENTATIVE HEAT VALUES OF MSWa

Dry-Basis As-Received
Heat Value Moisture Heat Value

Waste Category (HHV in Btu/lb) Content (%) (HHV in Btu/lb)

Organics/Combustibles 9154 32.5 6175
Paper 7587 24.0 5767

Newspaper 7733 23.2 5936
Corrugated & kraft 8168 21.2 6435
High-grade paper 6550 9.3 5944
Magazines 5826 8.6 5326
Other paper 7558 28.7 5386

Yard waste 7731 53.9 3565
Grass clippings 7703 63.9 2782
Leaves 8030 44.0 4499
Other yard waste 7387 50.1 3689

Food waste 8993 65.4 3108
Plastic 16,499 13.3 14,301

PET bottles 13,761 3.6 13,261
HDPE bottles 18,828 7.0 17,504
Polystyrene 16,973 10.8 15,144
PVC bottles 10,160 3.2 9838
Polyethylene bags 17,102 19.1 13,835

& film
Other plastic 15,762 10.5 14,108

Other organics 8698 27.3 6322
Wood 8430 14.8 7186
Textiles/rubber/ 9975 12.4 8733

leather
Fines 6978 41.1 4114
Disposable diapers 9721 66.9 3222
Other organics 7438 8.0 6844

Inorganics/ 0 0.0 0
Noncombustiblesb

Overall 7446 28.2 5348

aValues shown are HHV. In HHV measurements, the energy required to drive off the moisture
formed during combustion is not deducted.

bValues assumed for the purpose of estimating overall values.



TABLE 10.3.6 REPORTED METAL CONCENTRATIONS IN COMPONENTS OF MSWa

Arsenic Cadmium Chromium Copper Lead Mercury Nickel Zinc

Waste Category CM BC CM BC CM BC CM BC CM BC CM BC CM BC CM BC

Organics/Combustibles

Paper
Newspaper 0.1 0.7 NDb 0.1 ND 49 17 18 ND 7 0.3 2 ND 28 58 21
Corrugated cardboard 0.2 0.6 ND 0.1 ND 2 13 3 19 4 0.2 0.1 6 4 56 10
Kraft paper 0.3 0.8 ND 0.1 5 5 11 11 15 9 0.1 0.5 ND 8 30 22
High-grade paper 0.7 1 ND 0.1 ND 3 7 8 ND 5 0.1 0.3 ND 8 28 208
Magazines 0.4 1 ND 0.2 4 11 46 32 ND 3 0.09 0.3 ND 13 88 27
Other 0.4 1 ND 1 4 27 52 25 9 182 0.07 0.3 ND 7 58 71

Yard waste 0.9 6 ND 5 4 87 10 571 14 137 0.1 1 3 21 89 321

Food waste 0.1 1 ND 2 ND 23 9 43 ND 72 0.02 0.3 2 5 20 186

Plastic
PET ND 0.8 ND 5 15 17 30 31 59 62 0.07 0.2 ND 8 21 97
HDPE 0.2 0.5 ND 3 52 15 14 24 211 61 0.1 0.2 ND 7 58 142
Film 0.5 0.6 ND 5 100 102 25 23 450 325 0.1 0.2 ND 7 120 658
Other 0.4 0.7 8 82 7 279 8 58 19 342 0.04 0.3 ND 40 69 231

Other organics
Wood 34 24 ND 0.4 52 77 32 68 108 408 2 0.3 ND 3 205 174
Textiles & footwear 0.8 0.4 19 4 387 619 25 62 48 129 0.3 1 5 1 666 222
Fines 3 7 1 4 14 115 179 243 273 259 0.2 1 18 54 352 654
Disposable diapers 0.1 — ND — 1 — 2 — ND — 0.02 — ND — 28 —

Inorganics/Noncombustibles

Metal
Ferrous food & beverage cans 4 7 16 43 527 191 375 104 350 342 0.8 6 133 161 145 1552
Aluminum beverage cans ND 0.4 ND 5 72 91 107 1105 30 41 0.7 0.4 54 21 80 229
Other metal 9 280 22 25 4702 768 6816 2082 1279 95 0.7 0.4 411 24 1675 199,000

Glass food & beverage containers ND 2 ND 4 ND 91 ND 26 84 103 0.2 0.2 ND 15 ND 71

Household batteries
Carbon-zinc & alkaline batteriesc 7 2 53 1027 45 57 8400 6328 236 94 2900 136 — 512 180,000 103,000
Nickel-cadmium batteries — 4 175,000 120,000 — 64 — 53 — 113 — 0.3 240,000 315 — 685

Other inorganics 1 12 ND 8 21 91 13 113 50 607 0.9 0.2 5 73 21 1997

Source: Data adapted from Camp Dresser & McKee Inc., 1991a, Cape May County multi-seasonal solid waste composition study (Edison, N.J. [August]); A.J. Chandler & Associates, Ltd. et al., 1993, Waste analysis, sam-
pling, testing and evaluation (WASTE) program: Effect of waste stream characteristics on MSW incineration: The fate and behaviour of metals. Final report of the mass burn MSW incineration study (Burnaby, B.C.), Vol. 1,
Summary report (Toronto [April]); and H.G. Rigo, A.J. Chandler, and S.E. Sawell, 1993, Debunking some myths about metals, in Proceedings of the 1993 International Conference on Municipal Waste Combustion
(Williamsburg, Va. [30 March–2 April]).

aAll values in mg/kg on an as-received basis. Values presented are based on reported results from studies in Cape May County, New Jersey and Burnaby, British Columbia. CM indicates Cape May, and BC indicates
Burnaby.

bND 5 Not detected.
cCurrent values for mercury are close to or below the Burnaby value.
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study to another include the following:

Some quantity estimates include less toxic materials such
as latex paint.

Most quantity estimates include the weight of containers,
and many estimates include the containers even if they
are empty.

Some quantity estimates include materials that were orig-
inally in liquid or paste form but have dried, such as
dried paint and adhesives. Toxic substances can still
leach from these dried materials, but drying reduces the
potential leaching rate.

Strongly toxic organic materials, excluding their con-
tainers, appear to constitute well under 0.5% of MSW,
and the toxic material is usually dispersed. Bulky waste
typically contains no more toxic organic material than
MSW, but bulky waste is more likely to contain concen-
trated pockets of toxic substances.

A statewide waste characterization study in Minnesota
(Minnesota Pollution Control Agency 1992; Minnesota
Pollution Control Agency and Metropolitan Council
1993) provides a detailed accounting of the household haz-
ardous waste materials encountered.

Most of the asbestos in normal solid waste is in old
vinyl–asbestos floor coverings and asbestos shingles.
Asbestos in these forms is generally not a significant haz-
ard.

—F. Mack Rugg
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This section describes and evaluates methods for estimat-
ing the characteristics of solid waste. The purposes of waste
characterization are identified; and methods for estimat-
ing quantity, composition, combustion characteristics, and
metals concentrations are addressed.

Purposes of Solid Waste
Characterization
The general purpose of solid waste characterization is to
promote sound management of solid waste. Specifically,
characterization can determine the following:

The size, capacity, and design of facilities to manage the
waste.

The potential for recycling or composting portions of the
waste stream.

The effectiveness of waste reduction programs, recycling
programs, or bans on the disposal of certain materials.

Potential sources of environmental pollution in the waste.

In practice, the immediate purpose of most waste char-
acterization studies, including many extensive studies, is to
comply with specific regulatory mandates and to provide
information for use by vendors in preparing bids to de-
sign, construct, and operate solid waste management fa-
cilities.

The purposes of a waste characterization program de-
termine the design of it. If all waste is to be landfilled, the
characterization program should focus on the quantity of
waste, its density, and its potential for compaction. The
composition of the waste and its chemical characteristics
are relatively unimportant. If all waste is to be incinerated,
the critical parameters are quantity, heat value, and the
percentage of combustible material in the waste. If recy-
cling and composting are planned or underway, a com-
position study can identify the materials targeted for re-
covery, estimate their abundance in the waste, and monitor
compliance with source separation requirements.

Basic Characterization Methods
Environmental engineers use one of two fundamental
methods to characterize solid waste. One method is to col-
lect and analyze data on the manufacture and sale of prod-
ucts that become solid waste after use. The method is called
material flows methodology. The second method is a di-
rect field study of the waste itself. Combining these two

fundamental methods creates hybrid methodologies (for
example, see Gay, Beam, and Mar [1993]).

The direct field study of waste is superior in concept,
but statistically meaningful field studies are expensive. For
example, a budget of $100,000 is typically required for a
detailed estimate of the composition of MSW arriving at
a single disposal facility, accurate to within 10% at 90%
confidence. A skilled and experienced team can often pro-
vide additional information at little additional cost, in-
cluding an estimated composition for bulky waste based
on visual observation.

The principal advantage of the material flows method-
ology is that it draws on existing data that are updated
regularly by business organizations and governments. This
method has several positive effects. First, the entire waste
stream is measured instead of samples of the waste, as in
field studies. Therefore, the results of properly conducted
material flows studies tend to be more consistent than the
results of field studies. Second, updates of material flows
studies are relatively inexpensive once the analytical struc-
ture is established. Third, material flows studies are suited
to tracking economic trends that influence the solid waste
stream.

The principal disadvantages of material flows method-
ology follow.

Obtaining complete production data for every item dis-
carded as solid waste is difficult.

Although data on food sales are available, food sales bear
little relation to the generation of food waste. Not only
is most food not discarded, but significant quantities of
water are added to or removed from many food items
between purchase and discard. These factors vary from
one area to another based on local food preferences and
eating patterns.

Material flows methodology cannot measure the genera-
tion of yard waste.

Material flows methodology does not account for the ad-
dition of nonmanufactured materials to solid waste
prior to discard, including water, soil, dust, pet drop-
pings, and the contents of used disposable diapers.

Some of the material categories used in material flows stud-
ies do not match the categories of materials targeted for
recycling. For example, advertising inserts in newspa-
pers are typically recycled with the newsprint, but in
material flows studies the inserts are part of a separate
commercial printing category.

In performing material flows studies for the U.S. EPA,
Franklin Associates bases its estimates of food waste, yard
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waste, and miscellaneous inorganic wastes on field stud-
ies in which samples of waste were sorted. Franklin
Associates (1992) also adjusts its data for the production
of disposable diapers to account for the materials added
during use.

In general, the more local and the more detailed a waste
characterization study is to be, the greater are the advan-
tages of a direct field study of the waste.

Estimation of Waste Quantity
The best method for estimating waste quantity is to install
permanent scales at disposal facilities and weigh every
truck on the way in and again on the way out. An in-
creasing number of solid waste disposal facilities are
equipped with scales, but many landfills still are not.

In the United States, facilities without scales record in-
coming waste in cubic yards and charge tipping fees by
the cubic yard. Since estimating the volume of waste in a
closed or covered vehicle or container is difficult, the vol-
ume recorded is usually the capacity of the vehicle or con-
tainer. Because this estimation creates an incentive to de-
liver waste in full vehicles, the recorded volumes tend to
be close to the actual waste volumes.

For the reasons previously stated, expressing waste
quantity in tons is preferable to cubic yards. This conver-
sion is conceptually simple, as shown in the following
equation:

M 5 VD/2000 10.4(1)

where:

M 5 mass of waste in tons
V 5 volume of waste in cubic yards
D 5 density of waste in pounds per cubic yard

If the density is expressed in tons per cubic yard, di-
viding by 2000 is unnecessary. In the United States, how-
ever, the density of solid waste is usually expressed in
pounds per cubic yard.

Although simple conceptually, converting cubic yards
to tons can be difficult in practice. The density of solid
waste varies from one type of waste to another, from one
type of vehicle to another, and even among collection
crews. In small waste streams, local conditions can cause
the overall density of MSW, as received at disposal facili-
ties, to vary from 250 to 800 lb/cu yd. A conversion fac-
tor of 3.0 to 3.3 cu yd/tn (600 to 667 lb/cu yd) is reason-
able for both MSW and bulky waste in many large waste
streams; however, this conversion factor may not be rea-
sonable for a particular waste stream.

At disposal facilities without permanent scales, envi-
ronmental engineers can use portable scales to develop a
better estimate of the tons of waste being delivered.
Selected trucks are weighed, and environmental engineers
use the results to estimate the overall weight of the waste
stream.

Portable truck scales are available in three basic con-
figurations: (1) platform scales designed to accommodate
entire vehicles (or trailers), (2) axle scales designed to ac-
commodate one axle or a pair of tandem axles at a time,
and (3) wheel scales designed to be used in pairs to ac-
commodate one axle or a pair of tandem axles at a time.
Axle scales can be used singly or in pairs. Similarly, either
one or two pairs of wheel scales can be used. When a sin-
gle axle scale or a single pair of wheel scales is used, adding
the results for individual axles yields the weight of the ve-
hicle.

Platform scales are the easiest to use, but the cost can
be prohibitive. The use of wheel scales tends to be diffi-
cult and time consuming. The cost of axle scales is simi-
lar to that of wheel scales, and axle scales are easier to use
than wheel scales. The use of a pair of portable axle scales
is recommended in the Municipal solid waste survey pro-
tocol prepared for the U.S. EPA by SCS Engineers (1979).
Regardless of what type of scale is used, a solid base that
does not become soft in wet weather is required.

Truck weighing surveys, like other waste characteriza-
tion field studies, are typically conducted during all hours
that a disposal facility is open during a full operating week.
A full week is used because the variation in waste char-
acteristics is greater among the hours of a day and among
the days of a week than among the weeks of a month.
Also, spreading the days of field work out over several
weeks is substantially more expensive.

A truck weighing survey should be conducted during
at least two weeks—one week during the period of mini-
mum waste generation and one week during the period of
maximum waste generation (see Section 10.3). One week
during each season of the year is preferable. Holiday weeks
should be avoided.

Weighing all trucks entering the disposal facility is rarely
possible, so a method of truck selection must be chosen.
A conceptually simple approach is to weigh every nth truck
(for example, every 5th truck) that delivers waste to the
facility. This approach assumes that the trucks weighed
represent all trucks arriving at the facility. The total waste
tonnage can be estimated with the following equation:

W 5 T(w/t) 10.4(2)

where:

W 5 the total weight of the waste delivered to the facil-
ity

T 5 the total number of trucks that delivered waste to
the facility

w 5 the total weight of the trucks that were weighed
t 5 the number of trucks that were weighed

This approach is suited to a facility that receives a fairly
constant flow of trucks. Unfortunately, the rate at which
trucks arrive at most facilities fluctuates during the oper-
ating day. A weighing crew targeting every nth truck will
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miss trucks during the busy parts of the day and be idle
at other times. Missing trucks during the busy parts of the
day can bias the results; the trucks that arrive at these times
tend to be curbside collection trucks, which have a dis-
tinctive range of weights. Also, having a crew and its equip-
ment stand idle at slow times while waiting for the nth
truck to arrive reduces the amount of data collected, which
reduces the statistical value of the overall results.

A better approach is to weigh as many trucks as pos-
sible during the operating day, keeping track of the total
number of trucks that deliver waste during each hour. A
separate average truck weight and total weight is calcu-
lated for each hour, and the hourly totals are added to
yield a total for the day. For this purpose, Equation 10.4(2)
is modified as follows:

W 5 T1(w1/t1) 1 T2(w2/t2) z z z 1 Tn(wn/tn) 10.4(3)

where:

W 5 the total weight of the waste delivered to the facil-
ity

T1 5 the number of trucks that delivered waste to the
facility in the first hour

T2 5 the number of trucks that delivered waste to the
facility in the second hour

Tn 5 the number of trucks that delivered waste to the
facility in the last hour of the operating day

w1 5 the total weight of the trucks that were weighed in
the first hour

w2 5 the total weight of the trucks that were weighed in
the second hour

wn 5 the total weight of the trucks that were weighed in
the last hour of the operating day

t1 5 the number of trucks that were weighed in the
first hour

t2 5 the number of trucks that were weighed in the sec-
ond hour

tn 5 the number of trucks that were weighed in the last
hour of the operating day

Estimating the statistical precision of the results is com-
plex when the ratio of the weighed trucks to the unweighed
trucks varies from hour to hour. (Klee [1991, 1993] pro-
vides a discussion of this statistical problem.)

Sampling MSW to Estimate
Composition
As in all statistical exercises based on sampling, the ac-
quisition of samples is a critical step in estimating the com-
position of MSW. The principal considerations in collect-
ing samples are the following:

Each pound of waste in the waste stream to be character-
ized must have an equal opportunity to be represented
in the final results.

The greater the number of samples, the more precise the
results.

The greater the variation between samples, the more sam-
ples must be sorted to achieve a given level of precision.

The greater the time spent collecting the samples, the less
time is available to sort the samples.

The more the waste is handled prior to sorting, the more
difficult and less precise the sorting.

A fundamental question is the time period(s) over which
to collect the samples. One-week periods are generally used
because most human activity and most refuse collection
schedules repeat on a weekly basis. Sampling during a
week in each season of the year is preferable. Spring sam-
pling is particularly important because generation of yard
waste, the most variable waste category, is generally least
in the winter and greatest in the spring.

Another fundamental question is whether to collect the
samples at the places where the waste is generated or at
the solid waste facilities where the waste is taken. Sampling
at solid waste facilities is generally preferred. Collecting
samples at the points of generation may be necessary un-
der the following circumstances, however:

The primary objective is to characterize the waste gener-
ated by certain sources, such as specific types of busi-
nesses.

The identity of the facilities to which the waste is taken is
not known or cannot be predicted with confidence for
any given week.

The facilities are widely spaced, increasing the difficulty
and cost of the sampling and sorting operation.

Access to the facilities cannot be obtained.
Sufficient space to set up a sorting operation is not avail-

able at the facilities.
Appropriate loads of waste (e.g., loads from the geographic

area to be characterized) do not arrive at the facilities
frequently enough to support an efficient sampling and
sorting operation.

Sampling at the points of generation tends to be more
expensive and less valid than sampling at solid waste fa-
cilities. The added expense results from the increased ef-
fort required to design the sampling protocol and the travel
time involved in collecting the samples.

The decreased validity of sampling at the points of gen-
eration has two principal causes. First, a significant por-
tion of the waste is typically inaccessible. Waste can be in-
accessible because it is on private property to which access
is denied or because it is in trash compactors. Some waste
is inaccessible during the day because it is not placed in
outdoor trash containers until after business hours and it
is picked up early in the morning. The second major cause
of inaccuracy is that the relative portion of the waste
stream represented by each trash receptacle is unknown
because the frequency of pickup and the average quantity
in the receptacle at each pickup are unknown. Random
selection of receptacles to be sampled results in under-
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sampling of the more active receptacles, which represent
more waste.

These problems are generally less acute for residential
MSW than for commercial or institutional MSW.
Residential MSW is usually accessible for sampling from
the curb on collection day or from dumpsters serving mul-
tifamily residences. Because households generate similar
quantities of waste, random selection of households for
sampling gives each pound of waste a similar probability
of being included in a sample. In addition, because waste
characteristics are more consistent from household to
household than from business to business, flaws in a res-
idential sampling program are generally less significant
than flaws in a commercial sampling program.

A universal protocol for sampling solid waste from the
points of generation is impossible to state because cir-
cumstances vary greatly from place to place and from study
to study. The following are general principles to follow:

Collect samples from as many different sectors of the tar-
get area as possible without oversampling relatively in-
significant sectors.

If possible, collect samples from commercial locations in
proportion to the size of the waste receptacles used and
the frequency of pickup.

Collect samples from single-family and multifamily resi-
dences in proportion to the number of people living in
each type of residence (unless a more sophisticated ba-
sis is readily available). The required population infor-
mation can be obtained from U.S. census publications.

Give field personnel no discretion in selecting locations at
which to collect samples. For example, field personnel
should not be told to collect a sample from Elm Street
but rather to collect a sample from the east side of Elm
Street, starting with the second house (or business)
north from Park Street.

To the extent feasible, add all waste from each selected lo-
cation to the sample before going on to the next loca-
tion. This practice reduces the potential for sampling bias.

Collecting samples at solid waste facilities is less ex-
pensive than collecting them at the points of generation
and is more likely to produce valid results. Sample collec-
tion at facilities is less expensive because no travel is re-
quired. Samples collected at facilities are more likely to
represent the waste being characterized because they are
typically selected from a single line of trucks of known size
that contain the entire waste stream.

Collecting samples at solid waste facilities has two
stages: selecting the truck from which to take the sample
and collecting the sample from the load discharged from
the selected truck.

SELECTING SAMPLES

Environmental engineers usually select individual trucks in
the field to sample, but they can select trucks in advance

to ensure that specific collection routes are represented in
the samples. Possible methods for selecting trucks in the
field include the following:

• Constant interval
• Progress of sorters
• Random number generator
• Allocation among waste sources

The American Society for Testing and Materials (1992)
Standard test method for determination of the composi-
tion of unprocessed municipal solid waste (ASTM D 5231)
states that any random method of vehicle selection that
does not introduce a bias into the selection process is ac-
ceptable.

Possible constant sampling intervals include the fol-
lowing in which n is any set number:

• Every nth truck
• Every nth ton of waste
• Every nth cubic yard of waste
• A truck every n minutes

Collecting a sample from every nth truck is relatively
simple but causes the waste in small trucks and partially
full trucks to be overrepresented in the samples. Collecting
a sample from the truck containing every nth ton of waste
is ideal but is difficult in practice because the weight of
each truck is not apparent from observation. Collecting a
sample from the truck containing every nth cubic yard of
waste is more feasible because the volumetric capacity of
most trucks can be determined by observation. However,
basing the sampling interval on volumetric capacity tends
to cause uncompacted waste and waste in partially full
trucks to be overrepresented in the samples.

Basing the sampling interval on either a set number of
trucks or a set quantity of waste causes the pace of the
sampling operation to fluctuate during each day of field
work. This fluctuation can result in inefficient use of per-
sonnel and deviations from the protocol when targeted
trucks are missed at times of peak activity.

Collecting a sample from a truck every n minutes is con-
venient for sampling personnel but causes the waste in
small trucks and partially full trucks to be overrepresented
and the waste in trucks that arrive at busy times to be un-
derrepresented in the samples. This approach also causes
overrepresentation of waste arriving late in the day be-
cause the time interval between trucks tends to lengthen
toward the end of the day and because trucks arriving late
tend to be partially full, especially if the facility charges by
the ton rather than by the cubic yard.

Obtaining samples as they are needed for sorting is sim-
ilar to collecting a sample every n minutes and has the
same disadvantages. Regardless of the sampling protocol
used, however, the sorters should be kept supplied with
waste to sort even if the available loads do not fit the pro-
tocol. Having more data is better.
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ASTM D 5231 specifically identifies the use of a ran-
dom number generator as an acceptable method for ran-
dom selection of vehicles to sample. A random number
generator can provide random intervals corresponding to
each of the predetermined intervals just discussed. For ex-
ample, if a facility receives 120 trucks per day and 12 are
to be sampled, one can either sample every 10th truck or
use the random number generator to generate 12 random
numbers from 1 to 120. Similarly, random intervals of
waste tonnage, waste volume, or elapsed time can be gen-
erated.

Random sampling intervals have the same disadvan-
tages as the corresponding constant sampling intervals plus
the following additional disadvantages:

Random sampling intervals increase the probability that
the field crew is idle from time to time.

Random sampling intervals increase the probability that
the field crew has to work overtime.

Random sampling intervals increase the probability that
targeted trucks are missed when too many randomly
selected trucks arrive within too short a time period.

In many cases, sampling by waste source minimizes the
problems associated with these types of interval sampling.
Sources of waste from which samples can be selected in-
clude individual municipalities, individual waste haulers,
specific collection routes, waste generation sectors such as
the residential sector and the commercial sector, and spe-
cific sources such as restaurants or apartment buildings.
In general, sampling by source makes sense if adequate in-
formation is available on the quantity of waste from each
source to be sampled. Samples can be collected from each
source in proportion to the quantity of waste from each
source, or the composition results for the various sources
can be weighted based on the quantity from each source.

In the best case, the solid waste facility has a scale and
maintains a computer database containing the following
information for each load of waste: net weight, type of
waste, type of vehicle, municipality of origin, hauler, and
a number identifying the individual truck that delivered
the waste. This information, combined with information
on the hauling contracts in effect in each municipality, is
usually sufficient to estimate the quantity of household and
commercial MSW from each municipality.

The municipality is often the hauler for household
waste, and, in those municipalities, private haulers usually
handle commercial waste. In other cases, the municipality
has a contract with a private hauler to collect household
waste and discourages the hauler from using the same ve-
hicles to service private accounts. Household and com-
mercial waste can also be distinguished by the types of ve-
hicles in which they are delivered. Dominant vehicle types
vary from one region to another.

If the solid waste facility has no scale, environmental
engineers can use records of waste volumes in designing a
sampling plan but must differentiate between compacted

and uncompacted waste. Many facilities receive little un-
compacted MSW, while others receive substantial quanti-
ties.

Because per capita generation of household waste is rel-
atively consistent, environmental engineers can use popu-
lation data to allocate samples of household waste among
municipalities if the necessary quantity records are not
available.

Field personnel must interview private haulers arriving
at the solid waste facility to learn the origins of the load
of waste. Information provided by the haulers is often in-
complete. In some cases this information can be supple-
mented or corrected during sorting of the sample.

McCamic (1985) provides additional information.

COLLECTING SAMPLES

Most protocols, including ASTM D 5231, state that each
selected truck should be directed to discharge its load in
an area designated for sample collection. This provision is
convenient for samplers but is not necessary if a quick and
simple sampling method is used. ASTM D 5231 states that
the surface on which the selected load is discharged should
be clean, but in most studies preventing a sample from
containing a few ounces of material from a different load
of waste is unnecessary.

Understanding the issues involved in selecting a sam-
pling method requires an appreciation of the nature of a
load of MSW discharged from a standard compactor truck
onto the surface of a landfill or a paved tipping floor.
Rather than collapsing into a loose pile, the waste tends
to retain the shape it had in the truck. The discharged load
can be 7 or 8 ft high. In many loads, the trash bags are
pressed together so tightly that pulling material for the
sample out of the load is difficult. Some waste usually falls
off the top or sides of the load, but this loose waste should
not be used as the sample because it can have unrepre-
sentative characteristics.

In general, one sample should be randomly selected
from each selected truck, as specified in ASTM D 5231. If
more than one sample must be taken from one load, the
samples should be collected from different parts of the
load.

A threshold question is the size of the sample collected
from each truck. Various sample sizes have been used,
ranging from 50 lb to the entire load. Large samples have
the following advantages:

The variation (standard deviation) between samples is
smaller, so fewer samples are required to achieve a given
level of precision.

The distribution of the results of sorting the samples is
closer to a normal distribution (bell-shaped curve).

The boundary area between the sample and the remain-
der of the load is smaller in proportion to the volume
of the sample, making the sampler’s decisions on
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whether to include bulky items from the boundary area
less significant.

Small samples have a single advantage: shorter collec-
tion and sorting time.

A consensus has developed (SCS Engineers 1979; Klee
and Carruth 1970; Britton 1971) that the optimum sam-
ple size is 200 to 300 lb (91 to 136 kg). This size range is
recommended in ASTM D 5231. The advantages of in-
creasing the sample size beyond this range do not outweigh
the reduced number of samples that can be sorted. If the
sample size is less than 200 lb, the boundary area around
the sample is too large compared to the volume of the sam-
ple, and the sampler must make too many decisions about
whether to include boundary items in the sample.

Environmental engineers use several general procedures
to obtain samples of 200 to 300 lb from loads of MSW,
including the following:

Assembling a composite sample from material taken from
predetermined points in the load (such as each corner
and the middle of each side)

Coning and quartering
Collecting a grab sample from a randomly selected point

using a front-end loader
Manually collecting a column of waste from a randomly

selected location

Numerous variations and combinations of these gen-
eral procedures can also be used.

The primary disadvantage of composite samples is the
same as that for small samples: the large boundary area
forces the sampler to make too many decisions about
whether to include items of waste in the sample. A com-
posite sample tends to be a judgement sample rather than
a random sample. A secondary disadvantage of compos-
ite samples is that they take longer to collect than grab
samples or column samples.

A variation of composite sampling is to assemble each
sample from material from different loads of waste. This
approach has the same disadvantages as composite sam-
pling from a single load of waste and is even more time-
consuming.

In coning and quartering, samplers mix a large quan-
tity of waste to make its characteristics more uniform,
arrange the mixed waste in a round pile (coning), and ran-
domly select a portion—typically one quarter—of the
mixed waste (quartering). The purpose is to combine the
statistical advantages of large samples with the reduced
sorting time of smaller samples. The coning and quarter-
ing process can begin with the entire load of waste or with
a portion of the load and can be performed once or mul-
tiple times to obtain a single sample. ASTM D 5231 spec-
ifies one round of coning and quartering, beginning with
approximately 1000 lb of waste, to obtain a sample of
200 to 300 lb.

Coning and quartering has the following disadvantages
and potential difficulties compared to grab sampling or
column sampling:

Substantially increases sampling time
Requires more space
Requires the use of a front-end loader for relatively long

periods. Many solid waste facilities can make a front-
end loader and an operator available for brief periods,
but some cannot provide a front-end loader for the
longer periods required for coning and quartering.

Tends to break trash bags, making the waste more diffi-
cult to handle

Increases sorting time by breaking up clusters of a cate-
gory of waste

Reduces accuracy of sorting by increasing the percentage
of food waste adhering to or absorbed into other waste
items

Promotes loss of moisture from the sample
Promotes stratification of the waste by density and parti-

cle size. The biasing potential of stratification is mini-
mized if the quarter used as the sample is a true pie
slice, with its sides vertical and its point at the center
of the cone. This shape is difficult to achieve in prac-
tice.

The advantage of coning and quartering is that it re-
duces the variation (the standard deviation) among the
samples, thereby reducing the number of samples that must
be sorted. Coning and quartering is justified if it reduces
the standard deviation enough to make up for the disad-
vantages and potential difficulties. If coning and quarter-
ing is done perfectly and completely, sorting the final sam-
ple is equivalent to sorting the entire cone of waste, and
the standard deviation is significantly reduced. Since the
number of samples that must be sorted to achieve a given
level of precision is proportional to the square of the stan-
dard deviation, coning and quartering can substantially re-
duce the required number of samples. Note, however, that
the more thoroughly coning and quartering is performed,
the more pronounced are each of the disadvantages and
potential difficulties associated with this method.

A more common method of solid waste sampling is col-
lecting a grab sample using a front-end loader. This method
is relatively quick and can often be done by facility per-
sonnel without unduly disrupting normal facility opera-
tions. Sampling by front-end loader reduces the potential
impact of the personal biases associated with manual sam-
pling methods but introduces the potential for other types
of bias, including the following:

Like shovel sampling, front-end loader sampling tends to
favor small and dense objects over large and light ob-
jects. Large and light objects tend to be pushed away
or to fall away as the front-end loader bucket is in-
serted, lifted, or withdrawn.
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On the other hand, the breaking of trash bags as the front-
end loader bucket penetrates the load of waste tends to
release dense, fine material from the bags, reducing the
representation of this material in the sample.

Front-end loader samples taken at ground level favor waste
that falls off the top and sides of the load, which may
not have the same characteristics as waste that stays in
place. On dirt surfaces, front-end loader samples taken
at ground level can be contaminated with dirt.

The impact of these biasing factors can be reduced if
the sampling is done carefully and the sampling personnel
correct clear sources of bias, such as bulky objects falling
off the bucket as it is lifted.

In front-end loader sampling, sampling personnel can
use different sampling points for different loads to ensure
that the various horizontal and vertical strata of the loads
are represented in the samples. They can vary the sampling
point either randomly or in a repeating pattern. The ex-
tent of the bias that could result from using the same sam-
pling point for each load is not known.

An inherent disadvantage of front-end loader sampling
is the difficulty in estimating the weight of the samples.
Weight can only be estimated based on volume, and sam-
ples of equal volume have different weights.

A less common method of solid waste sampling is man-
ually collecting a narrow column of waste from a ran-
domly selected location on the surface of the load, ex-
tending from the bottom to the top of the load. This
method has the following advantages:

• No heavy equipment is required.
• Sampling time is relatively short.
• Because different horizontal strata of the load are

sampled, the samples more broadly represent the
load than grab samples collected using a front-end
loader. Note, however, that loads are also strati-
fied from front to back, and column samples do
not represent different vertical strata.

• The narrowness of the target area within the load
minimizes the discretion of the sampler in choos-
ing waste to include in the sample.

The major disadvantage of column sampling is that
manual extraction of waste from the side of a well-com-
pacted load is difficult, and the risk of cuts and puncture
wounds from pulling on the waste is substantial.

Of the many hybrid sampling procedures that combine
features of these four general procedures, two are worthy
of particular note. First, in the sampling procedure speci-
fied in ASTM D 5231, a front-end loader removes at least
1000 lb (454 kg) of material along one entire side of the
load; and this waste is mixed, coned, and quartered to
yield a sample of 200 to 300 lb (91 to 136 kg). Compared
to grab sampling using a front-end loader, the ASTM
method has the advantage of generating samples more

broadly representative of the load but has the disadvan-
tage of increasing sampling time.

In a second hybrid sampling procedure, a front-end
loader loosens a small quantity of waste from a randomly
selected point or column on the load, and the sample is
collected manually from the loosened waste. This method
is safer than manual column sampling and provides more
control over the weight of the sample than sampling by
front-end loader. This method largely avoids the potential
biases of front-end loader sampling but tends to introduce
the personal biases of the sampler.

Number of Samples Required to
Estimate Composition
The number of samples required to achieve a given level
of statistical confidence in the overall results is a function
of the variation among the results for individual samples
(standard deviation) and the pattern of the distribution of
the results. Neither of these factors can be known in ad-
vance, but both can be estimated based on the results of
other studies.

ASTM D 5231 prescribes the following equation from
classical statistics to estimate the number of samples re-
quired:

n 5 (t*s/ex)2 10.4(4)

where:

n 5 required number of samples
t* 5 student t statistic corresponding to the level of con-

fidence and a preliminary estimate of the required
number of samples

s 5 estimated standard deviation
e 5 level of precision
x 5 estimated mean

Table 10.4.1 shows representative values of the coeffi-
cient of variation and mean for various solid waste com-
ponents. The coefficient of variation is the ratio of the stan-
dard deviation to the mean, so multiplying the mean by
the coefficient of variation calculates the standard devia-
tion. Table 10.4.2 shows values of the student t statistic.

Table 10.4.1 shows the coefficients of variation rather
than standard deviations because the standard deviation
tends to increase as the mean increases, while the coeffi-
cient of variation tends to remain relatively constant.
Therefore, the standard deviations for sets of means dif-
ferent from those in the table can be estimated from the
coefficients of variation in the table.

The confidence level is the statistical probability that
the true mean falls within a given interval above and be-
low the mean, with the mean as the midpoint (the confi-
dence interval or confidence range). A confidence level of
90% is generally used in solid waste studies. The confi-
dence interval is calculated based on the results of the study
(see Table 10.4.3 later in this section).
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The desired level of precision is the maximum accept-
able error, expressed as a percentage or decimal fraction
of the estimated mean. Note that a lower precision level
indicates greater precision. A precision level of 10% (0.1)
is frequently set as a goal but is seldom achieved.

After a preliminary value for n based on a preliminary
value for t* is calculated, the calculation is repeated with
the value of t* corresponding to the preliminary value for
n.

Equation 10.4(4) assumes that the values for each vari-
able to be measured (in this case the percentages of each
solid waste component in the different samples) are nor-
mally distributed (conform to the familiar bell-shaped dis-
tribution curve, with the most frequent value equaling the
mean). In reality, solid waste composition data are not
normally distributed but are moderately to severely skewed
right, with numerous values several times higher than the
mean. The most frequent value is invariably lower than
the mean, and in some cases is close to zero. The greater
the number of waste categories, the more skewed the dis-
tributions of individual categories are.

Klee (1991; 1993) and Klee and Carruth (1970) have
suggested equations to account for the effect of this skew-
ness phenomenon on the required number of samples. Use
of these equations is problematic. Like Equation 10.4(4),
they are designed for use with one waste category at a
time. For waste categories for which the mean is large com-
pared to the standard deviation, the equations yield higher

TABLE 10.4.1 REPRESENTATIVE MEANS AND
COEFFICIENTS OF VARIATION FOR
MSW COMPONENTS

Coefficient of
Mean Variationa

Waste Category (%) (%)

Organics/Combustibles 86.6 10
Paper 39.8 30

Newspaper 6.8 80
Corrugated 8.6 95
Kraft 1.5 120
Corrugated & kraft 10.1 85
Other paperb 22.9 40
High-grade paper 1.7 230
Other paperb 21.2 40
Magazines 2.1 160
Other paperb 19.1 40
Office paper 3.4 —
Magazines & mail 4.0 90
Other paperb 17.2 40

Yard waste 9.7 160
Grass clippings 4.0 300
Other yard waste 5.7 180

Food waste 12.0 70
Plastic 9.4 40

PET bottles 0.40 100
HDPE bottles 0.70 95
Other plastic 8.3 50
Polystyrene 1.0 95
PVC bottles 0.06 200
Other plasticb 7.2 50
Polyethylene bags & film 3.7 45
Other plasticb 3.5 80

Other organics 15.7 55
Wood 4.0 170
Textiles 3.5 —
Textiles/rubber/leather 4.5 110
Fines 3.3 70

Fines ,As inch 2.2 80
Disposable diapers 2.5 110
Other organics 1.4 160

Inorganics/Noncombustibles 13.4 60
Metal 5.8 70

Aluminum 1.0 70
Aluminum cans 0.6 95
Other aluminum 0.4 120

Tin & bimetal cans 1.5 70
Other metalb 3.3 130
Ferrous metal 4.5 85

Glass 4.8 70
Food & beverage containers 4.3 85

Batteries 0.1 160
Other inorganics

With noncontainer glass 3.2 160
Without noncontainer glass 2.7 200

aStandard deviation divided by the mean, based on samples of 200 to 300
pounds.

bEach “other” category contains all material of the previous type except ma-
terial in those categories.

TABLE 10.4.2 VALUES OF STUDENT t STATISTIC

Student t Statistic

Number of Samples (n) 90% Confidence 95% Confidence

002 6.314 12.706
003 2.920 4.303
004 2.353 3.182
005 2.132 2.776
006 2.015 2.571
007 1.943 2.447
008 1.895 2.365
009 1.860 2.306
010 1.833 2.262
012 1.796 2.201
014 1.771 2.160
017 1.746 2.120
020 1.729 2.093
025 1.711 2.064
030 1.699 2.045
041 1.684 2.021
051 1.676 2.009
061 1.671 2.000
081 1.664 1.990
101 1.660 1.984
141 1.656 1.977
201 1.653 1.972
Infinity 1.645 1.960



numbers of samples than Equation 10.4(4). This result is
intuitively satisfying because more data should be needed
to quantify a parameter whose values do not follow a pre-
defined, normal pattern of distribution. For waste cate-
gories for which the mean is less than twice as large as the
standard deviation, however, these equations tend to yield
numbers of samples smaller than Equation 10.4(4). This
result is counterintuitive since no reason is apparent for
why an assumption of nonnormal distribution should de-
crease the quantity of data required to characterize a highly
variable parameter.

An alternative method of accounting for skewness is to
select or develop an appropriate equation for each waste
category based on analysis of existing data for that cate-
gory. Hilton, Rigo, and Chandler (1992) provide the re-
sults of a statistical analysis of the skewness of individual
waste categories.

Equation 10.4(4) gives divergent results for different
solid waste components. Based on the component means
and coefficients of variation shown in Table 10.4.1 and
assuming a precision of 10% at 90% confidence, the num-
ber of samples given by Equation 10.4(4) is 45 for paper
other than corrugated, kraft, and high-grade; almost 700
for all yard waste; and more than 2400 for just grass clip-
pings. The value of Equation 10.4(4) alone as a guide in
designing a sampling program is therefore limited.

An alternative method is to estimate the number of sam-
ples required to achieve a weighted-average precision level
equal to the required level of precision. The weighted-av-
erage precision level is the average of the precision levels
for individual waste categories weighted by the means for

the individual waste categories. The precision level for in-
dividual waste categories can be estimated with the fol-
lowing equation, which is Equation 10.4(4) solved for e:

e 5 t*s/xn1/2 10.4(5)

The precision level for each category is multiplied by
the mean for that category, and the results are totaled to
yield the weighted-average precision level. The number of
samples (n) is adjusted by trial and error until the weighted-
average precision level matches the required value.

Calculation of the weighted-average precision level is
shown in Table 10.4.3 later in this section. Figure 10.4.1
shows the relationship of the weighted-average precision
level to the number of samples and the number of waste
categories based on the values in Table 10.4.1. Overall
precision improves as the number of samples increases and
as the number of waste categories decreases. This state-
ment does not mean that studies involving greater num-
ber of categories are inferior; it simply means that deter-
mining a few things precisely is easier than determining
many things precisely.

Sorting and Weighing Samples of
MSW
In most cases, sorting solid waste should be viewed as an
industrial operation, not as laboratory research. While ac-
curacy is essential, the appropriate measure of accuracy is
ounces rather than grams or milligrams. Insistence on an
excessive level of accuracy slows down the sorting process,
reducing the number of samples that can be sorted. This
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reduction, in turn, reduces the statistical precision of the
results. In the context of an operation in which a 10%
precision level is a typical goal, inaccuracy of 1% is rela-
tively unimportant.

The principles of industrial operations apply to solid
waste sorting, including minimization of motion and main-
tenance of worker comfort and morale.

SORTING AREAS

A sorting area is established at the beginning of the field
work and should have the following characteristics:

• A paved surface approximately 1000 sq ft in area
and at least 16 ft wide

• Accessibility to vehicles
• Protection from precipitation and strong winds
• Heating in cold weather
• Separation from traffic lanes and areas where

heavy equipment is used but within sight of ar-
riving trucks

A typical sorting operation might use two sorting boxes
and a crew of ten to twelve. The crew includes two sort-
ing teams of four or five persons each, a supervisor, and
a utility worker. The basic sorting sequence, starting when
collection of the sample is complete, is as follows:

1. The sample is transported from the sampling point to
the sorting area. A pickup truck or front-end loader
can be used for this purpose.

2. The sampler gives the sorting supervisor a copy of a
data form.

3. The sample is unloaded onto the surface of the sort-
ing area.

4. Large items (e.g., corrugated cardboard and wood)
and bags containing a single waste category (most of-
ten yard waste) are removed from the sample and set
aside for weighing, bypassing the sorting box.

5. The remainder of the sample is transferred by incre-
ments into the sorting box, using broad-bladed shov-
els to transfer loose material.

6. The waste is sorted into the containers surrounding
the sorting box.

7. The containers are brought to the scale, checked for
accuracy of sorting, and weighed.

8. The gross weight of the waste and container and a let-
ter symbol indicating the type of container are
recorded on the data form.

9. If required, the waste in the containers is subsampled
for laboratory analysis.

10. The containers are dumped in a designated receptacle
or location.

The supervisor must ensure that each sample remains
matched with the correct data form and that waste does
not cross between samples.

SORTING CONTAINERS

Use of a counter-height sorting box speeds sorting, de-
creases worker fatigue, and encourages interaction among
the sorters. All of these factors help build and sustain the
morale of the sorters.

The following sorting box design has proven highly ef-
fective. The box is 4 ft wide, 6 ft long, 1 ft deep, and open
at the top. It is constructed of 3/8-in or 1/2-in plywood
with an internal frame of 2-by-3s or 2-by-4s. The long
framing pieces extend 1 foot beyond the ends of the box
at each bottom corner, like the poles of a stretcher. These
framing pieces facilitate handling and extend the overall
dimensions of the box to 4 ft by 8 ft by 1 ft. The box can
lie flat within the bed of a full-sized pickup truck or stan-
dard cargo van.

A screen of 1/2-in hardware cloth (wire mesh with As-
in square openings) can be mounted in the bottom of the
sorting box, 1 1/2 in from the bottom (the thickness of the
internal framing pieces). If the screen is included, one end
of the box must be open below the level of the screen to
allow dumping of the fine material that falls through the
screen. By allowing fine material to separate from the rest
of the sample, the screen facilitates sorting of small items
and makes dangerous items such as hypodermic needles
easier to spot.

To facilitate dumping of the fines and to save space dur-
ing transportation and storage, the sorting box is built
without legs. During sorting, the sorting box is placed on
a pair of heavy-duty sawhorses, 55-gal drums, or other
supports. A support height of 32 in works well for a mixed
group of male and female sorters. Fifty-five-gal drums are
approximately 35 in high, approximately 3 in higher than
optimum, and because of their size are inconvenient to
store and transport.

The containers into which the waste is sorted should
be a combination of 30-gal plastic trash containers and
5-gal plastic buckets. The 5-gal buckets are used for low-
volume waste categories. Containers larger than 30 gal oc-
cupy too much space around the sorting box for efficient
sorting and can be heavy when full. In a typical study with
twenty-four to twenty-eight waste categories, each sorting
crew should be equipped with approximately two dozen
30-gal containers and one dozen 5-gal buckets. In addi-
tion, each sorting crew should have several shallow plas-
tic containers approximately 18 in wide, 24 in long, and
6 in deep.

For optimum use of space, the 30-gal containers should
have rectangular rims. They should also have large han-
dles to facilitate dumping. Recessed handholds in the bot-
tom of the container are also helpful. In general, contain-
ers of heavy-duty HDPE are best. Because of their molded
rims, these containers can be inverted and banged against
pavement, the rim of a rolloff container, or the rim of a
matching container to dislodge the material adhering to
the inside of the container. The containers need not have
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wheels. Plastic containers slide easily across almost any flat
surface.

Substantial field time can be saved when the contain-
ers of each type have fairly uniform weights so that each
type of container can be assigned a tare weight rather than
each container. When container weights are recorded on
the data form after sorting, recording a letter code that
refers to the type of container is faster than reading an in-
dividual tare weight on the container and recording it on
the data form.

Assigning individual tare weights to containers weigh-
ing 2% more or less than the average weight for the con-
tainer type is unnecessary. Batches of 5-gal buckets gen-
erally meet this standard, but many 30-gal containers do
not. Ensuring that tare weights are consistent requires
using portable scale when shopping for containers.

CONTAINER LABELING

Most sorting protocols, including ASTM D 5231, call for
labeling each container to indicate which waste category
is to be placed in it. When a sorting box is used, however,
unlabeled containers have the following advantages:

The sorters are encouraged to establish a customary loca-
tion for each waste category and sort by location, which
is faster than sorting by labels.

When sorting is done by location rather than by labels,
the containers can be placed closer to the sorters, which
further speeds the sorting process.

Less time is required to arrange unlabeled containers
around the sorting box after the sorted material from
the previous sample has been weighed and dumped.

Keeping the containers unlabeled increases the flexibility
of the sorting operation.

The flexibility gained by not labeling the containers has
several aspects. First, different samples require multiple 30-
gal containers for different waste categories. Second, many
waste categories require a 30-gal container for some sam-
ples and only a 5-gal container for others. Third, the need
for another empty container arises frequently in an active
sorting operation, and grabbing the nearest empty con-
tainer is quicker than searching for the container with the
appropriate label.

Despite the advantages of unlabeled containers, the con-
tainers for food waste should be labeled. If individual con-
tainers are not designated for food waste, all containers
will eventually be coated with food residue. This residue
is unpleasant and changes the tare weights of the con-
tainers.

The tare weights of the food waste containers should
be checked daily. Generally, checking the tare weights of
other containers at the beginning of each week of field
work is sufficient unless a visible buildup of residue indi-
cates that more frequent checking is required.

SORTING PROCESS

The actual sorting of the sample should be organized in
the following basic manner:

Each waste category is assigned a general location around
the perimeter of the sorting box. In one effective
arrangement, paper categories are sorted to one side of
the sorting box, plastic categories are sorted to the other
side, other organic categories are sorted to one end, and
inorganic categories are sorted to the other end.

Each sorter is assigned a group of categories. With a typ-
ical sorting crew of four, each sorter is assigned the cat-
egories on one side or at one end of the box.

The sorters place their assigned materials in the appropri-
ate containers and place other materials within reach
of the sorters to which they are assigned.

Toward the end of sorting each sample, one of the shal-
low containers is placed in the middle of the sorting
box, and all sorters place other paper in this container
(see Table 10.4.1). This process can be repeated for food
waste.

When only scattered or mixed bits of waste remain, sort-
ing is suspended.

The material remaining above the screen in the sorting
box, or on the bottom of a box without a screen, is
scraped or brushed together and either (1) distributed
among the categories represented in it in proportion to
their abundance, (2) set aside as a separate category, or
(3) set aside to be combined with the fine material from
below the screen. ASTM D 5231 specifies the first al-
ternative, but it should not be selected if the waste cat-
egories are to be subsampled for laboratory testing.

If the sorting box has a screen, the box is upended to al-
low the fine material from below the screen to fall
through the slot at one end of the box. The material
that falls out is swept together and shoveled into a con-
tainer—preferably a wide, shallow container—for
weighing.

WEIGHING SAMPLES

ASTM D 5231 specifies the use of a mechanical or elec-
tronic scale with a capacity of at least 200 lb (91 kg) and
precision of 0.1 lb (0.045 kg) or better. When 30-gal con-
tainers are used in sorting samples of 200 to 300 lb, gross
weights greater than 100 lb are unusual. Even if larger con-
tainers or sample sizes are used, sorting personnel should
avoid creating containers with gross weights greater than
100 lb because they are difficult and dangerous to handle.
For most sorting operations, a scale capacity of 100 lb is
adequate. An electronic scale with a range of 0–100 lb is
generally easier to read to within 0.1 lb than a mechani-
cal scale with a range of 0–100 lb.

A platform-type scale is preferred. The platform should
be 1 ft square or larger.
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The digital displays on electronic scales make data
recording easier and minimize recording errors by dis-
playing the actual number to be recorded on the data form.
When recording weights from a mechanical scale, inter-
polation between two values marked on the dial is often
required. The advantages of mechanical scales are lower
cost, reliability, and durability.

Ideally, one worker places containers on the scale, the
supervisor checks the containers for accuracy of sorting
and records the weights and container types, and two or
more workers dump the weighed containers. If the con-
tainers are subsampled for laboratory analysis prior to be-
ing dumped, the process is much slower and fewer work-
ers are required.

DUMPING SAMPLES

On landfills, the sorting containers are dumped near the
sorting area for removal or in-place burial by facility per-
sonnel. In transfer stations and waste-to-energy facilities,
the containers can be dumped on the edge of the tipping
floor.

When the sorting area is separated from the disposal
area, use of the sampling vehicle for disposal is difficult.
Loads of waste that should be sampled can be missed, and
sorting delays occur because the sampling vehicle is not
available for dumping full containers from the previous
sample. A better procedure is to dump the sorted waste in
a rolloff container provided by the disposal facility. Facility
personnel transport the rolloff container to the disposal
area approximately once per day. The density of sorted
waste is often as low as 150 lb/cu yd, so the rolloff tends
to be filled more rapidly than expected. To facilitate dump-
ing sorted waste over the sides, the rolloff container should
not be larger than 20 cu yd (15.3 cu m).

Processing the Results of Sorting
After a sample is weighed and the gross weights and con-
tainer types are recorded on the data form, the net weights
are calculated and recorded on the data form. Total net
weights are calculated for waste categories sorted into
more than one container. Field personnel should calculate
net category weights and total net sample weights after
each day of sorting to monitor the size of the samples.
Undersize samples decrease the accuracy and statistical pre-
cision of the results and can violate the contract under
which the study is conducted. Oversize samples make sort-
ing the required number of samples more difficult.

The net weights for each waste category in each sam-
ple are usually entered into a computer spreadsheet. For
each waste category in each group of samples to be ana-
lyzed (for example, residential samples and commercial
samples), the following should be calculated from the data
in the spreadsheet:

• The percentage by weight in each sample
• The mean percentage within the group of samples
• The standard deviation of the percentages within

the group of samples
• The confidence interval around the mean

Calculating the overall composition usually involves di-
viding the total weight of each waste category by the to-
tal weight of the samples rather than calculating the com-
position of each sample and averaging the compositions.
If the samples have different weights, which is usually the
case, these two methods yield different results. Calculating
overall composition based on total weight creates a bias
in favor of dense materials, which are more abundant in
the heavier samples. Averaging the compositions of the in-
dividual samples is preferable because it gives each pound
of waste an equal opportunity to influence the results.
ASTM D 5231 specifies averaging of sample compositions.

Table 10.4.3 shows mean percentages, standard devia-
tions, uncertainty values, precision levels, and confidence
intervals for a group of 200 MSW samples with the char-
acteristics shown in Table 10.4.1. The confidence intervals
are based on the uncertainty values (sometimes called pre-
cision values). The uncertainty values are typically calcu-
lated with the following formula:

Uc 5 t*s/n1/2 10.4(6)

where:

Uc 5 uncertainty value at a given level of confidence,
typically 90%

t* 5 student t statistic corresponding to the given level
of confidence

s 5 sample standard deviation
n 5 number of samples

This equation is equivalent to the equation for calcu-
lating the precision level, Equation 10.4(5), with both sides
multiplied by the mean, x. Dividing the uncertainty value
by the mean yields the precision level. Adding the uncer-
tainty values for all waste categories yields the weighted
average precision level, weighted by the means for the in-
dividual waste categories.

Equation 10.4(6), like Equations 10.4(4) and 10.4(5),
assumes that the percentage data are normally distributed.
As previously discussed, this is not actually the case, and
no reliable and reasonably simple method exists for esti-
mating the effect of lack of normality on the statistical pre-
cision of the results.

Precision analysis can only be applied to groups of sam-
ples that are representative of the waste stream to be an-
alyzed. For example, if 40% of the municipal waste stream
is commercial waste but 60% of the samples sorted dur-
ing a study are collected from commercial loads, statisti-
cal precision analysis of the entire body of composition
data generated during the study is meaningless. Assuming
that the commercial and residential samples represent the
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respective fractions of the waste stream from which they
were collected, separate precision analysis of the commer-
cial and residential results is valid. Representativeness is
achieved by either random selection of loads to sample or
systematic selection of loads based on preexisting data.

Visual Characterization of Bulky
Waste
The composition of bulky waste is typically estimated by
observation rather than by sorting samples. Visual char-
acterization of bulky waste is feasible for several reasons:
(1) most bulky waste is not hidden in bags, (2) most loads
of bulky waste contain few categories of waste, and (3)
the categories of waste present are usually not thoroughly
dispersed within the load, as they are in loads of MSW.
Conversely, sorting samples of bulky waste is problematic
for several reasons: (1) because the variation among loads
of bulky waste is large, a large number of trucks must be
sampled, (2) because the waste categories are not thor-
oughly dispersed within the loads, the samples must be
large, (3) sorting and weighing bulky waste is difficult and
dangerous if not done with specialized mechanical equip-
ment.

Estimating the composition of bulky waste based on
observation has three phases. First, field personnel prepare
field notes describing each load as the load is dumped, as
the load sits on the tipping floor or landfill after dumping,

and as the heavy equipment operators move the load
around the tipping floor or the working face of the land-
fill. Second, they determine or estimate the weight of each
load. Third, they combine the field notes and load weights
to develop an estimate of the composition of each load
and of the bulky waste as a whole.

In general, the field notes should include the following
elements for each load:

The date and exact time of day
The type of vehicle and its volumetric capacity (e.g., 30-

cu-yd rolloff, 40-cu-yd trailer)
Any identifying markings that help match the field notes

with the corresponding entry in the facility log for that
day. Identifying markings that can be useful include the
name of the hauler, the license plate number, and iden-
tifying numbers issued by regulatory agencies.

Either (1) a direct estimate of the by-weight composition
of the load or (2) an estimate of the by-volume com-
position of the load combined with an indication of the
amount of air space in each component.

If the facility does not have a scale, the facility log gen-
erally contains a volume for each load but no weight. If
the volume of each load can be determined in the field, as
it can when each truck or container is marked with its vol-
umetric capacity, field notes do not have to be matched
with log entries. Regardless of whether the facility log is
used, the field notes should contain any information that
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TABLE 10.4.3 ILLUSTRATION OF WEIGHTED-AVERAGE PRECISION LEVEL AND CONFIDENCE INTERVALSa

Student t
Statistic (t*) for

Standard 200 Samples (n) Uncertainty Precision 90%
Mean (%) Deviation (%) and 90% Value (%) Level (%) Confidence

Waste Category (x) (s) Confidence (U90 5 t*s/n1/2) (U90/x) Interval (%)

Newspaper 6.8 5.4 1.653 0.6 9.4 6.8 6 0.6
Corrugated & kraft 10.1 8.6 1.653 1.0 9.9 10.1 6 1.0
Other paper 22.9 9.2 1.653 1.1 4.7 22.9 6 1.1
Yard waste 9.7 15.5 1.653 1.8 18.7 9.7 6 1.8
Food waste 12.0 8.4 1.653 1.0 8.2 12.0 6 1.0
PET bottles 0.4 0.4 1.653 0.05 11.7 0.4 6 0.05
HDPE bottles 0.7 0.7 1.653 0.1 11.1 0.7 6 0.1
Other plastic 8.3 4.1 1.653 0.5 5.8 8.3 6 0.5
Wood 4.0 6.8 1.653 0.8 19.9 4.0 6 0.8
Textiles/rubber/leather 4.5 5.0 1.653 0.6 12.9 4.5 6 0.6
Fines 3.3 2.3 1.653 0.3 8.2 3.3 6 0.3
Disposable diapers 2.5 2.8 1.653 0.3 12.9 2.5 6 0.3
Other organics 1.4 2.2 1.653 0.3 18.7 1.4 6 0.3
Aluminum 1.0 0.7 1.653 0.1 8.2 1.0 6 0.1
Tin & bimetal cans 1.5 1.1 1.653 0.1 8.2 1.5 6 0.1
Other metal 3.3 4.3 1.653 0.5 15.2 3.3 6 0.5
Food & beverage containers 4.3 3.7 1.653 0.4 9.9 4.3 6 0.4
Other inorganics 3.3 5.3 1.653 0.6 18.7 3.3 6 0.6
Total or weighted average 100.0 10.1 10.1 100.0 6 10.1

aBased on 200 samples, 90% confidence, and the eighteen waste categories listed in the table. Means and standard deviations are based on Table 10.4.1.



can be helpful in estimating the weight of each load, in-
cluding its total volume if different from the capacity of
the vehicle in which it arrived.

Field personnel should visually characterize most if not
all of the loads of bulky waste arriving at the solid waste
facility during the period of field work. Because the com-
position of bulky waste varies from load to load, a large
number of loads must be characterized.

Characterized loads of bulky waste should not be re-
garded as samples because they contain vastly different
quantities of waste. The overall composition of bulky
waste is not the mean of the results for individual loads,
as with MSW. Rather, the overall composition is weighted
in accordance with the weights of the individual loads. An
estimate of the overall percentage of each component in-
volves calculating the total quantity of the component in
all observed loads and dividing it by the total weight of
all observed loads, as illustrated by the following equa-
tion:

po 5 (p1w1 1 p2w2 z z z 1 pnwn)/wo 10.4(7)

where:

po 5 the overall percentage of the component in the ob-
served loads

p1 5 the percentage of the component in the first ob-
served load

w1 5 the weight of the first observed load
p2 5 the percentage of the component in the second ob-

served load
w2 5 the weight of the second observed load
pn 5 the percentage of the component in the last ob-

served load
wn 5 the weight of the last observed load
wo 5 the total weight of all observed loads

Before the overall composition can be calculated in this
way, the weight of each load must be estimated. If the fa-
cility has a scale, environmental engineers can determine
the actual weight of the observed loads by matching the
field notes for each load with the corresponding entry in
the facility log, based on the time of arrival and informa-
tion about the truck and the load. The time of arrival
recorded in the facility log is the time when the truck was
logged in rather than the time when the load was dis-
charged. Field personnel must determine the difference be-
tween the two times.

If the facility does not have a scale, environmental en-
gineers must estimate the weight of each component and
the total weight of the load by converting from cubic yards
to tons. The following procedure is suggested:

The total volume of the load is distributed among the com-
ponents of the load based on the field notes.

The weight of each component is estimated based on its
volume and density. Table 10.3.3 shows density ranges
for certain waste components.

The estimated component weights are added yielding the
estimated total weight of the load.

The cost of a study can be reduced if the same person
collects MSW samples for sorting and performs visual
characterization of bulky waste during the same period of
field work. This technique is feasible if loads of MSW and
bulky waste are dumped in the same part of the facility
and if a quick method is used for collecting MSW sam-
ples.

Sampling MSW for Laboratory
Analysis
Obtaining meaningful laboratory results for MSW is dif-
ficult. The primary sources of difficulty are (1) the pres-
ence of many different types of objects in MSW and (2)
the large size of these objects. Collecting small but repre-
sentative samples from a homogeneous pile of small ob-
jects (e.g., a pile of rice) is easier than from a heteroge-
neous pile of large objects. Secondary sources of difficulty
in sampling MSW include the uneven distribution of mois-
ture and inconsistent laboratory procedures.

MIXED SAMPLE VERSUS COMPONENT
SAMPLE TESTING

An initial choice to be made is whether to test mixed sam-
ples or individual waste components. Testing mixed sam-
ples is preferable when:

• The only purpose of the laboratory testing is to
determine the characteristics of the mixed waste
stream, such as heat value.

• The statistical precision of the laboratory results
must be demonstrated.

• The study does not include sorting waste samples.
• No significant changes in the composition of the

waste stream are anticipated.

Testing of individual waste components is necessary, of
course, when the characteristics of individual waste com-
ponents must be determined. In addition, component test-
ing makes projecting the impact of changes in the com-
ponent composition of the waste, such as changes caused
by recycling and composting programs, possible.
Component testing also enhances quality control because
laboratory errors are easier to detect in the results for in-
dividual components than in those for mixed samples.

The procedures for collecting mixed samples for labo-
ratory testing are essentially the same as those for collect-
ing mixed samples for sorting. The preceding evaluation
of these procedures also applies to the collection of mixed
samples for laboratory testing, except for the comments
concerning the impacts of various sampling procedures on
the sorting process.

Laboratory samples of individual waste components are
usually composite subsamples of samples sorted to esti-
mate composition. In general, each component laboratory
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subsample includes material from each sorted sample.
Material for the laboratory subsamples is collected from
the sorting containers after the sorting and weighing are
complete.

LABORATORY PROCEDURES

A fundamental question is how large should the samples
sent to the laboratory be. The answer to this question de-
pends on the procedures used by the laboratory. A state-
of-the-art commercial laboratory procedure includes the
following steps:

A portion of the sample material sent to the laboratory is
weighed, dried, and reweighed to determine the mois-
ture content. The limiting factor at this stage of the pro-
cedure is usually the size of the laboratory’s drying oven.

A portion of the dried material is ground into particles of
1/8  to 1/4  in.

A portion of the 1/8--to-1/4-in material is finely ground into
as close to a powder as possible. For flexible plastic,
dry ice must be added prior to fine grinding to make it
more brittle.

The actual laboratory test is generally performed on 0.5
to 3 g of the finely ground material, depending on the
type of test and the specific equipment and procedures.

Variations on this procedure include the following:

Most laboratories do not have equipment for grinding in-
organic materials such as glass and metal. In combus-
tion testing, this material is removed from the sample
prior to grinding, then weighed and reported as ash.
For metals testing, metal objects can be cut up by hand
or drilled to create small pieces for testing. Glass and
ceramics are typically crushed.

Many laboratories do not have fine grinding equipment,
so they perform tests on relatively coarse material.

In addition to using different methods for preparing
waste for testing, laboratories use different test methods.

The more sample material the laboratory receives, the
more material they must exclude from the small quantity
of material that is tested. The real question is not how
large the samples should be but how field and laboratory
personnel should share the task of reducing samples to a
gram or two. For practical purposes, the maximum quan-
tity sent to the laboratory should be the quantity the lab-
oratory is prepared to spread out and mix in preparation
for selecting the material to be dried. The minimum quan-
tity should be the quantity the laboratory is prepared to
dry and grind up.

Composite laboratory samples are typically accumu-
lated in plastic trash bags, then boxed for shipment. An
alternative is to accumulate the samples in 5-gal plastic
buckets with lids. Plastic buckets are more expensive than
plastic bags but have several advantages:

Plastic buckets (and their lids) are easier to label, and the
labels are easier to read.

Adding material to plastic buckets is easier.
The lids, which are lifted only when material is added to

the buckets, prevent moisture loss during the active sam-
pling period.

Sample material can be compacted in plastic buckets if it
is pushed down around the inside edge.

The buckets can be used as shipping containers.
The buckets can be reused if the laboratory ships them

back.

COLLECTING MATERIAL FOR
LABORATORY SUBSAMPLES

Three general methods for collecting material for labora-
tory subsamples from containers of sorted waste are blind
grab sampling, cutting (or tearing) representative pieces
from large objects, and selecting representative whole ob-
jects for inclusion in the sampling. Blind grab sampling is
the preferred approach for waste that mainly consists of
small objects. Cutting representative pieces is appropriate
for waste consisting of large objects with potentially dif-
ferent characteristics. Selecting representative whole ob-
jects is appropriate for waste containing only a few dif-
ferent types of objects.

Blind grab samples should be collected by hand or with
an analogous grasping tool. The objective is to extract the
material from a randomly selected but defined volume
within the container of sorted material. When scoops and
shovels are used in sampling heterogeneous materials, they
tend to create bias by capturing dense, small objects while
pushing light, large objects away.

In collecting subsamples from containers of sorted
waste, samplers must realize that because sorting pro-
gresses from larger objects to smaller, the objects at the
top of the container tend to be smaller than those at the
bottom. Objects of different sizes can have different char-
acteristics, even within the same waste category. Therefore,
the sampler must ensure that the objects at different lev-
els of the containers are represented in the samples.
Emptying the container onto a dry and reasonably clean
surface prior to collecting the subsample may be neces-
sary.

If the laboratory samples are tested for metals, objects
with known metals content should not be represented in
the samples. Instead, such objects should be weighed, and
the laboratory results should be adjusted to reflect the
quantities of metals they contain. For example, if 8 oz of
lead weights are found in 10 tn of sorted waste, the weights
represent 25 ppm of lead. The weights should be withheld
from the laboratory sample, and 25 ppm should be added
to the overall lead concentration indicated by the labora-
tory results. This procedure is more accurate than labora-
tory testing alone.
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Review and Use of Laboratory Results
Laboratory procedures are imperfect, and errors in using
the procedures and in calculating and reporting the results
are common. Reviewing the results received from a labo-
ratory to see if they make sense is important. This exer-
cise is relatively straightforward for combustion charac-
teristics because much is known about the combustion
characteristics of solid waste and its component materials
(see Section 10.3). Identification of erroneous laboratory
results is more difficult for metals and toxic organic sub-
stances.

The following guidelines apply in an evaluation of rea-
sonableness of laboratory results for combustion charac-
teristics on a dry basis:

Dry-basis results for the paper, yard waste, plastics, wood,
and disposable diapers categories should be close to
those shown in Tables 10.3.4 and 10.3.5.

Greater variability must be accepted in individual results
for food waste, textiles/rubber/leather, fines, and other
combustibles because of the chemical variety of these
categories.

The result for carbon must always be at least six times the
result for hydrogen.

No oxygen result should be significantly higher than 50%.
For plant-based materials and mixed food waste, oxygen

results should not be significantly less than 30% on an
ash-free basis.

Among the paper categories, only those with high pro-
portions of glossy paper, such as magazines and ad-
vertising mail, should have ash values significantly
greater than 10%.

Nitrogen should be below 1% for all categories except
grass clippings, other yard waste, food waste, tex-
tiles/rubber/leather, fines, and other organics (see Table
10.3.4).

Chlorine should be below 1% for all categories except for
PVC bottles, other plastic, textiles/rubber/leather, and
other organics.

Sulfur should be below 1% for all categories except other
organics.

The laboratory should be willing to check its calcula-
tions and repeat the test if the calculations are not the
source of the problem.

Estimating Combustion
Characteristics Based on Limited
Laboratory Testing
The combustion characteristics of individual waste cate-
gories on a dry basis are well documented and fairly con-

sistent within categories. Moisture and component com-
position are more variable. One option, therefore, is to
sort samples to estimate component composition and have
subsamples tested for moisture only. Then, with the use
of the documented values for the proximate and ultimate
composition and heat value of each waste component, the
overall combustion characteristics of the waste stream can
be estimated.

Another potential cost-saving measure is to estimate
heat value based on ultimate composition. Several equa-
tions have been proposed for this purpose (Niessen 1995):

BOIE EQUATION

HHV 5 14,976C 1 49,374H 2 4644O 1 2700N
1 4500S 1 1692Cl 1 11,700P 10.4(8)

CHANG EQUATION

HHV 5 15,410 1 32,350H 2 11,500S
2 20,010O 2 16,200Cl 2 12,050N 10.4(9)

DULONG EQUATION

HHV 5 14,095.8C 1 64,678(H 2 O/8)
1 3982S 1 2136.6O 1 1040.4N 10.4(10)

where:

HHV 5 higher heating value in Btu/lb

Percentages for each element must be converted to dec-
imals for use in these equations (i.e., 35% must be con-
verted to 0.35). Using the values in Table 10.3.4 in the
three equations yields the results shown in Table 10.4.4.

These values are close to the overall values in Table
10.3.5, which are based on laboratory testing of the same
samples on which the ultimate composition in Table 10.3.4
is based. The laboratory-based values are closer to the av-
erage results for the three equations than to the results for
any individual equation.

—F. Mack Rugg
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TABLE 10.4.4 HEAT VALUE ESTIMATES BASED ON
BOIE, CHANG, AND DULONG
EQUATIONS

Dry-Basis HHV As-Received HHV
Equation (Btu/lb) (Btu/lb)

Boie 7395 5310
Chang 7479 5370
DuLong 7510 5392
Average 7461 5357
Laboratory values 7446 5348
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10.5
IMPLICATIONS FOR SOLID WASTE MANAGEMENT

This section addresses several aspects of the relationship
between the characteristics of solid waste and the meth-
ods used to manage it. Implications for waste reduction,
recycling, composting, incineration, and landfilling are in-
cluded, as well as general implications for solid waste man-
agement as a whole.

MSW is abundant, unsightly, and potentially odorous;
contains numerous potential pollutants; and supports both
disease-causing organisms and disease-carrying organisms.
Like MSW, bulky solid waste is abundant, unsightly and
potentially polluting. In addition, the dry, combustible na-
ture of some bulky waste components can pose a fire haz-
ard. Because of these characteristics of MSW and bulky
waste, a prompt, effective, and reliable system is required
to isolate solid waste from people and the environment.

A beneficial use of solid waste is relatively difficult be-
cause it contains many different types of materials in a
range of sizes. The only established use for unprocessed
MSW is as fuel in mass-burn incinerators (see Section
10.9). Even mass-burn incinerators cannot handle un-
processed bulky waste. In the past, unprocessed bulky
waste was used as fill material, but this practice is restricted
today. In general, processing is required to recover useful
materials from both MSW and bulky waste.

Implications for Waste Reduction
Waste reduction refers to reducing the quantity of mater-
ial entering the solid waste management system. Waste re-
duction is distinguished from recycling, which reduces the

quantity of waste requiring disposal but does not reduce
the quantity of material to be managed.

Based on the composition of MSW (see Section 10.3),
each of the following measures would have a significant
impact on the quantity of MSW entering the solid waste
management system:

• Leaving grass clippings on the lawn
• Increasing backyard composting and mulching of

leaves and other yard wastes
• Selling products in bulk rather than in packages,

with the consumer providing the containers
• Buying no more food than is eaten
• Substituting reusable glass containers for paper,

plastic, and single-use glass containers
• Reusing shopping bags
• Placing refuse directly in refuse containers instead

of using trash bags
• Using sponges and cloth hand towels in place of

paper towels
• Continuing to use clothing and other products un-

til they are worn out, rather than discarding them
when they no longer look new

• Prohibiting distribution of unsolicited printed ad-
vertising

Leaving grass clippings on the lawn is becoming in-
creasingly common because of disposal bans in some states
and the development of mulching lawn mowers that cut
the clippings into smaller pieces. Implementation of the
other waste reduction measures on the list is unlikely in
the United States because they do not conform to the pre-
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vailing standards of convenience, comfort, appearance,
sanitation, and free enterprise.

Implications for Waste Processing
Fluctuations in waste generation must be considered when
waste processing facilities are planned. If a facility must
process the entire waste stream throughout the year, it
must be sized to handle the peak generation rate. Storage
of MSW for later processing is limited by concerns about
odor and sanitation. Limitations on the storage of bulky
waste are generally less severe, but long-term storage of
combustible materials is usually restricted.

Processing systems for mixed solid waste must be ca-
pable of handling a variety of materials in a range of sizes.

Because solid waste does not flow, it must be hauled or
moved by conveyor. Because objects in MSW do not read-
ily stratify by size, screening of MSW generally requires a
mixing action such as that produced by trommel screens.
Abrasive materials in solid waste cause abrasive wear to
handling and processing equipment. Heavy, resistant items
can damage size reduction equipment. Size reduction is of-
ten required, however, because bulky items in solid waste
tend to jam conveyors and other waste handling equip-
ment.

Implications for Recovery of Useful
Materials
Almost all solid waste materials can be recycled in some
way if people are willing to devote enough time and money
to the recycling effort. Because time and money are always
limited, distinctions must be drawn between materials that
are more and less difficult to recycle. Table 10.5.1 shows
the compostable, combustible, and recyclable fractions of
MSW. The materials listed as recyclable are those for
which large-scale markets exist if the local recycling in-
dustry is well developed. The list of recyclable materials is
different in different areas.

Approximately 75% of the MSW discarded in the
United States is compostable or recyclable. No solid waste
district of substantial size in the United States has docu-
mented a 75% rate of MSW recovery and reuse, however.
Reasons for this include the following:

Some recyclable material becomes unmarketable through
contamination during use.

A significant fraction of recyclable material cannot be re-
covered from the consumer.

A portion of both recyclable and compostable material is
lost during processing (sorting recyclable materials or
removing nonrecyclable and noncompostable materials
from the waste stream).

Some compostable material does not decompose enough
to be included in the finished compost product and is
discarded with the process residue.

TABLE 10.5.1 COMBUSTIBLE, COMPOSTABLE, AND
RECYCLABLE COMPONENTS OF
MSWa

Percentage of
Waste Category Totalb

Combustible, compostable, and 22.6
recyclable

Newspaper 6.8
Corrugated cardboard 8.6
Kraft paper 1.5
High-grade paper 1.7
Magazines & mail 4.0

Recyclable and combustible but not 2.1
compostable

PET bottles 0.4
HDPE bottles 0.7
Polyethylene film other than 1.0

trash bags

Recyclable but not compostable 7.9
or combustible

Aluminum cans 0.6
Tin & bimetal food & 1.5

beverage cans
Other metalc 1.5
Glass food and beverage 4.3

containers

Compostable and combustible 44.7
but not recyclable

Other paper 17.2
Yard waste 9.7
Food waste 12.0
Disposable diapers 2.5
Fines 3.3

Combustible but not compostable 17.2
or recyclable

Other plastic 7.3
Wood 4.0
Textiles/rubber/leather 4.5
Other organics 1.4

Not combustible or compostable 5.5
or recyclable

Other aluminum 0.4
Other metalc 1.8
Batteries 0.1
Other inorganics 3.2

Total recyclablea 32.6
Total compostable 67.3
Total combustible 86.6

aMaterials listed as recyclable are those for which large-scale markets exist in
areas where the recycling industry is well developed.

bDerived from Table 10.3.1. Currently recycled materials are not included.
cA substantial portion of this category is readily recyclable, and a substantial

portion is not. Some of the material listed here as nonrecyclable can be recovered
in recyclable condition by an efficient ferrous recovery system at a combustion
facility.



A portion of finished MSW compost cannot be marketed
and must be landfilled.

In MSW discharged from compactor trucks, most glass
containers are still in one piece, and most metal cans are
uncrushed. Most glass and aluminum beverage containers
are in recyclable condition. Many glass food containers
and steel cans are heavily contaminated with food waste,
however. Some of the recyclable paper in MSW received
at disposal facilities is contaminated with other materials,
but 50% or more is typically in recyclable condition.

The ratio of carbon to nitrogen (C/N ratio) is an indi-
cator of the compostability of materials. To maximize the
composting rate while minimizing odor generation, a C/N
ratio of 25/1 to 30/1 is considered optimum. Higher ra-
tios reduce the composting rate, while lower ratios invite
odor problems.

Table 10.5.2 shows representative C/N ratios of com-
postable components of MSW. Controlled composting of
food waste, with a C/N ratio of 14/1, is difficult unless
large quantities of another material such as yard waste
(other than grass clippings) are mixed in to raise the ra-
tio. The C/N ratio moves above the optimum level as quan-
tities of paper are added to the mixture, however.

Paper, leaves, and woody yard waste serve as effective
bulking agents in composting MSW, so the addition of a
bulking agent such as wood chips is generally unnecessary.

The metals content of MSW is a major concern in com-
posting because repeated application of compost to land
can raise the metals concentrations in the soil to harmful
levels. Compost regulations usually set maximum metals
concentrations for MSW compost applied to land. Most
regulations do not distinguish between different forms of
a metal. For example, the lead in printing ink on a plas-
tic bag is treated the same as the lead in glass crystal even
though the lead in printing ink is more likely to be released

into the environment. Similarly, the hexavalent form of
chromium found in lead chromate is treated the same as
the elemental chromium used to plate steel even though
the hexavalent form is more toxic than the elemental form.

Two extensive, recent studies of metals in individual
components of MSW yielded contradictory results. A study
in Cape May County, New Jersey found toxic metals con-
centrated in the noncompostable components of MSW
(Camp Dresser & McKee Inc. 1991; Rugg and Hanna
1992). A study in Burnaby, British Columbia, however,
found higher metals concentrations in the compostable
components of MSW than were found in Cape May (see
Table 10.3.6) (Rigo, Chandler, and Sawell 1993).

Disposable diapers are listed as compostable in Table
10.5.1 despite their plastic covers. The majority of the
weight of disposable diapers is from the urine, feces, and
treated cellulose inside the cover, all of which is com-
postable. Note, however, that most people wrap used di-
apers into a ball with the plastic cover on the outside, us-
ing the waist tapes to keep the ball from unraveling.
Vigorous size reduction is required to prepare these dia-
per balls for composting.

Wood is biodegradable but does not degrade rapidly
enough to be considered compostable. The same is true of
cotton and wool fabrics, included in the textiles/
rubber/leather category in Table 10.5.1.

Implications for Incineration and
Energy Recovery
The heat value of MSW (4800–5400 Btu/lb) is lower than
that of traditional fuels such as wood (5400–7200 Btu/lb),
coal (7000–15,000 Btu/lb), and liquid or gaseous petro-
leum products (18,000–24,000 Btu/lb) (Camp Dresser &
McKee 1991, 1992a,b; Niessen 1995). The heat value of
MSW is sufficient, however, to sustain combustion with-
out the use of supplementary fuel.

Heat value is an important parameter in the design or
procurement of solid waste combustion facilities because
each facility has the capacity to process heat at a certain
rate. The greater the heat value of a unit mass of waste,
the smaller the total mass of waste the facility can process.

The ash and moisture content of MSW is high com-
pared to that of other fuels. Most of the ash is contained
in relatively large objects that do not become suspended
in the flue gas (Niessen 1995). Ash handling is a major
consideration at MSW combustion facilities.

Because of its high ash and moisture content and low
density, MSW has low energy density (heat content per
unit volume) (Niessen 1995). Therefore, MSW combus-
tion facilities must be designed to process large volumes
of material.

The effect of recycling programs on the heat value of
MSW is not well documented. Numerous attempts have
been made to project the impact of recycling based on the
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TABLE 10.5.2 REPRESENTATIVE C/N RATIOS OF
COMPOSTABLE COMPONENTS OF
MSW

Waste Category C/N Ratio

Yard waste 29/1
Grass clippings 17/1
Leaves 61/1
Other yard waste 31/1

Food waste 14/1
Paper 119/1

Newspaper 149/1
Corrugated & kraft 165/1
High-grade paper 248/1
Magazines & mail 131/1
Other paper 85/1

Disposable diapers 95/1
Fines 23/1

Note: Derived from Table 10.3.4.



measured heat values of individual MSW components (for
example, see Camp Dresser & McKee [1992a]). Little re-
liable data exist, however, that document the effect of
known levels of recycling on the waste received at oper-
ating combustion facilities.

A reasonable assumption is that recycling materials with
below-average heat values raises the heat value of the re-
maining waste, while recycling materials with above-aver-
age heat values reduces the heat value of the remaining
waste. The removal of recyclable metal and glass con-
tainers increases heat value (and reduces ash content),
while the recovery of plastics for recycling reduces heat
value. The removal of paper for recycling also reduces heat
value. Because recycled paper has a low moisture content,
its heat value is 30% to 40% higher than that of MSW
as a whole.

The increase in heat value caused by recycling glass and
metal is probably greater than the reduction caused by re-
cycling paper. Because plastics are generally recycled in
small quantities, the reduction in heat value caused by their
removal is relatively small. The most likely overall effect
of recycling is a small increase in heat value and a decrease
in ash content.

Sulfur in MSW is significant because sulfur oxides (SOx)
have negative effects and corrode natural and manmade
materials. SOx combines with oxygen and water to form
sulfuric acid. A solid waste combustion facility must main-
tain stack temperatures above the dew point of sulfuric
acid to prevent corrosion of the stack. Niessen (1995) pro-
vides additional information.

Like sulfur, chlorine has both health effects and corro-
sive effects. Combustion converts organic (insoluble) chlo-
rine to hydrochloric acid (HCl). Because HCl is highly sol-
uble in water, it contributes to corrosion of metal surfaces
both inside and outside the facility (Niessen 1995).

Chlorine is a component of additional regulated com-
pounds including dioxins and furans. Trace concentrations
of dioxins and furans can be present in the waste or can
be formed during combustion. Niessen (1995) provides ad-
ditional discussion.

Oxides of nitrogen (NOx) form during the combustion
of solid waste, both from nitrogen in the waste and in the
air. NOx reacts with other substances in the atmosphere
to form ozone and other compounds that reduce visibility
and irritate the eyes (Niessen 1995).

Emissions of SOx, NOx, chlorine compounds, and hy-
drocarbons are regulated and must be controlled (see
Section 10.9 and Niessen [1995]). Emissions of hydrocar-
bons and chlorine compounds other than HCl can gener-
ally be controlled by optimization of the combustion
process. Maintaining complete control of the combustion
of material as varied as MSW is difficult, however, so small
quantities of hydrocarbons and complex chlorine com-
pounds are emitted from time to time.

Combustion cannot destroy metals. Assuming that a
combustion facility is designed with no discharge of the
water used to quench the combustion ash, the toxic met-

als in the waste end up in the ash or are emitted into the
air. Regulations limit the emission of toxic metals.

The tendency of a metal to be emitted from a combus-
tion facility is a function of many factors such as:

• The volatility of the metal
• The chemical form of the metal
• The degree to which the metal is bound in other

materials, especially noncombustible materials
• The degree to which the metal is captured by the

air pollution control system

Emissions of a metal from a solid waste combustion fa-
cility cannot be predicted based on the abundance of the
metal in the waste.

Mercury is the most volatile of the metals of concern,
and a substantial portion of the mercury in MSW escapes
capture by the air pollution control systems at MSW com-
bustion facilities. The quantity of mercury in MSW has de-
clined rapidly in recent years because battery manufactur-
ers have eliminated most of the mercury in alkaline and
carbon–zinc batteries. One cannot assume that a reduction
in the quantity of mercury in batteries proportionately re-
duces the quantity emitted from MSW combustion facili-
ties, however.

All but a small fraction of each metal other than mer-
cury becomes part of the ash residue either because it never
enters the facility stack or because it is captured by the air
pollution control system. The environmental significance
of a metal in combustion ash residue depends primarily
on its leachability and the toxicity of its leachable forms.
A portion of the ash residue from some MSW combustion
facilities is regulated as hazardous waste because of the
tendency of a toxic metal (usually lead or cadmium) to
leach from the ash under the test conditions specified by
the U.S. EPA.

Niessen (1995) and Chandler & Associates, Ltd. et al.
(1993) provide additional information on the implications
of solid waste characteristics with combustion as a dis-
posal method. Niessen provides a comprehensive treatise
on waste combustion from the perspective of an environ-
mental engineer. The final report of Chandler & Asso-
ciates, Ltd. et al. provides a detailed study of the relation-
ships among metals concentrations in individual
components of MSW, metals concentrations in stack emis-
sions, and metals concentrations in various components of
ash residue at a single MSW combustion facility.

Implications for Landfilling
The greater the density of the waste in a landfill, the more
tons of waste can be disposed in the landfill. The density
of waste in a landfill can be increased in a variety of ways,
including the following:

• Using compacting equipment specifically designed
for the purpose (Surprenant and Lemke 1994)
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• Spreading the incoming waste in thinner layers
prior to compaction (Surprenant and Lemke
1994)

• Shredding bulky, irregular materials such as lum-
ber prior to landfilling

Because solid waste contains toxic materials (see Section
10.3), landfills must have impermeable liners and systems
to collect water that has been in contact with the waste
(leachate). The liner must be resistant to damage from any
substance in the waste, including solvents. The first lift
(layer) of waste placed on the liner must be free of large,
sharp objects that could puncture the liner. For this rea-
son, bulky waste is typically excluded from the first lift.

To some extent, the moisture content of waste placed
in a landfill influences the quantity of the leachate gener-
ated. In most cases, however, a more important factor is
the quantity of the precipitation that falls on the waste be-
fore an impermeable cap is placed over it.

For additional information, see Section 10.13.

—F. Mack Rugg
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Resource Conservation and
Recovery

Municipal Waste Reduction
Waste reduction is the design, manufacture, purchase, or
use of materials (such as products and packaging) which
reduce the amount and toxicity of trash generated. Source
reduction can reduce waste disposal and handling costs
because it avoids the cost of recycling, municipal com-
posting, landfilling, and combustion. It conserves resources
and reduces pollution.

PRODUCT REUSE

Reusable products are used more than once and compete
with disposable, or single-use, products. The waste reduc-
tion effect of a reusable product depends on the number

of times it is used and thus the number of single-use prod-
ucts that are displaced.

Used household appliances, clothing, and similar
durable goods can be reused. They can be donated as used
products to charitable organizations. Such goods can also
be resold through yard and garage sales, classified ads, and
flea markets.

The following lists common source reduction activities
in the private sectors (New Jersey Department of Environ-
mental Protection and Energy 1992):

Office paper. Employees are encouraged to make two-
sided copies, route memos and documents rather than
making multiple copies, make use of the electronic bul-
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letin board for general announcements rather than dis-
tributing memos, and limit distribution lists to essential
employees.

Routing envelopes. After large routing envelopes are com-
pletely filled, employees can reuse them by simply past-
ing a blank routing form on the envelope face. Even
large envelopes received in the mail can be converted
to routing envelopes in this manner.

Paper towels. C-fold towels are replaced with roll towels.
Printers. Recharged laser printer toner cartridges are used.
Tableware. Nondisposable tableware (environmental mug

program, china for conferences) is used.
Polystyrene containers. Reusable, glass containers are used,

and all Styrofoam coffee cups in all office areas, shops,
and the employee cafeteria are eliminated. Styrofoam
peanuts are reused in offices or donated to local busi-
nesses.

Beverages and detergents. Some items are available in re-
fillable containers. For example, some bottles and jugs
for beverages and detergents are made to be refilled and
reused by either the consumer or the manufacturer.

Cleaning rags. Reusable rags are used instead of throw-
away rags.

Ringed note binder reuse. Employees take binders to one
of several collection points at the facility where they are
refurbished for reuse.

Laboratory chemicals. “Just-in-time” chemicals are deliv-
ered to labs to preclude stockpiling chemicals which
eventually go bad. This method reduces hazardous
waste disposal costs through source reduction.

Photocopy machines. New photocopying machines with
energy-saving controls are used.

Batteries. Use of rechargeable batteries reduces garbage
and keeps the toxic metals in batteries out of the waste
stream. Using batteries with reduced toxic metals is an-
other alternative.

INCREASED PRODUCT DURABILITY

When a consumer-durable product has a longer useful life,
fewer units (such as refrigerators, washing machines, and
tires) enter the waste stream. For instance, since 1973, the
durability of the passenger tire has almost doubled as ra-
dial tires have replaced bias and bias-belted tires. Radial
tires have an average life of 40,000 to 60,000 miles; the
average life of bias tires is 15,000 miles, and bias-belted
tires is 20,000 miles (Peterson 1989).

Other ways of reducing waste through increased prod-
uct durability include:

Using low-energy fluorescent light bulbs rather than in-
candescent ones. These bulbs last longer, which means
fewer bulbs are thrown out, and cost less to replace
over time.

Keeping appliances in good working order by following
the manufacturers’ service suggestions for proper oper-
ation and maintenance

Whenever intended for use over a long period of time,
choosing furniture, luggage, sporting goods, tools, and
toys that standup to vigorous use

Mending clothes instead of throwing them away, and re-
pairing worn shoes, boots, handbags, and brief cases

Using long-lasting appliances and electronic equipment
with good warranties. Reports are available that list
products with low breakdown rates and products that
are easily repaired.

Refer to Section 3.2 for discussions on designing prod-
uct line extension.

REDUCED MATERIAL USAGE PER
PRODUCT UNIT

Reducing the amount of material used in a product means
less waste is generated when the product is discarded.
Consumers can apply this waste reduction approach in
their shopping habits by purchasing packaged products in
large container sizes. For example, the weight-to-volume
ratio of a metal can for a sample food product declines
from 5.96 with an 8-oz container (single serving size) to
3.17 with a 101-oz (institutional) size.

Other methods for reducing the material per product
unit include:

Using wrenches, screwdrivers, nails, and other hardware
available in loose bins. Purchasing grocery items, such
as tomatoes, garlic, and mushrooms, unpackaged rather
than prepackaged containers.

Using large or economy-size items of household products
that are used frequently, such as laundry soap, sham-
poo, baking soda, pet foods, and cat litter. Choosing
the largest size of food items that can be used before
spoiling.

Using concentrated products. They often require less pack-
aging and less energy to transport to the store, saving
money as well as natural resources.

When appropriate, using products that are already on hand
to do household chores. Using these products can save
on the packaging associated with additional products.

DECREASED CONSUMPTION

Seldom-used items, like certain power tools and party
goods, often collect dust and rust, take up valuable stor-
age space, and ultimately end up in the trash. Renting or
borrowing these items reduces consumption and waste.
Infrequently used items can be shared among neighbors,
friends, or family. Borrowing, renting, and sharing items
save both money and natural resources.

©1999 CRC Press LLC



Other ways to decrease consumption follow.

Renting or borrowing tools such as ladders, chain saws,
floor buffers, rug cleaners, and garden tillers. In apart-
ment buildings or co-ops, residents can pool resources
and form banks to share tools and other equipment
used infrequently. In addition, some communities have
tool libraries, where residents can borrow equipment as
needed.

Renting or borrowing seldom-used audiovisual equipment
Renting or borrowing party decorations and supplies such

as tables, chairs, centerpieces, linens, dishes, and silver-
ware

Sharing newspapers and magazines with others to extend
the lives of these items and reduce the generation of
waste paper

Before old tools, camera equipment, or other goods are
discarded, asking friends, relatives, neighbors, or com-
munity groups if they can use them

REDUCING WASTE TOXICITY

In addition to reducing the amount of material in the solid
waste stream, reducing waste toxicity is another compo-
nent of source reduction. Some jobs around the home re-
quire the use of products containing hazardous compo-
nents. Nevertheless, toxicity reduction can be achieved by
following some simple guidelines.

Using nonhazardous or less hazardous components.
Examples include choosing reduced mercury batteries
and planting marigolds in the garden to ward off cer-
tain pests rather than using pesticides. In some cases,
less toxic chemicals can be used to do a job; in others,
some physical methods, such as sandpaper, scouring
pads, or more physical exertion, can accomplish the
same results as toxic chemicals.

When hazardous components are used, using only the
amount needed. Used motor oil can be recycled at a
participating service station. Leftover products with
hazardous components should not be placed in food or
beverage containers.

For products containing hazardous components, follow-
ing all directions on the product labels. Containers must
be labelled properly. For leftover products containing
hazardous components, checking with the local envi-
ronmental agency or chamber of commerce for any des-
ignated days for the collection of waste material such
as leftover paints, pesticides, solvents, and batteries.
Some communities have permanent household haz-
ardous waste collection facilities that accept waste year
around.

Separation at the Source
Kitchen designers and suppliers of kitchen equipment will
need to become more sensitive to the needs of recycling.

Major manufacturers of kitchen equipment should make
sorting drawers, lazy Susan sorting bins, and tilt-out bins
as standard kitchen equipment. Kitchen designers should
keep in mind small convenience items, such as automatic
label scrapers, trash chutes, and can flatteners to make re-
cycling more convenient.

The more finely household waste is separated, the
greater its contribution to recycling. Figure 10.6.1 shows
an approach where household waste is separated into four
containers.

Container 1 would receive all organic or putrescible ma-
terials, including food-soiled paper and disposable diapers
and excluding toxic substances and glass or plastic items.
The contents of this container can be taken to a com-
posting plant that also receives yard wastes and possibly
sewage sludge and produces soil additives.

Container 2 would receive all clean paper, newspapers,
cardboard, and cartons for paper processing, where con-
tents are separated mechanically and sold to commercial
markets.

Container 3 would receive clean glass bottles and jars
and aluminum and tin cans free of scrap metals and plas-
tics.

Container 4 would receive all other waste, including
plastic, metal, ceramic, textile, and rubber items. (Later, a
fifth container could be added for recyclable plastics.) The
contents of this container can be considered nonrecyclable
and sent to a landfill or a recycling plant for further sep-
aration. The contents of this container would represent
about 12% of the total MSW.

Separate collections are required for trash items that are
not generated on a daily basis, such as yard waste, brush
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and wood, discarded furniture and clothing, “white
goods” such as kitchen appliances, toxic materials, car bat-
teries, tires, used oil, and paint.

“BOTTLE BILLS”

In 1981 Suffolk County on Long Island outlawed nonre-
turnable soda bottles. By 1983 legislation had been passed
in eight states requiring a 5-cent deposit on all soda bot-
tles. The annual return rate on beer bottles in New York
is nearly 90% and 80% of six billion soft drink and beer
bottles. Further improvement was obtained by raising the
deposit on nonrefillable containers to 10 cents and allow-
ing the state to use part of the unredeemed deposits (at
present kept by bottlers and totaling $64 million a year)
to establish recycling stations.

Bottle bills, while having achieved partial success,
should be integrated into overall recycling programs,
which include office paper and newspaper recycling, card-
board collection from commercial establishments, curbside
recycling, establishment of buy-back recycling centers,
wood waste and metal recycling, glass and bottle collec-
tion from bars and restaurants, and composting programs.
Advertising and public education are important elements
in the overall recycling strategy. Street signs, door hang-
ers, utility-bill inserts, and phone book, bus, and newspa-
per advertisements are all useful. The most effective long-
range form of public education is to teach school-children
the habits of recycling.

Recycling
PLASTIC

Plastics are strong, waterproof, lightweight, durable, mi-
crowavable, and more resilient than glass. For these rea-
sons they have replaced wood, paper, and metallic mate-
rials in packaging and other applications. Plastics generate
toxic by-products when burned and are nonbiodegradable
when landfilled; they also take up 30% of landfill space
even though their weight percentage is only 7% to 9%.
Recent research has found that paper does not degrade in
landfills either and because of compaction in the garbage
truck and in the landfill, the original volume percentage
of 30% in the kitchen waste basket is reduced 12% to
21% in the landfill. In addition, plastics foul the ocean
and harm or kill marine mammals. Other problems in-
clude the toxic chemicals used in plastics manufacturing,
the reliance on nonrenewable petroleum products as their
raw material, and the blowing agents used in making poly-
styrene foam plastics, such as chlorofluorocarbons (CFCs),
which cause ozone depletion. CFCs are now being replaced
by HCFC-22 or pentane, which does not deplete the ozone
layer but does contribute to smog. For these reasons, re-
cycling appears to be the natural solution to the plastic
disposal problem.

Unfortunately, recycling and reuse are not easily ac-
complished because each type of plastic must go through
a different process before being reused. There are hundreds
of different types of plastics, but 80% of plastic used in
consumer products is either high-density polyethylene
(milk bottles) or polyethylene terephthalate (large soda
bottles). It is not yet possible to separate plastics by types
because manufacturers do not indicate the type of plastic
used. Plastic parts of automobiles are still uncoded, so sal-
vagers cannot separate them by type. Even if recycled poly-
styrene were separated and could be used as a raw mate-
rial for a plastics recycling plant, such plants are just
beginning to be built and we do not know if they will be
successful. For these reasons, environmentalists would pre-
fer to stop using plastics altogether in certain applications.

TOXIC SUBSTANCES

The careless disposal of products containing toxic or haz-
ardous substances can create health hazards if allowed to
decompose and leach into the groundwater from landfills
or if vaporized in incinerators. Since hazardous-waste land-
fills are limited, the available options are either to have
manufacturers substitute toxic materials with nontoxic
substances or recycle the products that contain toxic ma-
terials. Municipalities are just beginning to consider the re-
quirements of toxic-waste recycling. Products that are toxic
or contain toxic substances include paint, batteries, tires,
some plastics, pesticides, cleaning and drain-cleaning
agents, and PCBs found in white goods (appliances).
Separate collections are also required for medical wastes.

Batteries play an important role in the recycling of toxic
substances. Batteries represent a $2.5 billion-a-year mar-
ket. At present, practically no batteries are being recycled
in the United States. Battery manufacturers feel that recy-
cling is neither practical nor necessary; instead, they feel
that all that needs to be done is to lower the quantities of
toxic materials in batteries. It is estimated that 28 million
car batteries are landfilled or incinerated every year. This
number contains 260,000 tons of lead, which can damage
human neurological and immunological systems. The bil-
lions of household batteries disposed of yearly contain 170
tons of mercury and 200 tons of cadmium. The first can
cause neurological and genetic disorders, the second, can-
cer. Some batteries also contain manganese dioxide, which
causes pneumonia. When incinerated, some of these met-
als evaporate. The excessive emissions of mercury were the
reason why Michigan temporarily suspended the opera-
tion of the incinerator in Detroit, the nation’s largest.

Some states have recently initiated efforts to force man-
ufacturers to collect and recycle or safely dispose of their
batteries. The Battery Council International has prompted
several states to pass laws requiring recycling of all used
car batteries. In many European countries used batteries
are returned to the place of purchase for disposal.
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The disposal of white goods (appliances such as refrig-
erators, air conditioners, microwave ovens) is also a prob-
lem. Until 1979 appliance capacitors were allowed to con-
tain PCBs (polychlorinated biphenyls). Even after the ban,
some manufacturers were granted an extra year or two to
deplete their inventories. When white goods are shredded,
the “fluff” remaining after the separation of metals (con-
sisting of rubber, glass, plastics, and dirt) is landfilled.
When it was found that the “fluff” contains more than 50
ppm of PCBs, the Institute of Scrap Recycling Industries
advised its 1,800 members not to handle white goods. The
safe disposal of PCB-containing white goods would require
scrap dealers to remove the capacitors before shredding.
Similar toxic-waste disposal problems are likely to arise in
connection with electronic and computing devices, the
printed circuit boards of which contain heavy metals.

A long-range solution to toxic-waste disposal might be
to require manufacturers of new products containing toxic
substances to arrange for recycling before the product is
allowed on the market, or at least to provide instruction
labels describing the recommended steps in recycling.

PAPER

Paper used to be made of reclaimed materials such as linen
rags. Rags were the raw materials used by the first paper
mill built in the United States in 1690 in Philadelphia. Only
in the nineteenth century did paper mills convert to wood-
pulping technology. It takes seventeen trees to make a ton
of paper. All Sunday newspapers in the United States, for
example, require the equivalent of half a million trees every
week. When paper is made from waste paper, it not only
saves trees but also saves 4,100 kWh of energy per ton
(the equivalent of a few months of electricity used by the
average home), 7,000 gallons of water, 60 pounds of air-
polluting emissions, and three cubic yards of landfill space
and the associated tipping fees. The production of recy-
cled paper also requires fewer chemicals and far less
bleaching.

The paper output of the world has increased by 30%
in the last decade. In 1990 the United States used more
than 72 million tons of paper products, but only 25.5%
of that (18.4 million tons) is made from recycled paper.
This compares with 35% in Western Europe, almost 50%
in Japan, and 70% in the Netherlands. There are some
2,000 waste-paper dealers in the United States who col-
lect nearly 20 million tons of waste paper each year. In
1988, 20% of the collected waste paper was exported,
mostly to Japan.

The waste-paper market is very volatile. In some loca-
tions the mixed office waste or mixed-paper waste (MPW)
has no value at all and tipping fees must be paid to have
them picked up. Therefore, what pays for collection and
processing is not the prices paid for waste paper, but the
savings represented by not landfilling them at $70/ton on
the East Coast. A ton of old newspapers in California

brings $25 to $35 because of the Japanese market demand.
In the Northeast an oversupply in 1989 caused the waste-
paper price to plummet from $15/ton to about 2$10/ton.
This oversupply also resulted in increased waste-paper ex-
ports to Europe, which in turn caused the collapse of the
waste-paper market in Holland, where the value of a kilo-
gram of waste paper dropped from eight cents to one cent.

Waste paper can be classified into “bulk” or “high”
grade. The highest-grade papers are manila folders, hard
manila cards, and similar computer-related paper prod-
ucts. High-grade waste paper is used as a pulp substitute,
whereas bulk grades are used to make paper boards, con-
struction paper, and other recycled paper products. The
bulk grade consists of newspapers, corrugated paper, and
MPW. MPW consists of unsorted waste from offices, com-
mercial sources, or printing establishments. Heavy black
ink used on newspaper reduces its value, however. The
value of the paper is also reduced by the presence of other
substances that interfere with a single-process conversion
into pulp, such as the gum in the binding of telephone di-
rectories or the chemical coating of magazines.

The most effective way to create a waste-paper market
is to attract a pulp and paper mill to the area. To keep
such a plant in operation, however, requires a high-grade
waste-paper supply of about 300 tons per day. In addi-
tion, facilities are also needed for wastewater treatment.

Newsprint Recycling

A large part of the waste-paper problem has to do with
newsprint, which makes up 8% of the total MSW by
weight. Some 13 million tons of newsprint are consumed
yearly in the United States, 60% imported from Canada.

Connecticut requires the use of 20% recycled paper in
the newspapers sold in the state today and 90% by 1998.
Suffolk County on Long Island requires 40%. New York
State reached a voluntary agreement with its publishers to
achieve the 40% goal by the year 2000. Florida applies a
ten-cent waste-recovery fee for every ton of virgin
newsprint used and grants a ten-cent credit for every ton
of recycled newsprint used.

The net effect of such legislation will be an increased
and steady demand for waste paper, which is essential for
the success of recycling. As the demand for waste paper
products rises, paper manufacturers will also increase their
capacity to produce recycled paper.

GLASS

About 13 million tons of glass are disposed of in the United
States every year, representing more than 7% of the total
MSW that is generated. But only about 12% of the total
glass production is recycled. In comparison, Japan recy-
cles about 50%.
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Salvaged glass has been used in bricks and paving mix-
tures. “Glasphalt” can be made from a mixture of glass
and asphalt or a mix of 20% ground glass, 10% blow
sand, 30% gravel, and 40% limestone. In spite of all these
other uses, the main purchasers of crushed glass are the
glass companies themselves. The use of recycled crushed
glass reduces both the energy cost and the pollutant emis-
sions associated with glass making. Crushed glass is eas-
ily saleable, with a market almost as good as that for alu-
minum. Manufacturers use from 20% to as much as 80%
of salvaged glass in their glass-making processes.

METALS

In the United States over 15 million tons of metals are dis-
carded every year. This represents almost 9% of MSW by
weight. We recycle 14% of our metallic wastes (nearly
64% of aluminum). During the last fifty years, more than
half of the raw materials used in steel mills was recycled.
At least one-third of the aluminum produced is from re-
cycled sources.

Aluminum recycling is profitable and well established
because it requires only 5% of the electric power to remelt
aluminum as it does to extract it from bauxite ore. In 1990
the average price paid for crushed, baled aluminum cans
was $1,050 per ton and some 55 billion aluminum cans
(0.96 million tons) have been recycled. The recycling rate
of aluminum increased from 61% in 1989 to 63.5% in
1990. Steel has also been recycled for generations, but the
recycling of steel cans is relatively new. It was necessary
to reduce the rust-preventing tin layer on the steel cans
first, so that they might be added directly to steel furnaces.
The recycling of steel cans has increased from 5 billion
cans in 1988 to 9 billion in 1990 and its market value var-
ied from $40 to $70 per ton in 1990 depending on loca-
tion.

The main sources of scrap metals are cans, automobiles,
kitchen appliances (white goods), structural steel, and farm
equipment. The value of the noncombustibles in incinera-
tor ash varies from area to area.

RUBBER

In the United States some two billion old tires have been
discarded, and their number is growing by about 240 mil-
lion a year. In the past tires were either piled, landfilled,
burned, or ground up and mixed with asphalt for road
surfacing. These “solutions” were expensive and often
caused environmental problems because of the air pollu-
tion resulting from massive tire fires. Some newer rubber
recycling processes have tried to overcome these limita-
tions. The new processes do not pollute air or water be-
cause nothing is burned and no water is used. The tires
are shredded and the polyester fibers removed by air clas-
sification. The steel from radial tires is removed magneti-
cally. The remaining rubber powder is mixed with chem-

ical agents that restore the ability of the “dead” rubber to
bond with other rubber and plastic molecules. The vul-
canized or “cured” tire rubber loses its ability to bond dur-
ing the vulcanizing process.

Combining old rubber with “virgin” rubber or plastics
results in an economically competitive product. The cost
of virgin rubber is about 65 cents a pound and polypro-
pylene costs about 68 cents, while the “reactivated” prod-
uct is about 30 cents a pound ($600/ton).

INCINERATOR ASH

If all the MSW of New York City were incinerated, the
residue would amount to 6,000 to 7,000 tons/day, repre-
senting a giant disposal problem. About 10% by weight
of the incinerator residue is fly ash collected in electro-
static precipitators, scrubbers, or bag filters; the remain-
ing 90% is bottom ash from the primary and secondary
combustion chambers. This residue is a soaking-wet com-
plex of metals, glass, slag, charred and unburned paper,
and ash containing various mineral oxides. A Bureau of
Mines test found that 1,000 pounds of incinerator residue
yielded 166 pounds of larger-size ferrous metals, such as
wire, iron items, and shredded cans. The total ferrous frac-
tion was found to be 30.5% by weight; glass represented
50% of the total residue by weight.

Common practice in the U.S. is to recover some 75%
of the ferrous metals through magnetic separation and to
landfill the remaining residue. Incinerator residue has also
been used as landfill cover, landfill road base, aggregate in
cement and road building applications, and as aggregate
substitute in paving materials.

Incinerator residue is processed to recover and reuse
some of its constituents and thereby reduce the amount re-
quiring disposal. Processing techniques include the recov-
ery of ferrous materials through magnetic separation,
screening the residue to produce aggregate for construc-
tion-related uses, stabilization through the addition of lime
(which tends to minimize metal leaching), and solidifica-
tion or encapsulation of the residue into asphaltic mix-
tures.

An incinerator-residue processing plant might consist of
the following operations: (1) fly ash and bottom ash are
collected separately, with lime mixed only with the fly ash;
(2) ferrous materials are removed from the bottom ash;
(3) the ferrous-free residue is screened to separate out the
proper particle sizes for use as aggregate; and (4) the re-
maining oversized items and stabilized fly ash are land-
filled. In a more sophisticated ash-processing plant, the fer-
rous removal and shredding (or oversize removal) are
followed by melting of the ash (fusion), resulting in a glassy
end-product. This high-tech process has some substantial
advantages: It burns all the combustible materials, includ-
ing dioxins and other trace organics, and encapsulates the
metals, thereby preventing their leaching out. The result-
ing fused product is a glazed, nonabrasive, lightweight
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black aggregate. The fusion of combined incinerator ash
and sewage sludge is currently practiced in Japan.

The first U.S. building to be built from recycled incin-
erator ash blocks is an 8,000-square-foot boathouse on
the campus of the State University of New York at Stony
Brook, Long Island. The ash comes from an incinerator in
Peekskill and is mixed with sand and cement to form
blocks that are as durable as standard cinder blocks. This
technology has already been used in Europe. The blocks
can be used to build seawalls, highway dividers, and sound
barriers, in addition to regular buildings. It is the bottom
ash (not the fly ash) portion that is considered safe for
such applications.

The ash produced by one New York City incinerator
has been extensively sampled and evaluated. Fly ash con-
tains substantial quantities of organic materials. About
20% by weight is larger than 20 (50.8 mm); the metal con-
tent of this fraction is over 80% by weight. The overall
composition of all the incinerator residue (Table 10.6.1)

differed substantially from the composition of the under-
20 (50.8 mm) fraction (Table 10.6.2). The test also con-
cluded that the New York State Department of
Transportation specifications for Type 3 asphalt binder
can be met if 10% combined incinerator ash is mixed in
with 90% natural aggregate.

—Béla G. Lipták
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10.7
MATERIAL RECOVERY

The recycling of postconsumer material found in MSW in-
volves (1) the recovery of material from the waste stream,
(2) intermediate processing such as sorting and compact-
ing, (3) transportation, and (4) final processing to provide
a raw material for manufacturers. This section emphasizes
separation and recovery, and applicable specifications for
these materials. It focuses on those materials which are in-
tended for short-term consumer usage, are discarded
quickly, and are present in large quantities in the solid
waste stream.

Role of MRFs and MRF/TFs
Material Recovery Facilities (MRFs) and Material
Recovery/Transfer Facilities (MRF/TFs) are used as cen-
tralized facilities for the separation, cleaning, packaging,
and shipping of large volumes of material recovered from
MSW. These processes include:

Further processing of source-separated wastes from curb-
side collection programs. The type of source-separated
material that is separated includes paper and cardboard

TABLE 10.6.1 INCINERATOR ASH COMPOSITION

Component Percentage

Ferrous metal 35
Glass 28
Minerals and Ash 16
Ceramics 8
Combustibles 9
Nonferrous Metal 4

TABLE 10.6.2 COMPOSITION OF INCINERATOR
ASH (UNDER-20 FRACTION)

Component Percentage

Glass 37
Minerals and ash 21
Ferrous metals 19
Ceramics 9
Combustibles 8
Nonferrous metals 6



from mixed paper and cardboard; aluminum from com-
mingled aluminum and tin cans; plastics by class from
commingled plastics; aluminum cans, tin cans, plastics,
and glass from a mixture of these materials; and glass
by color (clear, amber, and green).

Separating commingled MSW. All types of waste compo-
nents can be separated from commingled MSW. Waste
is typically separated both manually and mechanically.
The sophistication of the MRF depends on (1) the num-
ber and types of components to be separated, (2) the
waste diversion goals for the waste recovery program,
and (3) the specifications to which the separated prod-
ucts must conform.

MRFs for Source-Separated Waste
MRFs for source-separated waste further separate paper
and cardboard, aluminum and tin cans, and plastic and
glass.

PAPER AND CARDBOARD

The principal types of paper recycled are old newspaper
(ONP), old corrugated cardboard (OCC), high-grade pa-
per, and mixed paper waste (MPW). These waste papers
can be classified into bulk or high-grade. The highest grade
of papers are manila folders, hard manila cards, and sim-
ilar computer-related paper products. The bulk grade con-
sists of newspapers, corrugated paper, and MPW. MPW
consists of unsorted waste from offices, commercial
sources, or printing establishments. High-grade waste pa-
per is used as a pulp substitute, whereas bulk grades are
used to make paper boards, construction paper, and other
recycled paper products. The heavy black ink used on
newspaper reduces its value. The value of paper is also re-
duced by the presence of other substances that interfere
with the single-process conversion into pulp, such as gum
in the binding of telephone directories or the chemical coat-
ing of magazines.

To ensure quality and minimize handling and process-
ing, ONP should be separated from all other waste at or
as close as possible to its source of generation. End users
can reject an entire shipment of ONP where evidence ex-
ists that the paper was commingled with MSW. Care must
also be taken to prevent contamination of the paper dur-
ing collection, loading, transporting, unloading, process-
ing, and storing.

In MRFs, mixed paper and cardboard are unloaded
from the collection vehicle onto the tipping floor. There,
cardboard and nonrecyclable paper items are removed.
The mixed paper is then loaded onto a floor conveyor with
a front-end loader. The floor conveyor discharges to an
inclined conveyor that discharges into a horizontal con-
veyor. The horizontal conveyor transports the mixed pa-
per past workers who remove any remaining cardboard
from the mixed paper. The paper remaining on the con-

veyor is discharged to a conveyor located below the pick-
ing platform that is used to feed the baler. Once the pa-
per has been baled, the cardboard is baled.

The Paper Stock Institute of America, which represents
buyers and processors of waste paper, has listed thirty-
three specialty grades whose specifications are agreed upon
by buyers and sellers. Table 10.7.1 gives the specifications
for the most common grades of postconsumer waste pa-
per.

The four grades from lowest to highest quality are news
(grade 6), special news (grade 7), special news de-ink qual-
ity (grade 8), and over-issue news (grade 9). Grades 6 and
7 are used primarily in the production of insulation and
paperboard as well as in other applications where high
quality (absence of contamination) is not of foremost im-
portance. Grade 8 is used to make newspaper again, as is
grade 9. Grade 9 is the grade that sellers find provides the
most accessible market.

Paper shipped to a paper mill must meet mill specifi-
cations on outthrows and prohibited materials. Outthrows
are defined as all papers that are so manufactured or
treated or are in such form to be unsuitable for con-
sumption as the grade specified. Prohibitive materials are
defined as:

Any material in the packing of paper stock whose pres-
ence in excess of the amount allowed makes the pack-
aging unsalable as the grade specified

Any material that may be damaging to equipment

The maximum amount of outthrows in grade specifi-
cations is the total of outthrows and prohibitive materi-
als. Examples of prohibitive materials are sunburned news-
paper, food containers, plastic or metal foils, waxed or
treated paper, tissues or paper towels, bound catalogs or
telephone directories, Post-its, and faxes or carbonless car-
bon paper. Other prohibitive materials are foreign mate-
rials such as dirt, metal, glass, food wastes, paper clips,
and string.

ALUMINUM AND TIN CANS

Aluminum cans are one of the most common items re-
covered through municipal and commercial recycling pro-
grams because they are easily identified by residents and
employers. They also provide higher revenues than other
recyclable materials. The recycling of used beverage cans
(UBCs) not only saves valuable landfill space but also min-
imizes energy consumption during the manufacturing of
aluminum products. Manufacturing new aluminum cans
from UBCs uses 95% less energy than producing them
from virgin materials.

A successful aluminum recycling program must have in-
teraction between various entities including those involved
with collection, sorting and processing, reclamation, and
reuse. Three generator sectors from which aluminum bev-
erage containers can be recovered are residential house-
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TABLE 10.7.1 SPECIFICATIONS FOR RECYCLED PAPER AND CARDBOARD

Prohibitive Total
Grade Materials, Outthrows,
Number Class Description % %

1 Mixed A mixture of various qualities 2 10
Paper of paper not limited to type of

packing or fiber content
6 News Baled newspapers 0.5 2.0

containing less than 5% other
papers

7 Special Baled, sorted, fresh, dry None 2.0
News newspapers; not sunburned; free from permitted

paper other than news; containing not
more than the normal percentage of
rotogravure and colored sections

8 Special Baled, sorted, fresh, dry None 0.25
News, De-ink newspapers; not sunburned; free from permitted
Quality magazines, white blank, pressroom

overissues, and paper other than news;
containing not more than the normal
percent of rotogravure and colored sections.
This packaging must be free from tar.

9 Overissue Unused, overrun, regular None None
newspaper printed on newsprint; baled or securely permitted permitted
tied in bundles; containing not more than
the normal percentage of rotogravure and
colored sections

11 Corrugated Baled, corrugated containers, 1.0 5.0
Containers having liners of test liner,
jute, or kraft

38 Sorted Colored Printed or unprinted sheets, None 2.0
Ledger colored shavings, and cuttings of colored permitted

or ledger white sulfite or sulfate ledger,
bond; and writing and other papers that
have a similar fiber and filler content. This
grade must be free of treated, coated,
padded, or heavily printed stock.

40 Sorted Printed or unprinted sheets, None 2.0
White Ledger guillotined books, quire waste, and permitted

cuttings of white sulfite or sulfate ledger,
bond, and writing and other papers that have
a similar fiber and filler content. This
grade must be free of treated, coated,
padded, or heavily printed stock.

42 Computer White sulfite or sulfate None 2.0
Printout papers in forms manufactured for use in permitted

data processing machines. This grade
can contain colored stripes and
impact or nonimpact (e.g., laser)
computer printing, and can contain not
more than 5% of groundwood in the
packing. All stock must be untreated and
uncoated.

Source: Paper Stock Institute, Guidelines for paper stock (Washington, D.C.: Institute of Scrap Recycling Inc.).



holds, commercial institutions, and manufacturing entities.
Curbside collection programs recapture large quantities of
recyclables. Aluminum UBCs can be separated as an indi-
vidual commodity or commingled with other recyclables.

Steel food cans, which make up more than 90% of all
food containers, are often called tin cans because of the
thin tin coating used to protect the contents from corro-
sion. Some steel cans, such as tuna cans, are made with
tin-free steel, while others have an aluminum lid and a steel
body and are commonly called bimetal cans. All these
empty cans are completely recyclable by the steel industry
and should be included in any recycling program.

At the MRF, the collection vehicle discharges the com-
mingled aluminum and tin cans into a hopper bin, which
discharges to a conveyor belt. The conveyor transports the
commingled cans past an overhead magnetic separator
where the tin cans are removed. The belt continues past a
pulley magnetic separator, where any tin cans not removed
with the overhead magnet are taken out. The aluminum
and tin cans, collected separately, are baled for shipment
to markets.

At a reclamation plant, shredded aluminum cans are
first heated in a delacquering process to remove coatings
and moisture. Then they are charged into a remelting fur-
nace. Molten metal is formed into ingots of 30,000 lb or
more that are transferred to another mill and rolled into
sheets. The sheets are sent to container manufacturing
plants and cut into disks, from which cans are formed.

Aluminum markets have material specifications that
regulate the extent of contamination allowed in each de-
livery as well as the method by which materials are pre-
pared. For example, some markets prohibit aluminum foils
and aluminum pans because they are usually contami-
nated. Noncontainer aluminum products purchased by
dealers must simply be dry and free of contaminants.

PLASTIC AND GLASS

The recycling and reuse of plastics are not easily accom-
plished because each type of plastic must go through a dif-
ferent process before being reused. Hundreds of different
types of plastics exist, but 80% of the plastics used in con-
sumer products is either HDPE (milk and detergent bot-
tles) or polyethylene terephthalate (PET) (large soda bot-
tles). The most common items produced from
postconsumer HDPE are detergent bottles and motor oil
containers. Detergent bottles are usually made of three lay-
ers, with the center layer containing the recycled material.

Most plastic container manufacturers code their prod-
ucts. The code is a triangle with a number in the center
and letters underneath. The number and letter indicate the
resin from which the container is made:

1 5 PET (polyethylene terephthalate)
2 5 HDPE (high-density polyethylene)
3 5 V (vinyl)

4 5 LDPE (low-density polyethylene)
5 5 PP (polypropylene)
6 5 PS (polystyrene)
7 5 Other (all other resins and multilayered material)

Still, keeping plastics separate is not easy. The most no-
torious look alikes are PET, the clear, shiny plastic that
soda bottles are made from, and PVC, another clear plas-
tic used mainly for packaging cooking oil. Because PVC
starts to decompose at the temperature at which PET is
just beginning to melt, one stray PVC bottle in a melt of
10,000 PET bottles can ruin the entire batch.

Container glass is the only glass being recycled today.
Window panes, light bulbs, mirrors, ceramic dishes and
pots, glassware, crystal, ovenware, and fiberglass are not
recyclable with container glass and are considered conta-
minants in container glass recycling.

The consideration in container glass marketing is color
separation. Permanent dyes are used to make different col-
ored glass containers. The most common colors are green,
brown, and clear (or colorless). In the industry, green glass
is called emerald, brown glass is amber, and clear glass is
flint. For bottles and jars to meet strict manufacturing spec-
ifications, only emerald or amber cullet (crushed glass) can
be used for green and brown bottles, respectively.

At the MRF, the collection vehicle discharges the com-
mingled plastic and glass into a hoppered bin, which dis-
charges to a conveyor belt. The material is transported to
a sorting area, where the plastic and glass are separated
manually from the other materials. The remaining glass is
color sorted and sent to a glass crusher. The waste is dis-
charged to vibrating screens where broken glass falls
through the openings in the screen. Any residual materi-
als is collected at the end of the vibrating screen. The
crushed glass is loaded onto large trailers and transported
to the vibrating screen. The residual material is disposed
of in a landfill. The commingled plastic is separated fur-
ther by visual inspection or according to the type (PET and
HDPE) based on the imprinted code adopted by the plas-
tic industry.

In a glass bottle manufacturing plant, specialized ben-
eficiation equipment performs final cleaning to remove
residual metals, plastic, and paper labels. The cullet is then
mixed with the raw material used in the production of
glass. After the batch is mixed, it is melted in a furnace at
temperatures ranging from 2600 to 2800°F. The mix can
burn at low temperatures if more cullets are used. The
melted glass is dropped into a forming machine where it
is blown or pressed into shape. The newly formed glass
containers are slowly cooled in an annealing lehr. They
are inspected for defects, packed, and shipped to the bot-
tler.

At a reclamation facility, PET bottles and HDPE jugs
are transformed into clean flakes. A resin reclamation fa-
cility chops and washes the chips to remove labels, adhe-
sives, and dirt and separates the material from their com-
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ponents to produce a clean generic polymer. Clean PET is
sold as flakes but most HDPE is made into pellets. The
HDPE flakes are fed into an extruder and are compressed
as they are carried toward the extrusion die. The combined
heat from flow friction and supplemental heating bands
causes the resin to melt, and volatile contaminants are
vented from the mixture. Immediately before the die, the
melted mixture passes through a fine screen that removes
any remaining solid impurities. As the melt passes through
the orifice, a rotating knife chops the strand into short seg-
ments, which fall into a water bath where they are cooled.
The pellets are dried to a moisture content of about 0.5%
and are packaged for shipment to the end user.

Glass used for new bottles and containers must be
sorted by color and must not contain contaminants such
as dirt, rocks, ceramics, and high-temperature glass cook-

ware. These materials, known as refractory materials, have
higher melting temperatures than container glass and form
a solid inclusion in the finished product. Table 10.7.2 gives
the material specifications for color-sorted glass. The spec-
ifications in the Rotterdam glass processing plant limit the
maximum amount of ceramics to 100 g per ton of crushed
glass; the same limit for aluminum is only 6 g per ton.

Trade groups representing manufacturers and proces-
sors have established specifications for recycled plastics.
These specifications are extensive and beyond the scope of
this chapter. In general, buyers require postconsumer plas-
tics to be well sorted, reasonably free of foreign material,
and baled within a specified size and weight range.

MSW Processing
A solid waste processing plant in Rhode Island and the
Sorain-Cechini MRF plant in Rome, Italy are two exam-
ples of MSW processing plants.

MRF PLANT FOR PARTIALLY
SEPARATED MSW

In 1989, an 80 tons per day (tpd) MRF was started in
Rhode Island (see Figure 10.7.1). Designed and operated
by New England CR Inc. in conjunction with Masch-
inenfabrik Bezner of West Germany, this highly automated
plant can sort and recover the recyclables from partially
separated MSW containing metallic, glass, and plastic
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TABLE 10.7.2 SPECIFICATIONS FOR COLOR-
SORTED GLASS

Permissible Color Mix Levels, Percent

Color Flint Amber Green Other

Flint (clear) 97 to 100 0 to 3 0 to 1 0 to 3
Amber (brown) 0 to 5 95 to 100 0 to 5 0 to 5
Green 0 to 10 0 to 15 85 to 100 0 to 10

Source: American Society for Testing and Materials (ASTM), 1989, Standard
specifications for waste glass as a raw material for the manufacture of glass con-
tainers, 1989 Annual book of standards, Vol. 11.04 (Phila.: ASTM), 299–300.

FIG. 10.7.1 The operation of a solid waste processing plant in Rhode Island.
(Reprinted, with permission, from New England CRInc., 1989, New York
Times/Bohdan Osyczka, [2 May], 160.)



cans, bottles, and other containers but not paper and or-
ganics. The partially separated MSW enters the plant on
a conveyor belt, which first passes under an electromag-
net that attracts the tin-plated steel cans and carries them
off to be shredded. As the MSW falls, it encounters a rolling
curtain of chains. The lighter objects (aluminum and plas-
tic cans) cannot break through and are diverted toward a
magnetized drum. The heavier (mostly glass) bottles pass
through the curtain and arrive at a hand-separation belt,
where they are separated manually by color.

As the plastic and aluminum containers reach the mag-
netic drum, the aluminum objects drop into a separate
hopper. The plastic objects continue on the conveyor belt
and are later sorted according to weight.

The plant design appears to be simple enough to guar-
antee reliability. The concept of this type of MRF plant is
promising because it simplifies the process of source sep-
aration by allowing cans and containers of all types to be
placed in the same bin.

MATERIAL RECOVERY PLANT

The Sorain-Cecchini MRF plant in Rome has been in op-
eration for over twenty years. It recovers ferrous metals
(6% by weight), aluminum (1%), organics (34%), and film

plastics (1%) while generating densified RDF (51%) and
rejecting 7% oversized items. The total plant capacity is
1200 tn per day (Cachin and Carrera 1986).

The main processing steps involve magnetic separation
for ferrous metal removal, eddy-current separation for alu-
minum recovery, rotary screens for separation by size, and
air classifiers for separation by density. The overall process
consists of eighty pieces of equipment, which are flexible
and can be used in different combinations as market con-
ditions change.

Figure 10.7.2 shows the resource recovery plant in
Rome. The charging conveyor 1 is provided with a pickup
device 2 that breaks the bags and removes bulky reject
items. A leveling device 3 meters the waste-flow rate and
removes rejects. The primary screen 4 separates the large
(over 8 in) fraction from the smaller, heavier fraction. The
approximately 55% large fraction of paper, wood, and
plastic is fed to the 10–20 rpm large breaker 5, which re-
duces particle size and breaks plastic bags. The large
breaker automatically rejects any items it cannot break
(about 2%). The output (53%) is sent to the large air clas-
sifier 6, where the lighter (10%) sheet paper and plastic
fraction is separated from the heavier (43%) cardboard,
wood, and rags. The reject fraction consists mostly of white
goods (appliances) but includes bulky items such as bed-
springs. This fraction is hauled away by subcontractors.
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FIG. 10.7.2 Resource recovery plant in Rome, Italy. (Adapted from F.J. Cachin and F. Carrera, 1986, The
Sorain-Cecchini system for material recovery, National Waste Processing Conference, Denver, 1986 [ASME].)



The light fraction (10%) passes through a differential
shredder 7, which breaks up only the paper. It is followed
by a rotary screen 8, which separates the lighter 3% of the
stream, containing the plastic film. This stream is sent to
the small classifier 9, where the 1% light fraction is taken
to plastic recovery, while the remaining paper and rag frag-
ments are included with the densified RDF (DRDF). The
recovered plastic film (mostly polyethylene) is shredded
into square-inch flakes, cleaned by washing, and air dried.
The dry flakes are melted and fed to the extruder, and the
pellets are shipped to plastic film manufacturers.

For metal separation, the 40% heavy fraction from the
primary screen 4 passes through the primary magnetic sep-
arator 10, which removes 4% and sends that fraction to
ferrous recovery. The remaining fraction is further ho-
mogenized in the small breaker 11 and separated in the
secondary rotary screen 8 into the 15% large fraction (over
4 in), consisting mainly of paper, wood, and plastics, and
is sent to DRDF recovery. The 21% small fraction (under
4 in), consisting of organics, glass, ashes, and aluminum,
is sent to a conveyor 17; aluminum (1%) is removed by
hand, and the rest (20%) is sent to organic recovery.

The 43% heavy fraction from the large air classifier 6
passes through the secondary magnetic separator 12,
which removes 1% and sends that fraction to ferrous re-
covery. The remaining fraction travels on the sorting con-
veyor 13, where the semiautomatic devices and inspectors
remove the cardboard (8%), which is sent DRDF. Any
missed recovery items and rejects (4%) are sent to the eddy-
current separator 16 for aluminum recovery and then to
organic recovery. The removed aluminum is crushed and
densified to a specific gravity of 1.0 (62.4 lb/cu ft) before
being placed in storage. The 30% fraction remaining on
the sorting conveyor 13 is mostly paper and is sent to the
flail 14, where it is broken down before being sent to the
secondary air classifier 15. The three magnetic separators
10, 12, and 18 send 5.8% to ferrous recovery, where it is
shredded by the abrader hammer mill. The shredding step

is followed by cleaning through firing or washing and a
final magnetic separation step to remove the nonmetals
that were loosened by the abrader.

The organics fraction, left from the plant feed after the
removal of metals, plastic film, and paper, is essentially a
heavy fraction of small-sized particles containing organics,
glass, ceramics, sand, ashes, hard plastics, and small pieces
of wood. This fraction is placed into an aerobic digester
and broken down into raw compost. After the removal of
glass, ceramics, and other inorganic rejects, the raw com-
post is subcontracted for further processing. This process-
ing splits the organic fraction into a feed fraction (a high-
quality compost fraction) and a residue, which is usually
landfilled.

The 15% large fraction from the secondary rotary
screen 8 and the 30% from the flail 14 are sent to the sec-
ondary air classifier 15, which removes all paper (35%)
and sends it to the DRDF air classifier 19 together with
the small fraction (7%) from the secondary rotary screen
8 and the heavy fraction (2%) from the small air classi-
fier 9. After the DRDF magnetic 18 removes the remain-
ing ferrous metals, the DRDF is densified into flakes in the
recovery line. The DRDF is stored in a specific gravity of
0.6 (38 lb/ft). The heavy fraction (10%) from the sec-
ondary air classifier 15 is sent to organic recovery.

The DRDF obtained is relatively clean, and its sulfur
and chlorine content is low as most metals, hard plastics
(PVC, PET), and other impurities have been removed from
it. The Sorain process can switch from producing DRDF
to generating paper pulp depending on market condition.

Adapted from Municipal Waste Disposal in the 1990s
by Béla G. Lipták (Chilton, 1991). 

Reference
Cachin, F.J. and F. Carrera. 1986. The Sorain-Cechini system for mate-

rial recovery. National Waste Processing Conference, Denver, 1986.
ASME.
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RDF is the combustible portion of MSW that has been
separated from the noncombustible portion through pro-
cessing such as shredding, screening, and air classifying.
The RDF that remains after processing is highly com-
bustible and can be used as is (fluffy material) or in pellet
form.

RDF Preparation Plant
Figure 10.8.1 shows the process flow diagram of the RDF
preparation plant in Haverhill, Massachusetts. This plant
has been operating since 1984, feeding 100% RDF to a

250,000-lb/hr boiler designed for RDF service. In this fa-
cility, 1300 tpd of MSW are separated into 983 tpd of
RDF fuel, 260 tpd of glassy residue which are landfilled,
and 57 tpd of ferrous metals which are sold. The MSW
passes through two parallel 70 tph Heil shredders pro-
ducing an output particle size of 90% under 4 in (101.6
mm). The ferrous metals are removed by dings and head
pulley magnets.

The shredded refuse passes through a two-stage, 12.5-
ft diameter, 60-ft long (3.8 m 3 18.24 m) trommel screen.
The first stage has 1-in holes to remove the glassy residue.
The second stage has 6-in (152.4 mm) holes that separate
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10.8
REFUSE-DERIVED FUEL (RDF)

FIG. 10.8.1 RDF preparation plant in Haverhill, Massachusetts. (Reprinted, with
permission, from D. Kaminski, 1986, Performance of the RDF delivery and boiler-
fuel system at Lawrence, Massachusetts facility, National Waste Processing
Conference, Denver, 1986 [ASME].)



the oversized material for further shredding and send the
under-6-in fraction to RDF storage. The RDF produced
has a heating value of over 6000 Btu; the ash content is
less than 15%, and its particle size is 97% under 4 in
(101.2 mm).

Grades of RDF
Different grades of RDF can be produced from MSW.
Generally the higher the fuel quality, the lower the fuel
yield. For example, an RDF plant in Albany, New York,
simply shreds the incoming waste and passes the shredded
material across a magnetic separator to remove the ferrous
component. The fuel yield is roughly 95%, while the av-
erage Btu value of this fuel is similar to raw MSW.
Conversely, producing a pellet fuel requires much prepro-
cessing. A field yield of about 50%, based on the total in-
coming waste, can be achieved and has a heating value
which approximates 6500 to 7000 Btu/lb.

Industry-wide specifications for RDF do not exist, but
RDF has been classified according to the type and degree
of processing and the form of fuel produced (see Table
10.8.1). The properties of RDF to consider and incorpo-
rate into supply contracts include the proximate analysis
(moisture content, ash content, volatiles, and fixed car-
bon); ultimate analysis (C, H, N, O, S, and ash percent-
age); higher heating value (HHV); and content of chlorine,
fluorine, lead, cadmium, and mercury.

Modeling RDF Performance
As community recycling increases, the feed to an RDF
plant changes. Studies have determined the heating value
and composition of RDF from different degrees of recy-
cling. Table 10.8.2 shows the MSW composition assumed
for such a study. In this model, the pretreatment steps in-
clude size reduction (to about 5 cm), screening, magnetic
separation, and air classification. Table 10.8.3 gives the
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TABLE 10.8.1 ASTM CLASSIFICATION OF RDFS

Class Form Description

RDF-1 (MSW) Raw MSW with minimal processing to remove oversize
bulky waste

RDF-2 (C-RDF) Coarse MSW processed to coarse particle size with or without
ferrous metal separation such that 95% by weight
passes through a 6-in square mesh screen

RDF-3 (f-RDF) Fluff Shredded fuel derived from MSW processed for the
removal of metal, glass, and other entrained
inorganics; particle size of this material is such that
95% by weight passes through a 2-in square mesh
screen

RDF-4 (p-RDF) Powder Combustible waste fraction processed into powdered
form such that 95% by weight passes through a 10
mesh screen (0.035 in. square)

RDF-5 (d-RDF) Densified Combustible waste fraction densified (compressed)
into pellets, slugs, cubettes, briquettes, or similar
forms

RDF-6 Liquid Combustible waste fraction processed into a liquid fuel
RDF-7 Gas Combustible waste fraction processed into a gaseous

fuel

Source: R.E. Sommerland et al., 1988, Environmental characterization of refuse-derived-fuel incinerator technology, National Waste Processing Conference,
Philadelphia, 1988 (New York: ASME).

TABLE 10.8.2 COMPOSITION OF WASTE FOR BASE
CASE

Percent
Component As-Received

Ferrous 5.5
Aluminum 0.9
Glass 9.5
Mixed paper 22.6
Newsprint 11.8
Corrugated 12.2
NonPVC plastic 2.9
PVC plastic 0.3
Yard waste 12.5
Food waste 2.5
Other noncombustible 9.5
Other combustible 9.8

Source: G.M. Savage and L.F. Diaz, 1986, Key issues concerning waste pro-
cessing design, National Waste Processing Conference, Denver, 1986 (ASME).



properties of the MSW and the recovered RDF after var-
ious degrees of recycling.

The model shows that the ash content drops and the
heating value rises as the MSW is processed into RDF, and
the type and degree of recycling has only a limited effect
on the ash content or heating value (Savage and Diaz
1986). The nitrogen content of the RDF is consistently
lower than that of the MSW, and the sulfur content is rel-
atively unaffected by processing; while PVC recycling has
a substantial effect on the chlorine content of the RDF.
The calculated heavy metal analysis shows that because of
the magnetic separation of ferrous metals, the concentra-
tion of lead (Pb) and zinc (Zn) is lower in the RDF than
in the MSW.

Modeling is a useful tool in the evaluation of RDF
processes. One can estimate the effect of the degree of size

reduction, the influence of the opening sizes in screening
equipment, and the effect of placing shredders up or down-
stream of the screening or air-separation equipment. Some
modeling calculations can also estimate the base/acid ra-
tio, slagging index, and fouling index values, which can
indicate likely maintenance and operating problems asso-
ciated with a particular process.

Adapted from Municipal Waste Disposal in the 1990s
by Béla G. Lipták (Chilton, 1991).

Reference
Savage, G.M. and L.F. Diaz. 1986. Key issues concerning waste pro-

cessing design. National Waste Processing Conference, Denver, 1986.
ASME.
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TABLE 10.8.3 CALCULATED MSW AND RDF PROPERTIES AND COMPOSITIONS RESULTING FROM DIFFERENT
DEGREES OF RECYCLING

Heating Percent
Value Ash

Ultimate Analysis (Percent) Heavy Metal Analysis (mg/kg)

Scenario (Btu/lb Wet) (Dry) C H O N S Cl Sb As Ba Cd Cr Cu Pb Hg Ni Zn

Baseline Case
MSW 3970 36.6 32.1 4.3 25.8 0.58 0.17 0.33 53 4.9 2160 14.4 210 720 630 18 220 290
RDF 5670 11.0 44.3 5.9 37.7 0.44 0.16 0.49 68 5.4 2620 14.0 200 170 500 23 040 160

30% Fe, Al, and
Glass

MSW 4200 32.0 34.0 4.6 27.7 0.62 0.18 0.36 55 5.1 2220 15.0 200 570 600 18 160 270
RDF 5740 09.7 44.9 6.0 38.3 0.45 0.16 0.51 65 5.2 2510 13.4 190 140 470 22 030 130

30% Fe, Al, Glass,
Newsprint,
and Corrugated

MSW 4070 35.0 33.3 4.4 26.1 0.70 0.19 0.37 62 4.8 2500 16.5 210 600 550 21 170 300
RDF 5710 11.0 44.5 6.0 37.3 0.52 0.17 0.56 82 5.3 3200 16.2 210 160 440 28 030 160

30% Newsprint
MSW 3905 37.9 31.6 4.2 25.2 0.61 0.17 0.34 55 5.1 2250 15.0 210 750 590 18 230 300
RDF 5635 11.6 44.0 5.9 37.4 0.47 0.16 0.52 74 5.9 2860 15.1 200 180 450 25 040 170

50% PVC
MSW 3950 36.8 32.1 4.3 25.8 0.59 0.17 0.24 52 4.8 2190 14.4 210 730 640 18 220 290
RDF 5655 11.1 44.3 5.9 37.8 0.45 0.16 0.34 67 5.3 2680 14.0 200 170 500 23 040 160

50% Yard Waste
MSW 4055 37.6 31.7 4.2 25.5 0.50 0.16 0.33 55 5.1 2230 15.0 220 750 660 18 230 300
RDF 5720 11.0 44.2 5.9 37.8 0.41 0.16 0.49 69 5.5 2670 14.1 210 170 500 23 040 160

50% Food Waste
MSW 3990 36.7 32.2 4.3 25.8 0.57 0.17 0.32 53 5.0 2170 14.2 210 700 630 18 220 270
RDF 5680 11.0 44.3 5.9 37.8 0.44 0.16 0.48 68 5.4 2620 13.9 200 160 490 22 040 150

Source: Savage and Diaz, 1986.



Incineration is the second oldest method for the disposal
of waste—the oldest being landfill. By definition, inciner-
ation is the conversion of waste material to gas products
and solid residues by the process of combustion.
Combustion under optimal conditions can cut MSW 90%
by volume and 75% by weight. Hot gases generated as a
result of combustion exit the furnace and pass through
boilers which recover energy in the form of steam. This
steam can be sold directly or converted to electricity in a
turbine. With dwindling landfill space, incineration re-
duces volume, but some scientists caution that incinerator
residue is more dangerous and should not be disposed of
in regular landfills.

The combustion process carries the risk of releasing air
pollutants. Emissions from incinerators can include toxic
metals and toxic organics. The primary goals of waste-to-
energy incineration are to maximize combustion and min-

imize pollution. Two other goals are high plant availabil-
ity and low facility maintenance cost.

Mass-Burn and RDF Incinerators
Two main types of waste-to-energy incinerators are mass-
burn incinerators and RDF incinerators. Figure 10.9.1
shows the typical structure of a waste-to-energy facility.

The more common mass-burn incinerators burn MSW
as received with minimal onsite effort to separate objects
that do not burn well or do not burn at all. (For exam-
ple, bulky, oversized items such as tires, bedframes, fences,
and logs are often separated by hand to avoid problems,
but glass bottles and metals usually are not.)

RDF incinerators burn MSW that has been pre-
processed and sorted (either on the site of the incinerator
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or at separate processing facilities). Noncombustible and
recyclable material such as ferrous metals, aluminum, and
glass are separated mechanically and collected for pro-
cessing and future sale or disposal. The combustible por-
tion is converted to a more uniform, pellet fuel through
particle reduction (usually 4- to 6-in pellets).

RDF technology is preferred by recycling-oriented users
partly for economic reasons (e.g., income from the sale of
aluminum), and partly because it cuts the incinerator
residues to less than half and thereby reduces the amount
of leftover material that must be landfilled. RDF-fired boil-
ers can respond faster to load variations, require less ex-
cess air, and can operate at higher efficiencies.
Comparisons of mass-burner performance on both raw
MSW to simple prepared fuels show that prepared fuel
plants have many advantages over the mass-burning tech-
nology (Sommer and Kenny 1984). However, RDF tech-
nology is still in the development stage. The majority of
incinerators under construction are mass-burn. Part of the
reason for this lack of development is the complexity of
the RDF process, which remains an expensive and main-
tenance-intensive alternative to mass-burning.

Plant Design
The plant design for a waste-to-energy plant should con-
sider state-of-the-art concepts as well as other design cri-
teria.

CONCEPT OF STATE-OF-THE-ART

The term state-of-the-art for waste-to-energy plants refers
to (1) the best technologies and operating practices for re-
ducing the environmental impacts of these plants and (2)
the best regularly attainable emission levels from them for
certain air pollutants. The state-of-the-art in waste-to-en-
ergy plant design has been improving over time. Over the
last decade, as landfill space has become scarce, interest in
incineration has been renewed, environmental concerns
have increased, and regulations have become more strin-
gent.

The EPA’s New Source Performance Standards (NSPS),
proposed in 1989 and promulgated in February 1991,
were the first regulations to broadly and specifically ad-
dress the performance of MSW incinerators. The new reg-
ulations set standards in four basic areas: good combus-
tion practice, emission levels for six pollutants, monitoring
requirements, and operator training and certification.
Table 10.9.1 summarizes these regulations.

DESIGN BASIS

In the design of waste-to-energy incinerators, the size of
the plant is a critical factor. Planners need accurate infor-

mation about the amount and type of waste the plant is
to burn (see Sections 10.1 to 10.5) as well as projections
for future solid waste management practices in the com-
munity.

Next, planners must determine what to burn. In keep-
ing with the hierarchy of the Pollution Prevention Act
(PPA), a state-of-the-art strategy provides for the maxi-
mum amount of source reduction and recycling, including
composting, before incineration. Furthermore, materials
that are not recyclable and are unsuitable for burning be-
cause they are noncombustible, explosive, or contain toxic
substances or pollutant precursors, should be separated
from the waste to be burned. These activities preserve nat-
ural resources, improve incinerator efficiency, and mini-
mize pollutant emissions and ash quantity and toxicity.

A general, overriding principle in the design of a solid
waste incinerator is to use the correct size incinerator for
the amount of anticipated waste. Combustion is most ef-
ficient when an incinerator consistently burns the quantity
and quality of MSW it was constructed to burn, as fol-
lows:

If the plant is oversized (i.e., if the amount of MSW avail-
able for burning is less than the plant was designed to
take), it may operate less than full time. Each start up
and shutdown causes unsteady burning conditions, re-
sulting in reduced overall efficiency. Such unsteady state
conditions increase the generation of incomplete com-
bustion and particulates. More importantly, a plant that
is oversized for the amount of waste available to burn
has higher per ton disposal costs.

If an incinerator is undersized (that is, more MSW is avail-
able to be burned than originally planned), too much
MSW may be loaded into the furnace. Overloading an
incinerator can result in increased generation of in-
complete combustion as well as an increased volume of
unburned matter and ash. Also, an undersized inciner-
ator that is not overloaded requires additional expen-
ditures of alternative methods of waste disposal and re-
cycling.

In determining the amount of MSW being generated,
planners should collect actual waste data just prior to de-
sign and sizing. Waste composition studies should ideally
sample waste from different neighborhoods at different
times of the week and year, as shown in Figure 10.3.1.
Some communities use average waste composition from
other towns or cities to estimate their own waste compo-
sition. However, this method can be misleading since the
composition of MSW changes not only from place to place
but also over time.

Information about projected population growth and fu-
ture trends in the volume and composition of waste is just
as critical as current waste data, especially since waste man-
agement methods are changing. Incinerators are typically
designed for at least a twenty-year lifetime, and incinera-
tor arrangements often include long-term (fifteen- to thirty-
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year) contracts for the quantity of MSW to be delivered
to the plant and for the quantity of energy to be sold.
Knowing what potentially recyclable material is in the
waste stream and in what quantities is essential (see Section
10.3).

Finally, plant designers need information about the
composition of the waste stream to determine the optimal

physical design of the plant. For instance, different mate-
rials generate different amounts of heat energy when
burned, and knowing the anticipated overall Btu value is
critical to planning boiler capacity and furnace structure.
The variability of MSW (specifically density due to changes
in composition) is another design consideration for volu-
metric material handling equipment for RDF incinerators.
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TABLE 10.9.1 KEY FEATURES OF NEW FEDERAL MSW INCINERATOR REGULATIONS (NSPS), COMPARED TO
INFORM STATE-OF-THE-ART STANDARDS

New Source Performance Standards INFORM State-of-the-Art Standard

Materials Separation
None Recyclables, noncombustibles, and

wastes containing toxic materials or
pollutant precursors removed

Good Combustion Practices
Carbon monoxide emissions:

50–150 ppm (depending on furnace type) 50 parts per million
Plant-specific maximum load level
Plant-specific maximum flue gas

temperature at inlet to final particulate control device

Pollutant Emissions Levels
(7% O2, dry basis)

PARTICULATES

0.015 g per dry standard cu ft 0.010 grains per dry standard cubic foot
DIOXINS/FURANS

30 nanograms per dry standard cu m— 0.10 nanograms per dry normal cubic meter—
total dioxins and furans Eadon toxic equivalents

SULFUR DIOXIDE

80% reduction, or 30 ppm 30 parts per million
(whichever is less stringent)

HYDROGEN CHLORIDE

95% reduction, or 25 ppm 25 parts per million
(whichever is less stringent)

NITROGEN OXIDES

180 ppm 100 parts per million
HEAVY METALS

No individual standards; particulate Not defined; further research needed to identify 
emissions as surrogate lowest regularly attainable emissions levels

Monitoring Requirements

CONTINUOUS MONITORING

Carbon monoxide, opacity, sulfur Furnace and flue gas temperature, steam pressure
dioxide, nitrogen oxides and flow, oxygen, carbon monoxide, opacity,

sulfur dioxide, oxides of nitrogen
ANNUAL STACK TESTS

Particulates, dioxins, furans, hydrogen chloride Particulates, dioxins/furans, hydrogen chloride, metals

Operator Training and Certification
American Society of Mechanical Formal academic and practical education;

Engineers certification standards for supervised on-the-job training;
chief facility operators and shift supervisors formal testing; periodic reevaluation

Source: U.S. Environmental Protection Agency, 1991, Burning of hazardous waste in boilers and industrial furnaces, final ruling, Federal Register 56, no. 35 (21
February), 7134–7240.



Process Design
A typical incinerator system contains basic elements: a feed
system, a combustion chamber, an exhaust system, and a
residue disposal system. Ancillary equipment includes
shredders and a material sorter in the front end and air
pollution control devices and a heat recovery device at the
back end of the incinerator. Modern incinerators in the
United States use continuous-feed systems and moving
grates in primary combustion chambers which are lined
with refractory material (heat-resistant silica-based mate-
rial). Secondary combustion chambers burn the gas or
solids not burned in the primary combustion chambers be-
fore discharging to the air pollution control devices.

WASTE RECEIVING AND STORAGE

A state-of-the-art solid waste management system speci-
fies exactly what waste can be burned (based on com-
bustibility and content of the toxic materials and pollutant
precursors). It ensures that prohibited materials are de-
tected and removed from the waste. Table 10.9.2 compiles
the materials that are prohibited at several MSW inciner-
ators. In addition, stringy wire items, such as fencing and
trolling wire, can become entangled in conveyors and
should be removed from the MSW feed. Such specifica-
tions are stated in contracts between operators and mu-
nicipalities. Plant operators should prevent prohibited ma-
terials from entering the plant or the furnace.

A preliminary view of the waste is recommended when
incoming MSW trucks are weighed. Scales, preferably in-
tegrated into an automated recording system, should be
provided to record the weight of the MSW entering the
plant. Tipping floors, which resemble large warehouse
floors, are better suited for visual inspection and the re-
moval of unwanted items. State-of-the-art screening in-
cludes opening garbage bags on the tipping floor to iden-
tify unwanted items inside the bags. Radioactivity sensors
are used as screening devices for hospital waste. The MSW
is discharged from the tipping floor into the storage pit or
directly into the furnace.

The storage provided depends on variations in the rate
of truck delivery of MSW to the plant and the planned
burning schedule. Storage permits MSW to be retained
during peak loads and thus allows the combustion cham-
bers to be sized for a lower average capacity. Large stor-
age areas are generally required for MSW since it is quite
bulky, with a bulk density between 250 and 350 lb/cu yd
(180 and 240 kg/cu m). Provisions are often made for as
much as one week’s MSW at small incinerators to allow
for downtime and other operating problems; two to three
days of MSW storage is more common at larger plants
(less than 500 tn/d). Planners should consider seasonable
and cyclic variations and unplanned shutdowns in estab-
lishing plant storage requirements. The pit size is usually

calculated based on an MSW density of 350 lb/cu yd of
pit volume.

Refuse tends to flow poorly and can maintain an angle
of repose greater than 90°. Thus, plants commonly stack
refuse in storage facilities to maximize storage capacity.

Storage pits are usually long, deep, and narrow. A pit
can be located in front of the furnace or a pit can be sit-
uated on each side of the furnace. If the storage pit is over
25 ft in width, the refuse dumped from the trucks must
generally be rehandled. The floor of storage pits is pitched
to the facilities’ drainage. Storage pits are constructed of
reinforced concrete with steel plates or rails along the sides,
which protect them against damage from the crane bucket.
The pit is usually enclosed in the MSW storage building,
in which combustion air for the furnace is drawn. This
arrangement creates a slight vacuum inside the building
which draws in atmospheric air and prevents the escape
of odors and dust.

©1999 CRC Press LLC

TABLE 10.9.2 MATERIALS ROUTINELY
PROHIBITED BY MASS-BURNING
PLANTS

Bulky wastes (e.g., furniture) (may be acceptable if reduced in
size)

Noncombustible wastes (not including glass bottles, cans, etc.)
Explosives
Tree stumps and large branches (may be acceptable if reduced

in size)
Large household appliances (e.g., stoves, refrigerators, washing

machines)
Vehicles and major parts (e.g., transmissions, rear ends, springs,

fenders)
Marine vessels and major parts
Large machinery or equipment
Construction/demolition debris
Tires
Lead acid and other batteries
Ashes
Foundry sand
Cesspool and sewage sludge
Tannery waste
Water treatment residues
Cleaning fluids
Crank case and other mechanical oils
Automotive waste oil
Paints
Acids
Caustics
Poisons
Drugs
Regulated hospital and medical wastes
Infectious waste
Dead animals
Radioactive waste
Stringy wire (e.g., fencing and trolling wire)

Source: M.J. Clark, M. Kadt, and D. Saphire, 1991, Burning garbage in the
US, edited by Sibyl R. Golden (New York: INFORM, Inc.).



FEEDING SYSTEMS

The waste feed system introduces refuse into the inciner-
ator from the tipping floor or pit (or, in case of an RDF
fuel plant, from the preprocessing facilities). Of the two
main types of refuse feed systems, a continuous loading
system contributes to more efficient combustion than batch
loading because it allows a more even flow of fuel.

In batch loading, the waste is introduced by a front-end
loader that shoves the garbage, in discrete batches, into
the furnace. The batch method adversely affects combus-
tion since each load pushed into the incinerator causes a
temporary overload, depleting available oxygen and cre-
ating poor combustion conditions. Variations in tempera-
ture due to air leaks into the furnace have an adverse im-
pact on refractory material and increase air emissions. In
small plants with floor dumps and stored MSW, feeding
is accomplished on a semibatch basis by rams which push
MSW directly to the furnace at 6- to 10-min cycles.

With continuous loading, a traveling bridge crane
equipped with a grapple deposits waste, a few tons at a
time, into the top of an inclined chute. The garbage moves
down the chute onto the drying zone of a moving grate
allowing for continuous introduction of waste into the fur-
nace. RDF is typically continuously fed into the furnace.

A basic requirement of the continuous loading system
is to keep the charging hopper to the furnace fired at all
times and to protect against burnbacks of fire from the
combustion area through the chute to the storage pit area.

Charging Cranes

Two types of cranes are widely used for handling refuse
for municipal incinerators. The most versatile is the bridge
crane with a clam-shell bucket. The bridge itself travels
across the length of the storage pit while a trolley moves
the bucket over the length of the bridge. With the bridge
crane, the storage pit can be as wide as 30 ft. If the stor-
age pit is wide, the crane has to travel to the far side of
the pit to keep refuse from accumulating there. The time
required to traverse the pit affects the carrying capacity of
the system and wide pits with long bridges are not eco-
nomical. Figure 10.9.2 shows a layout using a bridge crane.
In large furnaces of more than 300 tpd capacity, bridge
cranes are used.

The second type of crane, the monorail, can move in
one direction only, along the rail at the center line of the
pit. The range of the monorail is limited in regard to the
pit. The pit width is limited to about 1 m wider than the
width of the open bucket. If the storage pit is too wide,
the bucket cannot move to the sides of the pit, and the
material accumulates because of its tendency to cling to-
gether. The monorail system is normally designed to fol-
low a straight path with the pit at one end and to lift MSW
into charging hoppers at the other. In a medium 100- to
300-tpd plant, the monorail is often used.

Both crane types have either a clam-shell grapple or an
abrasion-resistant steel bucket with a capacity between 30
and 150 cu ft (1–4 cu m). An automatic lubrication sys-
tem for the crane is recommended, and a good preventive
maintenance program is essential. Spare buckets are also
recommended. Bridges, trolleys, and hoists travel at speeds
of 6 ft per sec (100 m per min).

The traveling bridge is also used to mix the MSW.
Mixing MSW facilitates combustion particularly if a large
amount of one type of waste is discharged into one part
of the storage pit. In the past, the crane was operated from
an air-conditioned cab mounted on the bridge. With in-
creasing frequency, crane operation is being centralized in
a control room, usually located at the charging floor ele-
vation and either over the tipping positions opposite the
charging hoppers or close to the charging hoppers.

Charging Hoppers and Gates

Charging hoppers hold up some volume of refuse to guar-
antee a reasonably uniform waste flow into the incinera-
tor. MSW enters charging hoppers in the following ways:

In larger plants where the hoppers are located above the
storage pits, MSW is lifted by cranes.

In larger plants where the hoppers and storage area are at
the same elevation, MSW is transferred into storage
hoppers by ram feeders or by front-end loaders.

In plants under 100 tpd capacity, MSW is loaded directly
from the trucks into the charging hoppers.

In multicell furnaces, each furnace cell usually has one
charge hopper.

©1999 CRC Press LLC

FIG. 10.9.2 Bridge crane installation.



In a continuous-charging hopper, the outlet gate is kept
open, and the air seal is maintained by the MSW and the
movement of the mechanical grate charging the furnace.
Most hoppers have an angle-of-slide surface of 30 to 60°
from the vertical to prevent bridging. The feed chute is
normally 4 ft (1.2 m) wide, to pass large objects with min-
imum bridging, and 12 to 14 ft (3.6 to 4.2 m) long from
the hopper to the front end of the furnace. Because of its
proximity to the combustion zone, the continuous-charg-
ing hopper is usually water cooled.

The continuous-charging hopper allows better furnace
temperature control and thereby reduces the need for re-
fractory maintenance. It also spreads the MSW more
evenly across the grate, in a relatively uniform and thin
layer, while sealing the furnace from cold air.

Lessons learned on RFD facilities suggest (1) using sim-
ple RDF floor storage, not bins that can become plugged;
(2) using simple RDF transfer via a conveyor rather than
pneumatic systems; (3) maintaining a uniform flow of RDF
to boiler feeders and avoiding slug feeding, which results
in unstable boiler control; and (4) using a proven RDF
feeder, which maintains even grate distribution and is re-
sponsive to load change (Gibbs and Kreidler 1989).

THE FURNACE

The combustion zones in a refuse incinerator are com-
monly referred to as furnaces. Several common designs are
currently in use: single-chamber furnaces, dual-chamber
furnaces, multiple-chambered furnaces, rotary combus-
tors, and fluidized combustors. The most common con-
figuration includes the rectangular furnace, the multicell
furnace, the vertical circular furnace, the combined rec-
tangular furnace, and the rotary kiln. Furnaces can also
be distinguished according to the type of grates used.

Because all large modern incinerators are continuous,
this section discusses only continuous systems. Two classes
of continuously feed furnaces are used today: refractory-
lined and waterwall furnaces. Waterwall furnaces recover
waste heat as well as reduce waste volume, while refrac-
tory furnaces are usually designed for volume reduction.
Waterwall furnaces have water-filled tubes instead of re-
fractory material lining the combustion chambers. As
burning refuse transfers heat through the walls to the wa-
ter in the tubes, these tubes form a cool wall which is in
contact with the flame and hot gas. These cooler walls pre-
vent the accumulation of slag on the side of the combus-
tion chamber and produce steam.

Combustion Process

Efficient and even combustion is a key factor in minimiz-
ing the environmental impact of waste-to-energy inciner-
ators, reducing both the amount of unburned material in
the ash produced and the amount of air emissions. This

reduction depends largely on the design of the furnace and
the operating practices.

The following general guidelines foster good combus-
tion (Licata 1986):

The grate should be covered with fuel (a uniform depth
of garbage and trash) across its width. The depth at any
location on the grate should be consistent with the air
that can be delivered for combustion at that point.

The incinerator must include an air distribution system
that apportions air according to the burning rate of
waste along the entire length and width of the grate.

Underfire air should be introduced carefully. Depending
on the technology, it can be concentrated in a small
area or spread over a large area. Zones of high-pres-
sure air and blowtorch effects should be eliminated.
Bursts of air in one section of the fuel bed prevent even
mixing of air in the burning refuse in other areas.

Air must be introduced into burning refuse both above
and below the burning bed. Oxygen provided through
the overfire system helps complete the combustion of
any hydrocarbons (and particulates) not oxidized near
the fuel bed.

Steps must be taken to prevent the buildup of slag within
the furnace. Slag can damage the boiler system and also
results in poor combustion by preventing proper air
mixing in the fuel bed.

Gases generated in the incineration process should expe-
rience maximum mixing to facilitate oxygen reaching
any unburned particles and to provide a maximum
dwelling time for the gases before being released into
the atmosphere.

The flue gas temperature should be at or above 1600°F
for approximately 1 sec after leaving the fire bed. Figure
10.9.3 shows that these combustion conditions destroy
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more than 99.9% of many effluent compounds, including
dioxins and furans. Excessively high temperatures and ex-
treme variations cause cracking and spalling, with rapid
deterioration of refractories. The minimum burning tem-
perature for carbonaceous waste to avoid the release of
smoke is 1500°F (816°C). A temperature less than 1500°F
permits the release of dioxins and furans.

Auxiliary burners can be added to maintain combus-
tion efficiency. Reductions in combustion efficiency are
usually due to one or more factors: start up and shutdown;
large changes in moisture content, heat content, or the
quantity of incoming refuse; and maladjustment of the air
adjustment system. Auxiliary burners burn another, more
uniform fuel (such as natural gas or oil). These burners
are used when furnace temperature values fall below
1600°F, thereby stabilizing combustion by maintaining a
minimum furnace temperature. Operators can increase res-
idence time by reducing the amount of combustion air.

The design of the furnace interior affects combustion
efficiency. Carefully placed protrusions from the furnace
wall, called arches or bullnoses, can redirect the flow of
air from the grate, guiding it into turbulent eddies within
the furnace. Eddy currents maximize turbulence during the
combustion of gases.

Grate Designs

The grate (stoker) serves dual functions:

1. Transports the solid waste and residue through the fur-
nace to the point of residue discharge. The grate should
be covered with a uniform depth of MSW across its
width.

2. Promotes combustion by providing proper waste agi-
tation and by permitting the passage of underfire air
through the fuel bed. However, the agitation should not
be so violent that it contributes to excessive particulate
emissions.

The design of the grate system in the furnace is a crit-
ical element in the operation of a RDF facility. Eberhardt
(1966) proposes ten elements to consider in the choice of
a grate system:

The adaptability of the combustion process to handle wide
variations in radiation effects

The adaptability of the refractory to handle wide varia-
tions in radiation effects

Provisions for controlling air quantity and temperature
Provisions for an adjustable retention time based on the

material being burned
An adjustable height of the waste layer to be burned
A controllable, stabilizing heat supply (auxiliary fuel)
A controlled cooling of residue (by quenching)
A controlled flue gas temperature prior to impinging on

the radiation heating surface
The capability of observing the fire layer and the fire gases

Technical design including:
—Prevention of reignition
—Positive conveyance of the refuse mass
—Serviceability and replaceability of worn-out parts
—Proper measuring and control systems

Grate Systems

The key factors for hot, uniform combustion are the con-
stant mixing of air into the material being burned and the
use of partially combusted material to heat and ignite new
material introduced into the combustion chamber. Three
major European grate designs have world-wide applica-
tion:

Martin process (see Figure 10.9.4). In this design, the grate
has a reverse reciprocal action; it moves alternately
down and back to provide continuous motion of the
refuse. The net motion of the refuse is downward to-
ward the bottom of the furnace, but the agitation caused
by oscillation of the grate causes considerable mixing
of the burning refuse with the newly introduced mate-
rial leading to rapid ignition and uniform burning.

Van Roll process (see Figure 10.9.5). This design has three
sections: the first dries the newly introduced refuse and
ignites it, the second serves as a primary combustion
grate, and the last reduces the refuse to ash. Grate ele-
ments move so that at a given time for any pair of el-
ements, one is moving and one is stationary. This
process results in the refuse moving toward the bottom
of the furnace, but the shuffling action of the grates ag-
itates the fuel bed enhancing the combustion process.

VKW or Dusseldorf process (see Figure 10.9.6). This grate
is comprised of several horizontal drums with a diam-
eter of 1.5 m (5 ft). The shafts of the drums are paral-
lel one after the other at a 30° slope. The drums are
placed on 1.75-m (about 7-ft) centers. Each drum is
built of bars (cast iron) in the form of arched segments
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FIG. 10.9.4 Grate system for Martin resource recovery incin-
erator.
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which are keyed to a central element below. Each drum
rests over a separate chamber to control underfire air.
The unit rotates in the discharge direction at an ad-
justable peripheral speed which varies according to the
constituents of the waste being burned. The drum shafts
lie in the bearings placed in the outside walls of the unit,
and each roller is fitted with a driving gear and can be
regulated independently of the others. Ignition grates at
the front end of the incinerator generally rotate at up
to 15 m/hr (50 ft/hr). The burnout grates normally ro-
tate at 5 m/hr (about 16 ft/hr) since they have little waste
material to move. The room under the grate is divided
into a zone for each roller, to which preheated or cooled
flue gas (about 200 to 256°C) can be brought. A spe-
cial feeding arrangement carries the refuse from the
feeding chute to the grate.

Another aspect of grate design is the percentage of air
openings provided in the grate. These air openings vary
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FIG. 10.9.5 Van Roll grate system for resource recovery in-
cinerator.

FIG. 10.9.6 VKM or Dusseldorf process (with installation of transverse
manifold for 260 secondary air nozzles over roller grate at Wuppertal,
Germany).



from 2 to over 30% of the grate area (Velzy 1968).
Proponents of the larger openings feel that the siftings (the
ash from the fuel bed) should be allowed to fall below the
grate as soon as possible and large amounts of air should
be permitted to pass through the bed to meet the com-
bustion requirements of varying fuel characteristics.
Proponents of the smaller openings cite advantages such
as the small volume of siftings, the small amount of un-
derfire air that is required, and the resulting shorter com-
bustion flames, all of which reduce particle entrainment in
the escaping gas (Velzy 1968).

In a technique employed at some U.S. facilities, waste
is pneumatically injected into the furnace system and
burned while suspended in the furnace chamber, rather
than being burned on a grate (see Figure 10.9.7). With the
removal of ferrous metals and other noncombustibles in
typical RDF systems, a boiler system has evolved and has
been in commercial operation at Biddeford, Maine, since
1987. The controlled combustion zone (CCZ) boiler de-
sign is a state-of-the-art boiler design for both wood and
RDF boilers (Gibbs and Kreidler 1989).

Grate Sizing

The hourly burning rate (Fa) varies from 60 to 90 lb of
MSW per sq ft of grate area (Velzy and Hechlinger 1987).
An hourly rate of 60 lb/sq ft reduces refractory mainte-
nance and provides a safety margin. In coal burning fur-
naces, the grates are usually covered to a depth of 6 in,
which corresponds to an hourly coal load of 30 to 40 lb/sq
ft. The heating values and densities of uncompacted MSW
are less than half of that. Thus, the same firing densities
(on a Btu basis) produced by coal can be produced by
MSW when the MSW is supplied at an hourly rate of 60
lb/sq ft and covers the grate to a depth of 3 to 4 ft. The
required grate area in square feet is directly proportional

to the maximum charging rate F (lb/hr) and inversely pro-
portional to Fa, the grate area A, as follows:

A 5 F/Fa 10.9(1)

The grate design must also be based on the manufac-
turer’s design criteria. Basically, the only consistent design
criteria used by manufacturers is the specified kilogram
(pounds) of waste that can be loaded per square meter
(square foot) of the grate area. Planners need more em-
pirical data for proper design and must develop a more
rational approach to select the proper grate.

Furnace Sizing

The firing furnace capacity is a function of its grate area
and volume. The furnace volume is usually determined on
the basis of an hourly heat release of 20,000 Btu/cu ft. If
the hourly release rate is 20,000 Btu/cu ft and the heating
value of the MSW is 5000 Btu/lb, the hourly firing rate is
4 lb/cu ft of furnace volume. A typical design basis is to
provide 30 to 35 cu ft of furnace volume for each tpd of
incinerator capacity (Velzy and Hechlinger 1987).

Air Requirements

The basic requirement of any combustion system is a suf-
ficient supply of air to completely oxidize the feed mater-
ial. The following chemical and thermodynamic proper-
ties must be considered in incinerator design: the elemental
composition, the net heating value, and any special prop-
erties of the waste that can interfere with incinerator op-
eration. The stoichiometric, or theoretical, air requirement
is calculated from the chemical composition of the feed
material. Planners must know the percentages of carbon,
hydrogen, nitrogen, sulfur, and halogens in the waste as
well as its moisture content to calculate the stoichiometric
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combustion air requirements and predict combustion air
flow and flue gas composition.

Table 10.9.3 shows the stoichiometric oxygen require-
ments and combustion product yield for each waste com-
ponent. The stoichiometric air requirement is determined
directly from the stoichiometric oxygen requirement with
use of the weight fraction of oxygen in air. Given tem-
perature and pressure, the required volume of air can be
calculated based on gas laws.

If perfect mixing could be obtained and waste burnout
occurred instantaneously, only the stoichiometric require-
ment of air would be needed. However, neither of these
phenomena occurs in real-world applications. Therefore,
some excess air is required to ensure adequate waste–air
contact. Excess air is usually expressed as a percentage of
the stoichiometric air requirement. For example, 50% ex-
cess air implies that the total air supply to the incinerator
is 50% higher than the stoichiometric requirement.

In general, the minimum excess air requirement for an
incinerator depends on the degree of mixing achieved and
waste-specific factors. Most incinerators require 80 to
100% excess air to burn all organics in the MSW (Wheless
and Selna 1986). Incinerator operation is optimized when
sufficient oxygen is provided to achieve complete com-
bustion, but no more. Additional oxygen reduces thermal
efficiency and increases nitrogen oxide generation.

The cold air volume required for proper combustion in
the incinerator per unit weight of MSW can be calculated
as follows (Essenhigh 1974):

Total Cold Air Volume (cu ft/lb) 5 B (1 2 a 2 M)(S)(1 1 e)
10.9(2)

where:

B 5 the dry and inert-free (DIF) heating value, in Btu/lb
of MSW

a 5 the inert and ash fraction of the MSW
M 5 the moisture fraction of the MSW
S 5 the cubic feet of stoichiometric cold air required

per Btu of heat release
e 5 the excess air fraction

In cases where metals are not burned and combustibles
are predominantly organic, the value of S is approximately
0.01 (i.e., 1 cu ft of cold air per 100 Btu). This approxi-
mation is valid, generally to within 10 to 20%, for a wide
range of organic fuel. Consequently, variations between
wastes depend largely on their noncombustible content (a
1 M), particularly as the DIF calorific values lie within
the narrow range of 8000 to 10,000 Btu/lb. The stoichio-
metric air requirements of most DIF waste are therefore
80 to 100 cu ft/lb or 6.4 to 8 lb of air per pound of waste.
If the waste contains 50% ash and moisture, the calorific
values drop to 4000 to 5000 Btu/lb. If this waste is fired
at 150% excess, the air requirements are 8 to 10 lb of air
per pound of waste as fired.

In modern, mechanical, grate furnace chambers, the un-
derfire and overfire air are usually provided by separate
blower systems. Underfire air is admitted to the furnace
under the grates and through the fuel bed. It supplies pri-
mary air for the combustion process and also cools the
grates. Underfire air is usually more than half of the total
air (50 to 70%). Particulate emissions from incinerators
tend to increase with heat release and underfire air flow,
while they tend to decrease with increasing fuel particle
size (see Figure 10.9.8).

Overfire air can be introduced at two levels:

Immediately above the fuel bed to promote turbulence and
mixing and to complete the combustion of volatile gases
driven off the bed of burning solid waste.

From rows of nozzles placed high on the furnace wall.
These nozzles allow secondary overfire air to be intro-
duced into the furnace to promote additional turbu-
lence of gases and control temperature. The number,
size, and location of the overfire inlet ports determine
the amount of turbulence and backmixing in the stirred
reaction region above the burning waste. See Figure
10.9.6. For good combustion, the overfire air system
must have broad flexibility to accommodate changes in
fuel moisture, ash content, and Btu value.

Operators control flue temperature and smoking by
modulating the total air flow and the underfire-to-overfire
air ratio. For most U.S. grate designs, the required under-
fire air pressure is about 3 in of water. The overfire air
pressure is adjusted so that entrance velocities at the noz-
zle are high enough to guarantee high turbulence without
impinging on the opposite wall and residence times are
long enough to assure complete combustion.

Influent air is usually at an ambient temperature, nor-
mally 27°C (80°F). It can get as high as 1650°C (2100 to
2500°F) in the immediate proximity of the flame. When
the gas leaves the combustion chamber, the temperature
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TABLE 10.9.3 STOICHIOMETRIC OXYGEN
REQUIREMENTS AND COMBUSTION
PRODUCT YIELDS

Elemental Stoichiometric
Waste Oxygen Combustion
Component Requirement Product Yield

C 2.67 lb/lb C 3.67 lb CO2/lb C
H2 8.0 lb/lb H2 9.0 lb H2O/lb H2

O2 21.0 lb/lb O2 —
Cl2 20.23 lb/lb Cl2 1.03 lb HCl/lb Cl2

20.25 lb H2O/lb Cl2
F2 20.42 lb/lb F2 1.05 lb/HF/lb F2

20.47 lb H2O/lb F2

Br2 — 1.0 lb Br2/lb Br2

I2 — 1.0 lb I2/lb I2
S 1.0 lb/lb S 2.0 lb SO2/lb S
P 1.29 lb/lb P 2.29 lb P2O2/lb P
Air N2 — 3.31 lb N2/lb (O2)stoich

Stoichiometric air 4.31 lb Air/lb O2(stoich)

requirement



should be reduced to between 760 and 1000°C (1400 to
1800°F). If air pollution control devices are installed, in-
duced draft fans must be installed, and the temperature
should probably not exceed 260 to 370°C (500 to 700°F).

The mathematical modeling of the incinerator presented
by Essenhigh (1974) provides a better understanding of
the combustion processes taking place in incinerators.
Figure 10.9.9 describes the gas-phase (II) and solid-phase
(I) zones in a top-charged incinerator (overbed feed).

Calculating Heat Generation

Calculating the amount of heat generated through the in-
cineration of MSW is necessary to determine how much
auxiliary fuel is needed for combustion. The moisture con-
tent of MSW ranges from 20 to 50% by weight, and the
combustible content is 25 to 70% by weight. The heating
value of MSW depends on its composition.

Assuming that the average heating value of the com-
bustible is 8500 Btu/lb and the moisture and inert con-
centration of the MSW is known, environmental engineers
can estimate the heat content of MSW using Figure
10.9.10. If the heating value of the combustibles is less
than 8500 Btu/lb, the number in Figure 10.9.10 must be
multiplied by the ratio of the actual heating value divided
by 8500.

Table 10.9.4 gives a material balance of burning 100
lb of MSW. The table assumes the MSW to have a heat
content of 5000 Btu/lb, a moisture content of 22.4%, and
a noncombustible content of 19% and that it contains 28
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FIG. 10.9.8 Effects of combustion rate, underfire air, and fuel particle size on particulate emissions generated
by combustion of wood waste. (Reprinted, with permission, from K.L. Tuttle, 1986, Combustion generated par-
ticulate emissions, National Waste Processing Conference, Denver, 1986 [ASME].)

FIG. 10.9.9 Incinerator for continuous overbed feed of waste.
Schematic represents solid bed, zone I, with overbed, zone II. For
overbed feed, zone I has subzones, including I(A), the combus-
tion and gasification section on the grate, and I(B), the drying
and pyrolysis above I(A). Zone II (overbed combustion) has a
backmix (stirred) region called subzone II(A), followed by a plug
flow burnout region, subzone II(B). With underfeed, zone I is in-
verted, with drying and pyrolysis below the combustion subzone
and the reaction front moving down instead of up as shown.



lb of carbon and 0.6 lb of hydrogen. It also assumes that
1–3 lb of combustibles escape unburned, and 140% ex-
cess air is needed to cool the refractories. Therefore, the
total air required is 2.4 times the stoichiometric require-
ment, or 8.24 lb of air per pound of MSW.

An enthalpy-balance calculation for this example shows
that the enthalpy of each pound of existing gas is 455 Btu
higher than the enthalpy of the 80°F air that enters (Velzy
and Hechlinger 1987). Based on this enthalpy rise, the ex-
pected flue gas temperature of 1680°F can be read from
Figure 10.9.11. This flue gas temperature is low enough
to protect the refractory.

HEAT RECOVERY INCINERATORS (HRIs)

Three types of HRI designs are used to burn MSW: mass-
burning in refractory-walled furnaces, mass-burning in wa-
terwall furnaces, and combustion of RDF in utility boil-
ers.

Mass-Burning in Refractory-Walled
Furnaces

In mass-burning in refractory-walled furnaces, the waste-
heat boiler, located downstream of the furnace, receives
heat from the flue gases. Older HRIs tend to be refrac-
tory-walled designs, and their steam production is usually
limited to 1.5 to 1.8 lb of steam per pound of MSW
burned, assuming that the heating value of MSW is 4400
Btu/lb. In older furnaces, the larger the furnace, the lower
the surface-to-volume ratio, because less surface exists to
cool the flame. These units need higher quantities of com-
bustion air to prevent overheating the wall, which results
in slagging and deterioration. Approximately 50 to 60%
of the heat generated in the combustion process can be re-
covered from such systems.
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FIG. 10.9.10 Moisture–heat content relation with 8500 Btu/lb
combustible material. (Reprinted, with permission, from Velzy
and Hechlinger 1987.)

TABLE 10.9.4 MATERIAL BALANCE FOR FURNACE
(IN LB/100 LB OF REFUSE)

Input:
Refuse

Combustible material
Cellulose 52.74
Oils, fats, etc. 5.86 58.6

Moisture 22.4
Noncombustible 19.0 100.0

Total air, at 140% excess air
Oxygen 191.0
Nitrogen 633.0 824.0

Moisture in air 11.0
Residue quench water 5.0

Total 940.0

Output:
CO2 (28 3 3.667) 102.7
Air—Oxygen (191–80) 111.0

Nitrogen 633.0 744.0
Moisture

In refuse 22.4
From burning cellulose 29.3
From burning hydrogen 5.4
In air 11.0
In residue quench water 5.0 73.1

Noncombustible material 19.0
Unaccounted for 1.2

Total 940.0

Source: C.O. Velzy and R.S. Hechlinger, 1987, Incineration, Section 7.4 in
Mark’s standard handbook for mechanical engineers, 9th ed., edited by T.
Baumeister and E.A. Avallone (New York: McGraw-Hill).

FIG. 10.9.11 Enthalpy of flue gas above 80°F. (Reprinted,
with permission, from Velzy and Hechlinger 1987.)



Mass-Burning in Waterwall Furnaces

In mass-burning in waterwall furnaces, most or part of the
refractory in the furnace chamber is replaced by water-
walls made of closely spaced steel tubes welded together
to form a continuous wall. Water is continuously circu-
lated through these tubes. In newer waterwall designs, the
steam production is around 3 lb of steam per pound of
MSW. The increase in thermal efficiency is mostly due to
a reduction in the excess air (from about 150% for re-
fractory-walled furnaces to about 80% for waterwall fur-
naces).

Coating a substantial height of the primary combus-
tion chamber, which is subject to higher temperatures
and flame impingment, with a thin coat of silicon car-
bide refractory material and limiting the average gas ve-
locities to under 15 ft/sec (4.5 m/sec) is recommended.
Gas velocities entering the boiler convection bank should
be less than 30 ft/sec (9.0 m/sec) (Velzy 1986). The effi-
ciency of heat recovery in such units ranges from 65 to
70%.

Combustion of RDF in Utility Boilers

In combustion of RDF in utility boilers, the RDF is often
burned in a partially suspended state, where some of the
RFD stays on the grate. Steam production is about 3 lb of
steam per pound of RDF. The efficiency of RDF boiler
units ranges from 65 to 75%.

Minimizing Superheater Corrosion

To generate electricity from steam efficiently, HRIs must
heat the steam to at least 700°F (371°C). This tempera-
ture results in more fireside corrosion in MSW-fired boil-
ers than in regular boilers. Corrosion in refuse boilers is
related to the high chlorides in MSW. While an RDF pro-
cessing system can remove some of the material contain-
ing chlorides, removing chloride-containing material in the
RDF processing system is not a realistic means to prevent
boiler corrosion. High-nickel-alloy superheater tubes (e.g.,
Inconel 825) minimize superheater corrosion in addition
to protecting the furnace from overloading and providing
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FIG. 10.9.12 Mounting tubes vertically in a horizontal superheater section to prevent particle velocity increases. (Reprinted,
with permission, from A.J. Licata, R.W. Herbert, and U. Kaiser, 1988, Design concepts to minimize superheater corrosion in
municipal waste combustors, National Waste Processing Conference, Philadelphia, 1988 [New York: ASME].)



rugged furnace walls. Hydrogen chloride corrosion begins
by penetrating a slag layer on the superheater tubes. The
tubes must be kept clean by soot blowers or mechanical
rapping. Chlorides in hot gases become corrosive and can
destroy a superheater.

With improved superheater designs, the operating su-
perheater temperature can be increased from 750 to 825
or 900°F (Licata, Herbert, and Kaiser 1988). This tem-
perature can be achieved when gas velocities are kept be-
tween 15 and 18 ft/sec to minimize the erosion caused by
the impact of the particles. In addition, tubes should be
liberally spaced to mitigate the increase in velocity as ash

buildup occurs. Figures 10.9.12 and 10.9.13 show the rec-
ommended superheater design criteria for velocities and
temperatures.

Another design improvement is the elimination of the
harmful effects of soot-blowing by steam or air which dam-
ages the protective oxide film, creates hot spots from
nonuniform cleaning, and reentrains ash into the flue gas.
Rapping rather than blowing can eliminate these effects
(Licata, Herbert, and Kaiser 1988). Figure 10.9.14 shows
pneumatically actuated mechanical rappers that allow de-
posits to slide down the tube surfaces into the hoppers be-
low.
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FIG. 10.9.13 Boiler design criteria for corrosion and erosion control. (Reprinted,
with permission, from Licata, Herbert, and Kaiser 1988.)

FIG. 10.9.14 Rapper boiler superheater headers. (Reprinted, with permission, from Licata,
Herbert, and Kaiser 1988.)



The boiler design should also protect against stratifica-
tion (which can result in reduced atmosphere quality) by
forcing the flue-gas stream to make a 180° turn before en-
tering the superheater (see Figure 10.9.12). When the ex-
cess air level is maintained at 80 to 85%, high levels of
CO concentration caused by incomplete combustion can
be prevented. Another recommended feature is a ceramic
lining for the postcombustion zone. This lining provides a
1-sec (minimum) residence time for flue gases at temper-
atures in excess of 1800°F (980°C) before they enter the
superheater section.

An increased soot removal frequency and innovative
cleaning techniques can minimize the secondary formation
of dioxins and furans. Cleaner tubes have fewer fly ash
particles on which dioxins and furans can form and allow
more heat to be transferred away from flue gases. This
heat transfer further cools the gases below the 450°F
(250°C), which is conducive to dioxin and furan forma-
tion. Additionally, minimizing the production of precur-
sors in the furnace by maximizing combustion efficiency
helps decrease secondary dioxin and furan formation.

RESIDUE HANDLING

In a continuously fed incinerator, the ash or residue is dis-
charged continuously through a chute into a conveyor
trough, which is filled with water to cool the residue be-
fore it is hauled away for final disposal. The chute is sub-
merged under quench water to seal the furnace outlet and
prevent entry of atmospheric air. In newer, mass-burning
facilities, full-size discharge chutes minimize hangups with
large pieces of residue.

The residue conveyor pulls the settled residue from the
bottom of the trough and transports it to an ash hopper,
storage bin, roll-off carrier, or dump truck. The trough is
constructed of steel or concrete, and the residue–discharge
system usually has two conveyor troughs so that a full
standby is available. Having a full standby permits switch-
ing between systems for even wear and scheduled mainte-
nance.

As the conveyor carries the residue, most of the quench
water runs off and returns to the trough. The conveyor
should run at velocities not exceeding 5 to 10 ft/min (1.5
to 3 m/min) for good dewatering and minimal wear
(Stelian and Greene 1986). The moisture content of the
ash is usually 25 to 40% or more by weight. Reducing the
water content of the ash minimizes transportation costs
and water pollution. By reducing the speed of variable
speed conveyors, operators can achieve this reduction by
maximizing the residence time of residue on the wet-drag
conveyor. Wet-drag conveyors can operate at slopes up to
45°, but some operators prefer lower slopes to protect
bulky items from rolling back.

The design of a residue-handling system should mini-
mize the discharge of water pollutants. Ash can be acid or
alkaline; therefore, the water pH must be controlled in the

range of 6 to 9 pH. The water can also contain high con-
centrations of BOD, dioxins, heavy metals, and other sus-
pended or dissolved toxic or polluting constituents. For
this reason, the ash-handling system must operate in the
zero discharge mode (Stelian and Greene 1986). A water
circulation and clarification system, including properly de-
signed basins, sumps, and an easily maintained pumping
station, is required. To capture the water that might drain
off in the ash-transfer process, the system should have
catch troughs where the conveyor transfers the ash into
the receiver.

In cold regions with freezing winter temperatures, the
ash-handling system must be protected against freezing. In
cold areas, heated trucks transport the ash, and the fly-ash
conveyors are insulated for protection against corrosion
and caking. The ash conveyor can unload wet residue into
a temporary container or directly into a transport vehicle
for removal from the site. In mass-burn systems, directly
discharging into dump trucks is best and simplest.

AIR POLLUTION CONTROL (APC)

Although incinerator design, operating practices, and fuel
cleaning (waste reduction and separation systems) can sig-
nificantly reduce the amount of pollutants produced in
waste-to-energy plants, some pollutants are inevitably gen-
erated. Add-on emission control devices neutralize, con-
dense, or collect these pollutants and prevent them from
being emitted into the air. Most of these devices are placed
at the back end of the incinerator, treating flue gases af-
ter they pass out of the boiler.

Different types of pollutants require different control
devices: scrubbers and condensers for acid gases, scrub-
bers and condensers with electrostatic precipitators (ESPs)
or fabric filters (baghouses) for particulates and other
heavy metals and chemical neutralization systems for ox-
ides of nitrogen (see Sections 5.18–22). Variations exist
within these basic categories; while some devices are more
likely than others to achieve high removal efficiencies, op-
erational factors, such as temperature, play a key role.

Acids, Mercury, Dioxin, and Furan
Emissions

Scrubbers, followed by an efficient particulate control de-
vice, are the state-of-the-art equipment for controlling
emissions of acids such as hydrogen chloride, sulfur diox-
ide, and sulfuric acid. Scrubbers generally use impaction,
condensation, and acid–base reactions to capture acid
gases in flue gas. Since greater removal efficiencies usually
accompany greater condensation, devices that lower gas
temperatures and thus increase condensation can enhance
scrubber effectiveness. The lower temperatures also allow
mercury, dioxins, and furans to condense so that they can
subsequently be captured by a particulate device.
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Three types of scrubbers are in use: wet scrubbers,
spray-dry scrubbers, and dry injection scrubbers. The first
two scrubbers are condensers, while dry injection scrub-
bers require a separate condenser (either a humidifier or a
heat exchanger). In all cases, temperature and, for dry and
spray-dry scrubbers, the amount of lime (an alkaline sub-
stance that neutralizes acids) are the key factors affecting
scrubber effectiveness. In general, to maximize emission
control, the scrubber should be adequately sized, operate
at temperatures below 270°F, and allow flue gas circula-
tion through the scrubber for at least 10–15 sec.

WET SCRUBBERS

Wet scrubbers capture acid gas molecules onto water
droplets; sometimes alkaline agents are added in small
amounts to aid in the reaction (see Section 5.21). New de-
signs report on removing over 99% of the hydrogen chlo-
ride and, in some cases, sulfur dioxide and over 80% of
the dioxin, the lead, and mercury (Hershkowitz 1986). The
disadvantages include the added cost to treat the waste-
water produced, corrosion of the metal parts, and incom-
patibility with the fabric type of the particulate control de-
vice. However, wet scrubbers collect gases as well as
particulates, especially sticky ones.

SPRAY-DRY OR SEMI-DRY SCRUBBERS

With these scrubbers, acid gases are captured by impaction
of the acid gas molecules onto an alkaline slurry, such as
lime. Here, the evaporation water from the scrubbing liq-
uid is carefully controlled so that when the material reaches
the bottom of the tower, it is a dry powder (a dry fly ash
and lime mixture). This method eliminates the scrubber
water that must be treated or disposed; additionally, the
power requirements and corrosion potential are reduced.
Emission tests have demonstrated control efficiencies of
99% or better for hydrogen chloride and sulfur dioxide
removal under optimal conditions (temperatures below
300°F, sufficiently high lime/acid ratios, and sufficiently
long gas residence time in the scrubber). Dioxins were also
considerably reduced (Hershkowitz 1986).

DRY INJECTION SCRUBBERS

Dry injection scrubbers inject dry powdered lime or an-
other agent that reacts with the acid gases in flue gas. In
one research test, removal efficiencies of 99% for hydro-
gen chloride and 96% for sulfur dioxide were measured
under optimal temperature conditions (230°F); dioxins
were also considerably reduced (Platt et al. 1988).

TRENDS

A report by the German equivalent to the U.S. EPA pre-
dicts a trend toward wet scrubbing because of better elim-
ination of sulfur dioxide, heavy metals, and other toxic
substances (McIlvaine 1989). In addition, spray drying and
other dry processes have the disadvantage of increased
residue production. The report does cite potential prob-

lems with wet scrubbers; however, water treatment and
heavy metal precipitation and evaporation are promising
solutions. Typically, a German APC system uses a packed
tower to remove hydrogen chloride, sulfur dioxide, and
condensed heavy metals and a high-efficiency ESP to re-
move dust.

Particulate and Heavy Metal Emissions

The emissions of particulates and heavy metals are best re-
duced by collecting them in one of two basic types of add-
on particulate control devices: fabric filters and ESPs (see
Section 5.20). Heavy metals are captured because they are
condensed out of flue gas onto the particles. These devices
are designed to operate at temperatures lower than 450°F
for flue gas leaving the boiler; some operate at tempera-
tures as low as 250°F, which is beneficial for condensing
and collecting acids, volatile metals, and organics. The
state-of-the-art level for particulate emission is 0.010 g per
dry cu ft.

FABRIC FILTERS

Fabric filters (also called baghouses) are a state-of-the-art
particulate control technology with a consistent 99% re-
moval efficiency over the range of particulate sizes. Figure
10.9.15 shows a schematic diagram of a scrubber followed
by a baghouse for particulate control. Particulates as small
as 0.1 microns can be captured. The accumulated partic-
ulates or fly ash fall into a hopper when the fabric filters
are cleaned, and this ash must be disposed of appropri-
ately. Table 10.9.5 lists the advantages and disadvantages
of fabric filter systems.

ESPs

ESPs consist of one or more pairs of electric charge plates
or fields. The particulates in flue gases are given an elec-
tric charge, forcing them to stick to the oppositely charged
plate. ESPs with four or more fields are state-of-the-art.
Table 10.9.6 lists the advantages and disadvantages of
ESPs.

CYCLONES

A third type of particulate control device is the cyclone, a
mechanical device that funnels flue gases into a spiral, cre-
ating a centrifugal force that removes large particles. When
combined with baghouses and ESPs cyclones improve their
efficiency by removing larger particles before they reach
these other more efficient devices.

TRENDS

When they are placed after a scrubber, particulate control
devices also collect heavy metals and other pollutants that
have condensed out of flue gas onto particle surfaces.
Placing a scrubber first helps lower the temperature of
gases entering a fabric filter. However, wet scrubbers can-
not precede fabric filters because the wet particles in flue
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gases clog the filters. Thus, facilities with wet scrubbers
place their scrubbers after the particulate control device.

The smallest particles are the most potentially damag-
ing when inhaled into the lungs, and dioxins, furans, acid
gases, and heavy metals are adsorbed in the largest quan-

tities on these smaller particles. Thus, a state-of-the-art par-
ticulate control device should achieve even lower emission
levels for particulates below 2 microns in diameter.

Since many heavy metals condense at temperatures of
450°F (230°C), both ESPs and fabric filters collect heavy

©1999 CRC Press LLC

FIG. 10.9.15 Schematic of Commerce waste-to-energy plant in southern California. (Reprinted, with permis-
sion, from Commerce Refuse-to-Energy Authority.)

TABLE 10.9.5 ADVANTAGES AND DISADVANTAGES OF FABRIC FILTER SYSTEMS

Advantages:
High particulate (coarse to submicron) collection efficiencies
Dry collection and solids disposal
Relatively insensitive to gas stream fluctuations. Efficiency and pressure drop are unaffected by large changes in inlet dust loading

for continually cleaned filters
Corrosion and rusting of components usually not a problem
No hazard of high voltage, simplifying maintenance and repair and permitting the collection of flammable dust
Use of selected fibrous or granular filter aids (precoating) which permits the high-efficiency collection of submicron smokes and

gaseous contaminants
Filter collectors available in a number of configurations, resulting in a range of dimensions and inlet and outlet flange locations to

suit a range of installation requirements
Simple operation

Disadvantages:
Special refractory mineral or metallic fabrics (that are still in the developmental stages and can be expensive) required for

temperatures in excess of 550°F
Fabric treatments to reduce dust seeping or to assist in the removal of the collected dust required for certain particulates
A fire or explosion hazard due to concentrations of some dusts in the collector (< 50 g/cu m) when a spark or flame is accidently

admitted. Fabrics can burn if readily oxidizable dust is being collected.
High maintenance requirements (bag replacements, etc.)
Fabric life shortened at elevated temperatures and in the presence of acid or alkaline particulate or gas components
Crusty caking or plugging of the fabric caused by hydroscopic materials, condensation of moisture (or tarry), and adhesive

components which may require special additives
Respiratory protection for maintenance personnel required in replacing the fabric
Medium pressure-drop requirements, typically in the range of 4 to 10 in of water



metals that condense onto particulate matter. Effective
mercury emission control technology, while evolving, has
not been implemented in MSW incinerators. A volatile
metal, mercury vaporizes under the high temperatures of
combustion although recent research suggests that mer-
cury can also be present as mercuric chloride, mercuric ox-
ides, and mercury solids. Whereas most vaporized metals
return to a solid state when combustion gases cool, mer-
cury remains in the vapor state. Wet scrubbing, activated
carbon and sodium sulfide technologies show promising
results.

Mercury control requires that the vapor be adsorbed
onto particulates or absorbed into a liquid which is evap-
orated to leave the solids. The mercury-laden solids are
collected in traditional collection devices. Some technolo-
gies, used in conjunction with other pollution control sys-
tems, can simultaneously remove dioxins, furans, mercury,
and other metals as well as acid gases and particulates
(Seigies and Trichon 1993).

Nitrogen Oxide Emissions

State-of-the-art control of nitrogen oxides requires both
minimizing the formation of nitrogen oxides in the fur-
nace and transforming them into nitrogen and water.
Strategies for minimizing formation include using appro-
priate furnace designs (such as flue gas recirculation and
dual-chambered furnaces) and operating practices (such as
optimal temperatures and amount of excess air). See
Section 5.22. Techniques for destroying nitrogen oxides
involve injecting chemicals that neutralize them.

Chemical injection devices use ammonia, urea, or other
compounds to react with nitrogen oxides to form nitro-
gen and water. The technologies for neutralizing and re-

moving nitrogen oxides from flue gases are called selective
noncatalytic reduction (SNCR) and selective catalytic re-
duction (SCR). (See Section 5.23.) Both technologies have
been successfully demonstrated on MSW incinerators. Wet
scrubbing and condensation also have the capacity to con-
trol nitrogen oxides.

Emission Control Devices

The arrangement of emission control devices other than
the devices for nitrogen oxides is usually standard: a scrub-
ber and condenser, followed by a particulate collector, fol-
lowed by an induction fan that sucks flue gases up to the
stack. Two reasons for this arrangement are:

Fabric filters cannot operate at the high temperatures at
which gases exit the boiler without risk of fire. Thus,
placing the scrubber between the boiler and the fabric
filter or ESP permits cooling and often humidification
that prevent fire. Cooling the gases also plays a role in
reducing acid gas, mercury, and dioxin emissions.

Dioxins and heavy metals are trapped more effectively by
particulate control devices when they are first con-
densed out of the flue gas and adsorbed onto the sur-
face of particulate matter, as happens in a scrubber–con-
denser system.

An alternate arrangement, common in European plants,
involves an ESP followed by a wet scrubber. The ESP is
not damaged by high temperatures, and the wet scrubber
cools and condenses gases and captures particulates.

The location of control devices for nitrogen oxides de-
pends on the type of technology used. These devices can
be in the furnaces or the boiler as well as at the back end
of the plant.
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TABLE 10.9.6 ADVANTAGES AND DISADVANTAGES OF ESPs

Advantages:
High particulate (coarse and fine) collection efficiencies with a relatively low expenditure of energy
Dry collection and solids disposal
Low pressure drop (typically less than 0.5 in of water)
Designed for continuous operation with minimum maintenance requirements
Low operating costs
Capable of operation under high pressure (to 150 psi) or vacuum conditions
Capable of operation at high temperatures (to 1300°F)
Capable of handling large gas flow rates effectively

Disadvantages:
High capital costs
Sensitive to fluctuations in gas stream conditions (flow, temperature, particulate and gas composition, and particulate loading)
Difficulty in collecting certain particulates due to extremely high or low resistivity characteristics
Relatively large space requirements for installation
Explosion hazard when treating combustible gases and collecting combustible particulates
Special precautions required to safeguard personnel from high voltage equipment
Ozone produced by the negatively charged discharge electrodes during gas ionization
Sophisticated maintenance personnel required



Ash Management

The first priority in state-of-the-art ash management is to
reduce both the volume and toxicity of the residue left af-
ter burning MSW. Removing noncombustibles and mate-
rial containing toxic substances from the MSW before in-
cineration followed by efficient combustion accomplishes
this reduction. The amount of toxic material in ash has
been increasing as more effective air pollution control de-
vices capture more pollutants in the fly ash.

State-of-the-art ash management practices are designed
to minimize worker and citizen exposure to potentially
toxic substances in ash during handling, treatment, and
storage, long-term storage, or reuse. Safe ash management
has several components:

The bottom ash or residue (noncombustible and partially
burned solids left in the incinerator) and fly ash (mate-
rial captured by emission control devices) is kept sepa-
rate for rigorous handling of the potentially more toxic
fly ash.

The ash is contained while still in the plant. A closed sys-
tem of conveyors is preferable to handling ash in the
open.

The ash is transported wet in leakproof, covered trucks to
disposal sites.

The ash is treated to minimize its potential toxic impact.
The ash is disposed in ash-only monofills because codis-

posal of ash with MSW increases the leachability of the
ash when it is exposed to acid.

Fly ash from APC is fine-grained, not unlike soot from
fireplaces. For every ton of MSW burned, approximately
1/4  tn becomes some form of ash. Fly ash accounts for about
10 to 15% of the total ash residue; the remaining 85 to
90% is bottom ash.

Operational data from resource recovery incineration
facilities throughout the world indicate certain heavy met-
als, such as lead and cadmium, tend to concentrate in the
fly ash, scrubber residue, and small particles (less than 3/8
in) in the bottom ash. Heavy metals, including lead, cad-
mium, and total soluble salts (including chlorides and sul-
fates), are potentially leachable components which can im-
pact the environment. Leachable components are those
chemical species which dissolve in water and are trans-
ported with water. The toxicity characteristic leaching pro-
cedure (TCLP) and numerous other techniques exist to es-
timate the potential environmental impact resulting from
ash generation, handling, and disposal.

Two main categories of ash treatment, both recently de-
veloped and being improved, are fixation or cementation
and vitrification. Both techniques minimize the environ-
mental impact of ash and enable its reuse in situations such
as cinderblocks, reefs, and roads. A few incinerators have
onsite vitrification facilities.

Another new treatment technology involves washing
the toxic materials out of the ash with hot water and then

treating the water to remove soluble toxic materials. The
system has been used in Europe, particularly in incinera-
tors with wet scrubbers (Clark, Kadt, and Saphire 1991).

Instrumentation
Continuous process monitors (CPMs) and continuous
emission monitors (CEMs) track the performance of in-
cinerators so that when combustion upsets or high emis-
sions of one or more pollutants occur, timely corrective
measures can be implemented (see Section 5.15). These
monitors are usually connected to alarms that warn plant
operators of any combustion, emission, or other operat-
ing condition that requires attention. Table 10.9.7 lists the
typical instrumentation on continuous-feed incinerators
for closed-loop control of the temperature and draft con-
trollers (Shah 1974).

State-of-the-art CPMs and CEMs measure nine oper-
ating and emission factors: furnace and flue gas tempera-
tures, steam pressure and flow, oxygen, carbon monox-
ide, sulfur dioxide, nitrogen oxides, and opacity (a crude
measure of particulates). Continuous monitoring of hy-
drogen chloride is possible and may soon be a state-of-
the-art requirement. By monitoring parameters that indi-
cate combustion efficiency (carbon monoxide, oxygen, and
furnace temperature), plant operators also obtain indica-
tions of levels of incomplete combustion. Operators must
perform frequent maintenance, including periodic calibra-
tion, on continuous monitors to ensure their accuracy.

Adapted from Municipal Waste Disposal in the 1990s
by Béla G. Lipták (Chilton, 1991).
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TABLE 10.9.7 INSTRUMENT LIST FOR
CONTINUOUS-FEED INCINERATOR

Temperature Recorders
Furnace temperature at furnace sidewall near outlet, range

38 to 1250°C
Stoker compartment temperature, range 38 to 1250°C
Dust collector inlet temperature, range 38 to 500°C

Temperature Controllers
Furnace outlet temperature controlled by regulating total air

from forced draft fan; set point in 800 to 1000°C range
Dust collector inlet temperature controlled by regulating

water spray into flue gas; set point in 300 to 400°C range

Draft Gauges
Forced-draft-fan outlet duct
Induced-draft-fan inlet duct
Furnace outlet
Stoker compartments
Differential gauge across dust collector

Draft Controller
Furnace draft control by regulating damper opening

Oxygen Analyzer
Furnace outlet
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10.10
SEWAGE SLUDGE INCINERATION

Sewage sludge, the stabilized and digested solid waste
product of the wastewater treatment process, can be dis-
posed of by landfilling, incineration, composting, or ocean
dumping. Nature returns organic material to the soil as
fertilizer. Organic material becomes waste when it is not
returned to the soil but instead is burned, buried, or
dumped in the ocean. These unhealthy practices began
when chemical fertilizers took the market away from
sludge-based compost and when industrial waste began to
contaminate sewage sludge with toxic metals (lead and
cadmium), making it unusable for agricultural purposes.
Until recently, the bulk of the sewage sludge generated by
metropolitan areas has been either landfilled or dumped
in the ocean. These options are gradually disappearing and
as a result municipalities will have to make some hard de-
cisions. (See Sections 7.31 to 7.56).

Sludge Incineration Economics
Incinerating sewage sludge has been practiced for the last
sixty years. Early designs were either flash-drying or mul-
tiple-hearth types, while in recent years fluidized-bed in-
cinerators have also been used. The flash-drying process
has a low capital cost and is flexible in that it can produce
the amount of dried sludge that markets need; the re-
mainder can be incinerated. Its limitations are the added

cost of pay fuel and the associated odor and pollution
problems. The multiple-hearth design, the most widely
used for sludge incineration, reduces odor and pollution
but provides less operating flexibility because it cannot dry
the sludge without incinerating it. The most recent and ad-
vanced design is the fluidized-bed sludge incinerator, which
can operate in either the combustion or pyrolysis mode.
The exhaust temperature from a fluidized-bed incinerator
is higher than from a multiple-hearth furnace so after-
burners are less likely to be needed to control odor.

The auxiliary fuel cost of sludge incineration is higher
with fluidized-bed incinerators than with multiple hearths.
The cost varies according to the moisture content of the
sludge and the degree of heat recovery (Sebastian 1974a).
Eliminating the need for auxiliary fuel requires that the
dry–solid content exceed 25% for multiple-hearth and
32% for fluidized-bed incinerators (Sebastian 1974a). In
some fluidized-bed installations in Japan, operating costs
have been cut in half through heat recovery (Henmi,
Okazawa, and Sota 1986).

In a multiple-hearth incinerator with a feed containing
10% solids, the ash is about 10% of the feed. Table
10.10.1 gives the composition of incinerator ashes. The
ash is either landfilled or marketed as a soil conditioner.
Table 10.10.2 gives the composition of Vitalin, the ash
from Tokyo’s Odai plant. (The Japanese word lin means



phosphorus). The term soil conditioner is used instead of
fertilizer because the phosphate content is less than 12%,
the nitrogen content is under 6%, and the total NPK con-
tent is less than 20%.

Incineration Processes
A description of the flash-dryer, multiple-hearth, fluidized-
bed and fluidized-bed with heat recovery incineration
processes follows.

FLASH-DRYER INCINERATION

The flash-dryer incinerator process was first introduced in
the 1930s as a low-capital-cost, space-saving alternative to
air drying sludge on sand beds. This method of drying is
advantageous because the resulting heat-dried sludge is vir-
tually free of pathogens and weed seeds and the process is
flexible enough to produce only the amount of dried sludge
that could be marketed. The disadvantages of this process
are dust and odor. These problems, while manageable
through the use of dust collectors and afterburners, make
the flash-dryer less popular than multiple-hearth and flu-
idized-bed incinerators.

In the flash-drying process (see Figure 10.10.1), the wet,
dewatered sludge is mixed with dry sludge from the dryer
cyclone. This preconditioned mixture contacts a gas stream
of 1000 to 1200°F, which moves it at a velocity of several
thousand feet per minute. In this turbulent, high-temper-
ature zone, the moisture content of the sludge is reduced
to 10% or less in only a few seconds. As the mixture en-
ters the dryer cyclone, the hot gases are separated from the
fine, fluffy heat-dried sludge. Depending on the mode of
operation, the flash-dried sludge is either sent to the sludge
burner and incinerated at 1400°F, or it is sent to the fer-
tilizer cyclone and recovered as a saleable fertilizer prod-
uct. When the incoming wet sludge contains about 18%
solids, about 6500 Btu (As lb of coal plus 1 cu ft of nat-
ural gas) are required to produce 1 lb of dry sludge (15,000
kJ/kg) (Shell 1979).

MULTIPLE-HEARTH INCINERATION

Multiple-hearth incineration was developed in 1889 and
was first applied to sludge incineration in the 1930s. It is
the most widely used method of sludge incineration
(Sebastian 1974b). The multiple-hearth furnace consists of
a steel shell lined with a refractory (see Figure 10.10.2).
Horizontal brick arches separate the interior into com-
partments. The sludge is fed through the roof by a screw
feeder or a belt feeder and flapgate at a rate of about 7 to
12 lb per sq ft. Rotating rabble arms push the sludge across
the hearth to drop holes, where it falls to the next hearth.
As the sludge travels downward through the furnace, it
turns into a phosphate-laden ash (see Tables 10.10.1 and
10.10.2).

The sludge is dried in the upper, or first, operating zone
of the incinerator. In the second zone, it is incinerated at
a temperature of 1400 to 1800°F (760 to 982°C) and de-
odorized. In the third zone, the ash is cooled by the in-
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TABLE 10.10.1 TYPICAL ANALYSIS OF ASH FROM TERTIARY QUALITY-ADVANCED WASTE TREATMENT
SYSTEMS

Percent of Total Sample

Lake Tahoe Lake Tahoe Minn.–St. Paul Cleveland
Content 11/19/69 11/25/69 9/30/69 3/2/70

Silica (SiO2) 23.85 23.72 24.87 28.85
Alumina (Al2O3) 16.34 22.10 13.48 10.20
Iron oxide (Fe2O3) 3.44 2.65 10.81 14.37
Magnesium oxide (MgO) 2.12 2.17 2.61 2.13
Total calcium oxide (CaO) 29.76 24.47 33.35 27.37
Available (free) calcium oxide (CaO) 1.16 1.37 1.06 0.29
Sodium (Na) 0.73 0.35 0.26 0.18
Potassium (K) 0.14 0.11 0.12 0.25
Boron (B) 0.02 0.02 0.006 0.01
Phosphorus pentoxide (P2O5) 6.87 15.35 9.88 9.22
Sulfate ion (SO4) 2.79 2.84 2.71 5.04
Loss on ignition 2.59 2.24 1.62 1.94

TABLE 10.10.2 COMPOSITION OF MULTIPLE-
HEARTH INCINERATION ASH
FROM THE ODAI PLANT IN TOKYO

Silica oxide 30.00 Potassium 1.00
Magnesium oxide 3.30 Nitrogen 0.20
Calcium oxide 30.00 Manganese 0.06
Phosphoric oxide 6.20 Copper 0.61
Ferric oxide 18.20 Boron 200.00 ppm

Note: Ash is marketed under the trade name Vitalin.



coming combustion air. The air, which travels in coun-
terflow with the sludge, is first preheated by the ash, then
participates in the combustion, and finally sweeps over the
cold incoming sludge drying it until the moisture content
is about 48%. At this percentage of moisture content, a
phenomenon called thermal jump occurs as the sludge en-
ters the combustion zone. The thermal jump allows the
sludge to bypass the temperature zone where the odor is
distilled. The exhaust gases are 500 to 1100°F (260 to
593°C) and are usually odor-free. The sludge temperature
profile across the furnace is shown in Table 10.10.3.

The pollution control equipment usually includes three-
stage impingement-type scrubbers for particulate and sul-
fur dioxide removal and standby after-burners, which de-

stroy malodorous substances such as butyric and caproic
acids. The need for afterburners is a function of the ex-
haust gas temperature. Usually at temperatures above 700
to 800°F (371 to 427°C) in a well-controlled incinerator
where the combustion process is complete, afterburners
are not necessary for odor-free operation. If combustion
is not complete, however, the exhaust gas temperature
might have to rise to 1350°F (732°C) before the odor is
distilled. In such cases, installing an afterburner is less ex-
pensive than using auxiliary fuel to achieve such high ex-
haust temperatures.

If the incoming sludge contains 75% moisture and if
70% of the sludge solids are volatile, the incineration
process produces about 10% ash. The ash can be used as
a soil conditioner and as the raw material for bricks, con-
crete blocks, and road fills, or it can be landfilled. In the
United States the supply of phosphates is sufficient for less
than a century (Sebastian 1974b), so the phosphate con-
tent of sludge ash is important. If the ash also contains
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FIG. 10.10.1 Sludge drying and incineration using a deodorized flash-
drying process.

FIG. 10.10.2 Multiple-hearth incineration of sludge.

TABLE 10.10.3 SLUDGE FURNACE TEMPERATURE
PROFILE

Approximately Nominal
at Half Design

Hearth Capacity Capacity
No. (°F) (°F)

1 0670 0800
2 1380 1200
3 1560 1650
4 1450 1450
5 1200 1200
6 0325 0300



zinc or chromium, it can damage certain crops although
it does not damage cereals or grass (Sebastian 1974b). The
harmful effects are more likely to occur in acidic soils and
can be offset by the addition of lime to the sludge.

The main advantages of multiple-hearth incinerators in-
clude their long life and low operating and maintenance
costs (Sebastian 1974b); their ability to handle sludges with
a moisture content of up to 75% without requiring aux-
iliary fuel; their ability to incinerate or pyrolize hard-to-
handle substances, such as scum or grease; their ability to
reclaim chemical additives, such as lime in combination
with or separately from incinerating the sludge; and their
flexibility, in that they can be operated intermittently or
continuously at varying feed rates and exit-gas tempera-
tures (Sebastian 1974b). The auxiliary fuel requirement
varies with the dry–solids content of the sludge and with
the percentage of volatiles in the solids (see Figure 10.10.3).

FLUIDIZED-BED INCINERATION

Fluidized-bed incineration can handle sewage sludge con-
taining as much as 35% solids. The sludge is injected into
a fluidized bed of heated sand. The incinerator is a verti-
cal cylinder with an air distribution plate near the bottom,
which allows the air to enter the sand bed while also sup-
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FIG. 10.10.3 Multiple-hearth incinerator fuel consumption as
a function of moisture content in the feed and percentage of
volatile solids. Notes. 1. Curves are not applicable for feed rates
below 4 tn per hr. 2. Curves do not include allowance for lime
as a filter aid. 3. To correct for lime, downgrade volatile solids
according to lime dosage. Assuming lime forms calcium hy-
droxide, each pound of CaO forms 1.32 lb calcium hydroxide.
4. Natural gas calorific value is assumed to be 100 Btu per cu
ft. 5. Heat content of sludge is based on 10,000 Btu per lb of
volatile solids. 6. %V.S. represents percentage of volatile solids
in the feed.

FIG. 10.10.4 Flow diagram of sewage sludge incineration plant with indirect heat dryer. (Reprinted, with permission, from M.
Henmi, K. Okazawa, and K. Sota, 1986, Energy saving in sewage sludge incineration with indirect heat drier, National Waste
Processing Conference, Denver, 1986 [ASMER].)



porting it. As the air flow increases, the bed expands and
becomes fluidized. The solid waste in the sludge can be
destructed by either combustion or pyrolysis.

During combustion the organic material is turned into
carbon dioxide:

Sewage Sludge 1 Oxygen ® CO2 1 H2O 1 Ash 1 Heat
10.10(1)

The heat of combustion helps maintain the fluidized bed
at a temperature of about 1400°F (760°C).

In the pyrolysis process, the sludge is decomposed in
the presence of inert gases at 1400°F (760°C), which yields
hydrogen, methane, carbon monoxide, and carbon diox-
ide. For pyrolysis, auxiliary heat is required to maintain
the fluidized bed at the high reaction temperature:

Sewage Sludge 1 Inert Gas --->
H2 1 CO 1 CO2 1 CH4 1 Auxiliary Heat 10.10(2)

The operation of the fluidized-bed incinerator is opti-
mized by control of the airflow rate and the bed temper-

ature. Since reaction rates are related to bed mixing and
the source of agitation is the fluidizing air, operators can
adjust reaction rates by changing the airflow supply. The
bed temperature is usually maintained between 1300 and
1500°F (704 to 815°C). For complete combustion (odor-
free operation), about 25% excess air is needed (Rabosky
1974).

Organic material can be deposited on the sand parti-
cles (agglomerative mode) and removed by continuous or
intermittent withdrawal of excess bed material. An alter-
native mode of operation (nonagglomerative) combines the
organic ashes with exhaust gases and collects them down-
stream with dust collectors.

The main advantages of fluidized-bed incinerators in-
clude the uniformity of the bed, the elimination of strati-
fication and hot or cold spots, the high rate of heat trans-
fer for rapid combustion, the elimination of odor and the
need for afterburners, and the low maintenance require-
ments of the process. The disadvantages include the high
operating-power requirement, the need for auxiliary fuel
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TABLE 10.10.4 OPERATIONAL DATA OF FLUIDIZED-BED SLUDGE INCINERATOR WITH AND WITHOUT
INDIRECT HEATING

Direct Incineration
(Without Drying) Incineration with Dried Cake

Design Run 1 Run 2 Design Run 3 Run 4 Run 5 Run 6

Input Cake (tpd) 0080 0060 0080 0096 0060 0080 0096 0070

Cake Property
Moisture (%) 0078 83–86 ¬ 75–80 83–86 ¬ ¬ 78–80

(84.7) ¬ (78) (84.8) (79)
Combustibles (%ds) 56–64 80.2–80.7 ¬ 56–64 80.1–80.2 79.1–79.4 79.3–80.4

(60) (80.5) ¬ (60) (80.2) (79.3) (84.7) (80)
Lower heating value 12.6 18.5–18.9 12.6 18.7 18.8 18.5 18.8

(MJ/kg ds) (18.7) ¬

Dried Cake
Moisture (%) same same same 66–73 80.1–80.9 79.8–80.6 79.2–80.2 70–72

(70) (80.6) (80.2) (79.7) (71)
Weight (tpd) 0080 0060 0080 70 46.7 61.8 72.4 43

Supporting Fuel
(l/h) 0312 0238 0265 0047 0092 0094 0096 0
(l/tn cake) 0094 0095 0080 0012 0037 0028 0024 0

Furnace Temperature
Sand bed (°C) 0800 0790 780–820 0800 770–810 770–810 760–810

(800) (780) (780) (780) (780)
Outlet (°C) 0850 0860 850–950 0800 760–800 760–800 760–810

(900) (780) (780) (780) (780)

Fluidizing air (cu m Normal/h) 7500 6400 7500 5500 5500 5500 5500 5500

Excess air ratio 1.40 1.62 1.52 1.56 2.02 1.61 1.41 (1.8)

Source: M. Henmi, K. Okazawa, and K. Sota, 1986, Energy saving in sewage sludge incineration with indirect heat drier, National Waste Processing Conference,
Denver, 1986 (ASMER).

Note: Values in parentheses are average values. All units are in metric (SI).



if the dry solid concentration is less than 32% and the
need for dust-collection devices.

FLUIDIZED-BED INCINERATION WITH
HEAT RECOVERY

The addition of heat-recovery equipment can increase the
capacity of fluidized-bed incinerators by about 20%

(Henmi, Okazawa, and Sota 1986). The plant shown in
Figure 10.10.4 has been in operation in Tokyo since 1984
(Henmi, Okazawa, and Sota 1986). Heat recovery involves
inserting a heat exchanger into the stream of the hot gases,
which generates a supply of hot thermal oil. The oil is then
used as the energy source to heat the sludge cake dryers.

The hot oil passes through the hollow inside of the mo-
tor-driven screws, while the sludge cake is both moved and
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TABLE 10.10.5 OPERATING COSTS OF FLUIDIZED-BED SLUDGE INCINERATION WITH AND WITHOUT HEAT
RECOVERY

Normal Undried Cake Newly Developed Indirectly

Utility
Incineration Dried Cake Incineration

Items Unit Cost Amount Cost Amount Cost

Plant Capacity 80 tn/d 96 tn/d
Operation Cost US$/d US$/d
1. Supporting fuel 0.35 US$/l 6360 l/d 2226 2304 l/d 806
2. Electricity 0.1 US$/kWh 10800 kWh/d 1080 10300 kWh/d 1030
3. Chemical 0.35 US$/kg 220 kg/d 77 151 kg/d 53

(NaOH)
4. Lubrications 2.6 US$/l 0.8 l/d 2 0.8 l/d 2
Total per Day — — 3385 US$/d — 1891 US$/d
Unit Treatment Cost — — 42.3 US$/tn — 19.7 US$/tn

per Input Cake
Vol.

Source: Henmi, Okazawa, and Sota 1986.
Note: All units are in metric (SI).

TABLE 10.10.6 CONCENTRATION OF POLLUTANTS IN ATMOSPHERIC
EMISSIONS AND IN ASH PRODUCED BY A FLUIDIZED-BED
TYPE SLUDGE INCINERATOR

Items Regulations Run 1 Run 4

Exhaust Gas
Sulfur oxides (SOx) 292 ppm 4 ppm 25 ppm
Nitrogen oxides (NOx) 250 ppm — 41 ppm
Hydrogen chloride (HCl) 93 ppm 3 ppm —
Dust density 0.05 g/m3N 0.006 g/m3N 0.002 g/m3N

Residual Ash
Amount 7.0 tn/d 2.4 tn/d 2.9 tn/d
Ignition loss ,15% 0.6% 0.6%
Dissolution to water

Alkyl mercury (Hg) — ,0.0005 —
Total mercury (Hg) 0.050 ,0.0005 —
Cadmium (Cd) 0.100 ,0.0500 —
Lead (Pb) 1.100 ,0.2000 —
Phosphorus (P) 0.200 ,0.0100 —
Chromium 61 (Cr[VI]) 0.500 ,0.0500 —
Arsenic (As) 0.500 ,0.1900 —
Cyanide (—CN) 1.100 ,0.0500 —
Polychlorinated biphenyls (PCB) 0.003 ,0.0005 —

Source: Henmi, Okazawa, and Sota 1986.
Notes: Values marked (—) were not measured. Suffix “N” means the value converted at normal condition of 273

K, 1 atm.



heated by these screws. As shown in Table 10.10.4, the
cake is dried to a substantial degree (some 20% of the in-
let flow is evaporated) as the sludge cake passes through
the cake dryer. The heating oil circulates in a closed cycle
and is maintained at about 480°F (250°C) inside the screw-
conveyor dryers by the throttling of two three-way valves.
One valve can increase the outlet oil temperature from the
cake dryers by blending in warmer inlet oil; the other can
lower the outlet temperature by sending some of the oil
through an oil cooler.

The operators of the Tokyo incinerator feel that the
total capital cost of the plant is unaffected by the addi-
tion of the heat-recovery feature because the cost of the
heat-transfer equipment is balanced by the reduced ca-
pacity requirement. The operating costs, on the other
hand, are cut in half with the heat-recovery system (Table
10.10.5).

Another interesting feature of this system is the method
of cleaning the accumulation of ash and soot from the
heat-transfer surfaces. This automated system uses 3- to
5-mm-diameter steel-shot balls that are dropped every
three to six hours from the top of the hot-air heaters. The
random movement of the balls removes the dust from the
heater tubes. The dust is removed at the bottom, while the
balls are collected and returned to the top.

Table 10.10.6 gives the composition of the ash residue
and the stack gases (after they have been cleaned by wet
electrostatic precipitation); both meet Japanese regula-
tions. Table 10.10.7 gives the composition of the waste-
water produced by this process. According to the opera-
tors, the process produces almost no odor.

Adapted from Municipal Waste Disposal in the 1990s
by Béla G. Lipták (Chilton, 1991).
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TABLE 10.10.7 CONCENTRATION OF WASTEWATER GENERATED BY FLUIDIZED-BED INCINERATOR

Wet Electrostatic
Dryer Precipitation Dehumidifier

Content (mg/l) Feed Water Condensate Effluent Effluent

Tkj—N 24.71 29.67 24.97 24.52
NH41—N 21.14 24.40 21.24 20.75
Org—N 3.57 5.27 3.73 3.77
NO22—N 0.18 0.16 N.D. 0.11
NO32—N 0.63 0.60 0.98 0.62
T—N 25.52 30.43 25.95 25.25
BOD 6.86 41.5 2.24 3.44
CODmn 12.2 21.4 38.8 12.5
SS 3.3 15.7 84.0 2.3
Cl2 74.3 74.5 58.3 76.1

Source: Henmi, Okazawa, and Sota 1986.



PARTIAL LIST OF INCINERATOR SUPPLIERS

Air Preheater Co., Inc.; American Schack Co., Inc.; Aqua-Chem,
Inc.; BSP Corp., Div. of Envirotech Systems, Inc.; Bartlett-Snow;
Beloit-Passavant Corp.; Best Combustion Engrg. Co.; Bethlehem
Corp.; Brule Pollution Control Systems; C-E Raymond;
Carborundum Co.; Pollution Control Div., Carver-Greenfield
Corp.; Coen Co.; Combustion Equipment Assoc. Inc.; Copeland
Systems, Inc.; Dally Engineering-Valve Co.; Dorr-Oliver Inc.; Dravo
Corp.; Environmental Services Inc.; Envirotech; First Machinery
Corp.; Foster Wheeler Corp.; Fuller Co.; Garver-Davis, Inc.; Haveg
Industries Inc.; Holden, A. F., Co.; Hubbell, Roth & Clark, Inc.;
Intercontek, Inc.; International Pollution Control, Inc.;
Ishikawajima-Harima Heavy Industries Co., Ltd.; Kennedy Van
Saun Corp.; Klenz-Aire, Inc.; Koch & Sons, Inc.; Koch Engrg. Co.,
Inc.; Kubota, Ltd., Chuo-Ku, Tokyo, Japan; Lawler Co., Leavesley
Industries; Lurgi Gesellschaft fuer Waerm & ChemotecHnik mbH,
6 Frankfurt (Main) Germany; Maxon Premix Burner Co., Inc.;
Melsheimer, T., Co., Inc.; Midland-Ross Corp., RPC Div.; Mid-
South Mfg. Corp.; Mine & Smelter Supply Co.; MSI Industries;
Mitsubishi Heavy Industries, Ltd., Tokyo, Japan; Monsanto
Biodize Systems, Inc.; Monsanto Enviro-Chem Systems Inc.;
Nichols Engrg. & Research Corp.; North American Mfg. Co.;
Oxy-Catalyst, Inc.; P.D. Proces Engrg. Ltd., Hayes, Middlesex,
England; Peabody Engrg. Corp.; Picklands Mather & Co., Prenco
Div.; Plibrico Co.; Prenco Mfg. Co.; Pyro Industries, Inc.; Recon
Systems Inc.; Renneburg & Sons Co.; Rollins-Purle, Inc.; Ross
Engrg. Div., Midland-Ross Corp.; Rotodyne Mfg. Corp.; Rust
Engrg. Co., Div. of Litton Industries; Sargent, Inc.; Surface
Combustion Div., Midland-Ross Corp.; Swenson, Div. of Whiting
Corp.; Tailor & Co., Inc.; Takuma Boiler Mfg. Co., Ltd., Osaka,
Japan; Thermal Research & Engrg. Co.; Torrax Systems, Inc.;
Vulcan Iron Works, Inc.; Walker Process Equip., Div. of Chicago
Bridge & Iron Co.; Westinghouse Water Quality Control Div.,
Infilco; Zink, John, Co.; Zurn Industries, Inc.

This section describes some of the smaller incinerator units
used onsite in domestic, commercial, and industrial appli-
cations. Onsite incineration is a simple and convenient
means of handling the waste transportation problem since
it reduces the volume of disposable waste. Onsite inciner-
ators are smaller and their fuel more predictable in com-
position than the MSW burned in municipal incinerators.
Therefore, this section discusses separately considerations
that affect the location, selection, and operating practices
of these onsite units.

Location
The onsite incinerator should be located close to larger
sources of waste and expected waste collection routes.
Onsite incinerators are constructed of 12-gauge steel cas-
ing with high-temperature (over 1000° F) insulation and
high-quality refractory lining. Indoor installations are pre-
ferred, but even when the incinerator is situated outdoors,
the charging and cleanout operations should be shielded
from the weather. Incinerator rooms should be designed
for two-hour fire resistance and should comply with the
National Fire Protection Association (NFPA) recommen-
dations contained in bulletin NFPA No. 82.

The Incinerator Institute of America (IIA) separates in-
cinerators into nine classes according to their use and size
(see Table 10.11.1) and provides minimum construction
and performance standards for each class. The NFPA has
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10.11
ONSITE INCINERATORS

TABLE 10.11.1 CLASSIFICATION OF INCINERATORS

Class I—Portable, packaged, completely assembled, direct-feed incinerators having not over 5 cu ft storage capacity or 25 lb/hr
burning rate, suitable for type 2 waste.

Class IA—Portable, packaged or job assembled, direct-feed incinerators having a primary chamber volume of 5 to 15 cu ft or a burn-
ing rate of 25 lb/hr up to, but not including, 100 lb/hr of type 0, 1, or 2 waste; or a burning rate of 25 lb/hr up to, but not in-
cluding, 75 lb/hr of type 3 waste.

Class II—Flue-fed, single chamber incinerators with more than 2 cu ft burning area for type 2 waste. This incinerator type is served
by one vertical flue functioning as a chute for both charging waste and carrying the products of combustion to the atmosphere.
This incinerator type is installed in apartment or multiple dwellings.

Class IIA—Chute-fed, multiple chamber incinerators for apartment buildings with more than 2 cu ft burning area, suitable for type
1 or 2 waste. (Not recommended for industrial installations). This incinerator type is served by a vertical chute for charging waste
from two or more floors above the incinerator and a separate flue for carrying the products of combustion to atmosphere.

Class III—Direct-feed incinerators with a burning rate of 100 lb/hr and more suitable for burning type 0, 1, or 2 waste.
Class IV—Direct-feed incinerators with a burning rate of 75 lb/hr or more suitable for burning a type 3 waste.
Class V—Municipal incinerators suitable for type 0, 1, 2, or 3 waste or a combination of all four wastes and are rated in tons per

hour or tons per twenty-four hours.
Class VI—Crematory and pathological incinerators suitable for burning type 4 waste.
Class VII—Incinerators designed for specific by-product waste, type 5 or 6.

Note: For waste type numbers, see Tables 10.11.2 and 10.11.3.
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TABLE 10.11.2 CLASSIFICATION OF WASTES TO BE INCINERATED

Requirement Recommended
Classification Btu for Auxiliary Minimum Btu
of Waste Approximate Moisture Value/lb Fuel Btu Burner Input
Type and Composition, Content, Incombustible of Refuse per lb per lb Density
Description Principal Components % by Weight % Solids, % as Fired of Waste Waste lb/cu ft

0 Trash Highly combustible Trash 100 10 5 8500 0 0 8–10
waste, paper, wood,
cardboard cartons,
and up to 10%
treated papers,
plastic or rubber
scraps; commercial
and industrial
sources

1 Rubbish Combustible waste, Rubbish 80 25 10 6500 0 0 8–10
paper, cartons, Garbage 20
rags, wood scraps,
combustible floor
sweepings;
domestic,
commercial, and
industrial sources

2 Refuse Rubbish and garbage; Rubbish 50 50 7 4300 0 1500 15–20
residential sources Garbage 50

3 Garbage Animal and vegetable Garbage 65 70 5 2500 1500 3000 30–35
wastes, restaurants, Rubbish 3
hotels, markets;
institutional
commercial, and
club sources

4 Animal Carcasses, organs, Animal and 85 5 1000 3000 8000 45–55
solids solid organic human (5000 primary)
and wastes; hospital, tissue (3000 secondary)
organics laboratory, 100

abattoirs, animal
pounds, and similar
sources

5 Gaseous, Industrial process Variable Dependent on Variable Variable Variable Variable Variable
liquid, wastes major
or components
semi-
liquid

6 Semisolid Combustibles requiring Variable Dependent on Variable Variable Variable Variable Variable
and hearth, retort, or major
solid grate equipment components



also instituted similar classifications and construction stan-
dards in its standard Incinerators and rubbish handling.
The IIA also classifies waste into seven types (see Tables
10.11.2 and 10.11.3). Planners must also comply with lo-
cal and state codes when selecting an incinerator.

Selection
The first step in incinerator selection is to record the vol-
ume, weight, and classes of waste collected for a period of
at least two weeks. The survey should be checked against
typical waste-production rates. The maximum daily oper-
ation can be estimated as three hours for apartment build-
ings; four hours for schools; six hours for commerical
buildings, hotels, and other institutions; and seven hours
per shift for industrial installations.

The results of the waste survey help to determine
whether a continuous or batch-type incinerator should be
installed. Batch-type units consist of a single combustion
chamber (see Figure 10.11.1). If the batch furnace has no
grate, the ash accumulation reduces the rate of burning.
The batch incinerator is sized according to the weight of
each type of waste per batch at the number of batches per
day. The continuous incinerator consists of two chambers:

one for charge storage and the other an evacuated cham-
ber for combustion. The charge chamber can be loaded at
any time. Sizing is based on the pounds-per-hour burning
rate required.

The nature and characteristics of the waste are usually
summarized in a form such as that in Table 10.11.4. Most
incinerator manufacturers offer standard, pre-engineered
packages for waste types 0, 1, 2, 3, and 4 (see Tables
10.11.2 and 10.11.3). Waste types 5 and 6 usually require
unique designs because the physical, chemical, and ther-
mal characteristics of these wastes are variable. Type 6
waste tends to have low heating values but contains ma-
terial that can cause intense combustion. Plastics and syn-
thetic rubber decompose at high temperatures and form
complex organic molecules that require auxiliary heat and
high turbulence before they are fully oxidized. In extreme
cases, three combustion chambers are necessary; operators
must recycle flue gases from the secondary combustion
chamber back into the primary chamber to complete the
combustion process.

Charging
Incinerators can be charged manually or automatically;
they can also be charged directly (see Figure 10.11.2) or
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TABLE 10.11.3 INDUSTRIAL WASTE TYPES

Type of
Wastes Description

1 Mixed solid combustible materials, such as paper
and wood

2 Pumpable, high heating value, moderately low ash,
such as heavy ends, tank bottoms

3 Wet, semisolids, such as refuse and water treatment
sludge

4 Uniform, solid burnables, such as off-spec or waste
polymers

5 Pumpable, high ash, low heating value materials,
such as acid or caustic sludges, or sulfonates

6 Difficult or hazardous materials, such as explosive,
pyrophoric, toxic, radioactive, or pesticide
residues

7 Other materials to be described in detail

FIG. 10.11.1 Features of a domestic incinerator.

TABLE 10.11.4 WASTE ANALYSIS SHEET

% Ash ___________________ % Sediment ___________________ % Water ____________________
Waste material soluble in water? _________ Water content well mixed, emulsified? ____________
If there are solids in the liquid, what is their size range? _____________________________________
Conradson carbon ______________________ Corrosion (copper strip) _________________________
Is the material corrosive to carbon steel? ______________ Corrosive to brass? __________________
What alloy is recommended for carrying the fluid? _________________________________________
Distillation data (if applicable) 10% at ________ °F; 90% at ________ °F; end point ________ °F.
Flash point _______________ °F; fire point _______________ °F; pour point _______________ °F.
Viscosity _________________________ SSF at 122°F or _________________________ SSU at 100°F.
pH __________________ ; acid number ___________________ ; base number ___________________
Heating value _________________ Btu/gal Specific gravity (H2O 5 1.0) _______________________
Will the material burn readily? ___________________________________________________________
Toxic? (explain) _______________________________________________________________________



from charging rooms (see Figure 10.11.3). Direct inciner-
ators are the least expensive but are limited in their hourly
capacities to 500 lb, while indirect incinerators operate at
capacities up to 1000 lb/hr. A manually charged inciner-
ator (see Figure 10.11.3) is fed through a bell-covered chute
from the floor above the furnace. This labor-saving design
also guarantees good combustion efficiency and protection
against flashbacks. The separate charging room is also con-
venient for sorting waste for recycling. Incinerators can
also be fed from the same floor where the furnace is lo-
cated. This arrangement also permits sorting and is labor-
efficient although the radiant heat can be uncomfortable
for the operator.

In high-rise buildings, the installation of a waste chute
eliminates the labor involved in charging the incinerator
(see Figure 10.11.4). The chute automatically directs the
solid waste into a top-charged, mechanical incinerator. The
charging rate can be regulated by rotary star feeders or by
charging gates that open at 15- to 30-min intervals. Both
offer protection against momentary overloading.

Hydraulic plungers or rams offer a more controlled
method of automatic charging. The movement of the re-
ciprocating plunger forces the refuse from the bottom of
the charge hopper into the furnace (see Figure 10.11.2).
This method is the most common for automatic charging
for capacities exceeding 500 lb per hour.

Incinerators that burn sawdust or shredded waste are
frequently charged by screw feeders or pneumatic con-
veyors. Screw feeders are at least 6 in (15 cm) in diameter
and are designed with variable pitch to minimize the com-
pression (and therefore blocking) of the shredded waste.
Container charging, which is being used in a few isolated
cases, has the advantage of protecting against exposure to
flashback caused by aerosol cans or the sudden combus-
tion of highly flammable substances.

Accessories
For smaller incinerators, chimneys provide sufficient draft
to discharge flue gases at a high enough point where no
nuisance is caused by the emissions. A fully loaded chem-
istry should provide at least 0.25 in of water draft (262
Pa). Table 10.11.5 lists the diameters and heights of chim-
neys according to the weight rate of waste burned in a
continuously charged multiple-chamber incinerator. The
table assumes that the incinerator uses no dilution air and
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FIG. 10.11.2 Incinerator with a ram-feed system.

FIG. 10.11.3 Top-charging incinerator.

FIG. 10.11.4 Incinerator with automatic charging system.



that the breechings between the furnace and chimney are
of minimum length. The lining thicknesses shown are for
outdoor chimneys; chimneys inside buildings need addi-
tional insulation.

For proper incinerator operation, the cold air supply to
the furnace should not be restricted. In most designs, the
furnace receives its air supply from the incinerator room.
The air supply should be sized for about 15 lb of air per
lb of MSW burned. If the air supply is insufficient, the me-
chanical ventilation system of the building can cause smok-
ing due to downdrafts. When a chimney’s natural draft is
insufficient, fans are installed to generate the required
draft. In onsite incinerators, the forced-draft air is usually
introduced underfire. Introducing overfire air to improve
combustion efficiency is not widely used in onsite units.

When the waste is wet or its heating value is low, aux-
iliary fuels are needed to support combustion. In contin-
uously charged incinerators, the primary burner is sized
for 1500 Btu per lb of type 3 waste or for 3000 Btu per
lb of type 4 waste (see Table 10.11.2). The heat capacity
of the secondary burner is also 3000 Btu per lb of waste.
When the incinerator is fully loaded, the secondary burner
runs for only short periods at a time.

Controls
Onsite incinerators are frequently operated automatically
from ignition to burndown (see Figure 10.11.5). The cy-
cle is started by the microswitch on the charging door,
which automatically starts the secondary burner, the wa-
ter flow to the scrubber, and the induced-draft fan. When
the door is closed, the primary burner is started and stays
on for an adjustable time of up to an hour or until the
door is reopened. Unless interrupted by a high-tempera-
ture switch, the secondary burner stays on for up to five
hours. To provide each charge with the same preset burn-
down protection, the secondary burner timer is reset every
time the charging door opens. Both burners have overtem-
perature and flame-failure safety controls. Also, a separate
cycle timer controls the induced-draft fan and scrubber wa-
ter flow to guarantee airflow and scrubbing action during

burning. In some installations, the charging sequence is
also automated.

Domestic and Multiple-Dwelling
Incinerators
Domestic incinerators are sized to handle a few pounds of
solid waste per person per day. In single dwellings, a typ-
ical incinerator has about 40,000 Btu/hr of auxiliary heat
capacity. Because domestic incinerators are less efficient
than their municipal counterparts, the amount of auxiliary
fuel used is high. The domestic incinerator in Figure
10.11.1 has two combustion chambers. The main purpose
of the secondary chamber is to eliminate smoke and odor.
As a result, the pollutant emissions from domestic incin-
erators are not excessive (see Table 10.11.6).

In multiple dwellings, the main purpose of incineration
is to reduce the volume of the MSW prior to disposal. The
refuse from a dwelling of 500 residents producing 2000
lb/day of MSW at a density of 4 lb/cu ft fills 100 trash
cans. If incinerated onsite, the residue fits into 10 trash
cans.

Incinerators in multiple dwellings can either be chute
fed or flue fed. In the chute-fed design, waste is discharged
into the chute and then into the incinerator feed hopper
in the basement (see Figure 10.11.4). In the flue-fed design
(see Figure 10.11.6), the chimney also serves as the charg-
ing chute for the waste, which falls onto grates above an
ash pit inside a boxlike furnace. The main purpose of the
charging door is to ignite the waste, while the purpose of
the underfire and overfire air ports is to manually set the
airflow for smokeless burning. The walls of the incinera-
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TABLE 10.11.5 CHIMNEY SELECTION AND
SPECIFICATION CHART

Incinerator
Capacity

Chimney Size

All Types Inside Height above Lining Steel Casing
Waste, lb/hr Diameter Grate Thickness Thickness

0100–150 120 269 20 10 ga.
0175–250 150 269 20 10 ga.
0275–350 180 329 20 10 ga.
0400–550 210 379 2As0 10 ga.
0600–750 240 399 30 Af 0
0800–1400 300 449 30 Af 0
1500–2000 360 499 3As0 Af 0

FIG. 10.11.5 Incinerator control system.



tor consist of two brick layers with an air space between
them. The inner layer is made of 4.5 in of firebrick and
the 9-in outer layer is made of regular brick.

Flue-fed apartment incinerators have a draft-control
damper in the stack, right above the furnace. This damper
is pivoted and counterweighted to close when a chute door
opens to charge refuse into the furnace. As a result, draft
at the furnace remains relatively constant. To withstand
flame impingement, the draft-control damper should be
made of 20-gauge 302 stainless steel.

Miscellaneous Onsite Incinerators
Some incinerator designs are specially developed for on-
site industrial applications. The outstanding design fea-

ture of the retort incinerator (see Figure 10.11.7) is the
multiple chambers connected by lateral and vertical
breechings; the combustion gases must pass through sev-
eral U-turns for maximum mixing. The inline design (see
Figure 10.11.8) also emphasizes good flue-gas mixing.
Here, the combustion gases are mixed by passing through
90° turns in the vertical plane only. Both designs are avail-
able in mobile styles for use in temporary applications
such as land clearance or housing construction. The re-
tort design is for smaller waste-burning capacities (under
800 lb/hr), while the inline design is for higher burning
rates.

Rotary incinerators for burning solid or liquid wastes
can be continuous or batch and can be charged manually
or by automatic rams. Their capacities range from 100 to
4000 lb/hr. For burning waste that contains chlorinated
organics, the incinerator chamber must be lined with acid-
resistant brick, and the combustion gases must be sent
through absorption towers to remove the acidic gases from
the flue gas.

Adapted from Municipal Waste Disposal in the 1990s
by Béla G. Lipták (Chilton, 1991).

©1999 CRC Press LLC

TABLE 10.11.6 INCINERATOR EMISSIONS—
TYPICAL VALUES

New Domestic Municipal Incinerator
Pollutant Wastes Incinerator with Scrubber

Particulates, grain/SCF 0.01–0.20 0.03–0.40
Carbon monoxide, ppm 200–1000 ,1000
Ammonia, ppm ,5 —
Nitrogen oxides, ppm 2–5 24–58
Aldehydes, ppm 25–40 1–9

FIG. 10.11.6 Flue-fed incinerator.

FIG. 10.11.7 Retort-type, multiple-chamber incinerator.

FIG. 10.11.8 Inline multiple-chamber incinerator.



Pyrolysis is an alternate to incineration for volume reduc-
tion and partial disposal of solid waste. A large portion of
MSW is composed of long-chain hydrocarbonaceous ma-
terial such as cellulose, rubber, and plastic. This organic
material represents a storehouse of organic building blocks
that could be retained as organic carbon. Pyrolysis is a
process that is less regressive than incineration and recov-
ers much of the chemical energy.

Long-chain organic material disintegrates when ex-
posed to a high-temperature thermal flux according to the
following equation:

Polymeric material 1 Heat flux ®aA(gas)
1 bB(liqui®) 1 cC(solid) 10.12(1)

The resulting gas includes CO2, CO, H2, CH4, and vari-
ous C2 and C3 saturated and unsaturated hydrocarbons.
The liquid contains a variety of chemical compounds, and
the liquid ranges from a tar substance to a light water-
soluble distillate. The solid is primarily a solid char.

The relative yield of each of these groups of pyroly-
sis products depends on the chemical structure of the
solid to be pyrolyzed, the temperature for decomposi-
tion, the heating rate, and the size and shape of the ma-
terial.

If the products of pyrolysis react with oxygen, they re-
act according to the following equations:

A(gas) 1 O2 ® CO2 1 H2O 1 heat 10.12(2)

B(liqui®) 1 O2 ® CO2 1 H2O 1 heat 10.12(3)

C(soli®) 1 O2 ® CO2 1 H2O 1 heat 10.12(4)

Pure pyrolysis involves only the reaction in Equation
10.12(1), the destructive distillation in an oxygen-free at-
mosphere. This definition can be expanded to include sys-
tems in which a limited amount of oxygen is made avail-
able to the process to release enough chemical energy for
the pyrolysis reaction.

Comparing the results of various experimental inves-
tigations on pyrolysis is difficult because of the many
variables influencing the results. No reliable design meth-
ods have been developed that allow for the scale-up of
the experimental results. However, certain guiding prin-
ciples underlying all pyrolysis systems can help in the se-
lection of a process that most likely satisfy a particular
need.

The process and operating conditions vary depending
upon the relative demand for the char, liquid, and gas from
the process.

Pyrolysis Principles
An understanding of the energy relationships, the effect of
thermal flux, solid size, and the types of equipment is req-
uisite to an understanding of pyrolysis principles.

Energy Relationships

No single value exists for the total energy required to py-
rolyze any material. It depends upon the products formed
which depend on the temperature, rate of heating, and
sample size. Therefore, the reported values for the heat of
pyrolysis conflict among various experimenters.

Figure 10.12.1 expresses the general energy require-
ments to pyrolyze a material as the amount of oxygen
varies. The lower solid line represents the amount of heat
added or removed from the system. The upper solid line
represents the chemical energy of the pyrolysis products.
For pure pyrolysis, no oxygen is available, and all energy
for the pyrolysis reaction is supplied from indirect heat-
ing. The heat required is given by q, which represents the
heat necessary to pyrolyze the solid feed and heat the prod-
ucts to the pyrolysis temperature. The value DH1 repre-
sents the chemical energy of the gas. As oxygen is made
available, energy is released within the system, and less in-
direct energy is supplied.
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10.12
PYROLYSIS OF SOLID WASTE

FIG. 10.12.1 General energy requirements for solid–gas reac-
tions as a function of oxygen availability.



At point 2, an adiabatic condition is reached where the
heat released from the oxidation of a portion of the py-
rolysis products can furnish the energy required for the py-
rolysis reaction as well as the energy necessary to heat the
pyrolysis products, oxidation products, and nitrogen to the
pyrolysis temperature. The value DH2 represents the total
chemical energy of the gas under these conditions. The
larger fraction of the energy goes to sensible heat if nitro-
gen is present and DH2 is smaller.

As the available oxygen increases, heat must be removed
to maintain a constant reaction temperature. At point 3,
the stoichiometric oxygen for complete combustion is
reached, and the reaction products contain no chemical
energy. Additional oxygen acts only as a coolant; there-
fore, less energy must be removed until point 4 is reached.
This point is where the feed is being incinerated adiabati-
cally, and no heat recovery is possible. This figure shows
that the combined energy of the pyrolysis products is
higher when the available oxygen is reduced. An advan-
tage of the oxygen dependency is that it eliminates the lim-
itation of pyrolysis systems on the rate of external heat de-
mand. When enriched oxygen is used rather than air, the
fraction of energy tied up in sensible heat is less, leaving
more chemical energy in the pyrolysis products (the greater
the fraction of chemical energy).

Effect of Thermal Flux

The products resulting from the thermal destruction of hy-
drocarbonaceous solids depend upon the maximum tem-
perature of pyrolysis and the time needed to bring the feed
to this temperature. The products formed during slow

heating are far different than the products obtained dur-
ing rapid heating. At very slow heating rates to low tem-
peratures, the molecule has sufficient time to break at the
weakest level and reorganize itself into a more thermally
stable solid that becomes increasingly hard to destroy. On
rapid heating to a high temperature, the molecule explodes
and forms a range of smaller organic molecules.

For the cellulose molecule, slow heating forms high char
yields and low gas and liquid yields. The gas is composed
primarily of CO, H2O, and CO2 and has a low heating
value. For rapid heating rates and high temperature, the
gas yield increases and the liquid is smaller. The gas is com-
posed primarily of CO2, CO, H2, CH4, C2H2, and C2H4

and has a reasonable heating value. For intermediate heat-
ing rates and temperatures, high liquid yields are obtained.
The gas produced is composed of many C1, C2, C3, and
C4 compounds and has a high heating value.

Table 10.12.1 shows some values obtained for pyroly-
sis gas obtained at 1300 and 1600°F at a slow heating rate
in a retort. For comparison the table also shows 1450°F
pyrolysis at a high heating rate in a fluidized bed. Both
systems pyrolyzed MSW.

Solid Size

For a large retort requiring indirect heating, the time re-
quired to pyrolyze a batch often exceeds twenty-four
hours. The products change drastically as the reaction pro-
ceeds because a long time is needed for the center of the
batch to reach the pyrolysis temperature. The mass near
the center goes through a much slower heating cycle than
the material near the walls. For the produced gas and liq-

©1999 CRC Press LLC

TABLE 10.12.1 PYROLYSIS PRODUCTS OF MSW

Composition of Pyrolysis
Product Data Products

Speed of Pyrolysis Slow Slow Fast
Pyrolysis Temperature, 1382 1652 1450

°F
Weight %

Residue 11.59 7.7 3.0
Gas 23.7 39.5 61.0
Tar 1.2 0.2 26.0
Light Oil 0.9
Liquor 55.0 47.8 4.0

Gas (Volume %)
H2 30.9 51.9 37.16
CO 15.6 18.2 35.50
CH4 22.6 12.7 11.10
C2H6 2.05 0.14 not
C2H4 7.56 4.68 measured
CO2 18.4 11.4 16.3

Btu/ft3 563 447 366
106 Btu/ton 5.42 7.93 6.36
Gas Volume, cu ft/tn 9620 17,300 17,400



uids to be collected, they must pass through thick layers
of pyrolysis char, and numerous secondary reactions re-
sult. For these reasons, the pyrolysis products of wood
from a large retort can contain more than 120 products.

The same conditions are true for individual particles.
For a material having the thermal properties of wood, the
time required for the center temperature of a sphere to
reach the surface temperature can be given by the follow-
ing equation:

t 5 0.5r2 10.12(5)

where r is the radius in inches and t is in hours. This equa-
tion indicates that about one hour is needed for the cen-
ter of a 3-in particle to approach the surface temperature.

Types of Equipment

Several types of equipment are available for the pyrolysis
of waste. The general types include retorts, rotary kilns,
shaft kilns, and fluidized beds. The type of equipment and
the manner of contacting have a significant effect on the
pyrolysis product yield.

The retort has the longest application history and has
been used extensively to make wood charcoal and naval
stores. It is a batch system where the retort is charged,
sealed, and heated externally. The heating cycle is long (of-
ten over twenty-four hours). The products are complex.
They are normally solid char and a pyroligneous acid plus
the gas produced which is used as the energy source for
indirect heating. The process is limited by the rate of heat
addition; a typical analysis for demolition lumber shows
a yield of 35% char, 30% water, 12% wood tar, 5% acetic
acid, 3% methanol, and 15% gas with a heating value of
300 Btu/cu ft.

Rotary Kiln

The rotary kiln is more flexible and provides increased
heat transfer. The kiln can be heated indirectly, or the heat
can be furnished by partially burning the pyrolysis prod-
ucts. The gas flow can be either parallel or countercurrent
to the waste flow. The gas and liquid products do not have
to escape through thick layers of char as in the batch re-
tort; therefore, fewer complex solid–gas reactions occur.
The heat cycle is much faster than in the retort, and the
gas yield is higher and the liquid yield lower. The size of
the indirectly fired kiln, because of the high temperatures
involved and the need to transfer energy through the walls,
is severely limited. The maximum capacity is in the range
of 2 tn per hour for wood waste and is similar for solid
waste.

If a limited amount of oxygen is used as the energy
needed for pyrolysis, refractory lined kilns can be used,
and large systems become feasible. If the oxygen and the
feed are introduced countercurrently, the oxygen contacts

the pyrolysis char first and tends to burn this char to fur-
nish the heat for pyrolysis, which reduces the char yield.
If air is introduced parallel to the feed, the oxygen reacts
with the raw feed and the pyrolysis gas and gives a lower
gas yield.

Rotary equipment, however, is more expensive to build,
is more difficult to design with positive seals, and requires
more maintenance.

Shaft Kiln

In the shaft kiln, the solids descend through a gas stream.
The oxygen enters the bottom countercurrently to the feed
and burns the char product reaching the bottom of the
shaft. The combustion gases produced flow past the solid
feed causing pyrolysis. The char is used to furnish the en-
ergy for pyrolysis. This use is undesirable if the char is a
valuable product and, in that case, the pyrolysis gas can
be used to preheat the air.

Fluidized-Bed Reactor

The fluidized-bed reactor is a system where the heat trans-
fer rate is rapid. This design gives low liquid yields and
high gas yields. In the fluidized bed, the feed is injected
into a hot bed of agitated solids. To keep the bed in the
fluid state, the system passes gas upward through the bed.
If air is introduced into the bed, the oxygen contacts and
reacts with the pyrolysis gas more readily than the char
does, reducing the gas yield. To assure that the produced
pyrolysis gas does not react with oxygen, operators can
remove the char produced and burn it in a separate unit
and return the hot gas used to pyrolyze the feed into the
fluidized bed. The capacity is limited by the sensible heat
available from this gas. In a fluidized bed, circulating the
solids in the bed adds heat. The heat source necessary to
pyrolyze the feed can be heated solids which can be eas-
ily added and removed in the fluidized bed.

Experimental Data
Little data is published on the pyrolysis of MSW, and no
data is published for full-scale operating units. The data
in Tables 10.12.1 and 10.12.2 are based on solid waste
from a small pilot plant scale or bench scale lab experi-
ments.

Table 10.12.2 presents the yield of various materials
exposed to a 1500°F temperature. The yields of gas, liq-
uid, and char vary widely between materials. The feed in
all cases is newspaper, and the final pyrolysis temperature
is 1500°F. An increase in the gas yield and a decrease in
liquid organics due to an increase of the heating rate is ev-
ident from these data. The total amount of energy avail-
able from the gas also increases with the heating rate.
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Table 10.12.1 gives the products for a slow pyrolysis
process at 1382 and 1652°F along with data for fast py-
rolysis at 1450°F. The increase in gas yield and decrease
in organic liquid with an increase in reactor temperature
are evident. The hydrocarbon fraction of the gas decreases
from 32.2 to 17.5% with an increase in temperature from
1382 to 1652°F, while the H2 and CO portion increases
from 46.5 to 70.1%. This data shows that higher tem-
perature pyrolysis gives significantly higher yields to lower
Btu gas. The higher temperature apparently results in the
destruction of hydrocarbons in the gas. Comparing values
for solid waste is difficult because of the variability be-
tween feed stocks of MSW. Table 10.12.1 shows the data
for a run at 1450°F where pyrolysis is rapid along with
data for slow pyrolysis. These data indicate that the fast
pyrolysis at 1450°F gives results which are closer to those
of the slow, high-temperature pyrolysis process. The total
CO and H2 is 72.6%, the total hydrocarbon 10.1%1 (un-
doubtedly higher but only CH4 is evaluated), and the gas
volume 17,400 cu ft/tn. Unfortunately, the data for fast
pyrolysis is not complete, and a full comparison on the
yield is not possible.

Table 10.12.3 presents data for a process to convert
MSW to fuel oil. The temperature for pyrolysis is low
(932°F), and the reaction rate rapid. This low-temperature
pyrolysis gives higher yields of organic liquids, and the gas
has significant quantities of C2–C7 hydrocarbons not pre-
sent at higher temperatures. Reducing the temperature for
this same process by several hundred degrees results in an
increase in the gas yield of 80%.

The data available substantiate the guiding principles
previously outlined and explain the composition and quan-
tities of the products and how they are affected by changes
in composition, temperature, and heating rate. They do

TABLE 10.12.2 PYROLYSIS YIELDS, IN WEIGHT PERCENT OF REFUSE FEED

Pyrolysis Products
Gas Water CnHmOx Char C 1 S Ash

Type of Waste
Feed

Ford Hardwood 17.30 31.93 20.80 29.54 0.43
Rubber 17.29 3.91 42.45 27.50 8.85
White Pine Sawdust 20.41 32.78 24.50 22.17 0.14
Balsam Spruce 29.98 21.03 28.61 17.31 3.07
Hardwood Leaf Mixture 22.29 31.87 12.27 29.75 3.82
Newspaper I 25.82 33.92 10.15 28.68 1.43

II 29.30 31.36 10.80 27.11 1.43
Corrugated Box Paper 26.32 35.93 5.79 26.90 5.06
Brown Paper 20.89 43.10 2.88 32.12 1.01
Magazine Paper I 19.53 25.94 10.84 21.22 22.47

II 21.96 25.91 10.17 19.49 22.47
Lawn Grass 26.15 24.73 11.46 31.47 6.19
Citrus Fruit Waste 31.21 29.99 17.50 18.12 3.18
Vegetable Food Waste 27.55 27.15 20.24 20.17 4.89

TABLE 10.12.3 FUEL OIL PRODUCTION FROM
MSW

Char fraction, 35 wt%, heating value 9000 Btu/lb
CO 48.8 wt%
H 3.9
N 1.1
S 0.03
Ash 31.8
Cl 0.2
O (by difference) 12.7

Oil fraction, 40 wt%, heating value 12,000 Btu/lb
C 60%
H 8
N 1
S 0.2
Ash 0.4
Cl 0.3
O2 (by difference) 20.0

Gas fraction, 10 wt%, heating value 600 Btu/cu ft
H2O 0.1 mol%
CO 42.0
CO2 27.0
H2 10.5
CH3Cl ,0.1
CH4 5.9
C2H6 4.5
C3–C7 8.9

Water fraction contains:
Acetaldehyde
Acetone
Formic acid
Furfural
Methanal
Methylfurfural
Phenol



not accurately predict the products from a particular
process or waste. However, the data do furnish sufficient
evidence for environmental engineers to suggest the type
of process for a given application.

Status of Pyrolysis
Pyrolysis is widely used as an industrial process to pro-
duce charcoal from wood, coke and coke gas from wood,
coke and coke gas from coal, and fuel gas and pitch from
heavy petroleum fractions. In spite of these industrial uses,
the pyrolysis of MSW has not been as successful. No large-
scale pyrolysis units are used for MSW operation in the
United States as of April 30, 1995.

Only one full-scale MSW pyrolysis system was built in
the United States. A simplified flowsheet of the Occidental
Flash Pyrolysis System is shown in Figure 10.12.2. The
front-end system consists of two stages of shredding, air
classification, trommeling, and drying to produce finely di-
vided RDF. Because of the short residence time of RDF in
the reactor, this process is described as flash pyrolysis. The
heat required for the pyrolysis reaction in the reactor is
supplied from recirculation of the hot char. The hot char
is removed from the reactor, passed through an external
fluidized bed in which some air is added to partially oxi-
dize the char, and recirculated to furnish energy for the
endothermic pyrolysis reaction which yields the liquid by-
products.

The end products were gases, pyrolytic oil, char, and
residues. The liquid product had several noxious qualities
making it a poor substitute for Bunker C fuel oil. It was
corrosive, requiring special storage and fuel nozzles, and

was more difficult to pump and smelled poorly. These
qualities resulted largely from highly oxygenated organics
(including acids). Furthermore, the oil produced had a
moisture content of 52%, not the 14% predicted from the
pilot plant results. The increase in moisture in the oil de-
creased the energy content to 3600 Btu/lb, compared to
the 9100 Btu/lb predicted by the pilot plant tests. The 100
tpd plant was built in El Cajun, California but never ran
successfully and was shut down after only two years of
operation.

The principal causes for the failure of pyrolysis tech-
nology appear to be the inherent complexity of the system
and a lack of appreciation by system designers of the dif-
ficulties of producing a consistent feedstock from MSW
(Tchobanoglous, Theisen, and Vigil 1993).

Although systems such as the Occidental Flash Pyrolysis
System were not commercial successes, they produced
valuable design and operational data that can be used by
future designers. If the economics associated with the pro-
duction of synthetic fuels change, pyrolysis may again be
an economical, viable process for the thermal processing
of solid waste. However, if gaseous fuels are required, gasi-
fication is a simpler, more cost-effective technology.

—R.C. Bailie (1974)
and David H.F. Liu (1996)

Reference
Tchobanoglous, G., H. Theisen, and S. Vigil. 1993. Integrated solid waste

management. McGraw-Hill, Inc.
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FIG. 10.12.2 Schematic diagram of Occidental Flash Pyrolysis System for the organic portion of MSW.
(Reprinted, with permission, from G.T. Preston, 1976, Resource recovery and flash pyrolysis of municipal refuse,
presented at Inst. Gas Technol. Symp., Orlando, FL, January.)

As Received
Refuse

Primary Shredder

Magnetic
Metals

Unrecovered Solids
to Disposal
—8 wt %

Clean
Glass

Aluminum

Inorganic
Processing
Subsystem

Air
Classifier

Screen

Dryer

Fine
Grind

Pyrolysis
Reactor

Char
~9000 Btu/lb

Oil
~4.8 mm Btu/lb

Water to
Purification
and Disposal

Gas to
Purification
and Recycle



©1999 CRC Press LLC

10.13
SANITARY LANDFILLS

The landfill is the most popular disposal option for MSW
in the United States. Not only has it traditionally been the
least-cost disposal option, it is also a solid waste manage-
ment necessity because no combination of reduction, re-
cycling, composting, or incineration can currently manage
the entire solid waste stream. Barring unforeseen techno-
logical advances, landfills will always be needed to handle
residual waste material.

Landfill Regulations
Solid waste landfills are federally regulated under Subtitle
D of the Resource Conservation and Recovery Act of
1976 (RCRA). In the past, landfill regulation was left to
the discretion of the individual states. The Solid Waste
Disposal and Facility Criteria, promulgated by the U.S.
EPA, specify how MSW landfills are to be designed, con-
structed, operated, and closed and were implemented in
1993 and 1994. The criteria were developed to ensure
that municipal landfills do not endanger human health
and are based on the assumption that municipal landfills
receive household hazardous waste and hazardous waste
from small generators. States are required to adopt regu-
lations at least as strict as the EPA criteria. Although some
states had some acceptable regulations in place, many did
not. The EPA is currently considering criteria for non-haz-
ardous industrial waste landfills.

In most states, landfills constructed under the new reg-
ulations are more expensive to construct and operate than
past landfills because of requirements concerning daily
cover, liners, leachate collection, gas collection, monitor-
ing, hazardous waste exclusion, closure and postclosure
requirements, and financial assurances (to cover antici-
pated closure and postclosure costs). Some of the major
aspects of the landfill criteria are briefly described below
next (40 CFR Parts 257–258).

LOCATION RESTRICTIONS

Location restrictions exclude landfills from being near or
within certain areas to minimize environmental and health
impacts. Table 10.13.1 summarizes location restrictions.
Other location restrictions not mentioned in the federal
disposal criteria but found in other federal state regula-
tions include public water supplies, endangered or threat-
ened species, scenic rivers, recreation or preservation ar-
eas, and utility or transmission lines.

EMISSIONS, LEACHATE, AND
MONITORING

Gaseous Emissions

Landfills produce gases comprised primarily of methane
and carbon dioxide. Emissions are controlled to avoid ex-
plosive concentrations of methane or a build-up of land-
fill gases that can rupture the cover liner or kill cover veg-
etation. Landfill design and monitoring must ensure that
the concentration of CH4 is less than 25% of the lower
explosion limit in structures at or near the landfill and less
than the lower explosion limit at the landfill property
boundary.

A final rule announced by EPA in March, 1996 requires
large landfills that emit volatile organic compounds in ex-
cess of 50 megagrams (Mg) per year to control emissions
by drilling collection wells into the landfill and routing the
gas to a suitable energy recovery or combustion device. It
also requires a landfill’s surface methane concentration to
be monitored on a quarterly basis. If the concentration is
greater than 500 parts per million, the control system must
be modified or expanded to insure that the landfill gas is
collected. The rule is expected to effect only the largest 4%
of landfills in the United States.

Leachate

Leachate is water that contacts the waste material. It can
contain high concentrations of COD, BOD, nutrients,
heavy metals, and trace organics. Regulations require
leachate to be collected and treated to avoid ground or
surface water contamination. Composite bottom liners are
required, consisting of an HDPE geomembrane at least 60
mil over 2 ft of compacted soil with a hydraulic conduc-
tivity of less than 1 3 1027 cm/sec. However, equivalent
liner systems can be used, subject to approval. The com-
posite liner is covered with a drainage layer and leachate
collection pipes to remove leachate for treatment and main-
tain a hydraulic head of less than 1 ft. Leachate is gener-
ally sent directly to a municipal wastewater treatment plant
but can be pretreated, recirculated, or treated on-site.

Surface Water

Leachate generation can be reduced when water is kept
from entering the landfill, especially the working face.
Surface water control also reduces erosion of the final



cover. Regulations require preventing flow onto the active
portion of the landfill (i.e., the working face) during peak
discharge from the twenty-five-year storm of twenty-four-
hour duration. Collection and control of water running
off the active area during the twenty-five-year storm of
twenty-four-hour duration is also required. Landfills
should have no discharges that violate the Clean Water
Act.

Daily Cover

Exposed waste must be covered with at least 6 in of soil
at the end of each operating day. Alternative covers, such
as foam or temporary blankets, can be approved for use.

Hazardous Waste

Hazardous waste should be kept out of the landfill so that
the quality of leachate and gaseous emissions is improved.
Landfill operations must have a program for detecting and
preventing the disposal of regulated hazardous wastes.

Monitoring

Monitoring is done to identify, quantify, and track con-
taminants and to determine where and when corrective ac-
tion should take place. At least three wells, one upgradi-

ent and two downgradient, should be maintained, and the
well water should be tested at specified intervals. Most
sites have more than three wells; the applicable regulations
vary by state. Monitoring is conducted before, during, and
after the landfill operating period. Remedial action is re-
quired when downgradient water quality is significantly
worse than upgradient water quality.

Closure and Postclosure

To reduce, control, or retain leachate, gaseous emissions,
and surface water, landfill operators must close the land-
fill properly and maintain it until waste material stabilizes.
They must install and maintain a final cover to keep rain-
water out of the landfill and establish vegetation to reduce
erosion. The postclosure period is thirty years, during
which all previously mentioned regulations must be fol-
lowed, erosion must be controlled, and site security must
be maintained.

Financial Assurance

In case of bankruptcy or other circumstances, facilities
must be closed in a proper manner. The financial capa-
bility to safely close the facility at any time during its op-
erational life must be maintained by the operator in a man-
ner acceptable to the governing agency.
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TABLE 10.13.1 SITING LIMITATIONS CONTAINED IN SUBTITLE D OF THE RCRA AS ADOPTED BY THE EPA

Location Siting Limitation

Airports Landfills must be located 10,000 ft from an airport used by turbojet aircraft, 5000 ft from an
airport used by piston-type aircraft. Any landfills closer must demonstrate that they do not pose
a bird hazard to aircraft.

Flood plains Landfills located within the 100-year floodplain must be designed to not restrict flood flow, reduce
the temporary water storage capacity of the floodplain, or result in washout of solid waste,
which would pose a hazard to human health and the environment.

Wetlands New landfills cannot locate in wetlands unless the following conditions have been demonstrated:
(1) no practical alternative with less environmental risk exists, (2) violations of other state and
local laws do not exist, (3) the unit does not cause or contribute to significant degradation of
the wetland, (4) appropriate and practicable steps have been taken to minimize potential adverse
impacts, and (5) sufficient information to make a determination is available.

Fault areas New landfill units cannot be sited within 200 ft of a fault line that has had a displacement in
Holocene time (past 10,000 years).

Seismic New landfill units located within a seismic impact zone must demonstrate that all contaminant
impact zone structures (liners, leachate collection systems, and surface water control structures) are designed

to resist the maximum horizontal acceleration in lithified material (liquid or loose material
consolidated into solid rock) for the site.

Unstable areas Landfill units located in unstable areas must demonstrate that the design ensures stability of
structural components. The unstable areas include areas that are landslide prone, are in karst 
geology susceptible to sinkhole formation, and are undermined by subsurface mines. Existing 
facilities that cannot demonstrate the stability of the structural components must close within 
five years of the regulation’s effective date.

Source: Data from G. Tchobanoglous, H. Theissen, and S. Vigil, 1993, Integrated solid waste management: Engineering principles and management issues (New
York: McGraw-Hill).



Siting New Landfills
Proper siting of sanitary landfills is crucial to providing
economic disposal while protecting human health and the
environment. The siting process consists of the following
tasks (Walsh and O’Leary 1991a):

• Establishing goals and gathering political support
• Identifying facility design basis and need
• Identifying potential sites within the region
• Selecting and evaluating in detail superior sites
• Selecting the best site
• Obtaining regulatory approval

Goals include delineating the region to be served, facil-
ity lifetime, target tipping fees, maximum hauling distance,
potential users, and landfill services. Political support is
crucial to successful siting. Because opposition to a new
landfill is almost always present, strong political support
for a new landfill must exist from the start of the siting
process. A solid waste advisory council—made up of in-
terested independent citizens and representatives of inter-
ested groups—should be formed early in the process, if
one does not already exist.

The design basis and needs of a landfill depend on the
applicable regulations and the required landfill area (which
in turn depend on the amount of waste to be handled and
the required lifetime). The amount of waste to be handled
depends on the present and future population served by
the landfill, the projected per capita waste generation rate,
and the projected recycling, composting, and reduction
rates.

Developing a new landfill involves finding the most suit-
able available location. The main criteria involved in sit-
ing a new landfill are:

SITE SIZE—The site should have the capacity to handle the
service area’s MSW for a reasonable period of time.

SITE ACCESS—All-weather access roads with sufficient ca-
pacity to handle the number and weight of waste trans-
port vehicles must be available.

HAUL DISTANCE—This distance should be the minimum
distance that does not conflict with social impact crite-
ria.

LOCATION RESTRICTIONS—These restrictions are summa-
rized in Table 10.13.1. Additional or stricter constraints
can also be imposed.

PHYSICAL PRACTICALITY—Sites with, for example, surface
water or steep slopes should be avoided.

LINER AND COVER SOIL AVAILABILITY—This soil should be
available onsite; Offsite sources increase construction
and operating costs.

SOCIAL IMPACT—Siting landfills far from residences and
avoiding significant traffic impacts minimizes this im-
pact.

ENVIRONMENTAL IMPACT—The effect on environmentally
sensitive resources, such as groundwater, surface water,

wetlands, and endangered or threatened species should
be minimized. Siting landfills on impermeable soils with
a deep water table avoids groundwater impacts.

LAND USE—The land around the potential site should be
compatible with a landfill.

LAND PRICE AND EASE OF PURCHASE—A potential site is
easier to purchase if it is owned by one or a few par-
ties.

ESTIMATING REQUIRED SITE AREA

Before attempting to identify potential landfill sites, plan-
ners must estimate the area requirement of the landfill.
Landfill sizing is a function of:

• Landfill life (typically five to twenty-five years)
• Population served
• Waste production per person per day
• Extent of waste diversity
• Shape and height of the landfill
• Landfill area used for buffer zone, offices, roads,

scalehouse, and optional facilities such as MRF,
tire disposal and storage, composting, and conve-
nience center

A number of formulas can help determine the acreage
required for waste disposal (Tchobanoglous, Theissen, and
Vigil 1993; Noble 1992). The total annual waste produced
by the population to be served by the landfill for each year
of the expected landfill’s life is estimated as:

Vip 5 10.13(1)

where:

Vip 5 annual in-place waste volume (cu y®/yr)
P 5 population served by landfill in a given year
Wg 5 waste generation in a given year (lb/person/d)
f 5 fraction of waste stream diverted in a given year
Cd 5 specific density of the waste (lb/cu yd)

Population predictions for the years of expected land-
fill operation can usually be obtained from local govern-
ment agencies. The total amount of waste generated in a
community per person can be developed from waste char-
acterization studies. State or national data can be used if
no other data are available. Data on recycling trends
should be gathered locally.

As landfilling costs increase, larger and heavier com-
pactors are becoming more common, resulting in higher
compaction. Compaction densities achieved in landfills
vary from around 800 to as high as 1400 lb/cu yd de-
pending on the type of compaction equipment used. Values
of 1000 to 1200 lb/cu yd are often used as estimates.

Cover material adds to the amount of material placed
in the landfill, reducing the landfill’s effective volume.
Typical waste-to-cover-soil-volume ratios are in the range
of 4:1 to 10:1. A value of 5:1 or 4:1 is often assumed, in-

(365 d/yr)PWg(1 2 f)
}}}
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dicating that for every 4 or 5 cu yd of waste, 1 cu yd of
cover soil is deposited. In a 5:1 ratio, the cover-soil-to-
waste ratio is 1 divided by 5, or 0.2. Incorporating waste
and cover soil, the annual in-place waste and soil volume
is:

Vap 5 Vip(1 1 CR) 10.13(2)

where:

Vap 5 annual in-place waste and soil volume, including
waste and cover soil (cu yd/yr)

CR 5 cover-soil-to-waste ratio

Sometimes planners assume that all of the cover soil
will come from the landfill excavation. In this case, all of
the soil material excavated from the landfill ends up in the
landfill. With this assumption, planners can estimate the
area using the assumed shape and height of the landfill
above ground level and the sum of the annual in-place
waste volume the landfill expects to receive. Height regu-
lations are generally included in state or local landfill reg-
ulations and vary from place to place.

The simplest shape that can be assumed is the cube. A
more realistic shape is the flat-topped pyramid. Both
shapes are shown in Figure 10.13.1. The volume of the
cubic landfill is V 5 (H)(B2), where H 5 the height and
B 5 the length of the base. Thus, area 5 B2 5 V/H. The
volume of the flat-topped pyramid landfill, with a square
base and 3:1 side slopes, is:

V 5 HB2
3:1 2 6H2B3:1 1 12H3 10.13(3)

where a 3:1 side slope means that for every 3 ft horizon-
tal run, the slope rises 1 ft. Solving for B with the qua-
dratic equation gives:

B3:1 5 10.13(4)

Planners can determine the area by squaring B3:1. They can
take the buffer zone and area needed for roads, facilities,
and lagoons into account by increasing B or B2. If 4:1 side
slopes are used:

B4:1 5 10.13(5)
8H2 1 4wHwVwipw 2w 2w1w.3w3wHw4w
}}}

2H

6H2 6 4wHwVwipw 2w 1w2wHw4w
}}}

2H

If planners do not assume that all of the excavated soil
comes from the landfill excavation, then their solution
must incorporate the annual in-place waste and soil vol-
ume, the excavated landfill volume, the aboveground land-
fill volume, and the cover-soil-to-waste ratio. Excavation
side slopes are often assumed to be 1:1 but may be more
gradual. Excavation bottom slopes are slight and can be
assumed level for the purpose of initial size estimates.

EXCLUSIVE AND NONEXCLUSIVE
SITING CRITERIA

Landfill siting criteria can be divided into two main groups:
exclusive and nonexclusive criteria. If a site fails an ex-
clusive criterion, it is excluded from consideration.
Exclusive criteria include federal, state, or local location
restrictions or physical restrictions. Exclusive criteria can
be applied with maps and transparent overlays. For ex-
ample, a U.S. Geological Survey (USGS) quadrangle map
can be used as the base map. Transparent overlays with
darkened restricted areas can be placed over the base map,
as shown in Figure 10.13.2. Areas that remain clear are
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FIG. 10.13.1 Cubic (a) and pyramid (b) landfill shapes.
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FIG. 10.13.2 Exclusive criteria mapping with overlays.



considered potential landfill sites. If information is avail-
able in digitized format, geographical information systems
(GIS) can be used to complete overlay analyses (Siddiqui
1994).

A small number of potential landfill sites are selected
from the areas that remain after the exclusive criteria are
applied. The final selection process uses nonexclusive cri-
teria, such as hydrogeological conditions, hauling distance,
site accessibility, and land use. This process can be done
in one or two steps.

If digitized data exist for the entire region under inves-
tigation, planners can rank the remaining areas using GIS
and an appropriate decision making model, such as the
analytical hierarchy process (Siddiqui 1994; Erkut and
Moran 1991). For example, USGS soil maps are available
in digitized format and include depth to water table, depth
to bedrock, soil type, and slope although information is
available only down to 5 ft. Planners can also use USGS
digitized maps to identify urban areas, rivers and streams,
and land use.

If areas are ranked, planners use this information, along
with nondigitized information and field inspection, to se-
lect a number of sites from the best areas. Otherwise, plan-
ners select a number of sites based only on nondigitized
information and simple field assessments without the aid
of area rankings.

Once a number of sites have been identified, planners
should rank the sites in a scientifically justifiable manner
using established decision making models such as the an-
alytical hierarchy procedure, interaction matrices, or mul-
tiattribute utility models (Camp Dresser & McKee 1984;
Morrison 1974; Anandalingham and Westfall 1988–89).
This process identifies a small number of sites, usually less
than four, to undergo detailed investigations regarding hy-
drogeologic characteristics such as drainage patterns, geo-
logic formations, groundwater depth, flow directions, and
natural quality and construction characteristics of site soils.
In addition, detailed information about existing land use,
available utilities, access, political jurisdictions, and land
cost is gathered (Walsh and O’Leary 1991a). Planners use
this information to select the site for which regulatory ap-
proval will be sought.

Hydrogeologic information is crucial to the final site se-
lection and has many uses. The main consideration is the
proximity of groundwater, groundwater movement, and
the potential for attenuation of leachate should it escape
from the landfill. The proximity of groundwater is simply
the depth to the groundwater table. Measuring the piezo-
metric elevation of the water table in a number of wells
on and around the potential site determines groundwater
movement. The direction of flow is perpendicular to the
lines of constant piezometric elevation. Groundwater
movement is important (1) to assess the potential for land-
fill contamination to impact human health, for example if
nearby drinking water wells are downgradient of the land-
fill site, and (2) to determine the placement of monitoring

wells should a site be selected. Leachate attenuation is a
function of mechanical filtration; precipitation and copre-
cipitation; adsorption, dilution, and dispersion; microbial
activity; and volatilization, most of which can be assessed
via a subsurface investigation (O’Leary and Walsh 1991c).

The approval process can be demanding. Application
writers should work closely with state permitting person-
nel, who can offer guidance on what is acceptable. To keep
costs low, planners should start the siting process with the
consideration of large areas based on limited and readily
available information and end it with the selection of one
site based on detailed information on a small number of
sites.

At some point during the selection and permitting of a
new landfill, planners hold at least one, and perhaps sev-
eral, public meetings to ensure that public input is obtained
concerning the selection of the landfill site. Generally all
landfill sites inconvenience some portion of the local pop-
ulation, and thus most sites generate some public opposi-
tion. The siting process must be clear, logical, and equi-
table. The site selected must be the best available site.
However, even if the best site is selected, equity consider-
ations may necessitate offering compensation to residents
near the site.

Design
Landfill design is a complex process involving disciplines
such as geomechanics, hydrology, hydraulics, wastewater
treatment, and microbiology. Design goals can include the
following (Walsh and O’Leary 1991c):

• Protection of groundwater quality
• Protection of air quality
• Production of energy
• Minimization of environmental impact
• Minimization of disposal costs
• Minimization of dumping time for site users
• Extension of site lifetime
• Maximum use of land upon site closure

Planners must consider the final use of the landfill site dur-
ing the design process to ensure that landfill design and
operation are compatible with the end use.

Table 10.13.2 summarizes the sanitary landfill design
steps. Table 10.13.3 summarizes the landfill design fac-
tors. Procurement of the requisite permits can take several
years, thus the design process, an integral part of any ap-
plication, should be started long before the current dis-
posal option is scheduled to close.

The design package includes plans, specifications, a de-
sign report, an operator’s manual, and cost estimates
(Walsh and O’Leary 1991b). An important part of land-
fill design is the development of maps and plans which de-
scribe the landfill’s construction and operation, including
the location map, base map, site preparation map, devel-
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opment plans, cross sections, phase plans, and the com-
pleted site map (Walsh and O’Leary 1991c).

The location map is a topographic map which shows
the relationship of the landfill to surrounding communi-
ties, roads, etc. The base map usually has a scale of 1 in
to 200 ft and contour lines at 2 to 5 ft intervals. It includes
the property line, easements, right-of-ways, utility corri-
dors, buildings, wells, control structures, roads, drainage
ways, neighboring properties, and land use. The site prepa-
ration map shows fill and stockpile areas and site facili-
ties. The landfill should be designed so that the excavated
material is used quickly as cover. Development plans show
the landfill base and top elevations and slopes. Cross sec-
tions at various places and times during the landfill life-
time should also be developed. Phase plans show the or-
der in which the landfill is constructed, filled, and closed.
The completed site map shows the elements of the pro-
posed end use and includes the final landscaping.
Construction details should be available detailing leachate
controls, gas controls, surface water controls, access roads,
structures, and monitoring facilities.

Equally important as the design maps is the site design
report, which describes the development of the landfill in
sequence (Walsh and O’Leary 1991b). The four major el-
ements of the design report are:

• Site description
• Design criteria
• Operational procedures
• Environmental safeguards

Landfill Types
Two types of lined landfills are excavated and area. At
excavated landfills, soil is excavated from the area where
waste is to be deposited and saved for use as daily, in-
termediate, or final cover. Excavated landfills are con-
structed on sites where excavation is economical and the
water table is sufficiently below the ground surface. Area
landfills do not involve soil excavation and are built
where excavation is difficult or the water table is near
the surface. All cover soil is imported to area landfills.
Both types of landfills are lined; the excavated landfill on
the bottom of the excavation, the area landfill on the
ground surface.

If the entire available area is lined at the beginning of
a landfill’s life, the large lined area collects rainwater for
the life of the landfill, generating a large quantity of un-
necessary leachate. For this reason, landfill liners and
leachate collection systems are constructed in phases. Each
phase consists of construcing a liner and leachate collec-
tion system on a portion of the available area, depositing
waste in the lined area, and installing intermediate cover.
Construction of the next phase begins before the current
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TABLE 10.13.2 SANITARY LANDFILL DESIGN STEPS

1. Determination of solid waste quantities and characteristics
a. Existing
b. Projected

2. Design of filling area
a. Selection of landfilling method based on site

topography, bedrock, and groundwater
b. Specification of design dimensions: cell width, length,

and depth; fill depth; liner thickness; interim cover
thickness; and final cover thickness

c. Specification of operational features: method of cover
application, need for imported soil for cover or liner,
equipment requirements, and personnel requirements

3. Design features
a. Leachate controls
b. Gas controls
c. Surface water controls
d. Access roads
e. Special working areas
f. Special waste handling
g. Structures
h. Utilities
i. Convenience center
j. Fencing
k. Lighting
l. Washracks
m. Monitoring facilities
n. Landscaping

4. Preparation of design package
a. Development of preliminary site plan of fill areas
b. Development of landfill contour plans: excavation plans;

sequential fill plans; completed fill plans; fire,
litter, vector, odor, surface water, and noise controls

c. Computation of solid waste storage volumes, cover soil
requirement volumes, and site life

d. Development of final site plan showing normal fill
areas; special working areas (i.e., wet weather areas),
leachate controls, gas controls, surface water controls,
access roads, structures, utilities, fencing, lighting,
washracks, monitoring facilities, and landscaping

e. Preparation of elevation plans with cross sections of
excavated fill, completed fill, and phase development
of fill at interim points

f. Preparation of construction details: leachate controls,
gas controls, surface water controls, access roads,
structures, and monitoring facilities

g. Preparation of ultimate landuse plan
h. Preparation of cost estimate
i. Preparation of design report
j. Preparation of environmental impact assessment
k. Submission of application and obtaining required permits
l. Preparation of operator’s manual

Source: Data from P. Walsh and P. O’Leary, 1991, Landfill site plan prepa-
ration, Waste Age 22, no. 9: 97–105 and E. Conrad et al., 1981, Solid waste
landfill design and operation practices, EPA draft report, Contract no. 68-01-
3915.



phase is filled so that it is ready to receive waste as soon
as the current phase is filled. The liners and leachate col-
lection systems of adjacent phases are usually tied together.

The size of landfill phases depends on the rate at which
waste is deposited in the landfill, local precipitation rates,
state permitting practice, and site topography. At landfills
receiving large amounts of waste per day, phase size can
be chosen so that phase construction equipment is always
in use. As soon as the construction of one phase ends, con-
struction of the next phase begins. Smaller landfills can-
not operate this way.

Figure 10.13.3 shows several points in a normal, exca-
vated, landfill lifetime, simplified because the landfill has

only one phase. Part (a) shows the landfill just before waste
is deposited. The liner is installed at grades that cause
leachate to flow toward leachate collection pipes.
Groundwater monitoring wells are also installed. Part (b)
shows the second waste lift of an operating landfill cell be-
ing created. Each lift consists of a layer of daily waste cells.
Each daily cell consists of the waste deposited during a sin-
gle operating day. Daily cells are separated by the cover
soil applied at the end of each day. To keep the daily cover
and litter to a minimum, operators should keep the work-
ing face as small as possible.

Temporary roads on the landfill allow truck traffic easy
access to the working face of the landfill. During wet
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TABLE 10.13.3 LANDFILL DESIGN FACTORS

Factors Remarks

Access Paved all-weather access roads to landfill site; temporary roads to unloading areas
Land area Area large enough to hold all community waste for a minimum of five years, but

preferably ten to twenty-five years; area for buffer strips or zones also
Landfilling method Based on terrain and available cover; most common methods are

excavated and area landfills
Completed landfill Finished slopes of landfill, 3 or 4 to 1; height to bench, if used, 50 to 75 ft; slope of

characteristics final landfill cover, 3 to 6%
Surface drainage Drainage ditches installed to divert surface water runoff; 3 to 6% grade maintained

on finished landfill cover to prevent ponding; plan to divert storm water from
lined but unused portions of landfill

Intermediate cover Use of onsite soil material maximized; other materials such as compost produced
material from yard waste and MSW also used to maximize the landfill capacity; typical

waste-to-cover ratios from 5 to 1 to 10 to 1
Final cover Multilayer design; slope of final landfill cover, 3 to 6%
Landfill liner, leachate Multilayer design incorporating the use of a geomembrane and soil liners. Cross slope

collection for leachate collection systems, 1 to 5%; slope of drainage channels, 0.5 to 1.0%.
Size of perforated pipe, 4 in; pipe spacing, 20 ft

Cell design and Each day’s waste forms one cell; cover at end of day with 6 in of earth or other
construction suitable material; typical cell width, 10 to 30 ft; typical lift height including

intermediate cover, 10 to 14 ft; slope of working faces, 2:1 to 3:1
Groundwater Any underground springs diverted; if required, perimeter drains, well point

protection system, or other control measures installed. If leachate leakage occurs, control
with impermeable barriers, pump and treat, or active or passive bioremediation

Landfill gas Landfill gas management plan developed including extraction or venting wells,
management manifold collection system, condensate collection facilities, vacuum blower facilities,

flaring facilities, and energy production facilities; operating vacuum located
at well head, 10 in of water

Leachate collection Maximum leachate flow rates determined and leachate collection pipe and
trenches sized; leachate pumping facilities sized; collection pipe materials selected to
withstand static pressures corresponding to the maximum height of the landfill

Leachate treatment Pretreatment determined based on expected quantities of leachate and local
environmental and political conditions

Environmental Vadose zone gas and liquid monitoring facilities installed; up- and downgradient
requirements groundwater monitoring facilities installed; ambient air monitoring stations located

Equipment Number and type of equipment based on the type of landfill and the capacity of
requirements the landfill

Fire prevention Onsite water available; if nonpotable, outlets must be marked clearly; proper
cell separation prevents continuous burn-through if combustion occurs

Source: Data from G. Tchobanoglous, H. Theissen, and S. Vigil, 1993, Integrated solid waste management: Engineering principles and management issues (New
York: McGraw-Hill).



weather, use of a special easy access area for waste dis-
posal may be necessary.

Part (c) of Figure 10.13.3 shows the completed landfill.
Five lifts are created, the final cover is installed, vegetation
is established, and gas collection wells are installed.

Landfill excavations have sloping bottoms and sides.
Excavated side slopes are generally not more than a ratio
of 1:1. Their stability must be checked, typically with ro-
tational or sliding-block methods. Bottom slopes are gen-
erally 1 to 5%. However, when landfills are built on slop-
ing terrain, bottom slopes can be steeper, requiring stability
analysis as well. Operators must also check the stability of
the synthetic liner on steeper slopes to ensure that it does
not slip or tear. This analysis is based on the friction force
between the liner and the material just below the liner.
Planners should estimate the bearing capacity of the soil
below the landfill and future settlement to ensure that
problems associated with differential settling do not ensue
after waste is deposited in the landfill. Finally, the pipes
used in the leachate collection system must be able to bear
the weight of the waste placed on top.

The side slopes of the top of the landfill are generally
a ratio of 3:1 or 4:1. Large landfills have benches, or ter-
races, on the side slope to help reduce erosion by slowing
down water as it flows down the sides. The central por-

tion of the top of the landfill is relatively flat because height
limitations keep landfills from being pointed cones.
However, a slight slope (3 to 6%) is maintained to en-
courage run-off.

Leachate Control
Water brought in with the waste, precipitation, and sur-
face run-on can increase the amount of water in the land-
fill, called leachate. Leachate, especially from new land-
fills, can have high concentrations of COD, BOD,
nutrients, heavy metals, and trace organics (Tchobano-
glous, Theissen, and Vigil 1993). Leachate that contacts
drinking water supplies can result in contamination. For
this reason, liners and collection systems are used to min-
imize the leachate that escapes from landfills. Unless test-
ing indicates that it is not a pollutant, collected leachate is
treated before being released in a controlled manner into
the environment.

The factors affecting leachate generation are climate,
site topography, the final landfill cover material, the veg-
etative cover, site phasing and operating procedures, and
the type of waste material in the fill (O’Leary and Walsh
1991c). Obviously, with all else equal, the more rainfall,
the more infiltration into the landfill and the more leachate.
Topography can affect the amount of water entering or
leaving the landfill site. One purpose of the final cover is
to keep water from entering the fill. Current federal regu-
lations require the final cover to have a hydraulic con-
ductivity at least as low as the bottom composite liner.
Unless exemptions are made, this requirement means that
the final cover must include a geosynthetic layer. If a
drainage layer is included in the final cover, this layer fur-
ther reduces the amount of water infiltrating the fill.
Vegetative cover on the final cover reduces infiltration by
intercepting precipitation and encouraging transpiration.
As already mentioned, proper site phasing keeps the
amount of exposed liner area small, thus reducing the col-
lection of rainwater. Finally, the waste deposited in the
landfill contains some water, and the resulting moisture
content varies with location and waste type. For example,
wastewater treatment plant sludges contain significant
amounts of moisture. Planners can estimate the amount of
leachate generated by a landfill using water balance equa-
tions or the EPA’s HELP model (Tchobanoglous, Theissen,
and Vigil 1993; O’Leary and Walsh 1991c).

Leachate controls are the final cover, the surface water
controls that keep water from running onto the landfill,
the liner, the leachate collection system, the leak detection
system, and the leachate disposal system.

FINAL COVER AND SURFACE WATER
CONTROLS

The final cover creates a relatively impermeable barrier
over the fill area which keeps rainwater from entering. The
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FIG. 10.13.3 Development of a landfill: (a) excavation and in-
stallation of landfill liner, (b) placement of solid waste in land-
fill, (c) cutaway through completed landfill. (Adapted from G.
Tchobanoglous, H. Theissen, and S. Vigil, 1993, Integrated solid
waste management: Engineering principles and management is-
sues [New York: McGraw-Hill].)



slope, soil type, and vegetation determine the surface wa-
ter run-off characteristics of the site. Planners can deter-
mine run-off quantities and peak flows using standard hy-
drologic run-off techniques, such as the rational method
or TR 55. The control of surface run-off generally requires
berms to be constructed around the fill area, but drainage
ditches can also be used. A detention pond is generally re-
quired as well.

LINERS

A landfill can be thought of as a bathtub. Liners make the
bottom and sides of the landfill less permeable to the move-
ment of water. Figure 10.13.4 shows a typical liner sys-
tem. Federal regulations call for a composite liner, con-
sisting of an HDPE geomembrane at least 60 mil thick
(1000 mil equals one inch) over 2 ft of compacted soil
(clay) with a hydraulic conductivity of less than 1 3 1027

cm/sec. Equivalent or better alternative liner systems are
approved in some cases.

Constructing the soil liner requires spreading and com-
pacting impermeable soil in several lifts, ensuring that the
soil contains near optimum moisture content and com-
paction for minimum permeability. Compaction is usually
done with large vehicles with sheepsfoot wheels. Synthetic
membranes used in composite landfill liners must be at
least 60 mil thick. These membranes can be damaged by
heavy equipment and are generally protected with a care-
fully applied layer of sand, soil, or MSW. Geotextiles can
also be used to protect geosynthetic liners.

COLLECTION AND LEAK DETECTION
SYSTEMS

Just as a bathtub has a drain to remove bath water, the
landfill has a mechanism to remove leachate. The liner in
Figure 10.13.3(a) is graded to direct any leachate reach-
ing the liner surface into a leachate collection system. Liner
systems are not leak proof. Collecting leachate and re-
moving it from the landfill reduces the hydraulic head on
the liner, thus reducing fluid flow through the liner. To

speed the lateral flow of leachate once it reaches the bot-
tom of the landfill, a drainage layer is placed over the com-
posite liner (see Figure 10.13.4). The drainage layer can
be made of coarse media such as sand or shredded tires,
though geonets (high-strength geosynthetic grids less than
As in thick capable of transmitting high quantities of wa-
ter) are also common. Geotextiles minimize clogging of the
drainage layers by excluding particles. Drainage layers
slope toward collection pipes, which direct leachate to-
ward a sump or directly out of the landfill.

Figure 10.13.5 shows a typical leachate collection pipe
cross section. The leachate collection pipe is laid in a gravel
trench wrapped with a geotextile which allows water to
enter the leachate trench but keeps out small particles that
could clog the gravel or pipe. Leachate collection trenches
lay on top of the liner and travel along local hydraulic low
points. The leachate collection system carries leachate out
of the landfill cell through the liner or dumps leachate into
a sump which is pumped over the side of the liner.

LEACHATE DISPOSAL SYSTEMS

Leachate can be treated by recycling, onsite treatment, or
discharge to a municipal wastewater treatment plant.
Recycling leachate involves reapplying collected leachate
at or near the top of the landfill surface, thus providing
additional contact between leachate and landfill microbes.
Recycling can reduce BOD and COD and increase pH—
with subsequent reduction in heavy metals concentrations.
Furthermore, leachate recycling evens the flow of leachate
that is removed from the landfill and can enhance the sta-
bilization of the landfill (O’Leary and Walsh, 1991c).
Onsite treatment can involve physical, chemical, or bio-
logical treatment processes. However, leachate from re-
cently deposited waste is a high-strength wastewater.
Furthermore, leachate characteristics change dramatically
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over the course of the landfill’s life. Consequently, treat-
ment processes should be carefully designed and con-
structed. The most common option is to use a nearby mu-
nicipal wastewater treatment plant. Leachate is usually
transported to the facility by tanker truck, but a pipeline
is economic in some cases. Using a municipal wastewater
treatment plant to treat a high-strength wastewater may
involve extra charges or pretreatment requirements.

LEACHATE MONITORING

The last leachate control element is monitoring. Some land-
fills use lysimeters, geosynthetic membranes placed in the
ground, to detect and collect material directly under the
landfill. However, monitoring is most commonly accom-
plished by collecting groundwater from wells located
around the landfill, both upgradient and downgradient of
the landfill. Upgradient wells are important in determin-
ing whether downgradient contamination is caused by the
landfill or some upgradient event. Groundwater is moni-
tored regularly for a number of inorganic and organic con-
stituents (CFR 40 Parts 257–258). Detection of a contam-
inant at a statistically significant higher concentration than
background levels results in increased monitoring require-
ments. Detection of contaminants at concentrations above
groundwater protection levels requires the operator to as-
sess corrective measures. Based on this assessment, a cor-
rective measure is selected that protects human health and
the environment, attains the applicable groundwater pro-
tection standards, controls the source(s) of release to the
maximum extent possible, and complies with the applica-
ble standards for managing any waste produced by the
corrective measures. Corrective measures may involve
pump and treat, impermeable barriers, or bioremediation.

Gas Control
Waste material deposited in landfills contains organic ma-
terial. If sufficient moisture is available (more than 20%),
indigenous microbes degrade this material. While sufficient
external electron acceptors are available, degradation is
achieved through respiratory processes that produce pri-
marily carbon dioxide and water. Invariably, oxygen is
available at first, entrained in the waste during collection,
transport, and unloading. Usually, microbial activity con-
sumes the available oxygen within a short period of time,
i.e., days or weeks. If alternative electron acceptors are
available to substitute for oxygen, respiratory processes
continue (Suflita et al. 1992). The most common alterna-
tive electron acceptor in landfills is sulfate, found in gyp-
sum dry wall debris.

Alternative electron acceptors are not available in most
of the volume of a typical landfill; subsequently, fermen-
tative processes predominate, ultimately producing land-
fill gas that is primarily carbon dioxide and methane (see
Table 11.13.4). Observed gas yields are less than the the-

oretical maximum based on stoichiometry and are gener-
ally in the range of 4000 cu ft per tn of waste (O’Leary
and Walsh 1991b).

Landfill gas must be removed from landfills. The final
cover, used to keep out water and support vegetation for
erosion control, can trap landfill gases. A build-up of gas
in a landfill can rupture the final cover. In addition, the
vegetative cover can be killed if the pore space in the final
cover topsoil becomes saturated with landfill gases. Finally,
methane is explosive if present in sufficient concentration,
above 5%. Methane traveling through the landfill or sur-
rounding soils can collect at explosive concentrations in
nearby buildings. Migration distances greater than 1500
ft have been observed (O’Leary and Walsh 1991a). For
these reasons, landfill gases must be vented or collected.

Gas control can be accomplished in a passive or active
manner. Passive landfill gas control relies on natural pres-
sure and convection to vent gas to the atmosphere or flares.
Passive systems consist of gas venting trenches or wells, ei-
ther in the landfill or around it. However, passive systems
are not always successful because the pressure generated
by gas production in the landfill may not be enough to
push landfill gas out.

Active gas control removes landfill gases by applying a
vacuum to the landfill. In other words, the landfill gases
are pumped out. However, overpumping draws air into
the landfill, slowing the production of more methane. After
expensive landfill gas extraction equipment is installed,
slowing methane production is not desirable. If migration
control is the primary purpose of active gas control, re-
covery wells can be placed near the perimeter of the land-
fill. However, landfill gas can be an energy source, in which
case vertical or horizontal recovery wells are typically
placed in the landfill. Landfill gas with 50% methane has
a heating value of 505 Btu/standard cu ft, about half that
of natural gas (O’Leary and Walsh 1991a).

Collected landfill gas can be vented, burned without en-
ergy recovery, or directed to an energy recovery system.
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TABLE 11.13.4 TYPICAL LANDFILL GAS
COMPONENTS

Component Percent

Methane 47.4
Carbon dioxide 47.0
Nitrogen 3.7
Oxygen 0.8
Paraffin hydrocarbons 0.1
Aromatic-cyclic hydrocarbons 0.2
Hydrogen 0.1
Hydrogen sulfide 0.01
Carbon monoxide 0.1
Trace compounds 0.5

Source: Data from R. Ham, 1979, Recovery, processing and utilization of
gas from sanitary landfills, EPA 600/2-79-001.



When energy is to be recovered, the gas can be piped di-
rectly into a boiler, upgraded to pipeline quality, or cleaned
and directed to an onsite electricity engine-generator. The
first two options are feasible only if a boiler or gas pipeline
is located near the landfill, which is not common.

Because of the explosive and suffocative properties of
landfill gases, special safety precautions are recommended
(O’Leary and Walsh 1991a):

• No person should enter a vault or trench on a
landfill without checking for methane gas or wear-
ing a safety harness with a second person stand-
ing by to pull him to safety.

• Anyone installing wells should wear a safety rope
to prevent falling into the borehole.

• No smoking is allowed while gas wells or collec-
tion systems are being drilled or installed or when
gas is venting from the landfill.

• Collected gas from an active system should be
cleared to minimize air pollution and a potential
explosion and fire hazard.

Personnel entering the landfill through gas collection man-
holes must carry an air supply.

Gas monitoring wells should be placed around the land-
fill if methane migration could threaten nearby buildings.
Gas wells are used to measure gas pressure and to recover
gas from soil pore space. The explosive potential of gases
can be measured with portable equipment.

Site Preparation and Landfill
Operation
Site preparation involves making a site ready to receive
MSW and can include (O’Leary and Walsh 1991d):

• Clearing the site
• Removing and stockpiling the soil
• Constructing berms around the landfill for aes-

thetic purposes and surface water control. Berms
are usually constructed around each landfill phase.

• Installing drainage improvement, if necessary.
These improvements can include drainage chan-
nels and a lagoon.

• Excavating fill areas as phases are built (only for
excavated landfills)

• Installing environmental protection facilities, in-
cluding a liner, leachate collection system, gas con-
trol equipment, groundwater monitoring equip-
ment, and gas monitoring equipment

• Preparing access roads
• Constructing support facilities, including a service

building, employee facilities, weigh scale, and fu-
eling facilities

• Installing utilities, including electricity, water,
sewage, and telephone

• Constructing fencing around the perimeter of the
landfill

• Constructing a gate and entrance sign as well as
landscaping

• Constructing a convenience center, either for small
vehicles to unload waste (to minimize traffic at the
working face) or for the collection of recyclables

• Installing litter control fences
• Preparing construction documentation

An efficient landfill is operated so that vectors, litter,
and environmental impacts are minimized, compaction is
maximized, worker safety is ensured, and regulations are
met or exceeded. Regulations control or influence much
of the daily landfill operation. For example, regulations re-
quire some or all of the following:

• Traffic control
• An operating plan
• Control of public access, unauthorized traffic, lit-

ter, dust, disease vectors, and uncontrolled waste
dumping

• Measurement of all refuse
• Control of fires
• Minimization of the working face area
• Minimization of litter scatter from the working

area
• Frequent cleaning of the site and site approaches
• 6 in of soil cover on exposed waste at the end of

the operating day
• Special provisions to handle bulky wastes
• Separation of salvage or recycling operations from

the working face
• Exclusion of domestic animals
• Safety training for employees
• Annual reports and daily record keeping

Landfill equipment falls into four groups: site con-
struction; waste movement and compaction; cover move-
ment, placement, and compaction; and support functions
(O’Leary and Walsh 1991d). Conventional earth moving
equipment is usually used in landfill construction.
However, specialized equipment is required for liner in-
stallation. The vehicles that bring waste to the landfill
dump on the working face. Therefore, operators accom-
plish waste movement and compaction at the landfill by
moving and spreading the waste around the working face
and traveling over it several times with heavy equipment,
usually compactors or dozers. If soil is used as cover ma-
terial, it is transported using scrapers or trucks. If trucks
are used, additional equipment is needed for loading.
Cover soil compaction is done by the same equipment that
compacts the waste. The use of an alternative cover ma-
terial, such as foam or blankets, may require special equip-
ment. A common support vehicle is the water truck, which
reduces road dust and controls fires. The selection of land-
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fill equipment depends on budget and the daily capacity
of the site.

Closure, Postclosure, and End Use
Both the design and operation must consider the closure
and postclosure periods, as well as the end use. Typical
end uses include green areas, parks, and golf courses. As
phases are closed, the final or intermediate cover may be
applied depending on whether the top elevation of the
landfill has been reached. Vertical gas vents or recovery
wells can be installed as the final elevations are reached.
Horizontal gas recovery wells are installed at specified
height intervals as the phases are filled. As the side slopes
of the landfill are completed, many aspects of final closure
can also be completed, including final cover installation
and revegetation.

Figure 10.13.6 shows a typical final cover cross section.
The surface layer consists of top soil and is used to sup-
port vegetation. The vegetation reduces erosion and aes-
thetically improves the landfill. Grasses are the most com-
mon vegetation used, but other plants are used, including
trees. Just below the surface layer is the optional drainage
layer, used to minimize the hydraulic head on the barrier
layer. The drainage layer can be sand or a geonet and is
protected from clogging by a geotextile. The next layer is
the hydraulic barrier. Current regulations require it to have
a hydraulic conductivity at least as low as the bottom liner.
Therefore, the barrier layer usually includes a geomem-
brane. A subbase layer may be necessary to protect the
barrier layer.

Final closure involves installing the remaining final
cover, planting the remaining vegetation, and adding any
fencing required to maintain site security. Revegetation de-
pends on a number of factors (O’Leary and Walsh 1992b).
First, the cover soil must be deep enough to sustain the
planted species. Grasses require at least 60 cm, while trees
require at least 90 cm. The final cover topsoil should be

stabilized with vegetation as soon as possible to avoid ero-
sion. Operators should determine the soil characteristics
before planting and add lime, fertilizer, or organic matter
as required. The bulk density should be measured, and, if
too high, amended. Species should be chosen that are land-
fill tolerant (Gilman, Leone, and Flower 1981; Gilman,
Flower, and Leone 1983). Grasses and ground covers
should be planted first. If possible, seeds should be em-
bedded in the soil. Trees or shrubs, if used, should be
planted only one or two years after grasses are planted. If
grasses cannot survive on the landfill, the same will be true
of trees and shrubs. The most common problems en-
countered with revegetation of landfill surfaces are poor
soil, root toxicity, low oxygen concentration in the soil
pore space, low nutrient value, low moisture content, and
high soil temperature. Operators should develop a landfill
closure plan which addresses control of leachate and gases,
drainage and cover design, and environmental monitoring
systems. The postclosure period is currently specified by
regulation to be at least thirty years after closure. During
this time, surface water drainage control, gas control,
leachate control, and monitoring continue. The general
problems that must be addressed during this period are
the maintenance of required equipment and facilities, the
control and repair of erosion, and the repair of problems
associated with differential settlement of the landfill sur-
face.

Special Landfills
The distinction between the modern sanitary landfill and
hazardous waste landfill is blurred, except the latter usu-
ally has two or three liner systems and multiple leachate
collection systems (O’Leary and Walsh 1992a). Landfills
similar to the sanitary landfill are sometimes built to han-
dle special waste. Special waste is high-volume waste that
is not hazardous and can be easily handled separate from
the municipal waste stream.

Separate disposal is advantageous if a dedicated dis-
posal facility is required, the waste is perceived to have
special associated risks, or the waste carries a lower risk
than MSW. An example of a waste with special risks is
infectious waste which, though relatively innocuous in the
ground, must be handled with special care so that disposal
facility workers are not infected. In this case, a dedicated
facility may be required for worker safety. An example of
a low-risk waste is construction and demolition waste. In
this case, using a disposal facility with lower performance
standards can reduce disposal cost. Thus, a special land-
fill is dedicated to one or a few classes of special waste
material. Examples of special material include coal-fired
electric power plant ash, MSW incinerator ash, construc-
tion and demolition debris, infectious waste, asbestos, or
any nonhazardous industrial waste subject to subtitle D
regulations.
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Conclusion
In the United States, the landfill is the most popular dis-
posal option for MSW. Traditionally, it has been the least-
cost disposal option, and it is also a solid waste manage-
ment necessity because no combination of reduction,
recycling, composting, or incineration can currently man-
age the entire solid waste stream. Developing a new land-
fill involves site location, landfill design, site preparation,
and landfill construction. Locating a new landfill can in-
volve significant public participation. Federal regulations
specify many location, design, operation, monitoring, and
closure criteria. These regulations reduce the incidence of
unacceptable pollution caused by landfills.

—J.W. Everett
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10.14
COMPOSTING OF MSW

In the United States, 180 million tn, or 4.0 lb per person
per day of MSW were generated in 1988 (U.S. EPA 1990).
The rate of generation has increased steadily between 1960
and 1988, from 88 million to 180 million tn per day (U.S.
EPA 1990). Furthermore, the rate continues to increase
(Steuteville and Goldstein 1993). In 1988, 72% of the
MSW was landfilled. At the same time, due to strict fed-
eral regulations, mainly the RCRA, the number of land-
fills has decreased (U.S. Congress 1989). For the protec-
tion of human health and the environment, old landfills
are being closed and new ones must be carefully con-
structed, operated, and monitored even when the landfill
is closed. Thus the cost of disposing MSW by landfilling
has greatly increased.

The increasing rate of generation, decreasing landfill ca-
pacity, increasing cost of solid waste management, public
opposition to all types of management facilities, and con-
cerns for the risks associated with waste management has
led to the concept of integrated solid waste management
(U.S. EPA 1988). Integrated solid waste management refers
to the complementary use of a variety of waste manage-
ment practices to safely and effectively handle MSW with
minimal impact on human health and the environment.
An integrated system contains some or all of the follow-
ing components:

• Source reduction
• Recycling of materials



• Incineration
• Landfilling

The U.S. EPA recommends a hierarchical approach to
solve the MSW generation and management problems.
Using the four components of integrated solid waste man-
agement, the hierarchy favors source reduction, which is
aimed at reducing the volume and toxicity of waste.
Recycling is the second favored component. Recycling di-
verts waste from landfills and incinerators and recovers
valuable resources. Landfills and incinerators are lower in
the hierarchy but are recognized as necessary in the fore-
seeable future to handle some waste.

Essentially, the goal of integrated solid waste manage-
ment is to promote source reduction, reuse, and recycling
while minimizing the amount of waste going to incinera-
tors and landfills. Composting is included in the recycling
component of the hierarchy. This section discusses the
composting of MSW.

Aerobic Composting in MSW
Management
The organic fraction of MSW includes food waste, paper,
cardboard, plastics, textiles, rubber, leather, and yard
waste. Organic material makes up about half of the solid
waste stream (Henry 1991) (see Section 10.5). Almost all
organic components can be biologically converted al-
though the rate at which these components degrade varies.
Composting is the biological transformation of the organic
fraction of MSW to reduce the volume and weight of the
material and produce compost, a humus-like material that
can be used as a soil conditioner (Tchobanoglous,
Theissen, and Vigil 1993).

Composting is gaining favor for MSW management
(Goldstein and Steuteville 1992). It diverts organic matter
from landfills, reduces some of the risks associated with
landfilling and incineration, and produces a valuable
byproduct (compost). At the present time, twenty-one
MSW composting plants are operating in the United States
(Goldstein and Steuteville 1992). Most of these plants com-
post a mixed MSW waste stream. This number does not
include a larger number of operations which deal solely
with organic material, primarily from commercial estab-
lishments (grocery stores, restaurants, and institutions) and
those facilities composting yard waste. Finstein (1992)
states that over 200 such yard waste facilities are in New
Jersey alone.

Applications of aerobic composting for MSW manage-
ment include yard waste, separated MSW, commingled
MSW, and cocomposting with sludge.

SEPARATED AND COMMINGLED WASTE

Yard waste composting includes leaves, grass clippings,
bush clippings, and brush. This waste is usually collected

separately in special containers. Yard waste composting is
increasing especially since some states, as a part of their
waste diversion goals, are banning yard waste from land-
fills (Glenn 1992). The U.S. EPA (1989); Strom and
Finstein (1985); and Richard, Dickson, and Rowland
(1990) provide detailed descriptions of yard waste com-
posting.

Separated MSW refers to the use of mechanical and
manual means to separate noncompostable material from
compostable material in the MSW stream before com-
posting. The mechanical separation processes involve a se-
ries of operations including shredders, magnetic separa-
tors, and air classification systems. The sequence is often
referred to as front-end processing. Front-end processing
prepares the feedstock for efficient composting in terms of
homogeneity and particle size. Front-end processing also
removes the recyclable components and thus insures a
higher-quality compost product since the material which
causes product contamination is removed. Still, significant
amounts of metals and trace amounts of household haz-
ardous waste are often found after mechanical separation.
For this reason, source-separated material is the preferred
feedstock to produce the highest quality compost product.

On the other hand, composting partially processed,
commingled MSW can divert waste from landfills when
the product quality is not too demanding. The compost
can also be used as intermediate landfill cover (Tchobano-
glous, Theissen, and Vigil 1993). Recently, a planning
guide was published for mixed organic composting (Solid
Waste Composting Council 1991).

The organic fraction of MSW can be mixed with waste-
water treatment plant sludge for composting. This process
is commonly known as cocomposting. In general, a 2:1
mixture of compostable MSW to sludge is used as the start-
ing point. Sludge dewatering may not be necessary.

While MSW contains a high percentage of biodegrad-
able material (yard waste, food waste, and paper), one
must decide prior to composting whether to keep the or-
ganic material separate from the other components of
MSW or to begin with mixed MSW and extract the or-
ganic material later for composting. For example, yard
waste (particularly leaves) is often kept separate from the
rest of MSW and composted. This separation allows eas-
ier composting (than with mixed MSW) and yields a prod-
uct with low levels of contamination. The disadvantage is
that separate collection of yard waste is necessary.

COCOMPOSTING RETRIEVED
ORGANICS WITH SLUDGE

The principles of composting and a description of the
process technology are presented in Section 7.43 for sludge
composting. While the fundamentals of sludge compost-
ing are applicable to MSW composting, several significant
differences exist. The major difference involves prepro-
cessing when MSW is composted. As shown in Figure
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10.14.1, receiving, the removal of recoverable material,
size reduction, and the adjustment of waste properties (e.g.,
the C:N ratio and the addition of moisture and nutrients)
are essential steps in preparing MSW for composting.
Obviously, different preprocessing strategies are needed for
source-separated organic MSW and yard waste. Also, the
degree of preprocessing depends on the type of compost-
ing process used and the specifications for the final com-
post product (Tchobanoglous, Theissen, and Vigil 1993).

MSW composting employs the same techniques as
sludge composting: windrow, aerated static pile, and in-
vessel systems. Tchobanoglous, Theissen, and Vigil (1993)

note that over the past fifty years, more than fifty types of
proprietary commercial systems have been developed and
applied worldwide. In general, they are variations of these
three basic techniques.

Municipal Composting Strategies
Today, a large degree of public opposition to all types of
waste management facilities and concerns for the risks as-
sociated with waste management exists. Composting, how-
ever, is often perceived as a safer alternative to either land-
filling or incineration (Hyatt 1991) and is ranked higher
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in the integrated solid waste management hierarchy.
Nonetheless, composting facilities must be carefully
planned and managed for successful operation. The key
elements are elucidated by the Solid Waste Composting
Council (1991) and include:

1. Recovery and preparation of compostables
2. Composting
3. Refining
4. Good neighbor planting
5. Positive control of litter, dust, odors, noise, and runoff

The first step involves preprocessing (as previously de-
scribed). This processing results in the preparation of a
good feed stock for composting and the recovery of recy-
clables. The second step is the composting, which must be
properly controlled (as described in Section 7.43). Refining
involves postcomposting management (e.g., screening) to
improve product quality. Good neighbor planting includes
a carefully selected site, pleasing appearance, paved access,
parking, a secure site, and a clean site. The positive con-
trol element includes the treatment of odors and other
emissions, pathogen and toxin control, air-borne dust
management, noise control, and run-off control.

Compost quality, an important issue, is a function of
the physical, chemical, and biological characteristics of the
product. In terms of physical aspects, good compost should
be dark in color; have uniform particle size; have a pleas-
ant, earthy odor; and be free of clumps and identifiable
contaminants, such as glass fragments and pieces of metal
and plastic. Chemical characteristics include not only the
positive contribution from organic and inorganic nutrients,
which are helpful for plant production, but also the detri-
ments associated with heavy metals and toxic organics.
Other chemical characteristics include weed seeds, salts,
plant pathogens, and possibly human pathogens. Stability
and maturity are significant concerns for compost quality
and process control.

Quality is a major component of marketing compost,
and marketing plays a key role in the effectiveness of any
program to compost waste. The primary objective in find-
ing a market for compost is finding an end use of the prod-
uct. Since composting significantly reduces the volume of
MSW, even if the compost is landfilled (as intermediate
cover) that use may justify a composting program.
However, the value of any program increases when a bet-
ter end use is secured which further reduces the required
landfill space and recovers a resource—a soil conditioner.
While compost can be sold, revenue from composting is
a secondary objective. While operating a compost facility
for profit from compost sales is possible, this situation
rarely occurs. Of course, any revenue generated from com-
post sales can offset the processing cost.

Composting MSW or various portions of the waste
stream is an important component of integrated solid
waste management. The use of composting is part of the
strategy of minimizing incineration and landfilling while

promoting source reduction and recycling. At least 50%
of the MSW stream is compostable. Composting diverts
these materials from less beneficial disposal methods and
provides a more environmentally sound MSW program.

A central issue is the tradeoff between collection ease
and management concerns. Source separated organics are
easier to compost and yield a compost product of higher
quality but require separate collection. The use of com-
posting processes and the type of waste to be composted
(mixed MSW versus source separation) must be integrated
into the overall waste management plan for a given region.
In terms of mixed MSW, preprocessing is important to ob-
tain a high-quality product. Regardless of the final com-
post use or source of feedstock, some degree of prepro-
cessing is necessary to prepare the feedstock for
composting. This preprocessing insures proper particle
size, moisture content, and nutritional balance.

—Michael S. Switzenbaum
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