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Figure 4.10 Composting diversion opportunities—overall waste stream. (From Ref. [1])

Conventional Processing Technologies
Once recyclables are collected, the materials have to be processed. There are several
levels of processing, typically ranging from a small shed with a few balers to a fullscale materials recovery facility (MRF) that separates out the recyclables. A summary of these different technologies is detailed in the paragraphs below.

Source-Separated Recycling Drop-Off Facility
A source-separated recycling drop-off facility provides minimum processing of
recyclables. Most of these facilities contain various forms of balers that can condense and bale recyclables by material type. For example, there may be a paper
baler and a metals baler onsite. Material delivered here is usually sorted by the
person dropping off the recyclables; although some facilities employ workers to
assist with this task and still others depend on volunteers. There is very little garbage or contaminants associated with this type of collection system, so they tend to
be more acceptable to communities when they are going through the facility siting
process.
Some communities elect to have a nonprofit community recycling facility. The
general setup of these facilities is to have customers self-haul and source separate
materials onsite. Oftentimes, the facility is operated by part-time employees or on
a volunteer basis. Funding for the facility is often typically solely dependent upon
memberships and/or the sale of recycled material.
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Materials Recovery Facility
An MRF is a facility where solid waste or recyclables are sorted to recover materials for
marketing to end users such as manufacturers or sent to other recycling facilities for further processing. These facilities have been a product of continuing design improvements
over the last two decades and an increasing enhancement of management techniques [2].
Commonly, these facilities are classified on how the materials are sorted and processed:
●

●

●

Dual-stream MRF
Single-stream MRF
Mixed waste MRF.

Current State of MRFs
As shown in Figure 4.11, the growth of MRFs in the United States has risen substantially over the past 20 years from 40 in 1991 to an estimated 736 in 2012. Nearly 60% of
these are located in 11 states with the largest populations (California, Pennsylvania, New
York, Florida, Minnesota, Texas, Wisconsin, New Jersey, Ohio, Illinois, and Virginia),
and almost 70% of these are owned by private service providers, most commonly the
largest United States waste haulers (Waste Management, Republic, Progressive).
Newer MRFs are becoming larger to take advantage of economies of scale in
operating costs. In the early 2000s, there were only a handful of MRFs processing
in excess of 100,000 tons of recyclables per year. However, in recent years, this is
no longer the exception and is quickly becoming the state-of-the-art size for newly
constructed facilities. Further, the industry has seen consolidation with many of the
larger firms merging or buying smaller operations to gain regional market share [2].
Changes in the MSW stream have had an impact on the overall design of MRFs
in the United States over the past two decades. The greatest impacts have been seen
in the reduction of newspapers and the increase in cardboard in the MSW stream in
the United States.
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Figure 4.11 Growth in U.S. MRF, 2001–2012. (From Eileen Berenyi)
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The loss of advertising revenues in the United States since 2007 due to the Great
Recession has had a noticeable impact on the print media world. Newspaper has traditionally been a significant component of the recyclables generated by residences,
oftentimes representing 60% of the recyclables by weight. Several major forecasters have predicted the decline in newspaper consumption over the next several decades, suggesting that we are seeing the end of the age of print media [3]. Figure 4.12
graphically portrays the reduction in the magazine and newspaper business.
Figure 4.13 illustrates the increasing percentage of online sales as a percentage
of all retail sales. With respect to MRF design, this trend represents itself in the
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Figure 4.12 U.S. daily newsprint consumption, readership, and advertising expenditures.
(From Ref. [4])
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Figure 4.13 Estimated retail e-commerce sales as a percent of total retail sales. (From
Ref. [5])
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increasing percentage of old corrugated containers (OCC) in the MSW stream as
more products are shipped to residences in the United States in OCC.
The MRF market in the United States is also experiencing a significant number
of facility modifications to accommodate municipal preferences for single-stream
recycling. Many facilities have seen additions of single stream lines or wholesale
reconstruction to single-stream processing only. Most industry observers suggest that
approximately half of the larger United States MRFs process single-stream recyclables [6]. Baling, as well as loose transfer of single-stream recyclables, for long-haul
transport is widely popular in many regions to take advantage of lower operating
costs of these larger “super MRFs.”
Nonetheless, the debate continues between proponents of single-stream recycling
and those who believe that it results in increased residue rates and reduced material quality. Many believe, that while recovered paper from single-stream recycling contain higher levels of contamination than from dual-stream programs, this
is caused in part to the decline in the amount of olds newsprint and plastics in the
single-stream programs. Industry observers suggest that the issue of contamination
in single-stream MRFs will be mitigated by the improvement of separation technologies, the reduction of glass in the incoming waste stream, and extra public education
efforts [6]. Lastly, specialized industrial engineering tools such as data logging and
financial controls are being included in these systems along with improved indoor
working conditions.

Standard Processing Configurations
The following paragraphs briefly describe the standard types of equipment used in
most operating MRFs.

Tipping Floor
Materials for processing are delivered to the MRF and offloaded on a paved tipping
floor where they are stored inside a covered area to minimize leachate runoff and to
keep materials dry. Water can significantly reduce the marketability of the recyclables, particularly paper and cardboard. MRF designers commonly size the tipping
floor to accommodate 2- or 3-day supply to enable an adequate supply of materials to either operate during nonscheduled equipment downtime, to accommodate the
processing needs of a second shift, and as a buffer for holiday periods.
Not unlike other waste management facilities, MRFs utilize spotters and other
laborers to help minimize offloading of potential contaminants or to remove oversize
items such as cardboard. The tipping areas are also typically designed with concrete
push walls to help protect the building and to help facilitate handling and storage
(Figure 4.14).

In-Feed Conveyors
In many MRFs, a front-end loader is used to supply horizontal in-feed conveyors, which are placed below the tipping floor. These conveyors are connected to an
incline conveyor running at a slightly faster speed to help spread out the material and
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Figure 4.14 Tipping floor, Outagamie County single-stream MRF. (From Phillip Stecker)

deliver the incoming waste stream at a constant flow rate. Various manufacturers use
a variety of metering or leveling drum feeders to help prevent surges in the presorting area.

Presorting
The stream of recyclables is fed by the in-feed conveyor to a conveyor line, which
delivers materials to a presorting area in the MRF. These areas are designed to further remove contaminants such as stacks of paper, bulky recyclables, and items that
could damage downstream equipment. Manual sorters staff work stations in this area
alongside the horizontal conveyor. Materials selected are dropped through chutes
into roll-off containers or storage bunkers placed directly below the sorting station.

Disk or Star Screens
Early MRF designers incorporated different sorting lines for fiber (OCC, ONP) and
containers (plastic and cans) due to their shapes, sizes, and overall density. This
design also recognized that the recovery of certain items such as steel or aluminum
beverage cans was enhanced when they were not buried under large piles of fiber on
the conveyor lines. What has emerged over the last few decades has been the development of specialized sorting equipment to separate fiber from containers.
The emergence of single-stream MRFs having incoming comingled recyclables
has required the development of disk or star screens (Figure 4.15), which consist of
a series of rotating axles with a number of discus spaced along the axle. The disks
(round, oval, or star-shaped) are arranged into rows and desks to form a moving bed.
Nearly all of the newly constructed single-stream MRFs in the United States incorporate this kind of screening technology [6].
Disc or star screens allow large materials to travel across the screen while smaller
materials (i.e., containers) fall through it. Typically, most MRFs incorporate a series
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Figure 4.15 Star screen, Outagamie County single-stream MRF. (From Phillip Stecker)

of disk screens to separate various grades of paper with a primary disc screen used
to separate OCC. Industry experts estimate that this type of technology can remove
80–90% of the OCC from the incoming waste stream. The other screens with smaller
disks are used to sort other grades of paper. Some MRFs incorporate a secondary
screen, called a “polishing screen” to separate the remaining mixed paper, containers, and other residual materials.

Sorting Lines
Once the fiber and containers have been sorted into essentially two different streams,
they move in separate sorting lines where mechanical automation is employed as well
as manual sorting (Figure 4.16). Two basic sorting methods are used in all MRFs:
●

●

Positive sorting: Materials are pulled out of the incoming material mix.
Negative sorting: Foreign materials and impurities are removed, and the targeted material
remains on the conveyor.

MRFs that “negatively sort” fiber have experienced quality-related problems
when the materials have been shipped to paper mills. That is, allowing it to run
off the end of the conveyor belt after other materials should have been extracted.
Positive sorting fiber materials on the fiber line almost always require manual picking of OCC, ONP, and oftentimes high-grade paper. These materials are dropped
through metal chutes into storage bunkers below for eventual baling.
Commingled containers are most often processed differently using a positive sorting approach, removing recyclables commodities and then leaving residue materials
and other contaminants on the sorting conveyor. Plastics are recovered either using
manual sorting or the use of disc screens or air classifiers. Further sorting is accomplished using manual sorting or magnets to recover steel cans, manual separation or
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Figure 4.16 Manual sorting line. (From Philip Stecker)

Figure 4.17 Eddy current system.

eddy current systems (Figure 4.17) to recover aluminum cans, glass bottles either by
manual sorting or by increasingly common, optical sorting equipment. These materials once recovered are generally dropped through chutes into storage bunkers.

Interim Storage
Most MRF operations employ interim storage bunkers, which are located directly
below or near the main sorting line. Typically, these bunkers employ some form of
in-floor conveyor to move the stored recovered products from the bunker to baling
facilities once sufficient amounts are available for processing (Figure 4.18).
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Figure 4.18 Bunker storage.

Consolidation or Densification
The final step in MRF processing is the consolidation or densification of processed
recyclable commodities. Typically, most large MRFs in the United States used baling equipment (Figure 4.19) to compress materials into large, dense rectangular cubes
that meet market requirements in terms of size, density, and weight. Glass crushers
are used in many MRFs to produce a product with constant particle size. Also, many
MRFs employ other pieces of equipment such as can flatteners and densifiers for steel
and aluminum beverage cans, as well as shredders and granulators for plastic bottles.
Baling equipment is classified as either horizontal or vertical depending on the
major direction of the compression ram. Horizontal balers may employ single or two
rams, which translates into the number of compressions that the baler employs to produce the bales. A single-ram baler can be adjusted to produce bales of differing size.
In comparison, two-ram balers produce a single size of bale but can produce a more
compressed bale than a single-ram baler and can be used for a variety of materials.

Specialized Equipment
A variety of specialized equipment (Table 4.6) has been developed for further processing of materials at MRFs. These are briefly discussed in the following paragraphs.

Bag Breakers
Incoming plastic garbage bags pose some challenges for MRF operations. These can
be manually slit or can be diverted to automatic bag breakers. Several types of “bag
breakers” are available, which typically have specially designed knives installed
on the circumference of the drum to open the bags and release the contents. The
released materials then are then diverted to the processing line. Other units include
heated rods or high-speed rotating teeth.

Processing Technologies

65

Figure 4.19 Baling equipment.

Table 4.6 Technologies Used to Separate PET
Technology

Description

Near-infrared

Sensor uses an infrared beam to identify the plastic type by
recognizing a light intensity reading unique to each polymer
Referring to an impurity’s spectrum, physical footprint, is able to
detect and separate it from the product flow
Distinguishes waste based on density,’ useful for detecting
additives
Separates shades of color seen by the human eye for mixed
bottles or flake
Flakes sink or float based on relative density to a fluid

Laser
X-ray
Color sorting
Density separation
Source: From Ref. [7].
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Trommels
Trommels are rotating drums used to separate materials by size. These drums have
perforations and are set at an angle to enable gravity feed. The rotation of the trommel allows the smaller objects such as pieces of broken glass, small metal particles,
and grit to fall through the holes in the perforations. The larger objects work their
way down the entire length of the trommel where they exit. MRF designers specify
trommels of varying length, which can range from 8 to 80 ft, and varying diameters
ranging in size from 2 to 6 ft [6].
Trommels are oftentimes used in mixed waste MRFs to remove fine particles or
organics so these materials can be diverted toward a composting operation. Other
applications utilize trommels to serve as bag breakers, especially if they are equipped
with knives or rods, while other applications employ magnets to help remove metal
objects during the tumbling action.

Air Classifiers
Air classifiers are specialized equipment that utilizes blowing air to help separate
lighter weight materials such as aluminum cans and plastics from heavier weight
materials like glass bottles. This equipment is “chimney like” using a large blower to
suck out air at the top of the stack and inducing a high-velocity air stream. The waste
stream enters at the middle of the stack, where the lighter weight materials such as
office paper and newsprint are extracted by the blower motor. These recyclables are
then commonly collected in a cyclone separator that further sorts the materials by
size and weight.
A similar type of equipment is the air clarifier, which utilizes a more precise air
knife to produce high-velocity airflows working in parallel to help sort the incoming
materials. This type of configuration prevents swirling and remixing of the extracted
materials enabling further separation of materials such as various grades of paper
that differ slightly in terms of mass and density [6].

Eddy Current
An eddy current separator use magnets to remove nonferrous metals, primarily aluminum cans, from the incoming recyclable stream in an MRF. This equipment works
by enabling magnetic rotors to spin rapidly to help develop an electric field in the
nonferrous metal as it moves across the conveyor line. The nonferrous metal develops an opposite polarity to that developed by the rotor. Consequently, the nonferrous
metal is then repelled away from the rotors.

Optical Sorters
Currently, two types of optical sorting technologies are used to sort plastics by resin
and color. In the spectroscopy equipment, light waves are emitted whereby each
type of plastic on the sorting line reflected back a unique wavelength (Figure 4.20).
A sensor installed on the equipment then decides how to classify the plastic into a
separate category. In comparison, X-ray technology is used instead to identify the
elemental form of the plastic resin. In the color separation technology, a variety of
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Figure 4.20 Optical sorters. (From Phillip Stecker)

different camera equipments are used to differentiate slight variations in the color of
the plastic to help separate the plastic streams.
One of the most common types of optical sorting technology used for glass separation is light spectro-photometry, which can distinguish between various colors of
glass and ceramics. This equipment uses the wavelengths of the different colors to
trigger a near-infrared sensor and tell the sensor what color the glass is that is passing by. This in turn helps trigger an air blower that shoots a stream of air at the glass
pushing it into the appropriate sorting bin. Manufacturers of these types of equipment claim sorting efficiency of 90–95% [7].

Types of Technologies
A “clean MRF” refers to an MRF that accepts recyclable commingled materials that
have already been separated at the source from MSW generated by either residential
or commercial sources. There are a variety of clean MRFs, with the most common
being single stream where all recyclable material is mixed, or dual stream, where
source-separated recyclables are delivered in a mixed container stream. With the
advancement of automated single-stream MRFs and the increasing sophistication of
new material separation equipment, modern single stream facilities are “state of the
art” in terms of use of technology and ability to achieve end product quality that is
acceptable to most product buyers. The worldwide market for recycled materials is
continuing to evolve, and is expected to remain subject to variability in economic
conditions generally, while offering opportunities for refinement and diversification
of the materials that are separated. Accordingly, markets will be driven by new technical advances and ability to provide better quality of separation, which in turn will
induce equipment suppliers and MRF operators to provide better equipment as prices
and demand dictate.
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Figure 4.21 Processing schematic of a dual-stream MRF. (From SCS Engineers)

The nation is currently trending toward single-stream recycling collection and
processing facilities. Every week news articles can be found reporting a municipality
or county making the switch from source separated to single stream. However, it is
important to realize the role population plays in the decision to go source-separated
as opposed to single-stream: the larger a community, the more they stand to gain
from going to single stream. The advantage of single stream is that although source
separated has the potential to generate more income per ton due to cleaner material,
the sheer volume increase associated with single-stream creates an overall economic
advantage for this system. Therefore, the smaller a community, the less they have
to gain from volumetric increases, and thus may choose to rely on cleaner, sourceseparated material to gain an economic edge.

Dual-Stream Processing Facility
In this type of MRF facility, the incoming materials are received by the facility in
two streams: fiber (newspaper, corrugated cardboard, mixed paper, magazines, etc.)
and commingled containers (plastic, glass, metals, and increasingly aseptic containers). Figure 4.21 shows an illustrative processing schematic of a dual-stream MRF.

Single-Stream Processing Facility
In comparison to the dual-stream MRF, incoming materials for processing are
received in a “single-stream.” That is, having fiber and commingled containers
combined. These types of MRFs include processing equipment that separates these
streams of materials into two streams (fiber and containers), which are then further
processed in the facility similar to that of the dual-stream MRF. Figure 4.22 shows
an illustrative processing schematic of a single-stream MRF.

Figure 4.22 Processing schematic of a single-stream MRF, Outagamie, WI. (From Bulk Handling Systems, Inc)
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Mixed Waste Processing Facility
Mixed Waste Processing Facilities (also referred to as a “dirty” MRF”)
receive mixed solid waste (meaning recyclable and nonrecyclable materials, unseparated) which is sorted to separate recyclable material that is then processed (Figure
4.23). Because Mixed Waste Processing Facilities accept one unsorted stream of
waste and recyclable materials, they potentially allow for lower collection costs.
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Figure 4.23 Processing schematic of a mixed waste MRF. (From SCS Engineers)
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Capital and operating costs are typically higher than a conventional MRF due to
the need for more extensive sorting equipment and labor [8]. The potential for contamination is higher; resulting in lower quality recovered materials, as well as lower
recovery rates, which can contribute to lower revenue from recyclable material sales.
Mixed Waste Processing Facilities are able to achieve recovery rates of 45–70% of
the incoming waste as recyclable and compostable materials.
In recent years, communities are re-evaluating the development of a mixed waste
MRFs because these facilities can potentially allow processing of waste streams
from underserved waste generators such as multifamily and commercial businesses
and increasing diversion from the landfill of potentially recyclable materials. Some
of these newer mixed waste MRF facilities have been colocated at community transfer stations or landfills to tap into recyclable-rich waste streams. Other communities
are evaluating the feasibility of producing high calorific, refuse-derived fuel (RDF)
as a means of reducing coal use in certain industries.
The development of mixed waste MRFs is still controversial in the United States.
Many still argue that sending a community’s entire waste stream without source
separation lacks important public responsibility. However, with increasing diversion
goals being mandated, many solid waste agencies seem compelled to re-evaluate
these mixed waste facilities (Table 4.7).
Table 4.7 Differences Among MRFs in the United States
Criteria

Dual Stream

Single Stream

Mixed Waste

Incoming waste
stream

Commingled
containers and
mixed fibers in
separate streams

Estimated percentage
of MRF systems
Average residue
levels

52%

Commingled
containers and
mixed fibers in one
stream; glass may be
separate
33%

Recyclables mixed
with nonrecyclables,
preferably with
organics and wet
waste removed
<5%

With glass: 6.7%
Without glass:
5.84%
137 Tpd

With glass: 11.71%
Without glass: 8.1%

Range: 25–75%

206 Tpd

400–2400 Tpd

Standard MRF
equipment

Inclined disk screens
to separate fibers
from containers;
polishing screen

Typically high
with minimal
contamination
10,000–50,000

Increased risk of crosscontamination between
containers and fiber
50,000–150,000

Bag breaker; drum
separator, trammel,
and/or vibrating screen
to separate recyclables
from MSW
Variable depending
on feedstock and
processing line
50,000–200,000

Average throughput
per processing line
Specialized
equipment

Final product quality

Average facility size
(square feet)
Source: From Ref. [6].
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Trends in MRF Design
MRF design has evolved over the past several decades due to a number of important drivers, principally changes in governmental policies and expanding recyclables
markets. The following major trends in MRF design are outgrowths of these developments. These are briefly discussed in the paragraphs below.

Single Stream
The trend away from dual stream in favor of single-stream recycling is rapidly turning into a major movement across solid waste agencies in the United States. “Singlestream” recycling refers to a collection method in which all unsorted or commingled
recyclable materials are collected in one container at the curb and placed in the collection vehicle in a commingled state until processed at a specially designed material
recovery facility (“single-stream” material recovery facility). As shown in Figure 4.24,
single-stream recycling has experienced a tremendous growth in the United States over
the past decade. It is estimated that single-stream MRFs represent more than 40% of
all the MRFs operating in the United States as of this date. Nearly half of these units
are located in states west of Mississippi due to more stringent recycling goals.

Increased Automation
With the increasing trend away from curbside source separation and the increasing
numbers of recycling programs, MRFs have become more highly automated as well
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Figure 4.24 Number of single-stream MRFs in the United States. (From Eileen Berenyi)

Processing Technologies

73

as increasing in design throughput capacity. Recent surveys of the recycling industry
have shown more reported application of optical scanners, drum and eddy current
separators, and air classifiers, as well as increasing retrofits of dual-stream systems
to handle single-stream recyclables [7]. This application of technology has resulted
in a reduction of manual sorting labor on the picking lines, although manual sorters appear necessary in many facilities to ensure quality control over the recovered
products.

Larger MRFs
Figure 4.25 shows the trend in facility daily processed per day, which has increased
significantly over the past 20 years. These data show that operators are designing
MRF facilities with larger throughput capacities in mind to help take advantage of
plant economies of scale and pay for the costs of automation. Facilities are becoming
more “regional” in nature with recyclables oftentimes being shipped by long-haul
transfer trucks or marine barges via “trans-shipment stations” to optimize the cost of
long distance transportation. The increasing market area for recyclables is necessary
to pay for the increasing capital of these larger and more automated MRFs.
The increasing cost of these plants and regionalization has resulted in a sea
change of plant ownership. As of this writing, only 20% of MRFs in the United
States are publicly owned and operated. It appears that the difficulty to plan, finance,
and operate these increasingly complex plants has shifted ownership and operations
of MRFs to private sector companies.
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Figure 4.25 Average tons processed per day, U.S. MRFs. (From Eileen Berenyi)
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Mixed Waste MRFs
The primary role of this “mixed waste MRF” is to recover materials that would otherwise be landfilled, with the residue from this facility being landfilled. The solid
waste industry commonly defines the term “mixed waste MRF” as a facility that
accepts loads of mixed waste for the purpose of separating and diverting recyclable
materials or organics from the waste stream and transferring the remaining waste for
disposal.
Mixed waste MRFs, previously known as “dirty” MRFs, were initially developed
in some communities during the early 1990s. Industry experience suggests that most
facilities achieved low material recovery rates (5–45%), had high residual rates, and
experienced numerous operational and financial challenges [8]. For these many reasons, this method was largely abandoned for construction of new facilities during the
1990s. Today, one authoritative source suggests that these mixed waste MRFs represent less than 5% of the number of operating MRFSs in the United States [6].
In the past 5 years, however, a number of factors have combined to reinvigorate efforts to develop and operate mixed waste MRFs, including high energy costs,
aggressive waste diversion goals, favorable commodity values, rising tip fees, and
technological advancements in separation equipment. Several new facilities in
California (i.e., Athens, Lincoln, and Sunnyvale) have been constructed or retrofitted
with new mechanical sorting equipment. In March 2013, the City of Houston was
selected as one of five winners of Bloomberg Philanthropies’ Mayors Challenge, a
competition designed to spur innovation in America’s cities. The City won a runnerup prize of $1 million with its proposal “One Bin for All” to allow residents to mix
trash, recyclables, and lawn waste in a single bin ready for automatic sorting.

Green Building Design
Increasingly, the newest MRFs are incorporating sustainable or “green building”
standards in their design and operation:
●

●

●

●

●

Certified wood from responsibly managed forests.
Building materials containing recycled content.
Materials with zero or low amounts of volatile organic compounds.
Energy efficient components.
Water conserving fixtures.

Benefits of green design include: federal or state incentives and grant money,
lowering operating costs, and improved public and political perception. LEED
(Leadership in Energy and Environmental Design) certification, which was designed
by the U.S. Green Building Council (USGBC), provides a way to verify sustainability efforts. Platinum is the highest designation given by the USGBC.
The Shoreline Recycling and Transfer Station, which is located in King County,
Washington (Seattle), was awarded Platinum LEED Certification in 2008. The facility’s design incorporates many “green elements” such as: rooftop rainwater harvesting system, solar electricity panels, skylights, passive ventilation, and recycled
building components.
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Meeting these types of green building standards provides some added benefits
such as reduced operating costs but can add capital costs to these facilities. Some
designers have suggested that these features add about 2–8% to achieve LEED certification [6]. Consequently, some MRF owners have applied green building design
principals but have not pursued certification.

Construction and Demolition Debris Recycling
Background
Construction and demolition debris (C&DD) is the material generated from the demolition of buildings and other similar civil works infrastructure, the vegetation from
land clearing including rocks and soil, and the residual material from the construction of a structure. Thus, specific types of materials could include:
●

●

●

●

●

●

●

●

●

●

●

●

●

●

Metals—reinforcing steel, steel shapes, wire, cans, conduit, etc.
Concrete, brick, stone, tile, rocks, and soil
Plastics—bottles, buckets, containers, drums, wrapping, etc.
Rope
Paper—cardboard
Wood and dimensional lumber, pallets
Ceramics
Gypsum drywall
Plaster
Asphalt
Rubber
Foam—insulation, packing, etc.
Adhesive, glues, paint, etc.
Vegetation.

C&DD waste presents unique recycling challenges because of its nature. It is
inherently a relatively dry waste that when agitated and processed produces a lot
of dust. Materials can be combined and intertwined in a way that makes separating
them difficult. Most of the material is bulky, heavy, and/or abrasive and results in
extensive wear and tear on machinery and can also be a safety hazard to plant workers if proper controls are not observed.
Recycling of parts of demolished buildings has been conducted since the turn of
the twentieth century, for example, the reuse of steel beams and columns recycled
into automobile bodies and reuse of bricks. However, several factors that emerged
in the 1980s have stimulated the growth of C&DD recycling into a large and varied
industry sector encompassing many other materials. These factors include:
●

●

●

Sustained cycles of significant new construction in many major cities.
The development of relatively inexpensive C&DD landfills to take residual material leftover from the recycling process.
The emergence of other markets for recycled materials, as a result of the increased use of
alternative feedstock for energy production.
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The development and refinement of automated machinery to process C&DD derived from
municipal waste streams.
Development of formal “green” building development initiatives that advocate recycling of
municipal waste.

Most C&DD recycling operations in the past relied mostly on manual labor to
sort materials. The current generation of these recycling facilities can consistently
remove as much as 90%, or more, of the recyclable material from the waste stream,
using mostly automated machinery, resulting in a very low production of residual
material leftover for landfilling (Figure 4.26). Manual labor is still employed, but for
specific tasks where the benefit/cost for replacing a worker with a machine that can
be as effective is not economically attractive.

Facility Siting
The location of a C&DD recycling facility must take into consideration the potential for the facility to be a significant additional source of heavy truck traffic, noise,
odor, wastewater (from roll-off cleaning), and dust and for these to potentially be a
nuisance to the surrounding area if not properly managed. Municipal zoning laws
typically restrict these types of facilities to light and heavy industrial districts where
these factors typically result in less impact to surrounding properties, however, that
does not mean they all become non-issues. Dust control is probably the biggest challenge to C&DD operators and still may be a problem in these industrial districts.
Being a major solid waste management facility, many of the basic principles that
apply to properly siting of other major waste management facilities (i.e., transfer stations, landfills, composting) will apply as well. In addition, because the public and

Figure 4.26 Construction demolition debris recycling plant. (From Keith Howard)
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other businesses can potentially be adversely impacted by the new facility, they can
be expected to be actively involved, and potentially influential in the facility siting
process. The siting of a facility should be a carefully planned process that in addition to assessing all of the “technical” and environmental factors, likely will require
engaging the public and other businesses early in the process, to alleviate concerns,
garner their support, so that the project can move forward to fruition.

C&DD Waste Processing/Recycling Operations
Most of the automated machinery used in current C&DD recycling plants has been
derived from the basic materials mining industry and modified for the commercial
market. In some cases, new equipment has been designed specifically for municipal
C&DD materials. The planning and design of a recycling plant is based on many factors that include:
●

●

●

●

Volume of C&DD material projected to be managed over the next 5–10 years.
The reuse markets that exist or can be developed for recycled materials and the revenue
potential.
Location, size, and availability of property relative to the market being served.
Development and operating budget (this includes the use of manual labor and automated
equipment).

The primary goal in a C&DD recycling facility is to be highly efficient, meaning extract as much of the valuable material as possible while producing the lowest
amount of residual material. For a privately owned recycling business this is strictly
an economic issue. When the total cost of processing a C&DD waste to remove a
specific material exceeds the revenue generated from the sale of that material
to the reuse market, then the material is not valuable from a recycling standpoint.
Accordingly, the disposal of residual material in the landfill is a cost to the plant
operator so reducing residual disposal costs enhances the net revenue from the sale
of recyclable materials.
The economic “equation” for a municipally owned/operated facility is a little different, in that this would be a public service and demonstrating a healthy “profit” is
not the prime focus. However, the process efficiency goal is still the same whether
the facility is private or publicly owned.
What is determined to be a valuable material can change over time as the market,
and more specifically the price paid changes for various materials. Thus, the recycling plant must have some flexibility built-in to the separation process and the overall “floor plan layout” in order to be able to process a variety of valuable material
and be responsive to changing markets.

Processing Schemes
Design of a processing system for C&DD waste follows an approach that, in general,
encompasses the following basic principles listed below, starting at the waste tipping
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area, progressing through mechanized and manual separation then to the temporary
storage areas for each targeted material. Some or all of these may be incorporated
depending on the factors previously mentioned. Keep in mind there are many different technologies and equipment that can accomplish your goals and we could not
cover them all. We have only described herein a few proven techniques.
A schematic illustrating the basic material separation and flow processes is provided in Figure 4.27. Following along with that exhibit, the descriptions below correspond to the letters designating certain features on the exhibit;
●

●

●

●

●

●

●

Initial agitation to start to separate the mix of material to improve productivity of downstream processing operations (B).
Separation of smaller material from larger material. This split usually is around an approximate diameter of 8–12 in. (20–30 cm) (B).
Separation of ferrous metal to prevent damage to downstream equipment (D).
Separation of small stones, glass pieces, sand, and grit to reduce wear and tear on downstream equipment (E).
Separation of light, “two-dimensional” materials (i.e., paper, cardboard, and plastic film
products) from smaller and/or denser “three-dimensional” materials (i.e., small containers,
bottles, other objects, pieces of nonferrous metal, and sticks of wood) (F).
Separation of wood/lumber, either with optical machinery (J) or water bath.
Separation of nonferrous metal, other wood, concrete pieces, asphalt, drywall, etc.
This is usually done manually on a “picking line” conveyor system (described below)
(C, G, and I).

Sorting and Processing Equipment
Bulk Material Recycling
The recycling of large pieces of concrete, steel-reinforced concrete, and asphalt is a
process that requires specially designed heavy duty machines. Concrete and asphalt
recycling is done either at a permanent site or at a mobile processing system that
can travel to the specific site if there is an extensive volume of material and bulky
and heavy pieces that would be cost prohibitive to transport to the recycler. These
machines can remove and recycle the steel reinforcing bars and crush the remaining
concrete and aggregate to specific sizes. A bulk operation may be separate from an
operation receiving a mixed waste stream with smaller pieces because of the land
area required for the storage piles at the former operations.
A somewhat unique activity that is common in south Florida is the filling of rockpit lakes with certain C&DD material considered to be “clean debris.” Clean debris
is clean concrete, brick, soil, and rocks. Rock-pit lakes are very common in the
region and are excavated to obtain the limestone which is a popular and inexpensive
source for concrete aggregate and for use in road subgrade. Later when the quarry
operation moves away, some of the lakes are back filled with clean debris to make
buildable ground.
This section will focus more on the mixed waste operations.
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Note:
+ = Targeted material actively removed.
– = Residual, nontargeted materal.
ADC = Alternative daily cover
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Figure 4.27 C&DD waste processing schematic. (From Bruce Clark)
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Mixed Waste Recycling
Screening Operations

Finger Screen C&DD waste is often a clump of different size and types of materials
intertwined together. These clumps must be separated at the front end of the process in order to make the separation and removal of the specific material as efficient
as possible in downstream operations and to reduce the potential for downstream
machinery to become clogged.
A popular and an effective device known as a finger screen is often used for this
purpose. A finger screen is a heavily built mechanized conveyor that utilizes an articulated, oscillating floor to break up the waste clumps. The waste material is fed into
one end and the combination of oscillating motion and the downward slope of the
conveyor induces the waste to move forward and at the same time start to separate
(Figure 4.28).
At the downstream end of the screen another feature can provide a rough separation of waste by size and density. If this division is desired, the conveyor floor has an
opening in which smaller and denser materials (i.e., stones, wood and metal pieces)
fall through the opening and are dropped onto another conveyor that takes them to
another sorting process. Lighter, flatter, and/or bulkier materials (i.e., cardboard,
paper, plywood, plastic film) are carried off the end of the screen conveyor and into
the next piece of sorting equipment.
Trommel Screen A trommel screen can be used to accept the material from a finger
screen. If no size and density separation occurred on the finger screen, then the trommel can be used for this purpose. A trommel is a device that contains a hollow perforated tube, through which the waste moves. The trommel tube is perforated along
its length and its circumference with holes or perforations of a specific diameter.

Figure 4.28 Vibrating finger screen. (From Keith Howard)

Processing Technologies

81

The tube is angled similarly to the finger screen and is slowly turned on rollers by a
motor. As the waste moves through the tube, the rotating action and downward slope
move the materials forward where they encounter the perforations. Pieces of waste
smaller than the perforations (known as “unders”) will fall through the holes and
onto a conveyor that will take that material to another sorting process. The larger
pieces of material (known as the “overs”) will move through the trommel and onto
the next sorting process.
Star Gear Screen Another mechanized device used to separate waste into two size
fractions is a star gear screen. A star gear is a conveyor that contains multiple rows
of gears affixed to rotating axles. Each axle contains multiple gears which are spaced
at precise intervals along the axle. The spacing of the gears is designed to affect the
separation of material. As waste material moves into the upstream end of the screen,
it is propelled forward by the rotating gear assemblies. As the material moves over
the gears, pieces that are dense and smaller than the opening between the gears fall
though opening. This may include stones, pieces of wood, metal, plastic, brick, and
similar material. Those pieces (the “unders”) are collected by another conveyor and
taken for further sorting or disposal. Pieces that are lighter and larger than the opening (the “overs”) continue to move along the conveyor, essentially floating over
the gears to the downstream end where they flow into the next process. Overs may
include cardboard, other papers, pieces of lumber, drywall, plastic film, and similar
materials.

Ferrous Metal Separation and Removal
If large amounts of heavy ferrous metal objects are anticipated in the waste stream,
then a device known as an overhead magnet is used to remove them from the other
wastes. The device is essentially a large industrial magnet surrounded by a continuous looped conveyor belt. The entire device is suspended on a structural frame positioned perpendicular (at a 90° angle) above a conventional conveyor belt. Ferrous
objects on the conventional conveyor passing under the energized magnet are pulled
from the belt onto the magnet’s moving belt and are swept away from the lower conveyor. As the looped belt passes out of the magnetized zone, the object is released
and falls into a container for removal.
Other configurations of magnets are available for removal of smaller and lighter
types of ferrous waste such as metal cans. These magnets, known as pulley head
magnets, can be located within the end rotating pulley system of a conventional
conveyor belt system. These magnets operate on a similar principle to the overhead magnet. Cans on the conveyor belt passing over the magnet are retained on the
belt as it travels around the pulley to a point almost directly under the belt where
the magnetic field ends. At that point the can falls off the belt and into a container.
Nonferrous material will flow off the end of the belt and with the help of the belts
momentum, will take a trajectory away from the conveyor into a separate container.

Heavy and Light Material Separation

De-Stoner/Air Knife Separation of light, “two-dimensional” materials such as
paper, textile plastic film, aluminum, and pieces of cardboard, from heavier, bulkier
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Figure 4.29 Cross section of de-stoner/air knife. (From Bruce Clark)

materials can be accomplished in an automated device called a de-stoner/air knife.
Figure 4.29 shows a schematic cross section through a unit with two air knifes. This
unit uses directional air currents and a vibratory motion to stratify and separate
lighter material from heavier material. The unit is mounted on heavy coil springs to
reduce the transmission of vibration to the ground.
Following along on this exhibit the waste is fed in from a star gear screen and
immediately encounters a gap in the air knife through which high velocity but lowpressure air is flowing. The airflow is provided by a standard centrifugal blower.
This flow of air blows the lighter and two-dimensional materials up and toward the
downstream conveyor. The heavier and bulkier materials, including small stones and
pieces of glass and metal, are unaffected by the air current and fall through the gap
onto a take-away conveyor. Thus, the designation as a “de-stoner.”
As the lighter materials are conveyed to the end of the air knife, there is another
high-velocity, low-pressure air stream directed through the conveyor. This final current of air separates the very light material (mostly plastics and light paper) from
other denser bulkier material. The lighter material with a relatively large crosssectional area is carried to the far end of the collection bin, while the denser, more
compact material does not travel as far and drops into the bin directly at the end of
the conveyor. All air is exhausted out the top of the air box. If a hood is not used over
the final air discharge to capture the light product, then a grate or similar screen is
used to deflect light material into the air box end bin.
Exhaust air can be captured and rerouted back to the blowers to increase efficiency and reduce discharge of dust to the near environment. This feature is recommended when the unit is used inside a building and outside where migrating dust
could pose a nuisance to other operations or adjacent businesses.
Optical Sorter The use of automated machinery employing “electronic eyes” to
assist in separating materials has become increasingly popular (Figure 4.30). In
many cases, the increased efficiency and higher purity targeted material provides a
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Figure 4.30 Cross section of optical sorter. (From Bruce Clark)

positive benefit/cost ratio as compared to traditional manual methods. The function
of the equipment is based on the principle that all solid materials have a unique surface “signature,” that reflects and absorbs light rays in varying amounts.
Figure 4.30 shows a general cross section of an optical sorter than can be used to
separate out large wood pieces.
Following along on this exhibit, as the waste material enters from the conveyor
and passes under the control unit, a bright light illuminates the materials. A sophisticated instrument called a spectrometer imbedded in these machines “reads” the
reflected light from the materials and through a computerized interface tuned to see
wood product, actuates a compressed air device which sends a blast of air that is
channeled by the computer program to specific multiple ports positioned across the
end of the conveyor belt. As the materials pass over the ports, the ports that have
been activated will discharge a blast of air under the material. The air ejects larger
wood pieces to a receiving hopper on the far end of the machine, while nonwood
material simply rolls off the end of the conveyor belt into a separate hopper.
A vibrating pan feed conveyor is often used to feed the optical sorter. This type
of conveyor will increase the effectiveness of the optical sorter by flattening out and
separating the materials before they enter the electronic eye detection zone of the
sorter.

Picking (Sorting) Line
Some separation of materials is still best achieved with manual labor. The “picking
line” or sorting line is a mostly manual work station that is very common in C&DD
recycling facilities. Picking lines are used for removal of many potentially valuable

84

Solid Waste Recycling and Processing

Figure 4.31 Semiautomated picking-sorting line. (From Keith Howard)

recyclable materials including but not limited to: flat pieces of wood, nonferrous
metals, asphalt and concrete pieces, and cardboard. A picking line is typically a
long and narrow steel work platform elevated at least 10 ft or more above the normal
working floor (Figure 4.31). Under the platform, steel or concrete walls form sideby-side bunkers and reused to provide additional platform support. Each bunker is
dedicated to temporary storage of a specific material.
One or more conveyors are mounted on the platform, parallel to its length, and
workers stand along the length of the conveyor, usually on both sides. The conveyor
is set at a fixed height so that workers have a comfortable arm reach to remove material from the moving belt. Conveyor belt widths can vary from 30 in. to approximately 72 in. in width, the maximum practical width that allows a comfortable reach
from either side. Workers are typically spaced about 6–8 ft apart. Located between
each worker is a steel chute whose bottom is open through the platform floor.
Each worker is assigned to remove (i.e., pick) a specific material. As the conveyor
moves material by each worker they pick their targeted material off the belt and drop
the material through the chute where the material falls into a storage bunker. This
is termed a “positive sort.” Any materials that are not picked from the conveyor are
assumed to be of no recycling value or not practical to segregate and are allowed to
flow off the end of the belt into an end bunker. This is termed the “negative sort”
material, or alternately where the contaminant material is selected to be removed
from the targeted material.
Periodically the bunkers will be unloaded and the materials taken away for final
recycling/reuse or disposal. Bunkers can have mechanized unloading systems or be
unloaded with a front-end loader.
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Dust Control
Introduction
The processing of C&DD waste typically generates a significant amount of dust.
Most of the materials in C&DD are inherently dry and when they are agitated in the
various processing operations, dust, actually the minute pieces of some of the materials, are liberated into the air. Dust particles from a C&DD operation can range in
size from around 100 (concrete dust) up to 1000 µm (textile dust).
C&DD processing operations outdoors and inside a building can create a nuisance
to neighbors with fugitive dust generation if it is not controlled properly. Constant
uncontrolled dust can also be a health hazard to workers.
The major sources of dust can include the following areas and pieces of equipment:
●

●

●

●

●

Tipping floor
Finger screen
Air knife
Storage piles (especially for residual “fine” materials)
Recycled material load-out.

Dust control is mostly science and but also part art, and too extensive a topic to
cover completely here. However, fugitive dust is probably the most prevalent problem with C&DD processing. Dust controls can take many forms, to basic static
screening material, to misting devices, and/or to mechanized filtering systems. The
most common system for waste operations, the misting system is discussed herein.

Wet Systems
Dust is commonly controlled using wet spray systems where enclosing the material
area is impractical. Wet systems can be applied for prevention and suppression of dust.
Prevention is applying a wet mist directly to the material to reduce liberation of dust.
Suppression is applying a mist to the air around the material once it is agitated and
dust is released. The type of misting system depends on the situation. Many C&DD
recycling operations may require both. Recycling facilities are particularly sensitive to
the correct dust control. If too much water is applied the materials may stick together
and significantly reduce the effectiveness of downstream separation activities.
Effective dust control depends on many factors including; dust particle size, wind
affects, freezing temperatures nozzle type, nozzle spray pattern, spray locations, available water pressure, use of compressed air, and use of surface wetting agents (surfactants) to name a few. The droplet size produced from the system must be compatible
with the dust particle size or removal is reduced. Dust control is best left to companies
that are expert in design and operation of these systems in waste handling operations.

Vibration
A brief discussion on vibration is in order. The type of waste processing system
described herein contain several pieces of heavy oscillating equipment, as well as a
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significant amount of rotating machinery, in general. These systems produce steadystate (continuous) vibration and impact (isolated) vibration. Steady-state vibration occurs during normal running operation. Impact vibration can occur when the
equipment is started and stopped or an unusually heavy material is dropped into
the machinery. The location of such a system should consider the potential for this
equipment to transmit these vibrations to the ground, despite the vibration dampening systems designed into most of the equipment. Vibration also results from waste
tipping operations and load-out of recyclable materials. A significant buffer zone is
generally needed between the equipment and the property line to allow the ground
vibration to dissipate to a background level.
Many municipalities have a standard for industrial zones that sets the maximum
limit on steady-state and impact vibrations. Without an adequate buffer width, vibration can be transmitted to adjacent properties where it can become a significant
annoyance. The distance and strength over which vibration can be transmitted is contingent on many factors including soil type, moisture content, frequency of vibration
(i.e., number of oscillations per unit time), and others. It is recommended you consult the equipment manufacturer for guidance on a buffer distance. A buffer distance
of 200 ft would be considered a good starting minimum with competent soil, a larger
distance is preferred if available.

Recycling By-Products
The processing of C&DD waste with a certain combination of equipment can result
in a residual by-product known as recovered screen material (RSM). RSM looks
similar to soil and is mostly the combined residual of some actual soil and minute
pieces of friable waste that may include: drywall, paint, plaster, asphalt shingle grit,
pieces of grout, cement and brick, glass, and plastic.
Some recycling companies have experimented with developing this product for
use as a substitute where nonheavy load-bearing natural soil fill is acceptable. For
example, in shaping contours on a golf course, filling residential lots up to flood criteria, and similar uses where natural soil is typically used. Although some regulatory
agencies have approved its use in certain conditions after an extensive chemical testing program, and it has been marketed with some limited success, extra caution is
warranted. Some RSM has found to be contaminated with chemicals that, although
they are native to the virgin materials, are of environmental concern because of their
potential to leach out of the RSM. These chemicals include polynuclear aromatic
hydrocarbons (PAHs), lead, and arsenic.
RSM is ground-up residual from many materials. As a result, the surface area of
the individual particles is increased which can increase their solubility when wetted. The increased solubility may result in leaching of the chemical which can result
in contamination of the natural soil and groundwater. Common materials containing
these contaminants include asphalt roofing shingles (PAHs), paint (lead), and treated
wood (arsenic). Removal of the offending material from the waste stream before
they go through the separation process so they do not end up in the RSM is a timeconsuming and expensive process that requires constant vigil by the operator. It is
recommended to steer clear of RSM.
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5.

Community mandated and enforced recycling programs versus
voluntary recycling programs.

6.

Relative ease (or difficulty) of participating in a
curbside recycling program.

7.

Tipping fee differentials between those at disposal
facilities and at a MRF and/or the banning of some
components (e.g., tires, yard waste) from disposal
facilities may bias the composition of the incoming waste
stream at those facilities.

2.3.2

Mass Balance

Introduction and Preliminary Considerations-In addition to determining the relative quantities of the
various components in the incoming waste streams in order to
provide for the storage, separating, and processing of the raw
materials as well as for the handling of residue and for the
storage and shipping of finished products, it is necessary to
determine the anticipated amounts of each of these components.
The process by which this is accomplished is called a "mass
balance" analysis. A proper mass balance analysis considers the
nature of the incoming waste streams, the level of technology to be
employed in the separation and processing of materials, the market
specifications for the end products, the economic justification for
separating and processing materials, and the legislated or project
designated waste diversion levels which must be met. An important
factor to consider before beginning the mass balance analysis and
the subsequent sizing of the MRF and its subsystems, is the
anticipated total tonnage which the facility will be called upon to
handle. It is imperative that this total be identified and defined
as accurately as possible.
Lacking such identification and
definition, it is highly improbable that the facility will perform
as designed.
2.3.2.1

Example:
A waste characterization study and landfill records
indicate that a community currently generates 46,500 TPY of
residential recyclables. Also, through the use of pilot programs
and or knowledge of experiences in similar communities, it is
estimated that 70% of the households may be expected to participate
in a curbside collection program, then:
46,500
0.7
32,500

x

TPY residential recyclables generated
household participation rate
TPY maximum available for curbside
collection
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However, it is also realized that within each participating average
household, only 80% of the possible recyclable materials will
actually be placed at curbside for collection, then:
32 ,500
0.8
26 ,000

x

TPY maximum available
household internal participation rate
TPY collected at curbside and delivered
to facility.

A MRF may be planned to operate 52 weeks per year, 5 days per
week, or 260 days per year. When a holiday falls on a weekday that
day may be made up on the weekend, then:

26.000 TPY
260 days/yr

-

100 TPD collected at curbside and
delivered to MRF.

Care must be taken that anticipated growth in the population and
the probable corresponding change in the waste stream quantities
are allowed for. This does not mean that the facility must be
built to deal with the waste stream 20 years from now, but it does
suggest that some planning needs to be carried out for that future
requirement. Scheduled legislated waste diversion rates also have
a bearing on facility sizing.
If the facility is to be properly sized, then the facility
capacity must be defined for the tipping floor as well as for the
processing lines (schedule for receiving may be different from
processing).
In addition, the intended number of hours per day
(e.g., 8,12,16) and days per week (e.g., 5 , 6 , 7 ) for receiving and
processing waste must be defined. Further, the size of the product
areas should reflect the frequencies of the shipping schedules.
Also, the peak throughput capacity of the facility must be set to
compensate for surges in throughput experienced after special
events, long weekends, major holidays, etc.
From a purely economic standpoint, it is generally
advantageous to utilize a facility as continuously as possible at
its design capacity.
However, there are considerations which
dictate that the facility be operated less than 24 hours per day
and/or 7 days per week, including:
traffic to and from the facility;
noise :
time allocated for preventive maintenance:
loss of efficiency on second and third shifts (if normal
operation depends upon two or three shifts, there is less
opportunity to make up for the inevitable down time) ; and
substantial changes in waste deliveries during the year
(e.g., at resort areas).
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True Density:
Weight of the material in its
natural form (e.g., glass, rather than glass
bottles) divided by its volume.
Compressed Density: Weight of material divided by
its volume during or after having been exposed to
compressive forces in a confined space. Cellulosic
materials can be compressed to densities as high as
7 5 lb/cu ft.
Densities of several materials received, handled, processed, and
stored at MRFs are listed in Table 2.5.
2.3.10

Fixed EauiDment

The purpose of this subsection is to provide guidance to the
reader who is involved in the review and selection process of fixed
equipment as employed in a MRF.
2.3.10.1

Fixed Equipment Commonly Present in a MRF--

A comprehensive list of various types of fixed equipment which
may be included in a MRF is presented in Table 2.6.

Fixed Equipment Descriptions-The following equipment descriptions are provided to give the
reader a brief overview of machinery commonly employed in a MRF.
Since new special purpose machines continue to be developed to
serve this growing industry, the list should not be regarded as
all-inclusive.
The facility planner/designer should be
particularly cautious in placing reliance upon unproven technology.
2.3.10.2

In the review and selection process of individual items of
fixed equipment, it should be recognized that these items must not
only compatibly interrelate with one another, but also with the
various collection vehicles which deliver the incoming materials as
well as in-plant rolling equipment and transport vehicles for
shipping the final products.
2.3.10.2.1
Material handlina ecruiDment (convevors)--the most
common piece of equipment for handling materials in a MRF is the
conveyor.
There are several types of conveyors available.
Selection of the correct types of conveyors in a MRF must take into
consideration a number of interrelated factors.
Complete
engineering data are available for many types of conveyors:
consequently, their performance can be accurately predicted when
they are used for handling materials having well-known
characteristics. However, if the material characteristics are not
well-known, even the best designed conveyor will not perform well.

30

Recycling Equipment and Technology for Municipal Solid Waste

TABLE 2.5.

AVERAGE D E N S I T I E S OF REFUSE COMPONENTS

Component
Refuse Densities
Loose
After dumping from compactor truck
In compactor truck
In landfill
Shredded
Baled in paper baler

Density
Iblyd3
100-200
350400
500-700

500-900
600-900
800-1200

Bulk Densities

occ

Aluminum cans
Plastic containers
Miscellaneous paper
Garden waste
Newspaper
Rubber
Glass bottles
Food
Tin cans
True Densities
Wood
Cardboard
Paper
Glass
Aluminum
Steel
Polypropylene
Polyethylene
Polystyrene
ABS
Acrylic
Polyvinylchloride (PVC)
Resource Recovery Plant Products
dRDF
Aluminum scrap
Ferrous scrap
Crushed glass
Powdered RDF (Eco-Fuel)
Flattened aluminum cans
Flattened ferrous cans

1.87

2.36
2.37
3.81
4.45

6.19
14.90
18.45

23.04
4.90

lblft3
37
43

44-72

156

168
480

56
59

65
64
74

?a
1bift3

39
15

25
85
27
9
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TABLE 2 . 6 .

F I X E D EQUIPMENT WHICH MAY BE EMPLOYED I N
A MATERIALS RECOVERY F A C I L I T Y

Material Handling Equipment
Belt Conveyor
Screw Conveyor
Apron Conveyor
Bucket Elevator
Drag Conveyor
Pneumatic Conveyor
Vibrating Conveyor
Separating Equipment
Magnetic Separator
Eddy Current Device (aluminum separator)
Disc Screen
Trommel Screen
Vibrating Screen
Oscillating Screen
Traveling Chain Curtain
Air Classifier
Size Reduction Equipment
Can Shredder
Can Densifier/Biscuiter
Can Flattener
Glass Crusher
Plastics Granulator
Plastics Perforator
Baler
Environmental Equipment
Dust Collection System
Noise Suppression Devices
Odor Control System
Heating, Ventilating, & Air Conditioning (HVAC)
Other Equipment
Fixed Storage Bin
Floor Scale for Pallet or Bin Loads
Truck Scale
Belt Scale
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Some of the most important factors to be considered in conveyor
selection include:
capacity :
length of travel:
lift:
characteristics of the material; and
cost.
The most common types of conveyors used in a MRF are the belt
conveyor, the apron Conveyor, and the screw conveyor. A short
description of each follows.
B e l t Conveyor

In a MRF, the belt conveyor is employed in several forms.
Some of these forms include:
Trough Type:
In general, the trough type belt conveyor will use
troughing idler rolls which cause the conveyor belt to form a
concave contour with its sides sloping at 2 0 ' , 3 5 " , or 4 5 " with a
horizontal plane (see Figure 2-11).
The purpose of this
cross-sectional concavity is to retain free flowing materials
(e.g., aluminum cans, bottles, crushed glass, etc. ) , and to
minimize or prevent spillage.
In order to further minimize
spillage problems, skirt boards (see Figure 2-12) are often used at
belt transfer points.

The Conveyor Equipment Manufacturers Association (CEMA)
provides a design handbook for belt conveyors. Tables 2.7 and 2.8
have been adapted from information published by the CEMA for some
specific materials generally handled in a MRF.
The designer is referred to the most recent issue of ASME/ANSI
Safety Standard for Conveyors and Related Equipment, for
information and guidance in the design, construction, installation,
operation, and maintenance of conveyors and related equipment. In
addition to general safety standards applicable to all conveyors
and related equipment, Section 6.1 of the Standard is specifically
applicable to belt conveyors.
B20.1,

Most flat belt conveyors employed in a MRF are of
the Itsliderbeltttdesign in which the conveyor belt is backed up by
and slides on a steel supporting surface rather than on idler
rolls. Flat belt conveyors are popularly utilized in the sorting
process at a MRF for they permit easy access to the material
carried on the belt.
When a flat belt conveyor is used in an
inclined position, it is often supplied with cleats and skirt
boards for the full length of the conveyor in order to more
positively convey the materials and prevent spillage. Tables 2 . 9
and 2.10 have been adapted from belt capacity tables published by
the CEMA for some specific materials generally handled in a MRF.
F l a t B e l t Type:
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Figure 2-11.

Trough type belt conveyor.

v

I

Skirtboards

J

Figure 2-12.

-

Belt conveyor with skirtboards.
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TABLE 2.7.

APPROXIMATE CONVEYOR BELT CAPACITIES
(TPH)

(200 TROUGH)

Belt Width (Inches)*
ComponentJ

18

24

36

48

60

72

Glass Bottles4

6.0

11.6

28.3

52.2

83.4

121.8

Plastic Bottles4

0.8

1.5

3.7

6.8

10.8

15.8

Aluminum Cans4

0.8

1.5

3.7

6.8

10.8

15.8

News5

3.9

7.5

18.1

33.3

53.1

77.5

occ5

1.2

2.2

5.3

9.8

15.6

22.8

Loose Refuse5

3.5

6.7

16.0

29.4

46.9

68.4

Refuse from Compactor Trucks

8.7

16.6

40.0

73.6

117.2

171.0

EXAMPLE: To find capacity at other belt speeds: New belt speed = 20 FPM; Plastic Bottles,
36 in. belt width: TPH = 20 FPM/loO FPM x 3.7 TPH = 0.7 TPH

'Conveyor Speed = 100 FPM
2Edge Distance (inches) = 0.055 x belt width + 0.9. Three equal idler roll lengths
30ensities as per Table 2-5
"Surcharge Angle = 5"
%urcharge Angle = 30"
%ased on capacities published in CEMA "Belt Conveyors ior Bulk Materials"
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TABLE 2.8.

APPROXIMATE CONVEYOR BELT CAPACITIES
(TPH)

( 3 5 0 TROUGH) l a 6

Belt Width (Inches)*
~~

Componentj

18

24

36

4a

60

72

Glass Bottles4

8.9

17.2

41.7

77.0

122.9

179.4

Plastic Bottles4

1.2

2.2

5.4

10.0

16.0

23.3

Aluminum Cans4

1.2

2.2

5.4

10.0

16.0

23.3

News5

4.7

9.0

21.6

39.7

66.3

92.2

occ5

1.4

2.6

6.3

11.7

19.5

27.1

Loose Refuses

4.1

7.9

19.0

35.0

58.5

81.3

10.4

19.8

47.6

87.5

146.2

203.3

Refuse from Compactor Trucks

EXAMPLE: To find capacity at other belt speeds: New belt speed = 20 FPM; Plastic Bottles,
36 in. belt width; TPH = 20 FPM/lOO FPM x 5.4 TPH = 1.1 TPH

'Conveyor Speed = 100 FPM
*Edge Distance (inches) = 0.055 x belt width + 0.9. Three equal idler roll lengths
3Densities as per Table 2-5
5urcharge Angle = 5O
SSurchargeAngle = 30"
%ased on capacities published in CEMA "Belt Conveyors for Bulk Materials"
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TABLE 2 . 9 .

APPROXIMATE CONVEYOR BELT CAPACITIES
(FLAT BELT)'*6 (TPH)
~ _ _ _ _ _ _ _ _ ~

Belt Width (Inches)z
CornponentJ

18

24

36

48

60

72

Glass Bottles4

1.1

2.2

5.1

9.4

14.9

21.8

Plastic Bottles4

0.1

0.3

0.7

1.2

1.9

2.8

Aluminum Cans4

0.1

0.3

0.7

1.2

1.9

2.8

News5

24

4.6

10.9

19.9

31.6

46.1

occ5

0.7

1.3

3.2

5.9

9.3

13.6

Loose Refuse5

21

4.0

9.6

17.6

27.9

40.7

Refuse from Compactor Truck5

5.3

10.0

24.0

43.9

69.8

101.7

EXAMPLE: To find capacity at other belt speeds: New belt speed = 20 FPM; Plastic Bottles,

36 in. belt width; TPH = 20 FPM/I 00 FPM x 0.7 TPH = 0.1 4 TPH

'Conveyor Speed = 100 FPM
2No idlers
3Densities as per Table 2-5
'Surcharge Angle = 5"
5Surcharge Angle = 30"
%ased on capacities published in CEMA "Belt Conveyors for Bulk Materials"
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TABLE 2.10.

APPROXIMATE CONVEYOR BELT CAPACITIES
(FLAT BELT WITH 6-IN. HIGH
SKIRTBOARDS) lt6 (TPH)
Belt Width

~~

CornponentJ

18

24

36

48

60

72

Glass Bottles4

34.0

47.4

75.1

104.1

134.4

165.9

Plastic Bottles4

4.4

6.2

9.8

13.5

17.5

21.6

Aluminum Cans4

4.4

6.2

9.8

13.5

17.5

21.6

News5

13.6

19.9

34.7

52.1

72.3

95.1

occs

4.0

5.9

10.2

15.3

21.3

28.0

Loose Refuses

12.0

17.6

30.6

46.0

63.8

83.9

Refuse from Compactor Trucks

30.0

44.0

76.5

114.9

159.4

209.8

EXAMPLE: To find capacity at other belt speeds: New belt speed = 20 FPM; Plastic Bottles.
36 in. belt width: TPH = 20 FPM/lOO FPM x 9.8 TPH = 2.0 TPH

'Conveyor Speed = 100 FPM
*No idlers
Wensities as per Table 2-5
4Surcha?ge Angle = 5"
%urcharge Angle = 30"
%a
l sed on capacities publrshed in CEMA "Belt Conveyors for Bulk Materials"
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Most flat belt conveyors rely upon the friction force between
the head pulley (drive pulley) and the conveyor belt to drive the
conveyor. Where particularly heavy loads are anticipated (e.g.,
MSW), chains are attached to the underside and to each side of the
belt for the full length.
This configuration usually is
accompanied by cleats attached to the carrying surface of the belt
as well as full length skirtboards to retain material on the
conveyor. ASME/ANSI B 20.1 Safety Standard is equally applicable
to flat belt conveyors as it is to the trough type as previously
discussed.
Apron Conveyor

An apron conveyor consists of steel pans (flat or contoured)
supported by chains and is used in applications in which the
conveyor may be subject to substantial impact and abuse. Guide
rollers riding on steel rails minimize the frictional forces.
Cleats may be incorporated on the pans for inclined applications.
Apron conveyors are often employed as infeed conveyors and may be
located in a pit below floor level. Ample provision should be made
for access for cleanout and maintenance.
Section 6.5 of the
ASME/ANSI B 20.1 Safety Standard is specifically applicable to
apron conveyors.
Screw Conveyor

The screw conveyor (or auger) may be used to transport dry,
dense, free flowing materials (e.g., tin cans formed as nuggets).
Screw conveyors have also been used for bin discharge and as
metering feed devices. These units are not designed to transport
stringy, abrasive, or very wet materials.
Pneumatic conveyor
A pneumatic conveyor utilizes a stream of air to convey
suspendable materials (e.g., aluminum cans or dust) through a tube.
Pneumatic conveyors may utilize either a vacuum or a positive
pressure. The pneumatic conveyor offers the facility designer more
flexibility in equipment location. However, the number of changes
in direction in the lines should be kept to a minimum since they
result in pressure (efficiency) losses as well as probable points
of stoppages and wear.

2.3.10.2.2
Material handlins esuiDment fseDarati0n)--The
following equipment is employed to separate one or more materials
from the waste stream or substream. It should be recognized that
none of these devices can be expected to be 100% effective.

Magnetic Separator

Magnetic separation is a relatively simple unit process and is
used to recover ferrous metal from the commingled waste stream.
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Magnets may be either of the permanent or the electromagnetic type.
They are available in three configurations, namely, the drum
(Figure 2-13), the magnetic head pulley (Figure 2-14), and the
magnetic belt (Figure 2-15). They may be assembled and suspended
in line, crossbelt, or mounted as conveyor head pulleys.
The
magnetic head pulley conveyor is arranged so that in its operation,
the material to be sorted is passed over the pulley in such a
manner that the nonferrous material will fall along a different
trajectory than will the ferrous material.
The drum magnet
assembly can be installed for either overfeed or underfeed and
directs the ferrous along a trajectory other than that taken by the
nonferrous material.
The magnetic belt, in its simplest form,
consists of single magnets mounted between two pulleys that support
a cleated conveyor belt mechanism.
The efficiency of magnetic
separation is affected by the bed depth of the waste stream. For
more complete removal of ferrous, a secondary magnetic separator
may be considered. Conveyor and hopper components in the vicinity
of the magnetic field should be constructed of nonmagnetic
materials. Additional information on magnetic separation can be
obtained in References 1 to 7.
Eddy Current Device (Aluminum Separator)

An aluminum separator employs either a permanent magnetic or
electromagnetic field to generate an electrical current (eddy)
which causes aluminum cans (nonferrous metals) to be ejected and
separated from other materials. Aluminum separation may take place
in the form of a conveyor head pulley or in the form of an inclined
stainless steel plate.
Additional information on aluminum
separation can be found in References 7 to 10.
Disc Screen
A disc screen consists of parallel multiple shafts all
rotating in the same direction. Discs are mounted on each of these
shafts, and spaced in such a fashion so that the discs on one shaft
are located midway between the discs on an opposing shaft. The
shafts and discs are so positioned relative to each other as to
establish fixed interstices through which the undersize material
(e.g., broken glass or grit) will pass and the oversize material is
conveyed by both the discs and the series of rotating shafts. A
schematic view of a disc screen is presented in Figure 2-16. Disc
screens are subject to damp and stringy material wrapping around
the shafts and discs and thus reducing the interstices. At the
infeed location, abrasive material (e.g., broken glass'orgrit) may
abrade the outside diameters of the shafts and discs so as to
substantially increase the interstices. Also, large pieces of
corrugated may act as a barrier to smaller material dropping
through the interstices.
Any of these conditions can have a
significant detrimental effect upon performance.
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n
Commingled Containers

Connecting B e l t

Small Nonferrous

Nonferrous Collection Conveyor

Figure 2-13.

Multiple magnetic drum.

N o n f errOuS

Figure 2-14.

Magnetic head pulley.
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Figure 2-15.
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Magnetic belt.
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Figure 2-16.

Disc screen.
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Trommel Screen

The trommel is a rotary cylindrical screen, generally
downwardly inclined, whose screening surface consists of wire mesh
or perforated plate. A diagram of a typical trommel screen is
presented in Figure 2-17.
The tumbling action of the trommel
efficiently brings about a separation of individual items or pieces
of material that may be attached to each other, or even of one
material contained within another. Large trommels (8 to 10 ft in
diameter, and up to 50 ft long) have been used to separate large
OCC and/or newsprint from mixed paper or commingled containers
(particularly from glass containers). Small trommels (1 to 2 ft in
diameter, by 2 to 4 ft long) have been used to separate labels and
caps from crushed glass. These small units are sometimes used in
conjunction with an air stream to aid in the separation.
Two-stage trommels have also been used in waste processing.
In two-stage trommels, the first stage (the initial length of
screen) is provided with small apertures (e-g., 1 in. diameter)
which permit broken glass, grit, and other small contaminants to be
removed. The second stage is provided with larger apertures (e.g.,
5 in. diameter) which allow glass, aluminum, and plastic containers
to be removed from the waste stream. In the particular types of
MRFs discussed in this document , the oversize materials (overs)
might consist primarily of OCC and news, depending upon the make-up
of the incoming waste stream.
Many factors influence the separation efficiency of a trommel
including:
characteristics and quantity of the incoming materials;
size, proportions, and inclination of the cylinder
screen:
rotational speed; and
size and number of screen openings.
Vibrating Screen
A vibrating screen utilizes a wire mesh or perforated plate
screen deck to separate relatively dense, dry, undersize materials
from less dense oversize materials. A schematic diagram of a
vibrating screen is given in Figure 2-18. Vibrating conveyors are
more tolerant of stringy materials than are other conveyors.

Damp, sticky materials have a tendency to blind the screen
deck and thus impair the performance. Large pieces of corrugated
and/or excessive material bed depth can substantially decrease
separation efficiency.
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Figure 2-17.

Figure 2-18.

Trommel screen.

Vibrating screen.
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Oscillating Screen

An oscillating screen is configured in a simil r fashion a a
vibrating screen except that the motion is of an orbital nature in
the plane of the screen deck. The same comments as those presented
for vibrating screens apply.
Traveling chain Curtain

The traveling chain curtain consists of one or more rows of
common chain each suspended from a continuously revolving link-type
conveyor chain describing a somewhat elliptical orbit around a
vertical axis. The curtain provides a barrier to less dense (e.g. ,
aluminum and plastic) containers while permitting denser material
(e.g., glass) to pass through on a downwardly inclined surface.
The efficiency of the traveling chain curtain can be greatly
influenced by the feed rate into the unit. Excessive quantities of
incoming material may cause lighter materials to push through the
curtain rather than to be directed to one side.
Detailed
discussions about screens commonly used in the waste processing
field can be found in References 6, 7, and 11 to 16.
Air Classifier

Air classification employs an air stream to separate a light
fraction (e.g., paper and plastic) from a heavy fraction (e.g.,
metals and glass) in a waste stream. Variables other than density,
such as particle size, surface area, and drag, also affect the
process of material separation through air classification.
Consequently, aluminum cans, by virtue of a high drag-to-weight
ratio, may appear in the light fraction, and wet and matted paper
may appear in the heavy fraction.
Air classifiers may be provided in one of a number of designs.
The vertical, straight type is one of the most common units. Air
classifiers require provisions for appurtenant dust collection,
blower, separation, and conveying. Schematic diagrams of typical
air classifiers are provided in Figure 2-19. A considerable amount
of work has been carried out in the area of air classification of
solid wastes.
Results of some of this work are reported in
References 7 and 17 to 22.
2.3.10.2.3
Material handlins eauiDment fsize reduction)-Several types of size reduction equipment are used, for waste
processing. The equipment is employed to reduce the particle size
and/or increase the bulk density of material in order to meet
market specifications and/or to reduce the cost of storage and
transportation.
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Vertical air classifiers.
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Can Shredder
A can shredder is employed to reduce aluminum cans to
particles of small size (less than 1 in.). The process increases
the density and thereby conserves on transportation costs.
Shredded aluminum may command a premium price. The shredder is
often supplied complete with infeed conveyor, magnetic separator,
blower, and dust collector. Due to the costs involved in size
reduction, prior to the installation and operation of a can
shredder it is especially important to determine if the
specifications call for shredded aluminum.

Can Densifier/Biscuiter
A can densifier is used to form aluminum cans into biscuits
generally weighing on the order of 4 0 lb each. The capacity of a
densifier may be increased by placing the densifier in series with
and following a can flattener. A densifier offers a viable option
to baling aluminum cans. A s with the can shredder, it is important
to verify that the market will accept and pay for the biscuitshaped product. The typical range of floor area requirements for
aluminum can densifiers commonly used in MRFs is illustrated in
Production rates as a function of horsepower for
Figure 2-20.
aluminum can densifiers are presented in Table 2.11.

Can Flattener
A can flattener is a device used for flattening aluminum or
tin cans. It is often provided complete with inlet hopper, belt
conveyor, magnetic separator and pneumatic discharge. The crushing
mechanism generally consists of a steel drum with hardened cleats
rotating against a pressure plate, or vulcanized rubber pressure
drum, or one or more sets of steel crushing rolls or drums.
Overload protection and provisions for separating any liquids that
may still be in the containers should be incorporated in the system
design

.

Figure 2-21 illustrates the typical range of floor area
requirements for can flatteners (with infeed conveyors) as commonly
Clearance should be provided for maintenance
used in MRFs.
although most flatteners are relatively light and portable, and
thus they can readily be moved to another location for maintenance
if necessary. Typical production rates as a function of horsepower
for aluminum and steel can flatteners are presented in Table 2.12.
G l a s s Crusher
A glass crusher is used to reduce whole glass bottles to small
particle sizes in order to meet market specifications.
Glass
crushers are often supplied with a feed hopper and conveyor.
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8'4. to 12-6-

Figure 2-20.

Typical range of dimensions for can densifiers.

TABLE 2.11.

TYPICAL PRODUCTION RATES (lb/hr) AND
HORSEPOWER FOR ALUMINUM CAN DENSIFIERS

wt. of
Biscuit (Ib)

HP

300 - 500
600 - 900

18
18

7-112

2500 unflattened
3600flattened

40

25

Lb/hr

5
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I

1

]3'-0"
to

+

9'-0"
to 18'-0"

Figure 2-21.

Typical range of dimensions f o r can f l a t t e n e r s .

TABLE 2.12.

T Y P I C A L PRODUCTION RATES ( l b / h r ) AND HORSEPOWER
FOR ALUMINUM CAN FLATTENERS

Horseoower
Lb/hr

Blower

Flattener

Conveyer

1.200 unflattened

5

5

1I3

5

7.5

112

7.5
to 10

112

Aluminum

2,000unflattened
4,000 flattened

Steel
2,000unflattened
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Glass crushers are units that typically require relatively high
maintenance because of the abrasive nature of the glass. Specifications from the users should be checked before glass crushers are
included in the design of a MRF since some buyers prefer to perform
their own crushing. Glass crushing is a dust producing operation
and provision should be made to address this condition.
Figure 2-22 illustrates the typical range of floor area
requirements for glass crushers used in MRFs. Clearance should be
provided for maintenance although most crushers are relatively
light and portable and thus could be readily moved, if necessary,
to another location for maintenance.
Typical production rates
versus horsepower for glass crushers commonly used in MRFs are
presented in Table 2.13.
Plastics Granulator
A plastics granulator is used to size reduce PET and/or HDPE
containers to a flake-like condition. The granulated plastic is
generally shipped in gaylords.
Due to the relatively large
reduction in volume, substantial savings in shipping can be
realized when plastic granulation is employed.
Plastics
granulation is an operation that requires a relatively high degree
of maintenance and may be prone to dust generation. As with
crushed glass, markets should be checked to verify that the
specifications call for granulated material. Some potential buyers
may wish to maintain close control over the type of plastic they
receive and believe that they are better able to do so by requiring
that the plastic be baled rather than granulated.

P l a s t i c s Perforator

Technically, a plastics perforator is not classified as a
piece of size reduction equipment.
However, its use is so
intimately associated with that of a baler that it is included in
this discussion. A plastics perforator is used to puncture plastic
containers in order to increase bale density with resultant
shipping economies. The perforations also eliminate the need to
remove bottle caps and improve baler efficiency since bales are
easier to form. Ample storage must be provided for the perforated
containers so that the baler may be efficiently utilized.
Baler
A baler is one of the most common pieces of processing
equipment employed in a MRF. A diagram of a baler is presented in
Balers are used for forming bales of newsprint,
Figure 2-23.
corrugated, high-grade paper, mixed paper, plastics, aluminum cans,
and tin cans.
These units are available with a wide range of
levels of sophistication. Some balers are equipped for fully
automatic operation while others demand a considerable amount of
operator attention. If the design calls for the use of the same
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f

9'-6"
to 19-9"

Figure 2-22.

T y p i c a l range of dimensions for glass crushers

(with infeed conveyor).

TABLE 2 . 1 3 .

TYPICAL PRODUCTION RATES (TPH) AND HORSEPOWER
FOR G L A S S CRUSHERS

Horsepower

TPH~)

Crusher

Conveyor

1-3

1

1 I3

3-4

1 to 2

1 /2

5-6

1 to 2

112

15

7-112

112

a) Most glass crushers will accept 1 gal glass jars.

P

Figure 2-23.

Baler.
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baler to bale more than one material, it is extremely important
that the baler selected be specifically designed for that purpose.
The market specifications which must be met should be determined
before a baler is selected. Not all automatic tie devices are
alike.
The number and size of baling wires, as well as the
available wire tension, must be adequate for the particular
materials to be baled.
Figures 2-24 and 2-25 depict the typical range of floor area
requirements for single-ram and two-ram balers respectively as
commonly used in MRFs.
Clearance should be provided for
maintenance and accumulation of finished bales. Table 2.14 lists
typical production rates for OCC versus horsepower for horizontal
balers commonly employed in MRFs. Typical dimensions, densities,
and weights of bales for a variety of materials are given in Table
2.15.
A considerable amount of research as well as test and
evaluation of size reduction equipment has been carried out during
the past 20 years. Some sources of information include References
6, 7, and 23 to 3 3 .
2.3.10.2.4
EauiDment for environmental control--In order to
protect the health and safety of the work force as well as to gain
the goodwill and to meet environmental requirements of the
community in which the MRF is located, it often is necessary to
provide environmental equipment above and beyond that which
normally is supplied with the material handling, separation, and/or
size reduction equipment.
Title 29 of the Code of Federal
Regulations, Part 1910, presents the Occupational Safety and Health
Administration (OSHA) Standards which must be met to provide for
the safety and health of the workers. Local and/or regional codes
or legislation often address the environmental relationship of a
facility within the community. In the planning and design phase of
the facility it is wise to review those operations likely to cause
distress to either the worker or to the community (or both), and
seek ways in how to best ameliorate or eliminate the problems.

Dust Collection System

Shredding, granulating, crushing, baling, and screening
generally are dust producing operations.
Depending upon the
severity (which often is a function of the volume of material
handled) of the problem, the solution can vary anywhere from a
simple dust mask for the worker, to individual dust collection at
each of the dust producers, to one or more centralized dust
collection systems to serve the total needs of the facility. Dust
collection systems include fans, ducting, cyclones, and baghouses.
Noise suppression Devices

The majority of the equipment used in MRFs generate noise
and/or dust. A s is the case with dust problems, the solution to
noise problems can be simple (e.g., hearing protection worn by the
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Figure 2-24.

Typical range of dimension for single ram balers.

3 s10 ~
4ra

Figure 2-25.

TABLE 2.14.

-i

Typical range of dimension for two ram balers.

TYPICAL OCC PRODUCTION RATES* AND HORSEPOWER
FOR HORIZONTAL BALERS

5-6

50

4-13

75

7-19

loo

8 - 23

150

10-28

200

22 - 31

300

a) Production rates will vary due to bale dimensions, bale denstty,
baler configuration, and other factors.

Specific Approaches to Materials Recovery

TABLE 2.15.

53

TYPICAL DENSITIES AND WEIGHTS (45**X30"X62" BALES)*
FOR BALED MATERIALS

Bale
Component

Density
(lb/cu ft)

Corrugated

25

News

30

PET

24

Aluminum Cans

15

Steel Cans

30

Solid Waste

38

*

-

-

Weight
(lb)

33

1200

40

1450

32

1160

46

730

60

1450

54

1840

-

-

1600
1940
1540
2230
2900
2610

Bale sizes, volumes and weights may vary by baler manufacturer,
model, mode of operation, moisture content, and other factors.

worker) or may require sound muffling equipment and/or sound
proofing at specific work locations or throughout the building, or
isolation of specific pieces of equipment.
Odor Control Equipment

Odor control is not generally a problem at a MRF unless the
MRF is processing mixed MSW.
Odors can often be reduced or
eliminated by minimizing storage time o f raw materials or product
followed by frequent floor washdown.
Other odor control
technologies include:

..

improved dispersion;
odor masking;
wet scrubbing:
carbon adsorption:
catalytic incineration: and
thermal incineration;

In severe odor conditions, multiple technologies may be
required. Each technology may be accompanied by problems (in
addition to capital and operating costs) of its own and indeed, the
technology may not be acceptable to the control agency or to the
complainants.
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Heating, Ventilating, and Air Conditioning

(BVAC)

The geographical location (and the associated climatic
condition) of the facility has a major influence on the HVAC system
required, as does the very building design itself. Some MRFs
incorporate enclosed sorting station rooms in which HVAC systems
can be more effective than for open stations. Area heaters and
ceiling and wall insulation may also be employed.
Adequate
ventilation must be provided to control fumes which may be
generated by material handling vehicles, incidental incoming
hazardous materials, and incidental welding operations.
Fixed Equipment Capacity-The process of MRF design should include that the
manufacturer's rated capacity and maximum capacity, generally
expressed in tons per hour (TPH) for conveying, separating, and
processing equipment, be established and guaranteed. For equipment
in a system in which there is no redundancy, it is wise to
incorporate extra capacity, i.e., surge or maximum capacity, in
order to compensate for the inevitable downtimes. Alternatively,
the equipment may be called upon to operate on an overtime basis.
2.3.10.3

Example :
A paper baler has the following characteristics for a specific
grade of paper:
Rated Capacity:
Maximum Capacity:

25 TPH
27.5 TPH

The baler will have the following schedule for normal operation:
Number of hours per day:
Number of days per week:

8

5

Assuming that the baler is out of service for repair for 8 hours
during a 1-week period, it is necessary to calculate the options
for making up the loss in production. The expected production can
be obtained by multiplying the rated capacity by the number of
hours of normal operation.
Expected production = 25 TPH x 40 hr = 1,000 tons
The "actual" production, however, is calculated based on only 32
hours of operation. Thus:
Actual production = 25 TPH x 32 hr = 800 tons
Consequently, there is a deficiency of production of 200 tons (1000
tons - 800 tons).
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The following options can be followed in order to makeup the
deficiency:
0Dtion 1
The baler could be operated for 7.3
maximum capacity (27.5 TPH).

hours of overtime at

200 tons = 7.3 hrs x 27.5 TPH
Ootion 2
The baler could be operated for 8 hours at rated capacity (25
TPH)

.

200 tons = 8 hrs x 25 TPH

The baler could be operated for 80 regular hours at maximum
capacity.

-

200 tons = (80 hrs x 27.5 TPH)
(80 hrs x 25 TPH)
200 tons = 2,200 tons
2,000 tons

-

2.3.10.4
Fixed Equipment Material Recovery Efficiencies-As discussed in Subsection 2.3.5 and listed in Table 2.6,
there are various factors which affect the recovery rate of
materials.
As shown in Table 2.16, the interaction of these
factors result in a fairly broad range of material recovery
efficiencies.
In each case, the low end of the efficiency range indicated in
Table 2.16 may be reached when the feed rate is heavy and the time
of exposure of the material to the separation device is minimal.
Conversely, the higher recovery efficiencies may be realized at
light feed rates (e.g., where a can or bottle is not buried in the
waste stream) and the time of exposure of the material to the
separation device is maximized.
2.3.10.5
Availability of Fixed Equipment-Availability is defined as the estimated portion of time that
a particular piece of equipment is available to perform the work
for which it is intended. This is a concept often sverlooked in
the equipment selection process. The concept of availability takes
on special significance when the equipment in question is one of a
series of machines as is generally the case in a processing system.
For example, assume that a single processing line consists of 5
pieces of equipment served by 6 conveyors. Also assume that, for
the purpose of illustrating the concept, the availability of each
of the machines is 0.95 (i.e. , each machine is expected to be down
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TABLE 2.16.

MATERIAL RECOVERY EFFICIENCIES FOR SEPARATING
EQUIPMENT
Typical Range of Material
Recovery Efficiencies ( % )

Machine

50

-

90

Trommel Screen

80

-

90

Vibrating Screen

60

Traveling Chain Curtain

60

Air Classifier

60

Magnetic Separator (ferrous)

60

Eddy Current (aluminum)

60

Disc Screen

Source:

-

90
90

90
90
90

CalRecovery, Inc.

for repair, maintenance, pluggage clearance, power outage, etc., 5%
of the time that it might otherwise be running). Lastly, assume
that the availability of each of the conveyors is 0.99. Then, the
availability of the total system (i.e., the process line) on a
worst-case basis (i.e., any given machine or conveyor is
unavailable when all others are available), is:
Conveyors (99%) 6 x Machines (95%) 5 = 72.8%
In other words, a system using these machines and conveyors
all in line in this manner for a 40-hour period would, on a
worst-case basis, operate only 0.728 x 40 hours = 29.12 hours.
The example is provided to underscore the importance of the
concept, and is not meant to suggest actual availabilities of
specific equipment.
ways.

Equipment and system availability can be improved in various
Some of these are:
the selection of proven equipment with a documented and
validated history;
the selection of heavy duty equipment;
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proper system design which anticipates jam
and
pluggages, particularly at entrance, transfer, and
discharge points (e.g., conveyors, discharge chutes, any
bends in system, etc.) and provides for their relief or
elimination;
trained operating personnel
limitations of the equipment:

who

understand

the

trained maintenance personnel who can readily address
downtime problems:
preventative maintenance program;

.

supply of spare parts with particular attention to long
lead items: and
awareness, in the design phase, of the interrelationship
of equipment so that the discharge from one machine is
compatible with the operations of downstream equipment
(if capacities don't match, some sort of surge capacity
needs to be included).

Fixed Equipment Redundancy-Problems related to capacity and availability can be
substantially reduced by providing multiple machines and/or
processing lines. This concept is known as redundancy. Judicious
use of redundancy in a design implies that if a machine or
processing line is out of service for any reason, another machine
or line can be brought into operation. Provision for redundancy,
however, is often accompanied by a requirement for increased
capital expenditure, not only for the duplicate equipment but ais0
for the additional building space necessary to house that
equipment.
2.3.10.6

A form of redundancy can be achieved by other less expensive
means, including:

Use of common parts. For example, standardizing belt
widths, motor sizes, and other mechanical and electrical
components will reduce the spare parts inventory yet
allow ready repair of equipment.
Multiple-use equipment. A paper baler, for example, may
be equipped to handle plastics, tin, and/or aluminum.
Using diverters, for example, in anticipation of downtime
of a glass crusher for flint glass, may make it feasible
to temporarily divert that material to another glass
crusher for processing.
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Markets may be available which suggest that redundancy in
some equipment should be of minor importance.
For
example, there may be a market for PET in ground or baled
form. However, even at some price reduction for the
final product, it may be wise to plan on selling the
baled product at the lower price rather than incur
additional capital and operating costs which may be
associated with the granulating process.
Redundancy is a very important concept in the design of MRFs.
Redundancy is particularly important at points or sections of a
system that are critical to the continuous operation of the plant.
The implementation of redundancy must be carefully balanced with
practicality and financial viability.
Sizing of Fixed Equipment-The considerations of recovery efficiency, capacity,
availability, and redundancy discussed in the preceding section in
addition to anticipated fluctuations in the daily quantities of
materials received, the size of the tipping floor, the number of
shifts planned for operating, budgetary constraints, and the degree
of risk one is willing to accept, all influence the design and
selection of individual pieces of fixed equipment. It must be
emphasized that average daily tonnages calculated by simply
dividing the annual tonnage by the number of operating days (see
Subsection 2.3.2, Mass Balance) can be quite misleading when
designing and selecting equipment.
2.3.10.7

If one ignores budgetary constraints, a capacity safety factor
or multiplier, ranging from 1 to 2 on the maximum daily tonnages of
materials anticipated, should be considered.
For example, a
multiplier of unity would be reasonable for equipment sizing if the
facility were designed with total redundancy (with each piece of
equipment capable of handling the full load) , high equipment
availability (proven equipment and systems), single shift operation
(with the option of operating a second shift), and a relatively
consistent flow of materials.
A multiplier of two would be
reasonable for equipment sizing if the facility were designed with
little or no redundancy, low availability due to the positioning of
many pieces of equipment in series, two shift scheduled operation,
and large fluctuations in inflow of materials.
For equipment
employed in the average MRF, a multiplier of 1.25 to 1.5 generally
is used. The unique concerns relating to the sizing of sorting
conveyors will be discussed in Subsection 2.3.12.2, Sorting Rates
and Efficiencies.
Maintenance of Fixed Equipment-Early in the design phase of a MRF, consideration should be
given to providing sufficient access to the fixed equipment for the
maintenance and repair work required to keep the facility
operational. Preparation of preliminary maintenance procedures
(preferably with the assistance of the equipment supplier) similar
2.3.10.8
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to those examples illustrated in Appendix C for belt conveyors,
magnetic separator, trommel screen, can flattener, and baler serve
not only to identify and evaluate the amount and quality of
maintenance required but also to alert the designer to those
equipment components to which access must be provided.
2.3.11-

R

i ment

The review and selection process of rolling equipment for use
in a MRF employs much of the same rationale as that outlined for
the review and selection process for fixed equipment.
The
following observations concern some special considerations
associated with rolling equipment.
2.3.11.1

Rolling Equipment Commonly Found in a MRF-bins
containers
floor scrubber
forklift
front-end loader
manu1 ift
skid steer loader
steam cleaner
vacuum/sweeper/magnetic pick-up
yard tractor

2.3.11.2
Rolling Equipment Capacity-Rolling equipment (most of which is material handling
equipment) must, of course, be adequate to perform the tasks
required to feed the plant, perform intermediate material
transfers, and to load out the products.
Equipment must be
. selected of adequate power, speed, and size to handle the tonnages
anticipated.
If the equipment is too small, the productive
capacity of the entire plant can be adversely impacted. It is also
possible for the equipment to be too large for the plant in that
there may not be enough room to maneuver.
The information presented in Table 2.17 is provided as a guide
in the selection of an appropriate bucket size for a front-end
loader handling the materials generally processed in a MRF.
2.3.11.3
Availability of Rolling Equipment-Rolling equipment should be considered as an integral part of
the process line of a MRF.
Downtime associated with rolling
equipment which delivers material to an infeed conveyor, transfers
material to or from various processes, or loads the product into or
onto outgoing trucks, trailers, etc., affects the overall plant
availability just as does fixed equipment downtime. The same list
of considerations provided under that for fixed equipment apply to
rolling equipment.
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TABLE 2.17.

EXAMPLES OF FRONT-END LOADER CAPACITIES

~~

Component

Average Loose Bulk Densitya)
(Ib/cu yd)

~

~~

Approximate TPH per cu yd Bucket
Capacity of Front-End Loadeel

Whole Containers
Glass
Plastics
AI urn in u rn

500
65
65

7.50
1 .oo

News

170

2.60

50

0.75

Loose Refuse

1 50

2.30

Refuse after
dumping from
compactor
truck

375

5.60

occ

~

1 .oo

a)The values used are averages of a range of available data for each component.
b)For other front-end loader capacities, multiply the relative bucket size.
Bucket size = 2-114 cu yd. Glass = 7.5TPH/cu yd x 2.25 = 16.9TPH.
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2.3.11.4
Rolling Equipment Redundancy-The requirement for redundancy in rolling equipment is not as
severe as that for fixed equipment. Standard models of various
pieces of rolling equipment are often readily available for
temporary or emergency use from a local dealership. Often, as part
of a maintenance/service contract, a rolling equipment dealer will
make available a replacement unit in the event that a particular
machine must undergo extensive repair.
Additionally, various
attachments to basic machines may provide a degree of redundancy
through multi-purpose use.
2.3.11.5
Rolling Equipment Selection-In the review and selection process of individual items of
rolling equipment, just as for fixed equipment, it should be
recognized that these items must not only compatibly interrelate
with one another, but also with the manner in which the raw
material is to be received, the in-process material transferred,
and the product loaded for shipment. Special care should be given
as to whether or not the vehicle is to be used exclusively indoors
or outdoors, or both, particularly in regard to exhaust fume
generation.
2.3.12

Human Factors

The purpose of this section is to explore a few of the
psychological and physical relationships that arise as workers
interact with machinery in a MRF environment.
2.3.12.1
Staffing Requirements-Whether a MRF utilizes a low- or high-technology system
configuration or some intermediate system, there is a need for the
employment of manual laborers.
In another section of this
document, job descriptions, employee relations, health and safety,
and other topics will be discussed. The information presented in
Table 2.18 is provided as a guide to the size and make-up of the
work force in MRFs of various throughputs.
2.3.12.2
Sorting Rates and Efficiencies-The ranges of manual sorting rates and efficiencies for
various materials are presented in Table 2.19.
In a mix of
materials, such as OCC and newspaper, higher sorting efficiencies
will generally be achieved by manually removing ( Itpositively
sorting") the lesser quantities of material from the greater. A s
shown in Figure 2-5, in sorting station #1, residue ht a rate of
4.4 TPD and OCC at a rate of about 9.8 TPD are positively sorted
from the incoming mix of 44 TPD. On the other hand, about 29.77
TPD of newspaper are permitted to pass through the sorting station
untouched (i.e., "negatively sorted"). With reference to sorting
station #2, in Figure 2-6, mixed broken glass would be negatively
sorted even though it represents a lower throughput than either
green or clear glass since the broken glass would be more difficult
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TABLE 2.18.

APPROXIMATE RANGE OF STAFFING REQUIREMENTS
FOR MATERIAL RECOVERY FACILITIES
~-

Tons per Week
1,000

1,500

2 ,000

1

0 - 1

1
1 - 2

1
1
2 - 3

0

0

0

1
1
2 - 3
1

3 - 4
19 - 32
4 - 5
3

3 - 4
25 - 38
5 - 6
4

Personnel

500

Off ice
Plant Manager
Scalemaster/Bookkeeper
Clerk
Janitor

1
1

Plant
Foreman/Machine Operator
Sorters
Forklift/FEL Operators
Maintenance
TOTAL

Source:

-

1
2
13
25
2 - 3
1

-

19

-

34

2 - 3

16

-

27

3 - 4
2
26

-

40

33

-

49

42

CalRecovery, Inc.
TABLE 2.19.

MANUAL SORTING RATES AND EFFICIENCIES
AoDroximate Ranaes

Material

Containerdb

ContainerslMinutel
Sorter

Lb/Hr/Sortera)

60 - 95

-

60 95

1,500 10,ooo

Corrugated

1,500 10,000

(mixedhhole)

Glass
(by color)

Plastic

(PET.HOPE)
Aluminum
(from plastic)

1.5 3.0

-

30 - 60

1.5- 3.0
4.5 - 9.0
22.5 - 27

(%L

-

Newspaper

Glass

Recovery
Efficiency

-

900 - 1.800

70 95

15-30

450 - 900

80 95

30-60

300 - 600

80 95

30-60

l o o - 120

80 - 95

a) Based on average sorting rates (containers/minute/sorter).

-

-

-

-

sa
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containers.

extract

from the glass

stream than whole
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glass

Sorting stations should be arranged so that the sorters are
not competing with one another for the same item. Some designers
accomplish this by positioning the sorters on only one side of the
sorting belt and by assigning specific materials to be handled by
each sorter. Other designers locate the sorters on both sides of
the sorting belt.
In this particular situation, the sorting
positions are staggered along the belt length in order to avoid
competition by more than one sorter over the same item. Appropriate
widths for sorting belts, selected to minimize personnel fatigue
and consequent loss of efficiency, are given in Table 2.20.
The
working height of the sorting belt should be between 36 in. and 42
in. fromthe platform level. A working height of 42 in. allows for
the installation of temporary risers for shorter workers.
Sorting belts should be outfitted with variable speed devices
capable of controlling the belt speed between 0 and 100 FPM. The
higher belt speeds would be utilized under conditions where most or
all of the material is anticipated to be negatively sorted. For
average sorting conditions for both paper sorting and commingled
container sorting, a maximum belt speed of 30 FPM is considered
appropriate.
Sorting rates and manual material recovery
efficiencies may be further enhanced by providing the sorting area
with complete environmental control (i.e., heating, ventilation,
and air conditioning). This approach will also reduce personnel
exposure to process noise and dust.
SamDle Calculations (Par,er )

-

Refer to Figure 2-5, Paper Line
sorting station #1
Incoming paper = 44 TPD (5.5 TPH)
Design capacity = 1.5 x 5.5 TPH = 8.25 TPH
To find combined density:
Newspaper (6.19 lb/cu ft) x 29.77 TPD = 184.3
OCC (1.87 lb/cu ft) X 9.83 TPD = 18.4
Residue (150 lb per cu yd/27) x 4.5 TPD/44 TPD = 24.5/227.2
Average density = 227.2/44 = 5.16 lb/cu ft
Capacities for flat belts (in cu ft/hr) at a speed of 100 FPM are
presented in Table 2.21.
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RECOMMENDED MAXIMUM SORTING BELT WIDTHS

TABLE 2 . 2 0 .

~~

Recommended Maximum Belt Width lm.)
SOIung Process

sorting statians
on Both Sides

sorttngsononeside

Paper (OCC or ONP)

72

42
30

Commingled Containers

TABLE 2 . 2 1 .

48

FLAT BELT CAPACITYa'

Capacity at 100 FPM (cumr)
Surcharge Angle
Belt Width

(in.)

s

lo.

15"

m

25"

30"

18

120

246

372

498

630

762

24

234

465

702

942

1188

1446

30

378

756

1137

1 527

1926

2340

36

552

1112

1677

2253

2844

3450

42

768

1542

2322

3120

3936

4776

48

1014

24x37

3072

4128

5208

6318

54

1296

26w

3924

5274

6654

8076

60

1614

3240

4884

6560

8280

10050

72

2352

4
m

7116

9558

12060

14640

84

3228

6480

9768

13116

16548

20091

96

4243

8514

12834

17238

21 750

26406

a) Standard Edge Distance = 0.56b + 0.9 in. Adapted from CEMA 'Belt Conveyors for Bulk
Materials.'
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TABLE 2 . 2 1 .

FROM TABLE 2 . 2 1 AND SURCHARGE ANGLE = 3 0 ’
8*(

42

48

wiom m.,
54

60

22

CuMrn10oFPM

4TIB

6318

8076

lMS0

CuRmralJOFPM

1433

18%

2423

3015

4392

Lbhrat30FPMuM

7394

977E

12505

15557

22683

37

49

63

78

11 3

14640

st6wwn
TPHat30FPMuM
3 16 b/W n

saw-t

busd on s s TPH n

54n tellvalh63TPwSSTPH

a fad
~me

-

60n b . l l d 7 8 T P w S S T P H -

11
14

72n b*tmdml13TPWSSTPH=21

TABLE 2 . 2 1 .

FROM TABLE 2 . 2 1 AND SURCHARGE ANGLE = 5 ’

Belt Width (in.)

Cu ftfhr at 100 FPM
Cu Whr at 30 FPM

Lbhr at 30 FPM and

24

30

36.

42

48

234

378

552

768

1014

70

113

166

230

304

11 03

1781

2616

3625

4791

0.6

0.9

1.3

1.8

2.4

15.76 IbJcuft
TPH at 30 FPM and
15.76 Ibku ft

Safety factor based on 1.77 TPH feedrate:
36 in. belt width 1.3 TFHl1.77 TPH

= 0.7

42 in. belt width 1.8 TPHl1.77 TPH

= 1 .O

48 in. belt width 2.4 TPHll.77 TPH = 1.36
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employment of part-time seasonal workers typically required in
resort areas.
2.3.13

Accept able Waste

Acceptable waste may be defined as that material which the MRF
is designed to receive and process for the markets identified. For
the basic MRF as described in Subsection 2.2.1, acceptable waste is
identified as source separated materials arriving at the facility
in two waste streams, i.e., paper and commingled containers.
Variations from the basic MRF which broaden the list of acceptable
waste are discussed in Subsection 2.2.2.
The quality of the incoming waste materials is highly
dependent upon the understanding, cooperation, and participation of
the public. In order to increase the probability of the facility
receiving acceptable waste, it is wise to'publish a list, not only
of acceptable waste and how to prepare it, but also of waste that
is unacceptable. One such list is shown on Table 2.22.
2.3.14

Baw Material Storaae

The design of most MRFs incorporate sufficient storage area to
accommodate the equivalent of at least one day's supply of raw
material. Several factors influence the decision regarding the
amount of floor space to allocate to raw material. They include:

.

Redundancy. A facility with redundant processing systems
has less need for raw material storage space.
Processing vs receiving hours.
A facility open to
receipt of raw material outside of scheduled processing
times must provide sufficient storage capacity for the
raw material. In the case where scheduled processing
takes place (e.g., a second shift) beyond the MRF
receiving hours, raw material storage is also necessary
in order to provide the material to process.
Local regulations. In many localities restrictions are
placed upon the number of vehicles which may queue up to
unload.
Adequate raw material storage space must be
provided to prevent this condition from occurring.
Vehicles vs tipping floor configuration. , The mere
provision of floor space for the storage of raw materials
may not totally address the problems discussed above.
Care must be taken that the collection vehicles can gain
ready access to the tipping floor, quickly unload, and
depart with a minimum of interference with other vehicles
and/or the front-end loader(s) on the tipping floor.
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MATERIALS TO BE COLLECTED FOR RECYCLING NEWSPAPER,
WHITE OFFICE PAPER, CORRUGATED CARDBOARD, GLASS,
TIN CANS, ALUMINUM, AND PLASTIC?

Acceptable
(Common Names)

Non-Acceptable

Paper
Newsprint
White office paper

Cardboard
Conugated

Glass

Bottles (any color)
Jars (any color)

Aluminum
Aluminum beverage cans,
foil, aluminum pie plates

Preparation

Glossy paper
Magazines
Phonebooks
Colored M c e paper

Remove any tape,
rubber bands. or
staples

Any waxed cardboard (Le., milk
cartons)
Any conugated contaminated
with food or otherwaste

Flatten corrugated

Plate glass (window)
Light bulbs
Drinking glasses
Ceramics of any kind

Do not break
Rinse
Remove tops, rings
and caps
May leave paper labels

Construction aluminum

Rinse and clean

unwashedcans

Rinse can
Remove label
00 not need to remove
both ends or flatten

Any brittle plastics (Le..
cottage cheese containers)
Film (Le., plastic bags)
Ketchup bottles
Industrialplastic

Remove caps and rings
Rinse container
Flatten if possible

Tin Cans
All tin cans

Plastic
Only consumer (Le., high
densrty polyethylene [HDPW,

shampoo bottles. detergent
bottles. milk and water
bottles, oil, anti-freeze
containers)
PET = beverage containers

a) For example purposes only.
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3. RECYCLING IN CONTEXT

reflects a combination in several cases of efficient reuse of new scrap as well as better than
average EOL recycling.
The OSR results (Figure 3.4) tend to be high
for valuable materials, because they are utilized
with minimal losses in manufacturing processes
and collected at EOL with relatively high efficiency. Collection and recycling at EOL are
high as well for the hazardous metals cadmium,
mercury and lead. Overall, 13 metals have OSR
>50%, and another 10 have OSR in the range
>25e50%.
For cases in which relatively high EOL-RR
are derived, the impression might be given
that the metals in question are being used
more responsibly than those with lower rates.
In reality, rates tend to reflect the degree to
which materials are used in large amounts in
easily recoverable applications (e.g. lead in batteries, steel in automobiles). In contrast, where
materials are used in small quantities in complex products (e.g. tantalum in electronics),
recycling is much less likely, and the rates will
reflect this challenge.

3.4 PROCESS EFFICIENCIES AND
RECYCLING RATE CONSTRAINTS
A common perception of the recycling situation is that if a product is properly sorted into a
discard bin it will be properly recycled. This
turns out never to be even approximately correct, because the recycling system comprises
a number of stages (Figure 3.5): collection,

preprocessing (including separation and sorting), and end processing (usually in a smelter).
Losses occur at every stage, and generally the
stage with the lowest recycling efficiency is
the very first: collection. Higher efficiencies at
the subsequent stages cannot make up for low
first-stage performance, as suggested by the efficiencies shown in Figure 3.5.
Even if efficient collection occurs, efficiencies
lower than 100% (which is always the case)
combine to generate low EOL-RRs over time.
Figure 3.6 shows the situation. Each stage has
an imperfect process efficiency; if those efficiencies are multiplied together over several
metal use lifetimes, even well-run recycling processes eventually dissipate the metal. Studies
have shown that a unit of the common metals
iron, copper and nickel is only reused two or
three times before being lost (Matsuno et al.,
2007; Eckelman and Daigo, 2008; Eckelman
et al., 2012), because no process is completely efficient, and losses occur at every step (Figure 3.6).
Finally, product design plays an important
role in the recycling efficiency of EOL products.
First, does the product design allow for easy
accessibility and disassembly of the relevant
components? For example, precious metals contained in personal computer motherboards are
easily accessible for dismantling and will be
recycled, while circuit boards used in car electronics are typically not accessible for recycling
(Hagelüken, 2012). Second, can the diverse mix
of materials used in complex products be technologically separated at EOL? This challenge of material liberation goes back to thermodynamic

FIGURE 3.5 The steps involved in the recycling sequence. Adapted from Hagelüken, 2012.
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FIGURE 3.6 The efficiencies in the
initial step of Markov recycling of a
metal cycle. (Reproduced with permission from Eckelman et al. (2012)). The
efficiency of conversion of stainless
crude steel to hot-rolled stainless steel
is x, and the resulting stainless steel is
divided among five uses, each with its
own conversion efficiency. If the metal
is later recovered as obsolete scrap
when the products are discarded, the
process chain and its inevitable losses
must be revisited.

principles, but also to the fact that material combinations in products are often very different
from material combinations found in ores
(Reuter et al., 2013; van Schaik and Reuter,
2004). Well-established technologies from the
mining industry can thus be utilized only if elements not found in the respective ores can be
removed beforehand (Nakajima et al., 2010).

3.5 PERSPECTIVES ON CURRENT
RECYCLING STATISTICS
As can be seen from the figures, there are
large differences in recycling rates among the
specialty metals, but differences also exist between the different applications of the metals.
Some insights into the causes of the relatively
low recycling rates in Figures 3.2e3.4 are discussed below:
1. Hardly any recycling. This designation is
applicable to specialty metals such as
antimony, arsenic and barium. These metals
are mainly used in oxide or sulfate form, and
many of the applications are highly

dispersive. Collection is thus very difficult
(drilling fluid remains in the hole,
preservative remains in wood) or dependent
on collection of the product (flame retardants
in electronics), hence the old scrap in the
recycling flow is very low, as is the recycling
flow itself.
2. Mainly new scrap recycling. This designation is
applicable to specialty metals such as indium
and germanium (e.g. Yoshimura et al., 2011).
The recycled content is above 25%, but other
recycling statistics are very low. These metals
are largely used in such applications as
(opto)-electronics and photovoltaics. During
manufacturing, a large amount of new scrap,
such as spent sputtering targets, sawdust or
broken wafers, is created. All of this material
is recycled, and contributes to a high recycled
content in the material supply to the
manufacturing stage. Old scrap in
the recycling flow is currently low due to the
difficulty in collecting the products.
Furthermore, the metal content in the
products can be low, and recycling
technology for these metals in EOL products
is often lacking. Yet, research into the
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recycling of a variety of specialty metals from
discarded products is increasing, and
promising first results exist (Rollat, 2012;
Yoshida and Monozukuri, 2012).
3. Old scrap recyclingdmetal specific, rhenium, for
example. Rhenium is used in superalloys and
as a catalyst in industrial applications, which
together make up most of its total use. This
closed industrial cycle, as well as the high value
of Re, ensures very good collection (Duclos
et al., 2010). Furthermore, good recycling
technologies are in place to recover the metal.
New scrap is recycled as well. Because the
rhenium demand is growing, and this is met
largely by primary production, the share of
recycled Re in the overall supply is low.

4. Old scrap recyclingdmetal unspecific,
beryllium, for example. Berylliumecopper
alloys are used in electronic and electric
applications. The collection of these devices is
generally good, and the Be follows the same
route as the copper and ends up at copper
smelters/recyclers. During the recycling
process, the Be is usually not recovered but is
diluted in the copper alloy or, most often,
transferred to the slag in copper smelters.
Hence the old scrap collection rate is quite
high but the EOL recycling rate is low.
The way in which a product is designed is
also a strong factor in whether recycling occurs.
Dahmus and Gutowski (2007) have shown that

FIGURE 3.7 The relationship between recycled material value and material mixing, for 20 products in the United States,
c. 2005. The area of the circle around each data point is proportional to the product recycling rate; products with no circle are
generally not recycled. The arrows indicate a trend to increased material mixing, both at the product level (in the case of
automobiles and refrigerators) and through substitution (in the case of computers). Adapted from Dahmus and Gutowski, 2007.
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the greater the degree of material complexity in
a product, the smaller the probability that recycling will occur (Figure 3.7). In fact, Figure 3.7
indicates that some products have actually
increased their required level of material
complexity in the past decade, so the product
design-recycling situation is trending in the
wrong direction.

3.6 SUMMARY
Many different approaches have been taken to
quantify the rates at which metals are recycled.
Inevitably, recycling rates have been defined in
different ways, and this has made it difficult to
determine how effectively recycling is occurring.
Adopting the recycling rate definitions specified
in this chapter will deal with this challenge.
An important realization regarding metal
recycling is that it is a sequence of steps. If any
one step is done poorly, the efficiency of the
entire sequence suffers. Attention needs to be
paid to each of the steps, because one step
may be the most inefficient for some types of
products, other steps for others.
The key questions, of course, are whether overall recycling efficiencies can be improved and, if
so, by how much? That is, can materials cycles
be transformed from open (i.e. without comprehensive recycling) to closed (i.e. completely reusable and reused), or at least to less open than they
are at present? These are issues that turn out to be
quite complex, to involve everything from product designers to policies for pickup of discarded
electronics. The full range of this detail has
seldom been presented to those who are most
interested, but much of it will be explored in detail
in subsequent chapters of this book.
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A1.1 BREAKAGE
Breakage at recycling is a composite outcome
of brittle, ductile or viscous behavior.
The brittle particles can be broken by
compression or impact. Most slags, minerals
and rocks are brittle, as often are many types
of coating. Fine particles (smaller than 50 mm)
are easy to produce. Particle size distributions
tend to follow roughly simple distributions
(log-normal or Weibull). Ductile materials,
like metals, need to have a shear force for
breaking. It can be created also by impacting
crushers. Particles tend to become bent and
folded depending on their dimensions and
plasticity. Compressive stress results in major
deformation before breakage. Very low temperature will cause the particles to behave in a
more brittle way. Production of fine particles
is difficult. Viscous behavior is time and temperature dependent (glass and plastics) and
will at lower temperatures and at high impact
velocities behave in a way that resembles brittle
behavior. However, no fines by a high compression zone close to the impact point do form.
Particles break at the time of pressure release.
At cryogenic temperatures, the behavior is
almost brittle and energy consumption in
breakage (not cooling) is low. At high

temperatures, the behavior is different. An
impact causes substantial deformation but
may not produce breakage. If breakage occurs,
long fiber-like particles often appear. Fine particle production needs cooling.
A problem arises when recycled products are
made of materials showing various behaviors.
Especially in ductile materials the type of joints
will dictate very much of the outcome. Random
breakage models, which are useful in brittle
breakage, are not valid for ductile breakage.

A1.2 SIZE CLASSIFICATION
Size classification is a prerequisite for many
mechanical separations for recycled materials.
In the coarser end, it is conducted by screens,
and in the finer end, by dynamic size separators.

A1.3 SCREENS
Screens are suitable separators for sizes often
encountered in recycling. They are applicable
from several hundreds of millimeters to about
100 mm. Most common ones are vibrating deck
screens, roller, gyratory and trommel screens.
Deck materials can be made of steel wire, rubber
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or polyurethane. Vibration is most commonly
created by one or two (seldom three) shafts
with unbalanced weights. Vibration can also
be induced by electromagnetic exciters. Vibration pattern is most often elliptical in a direction
to move material on the screen deck.
When material enters the screen surface, it
stratifies and the finest material passes through
rapidly as a zero order process dC/dt ¼ k. After
the finest particles, finer than about 0.5 Da, have
passed, the process becomes a probability process and of first order dC/dt ¼ gC. Each particle has a probability to pass the screen at each
vibrational cycle. The probability goes to zero
whenpﬃﬃtwo
of the main dimensions are larger
ﬃ
than 2  Da for square openings.

A1.4 DYNAMIC SEPARATORS
The most commonly used device is the
hydrocyclone, where the flow is fed tangentially to the outer perimeter wall of a cylindrical body. The cylindrical body is connected to
a conical bottom. Flows enter from the cyclone
on the centerline. The vortex finder is placed on
the top of the cylindrical body, extending into
the cyclone deeper than the feed point at the
wall. The apex is at the bottom of the conical
part (Figure A1.1).
The tangential flow induced enters at the
outer wall and exits at the centerline causing
a three-dimensional flow pattern. The flow
needs to go from perimeter to the centerline
causing a radial component of flow directed
to the centerline. The tangential movement of
flow causes a centrifugal force. As the centrifugal force is related to the mass of a particle and
flow drag force to the area of the particle, large
particles are more affected by the centrifugal
force and the fine particles by the drag force.
As a result, the coarse particles will remain at
the perimeter and fine particles move toward
the centerline. The vertical movement will
transport the particles either up to the vortex

FIGURE A1.1 Hydrocyclone.

finder or down the cone and the apex. As a
result we have downward spiraling flow at
the perimeter and an upward flow at the center
of the cyclone. Fines will come from the vortex
finder and the coarse out from the apex. By
changing the orifice sizes, feed volume and
cyclone curvature (diameter), we can obtain a
required performance (Nageswararao et al.,
2004) (Figure A1.2).

FIGURE A1.2 Hydrocyclone capacities.

A1.6 WATER MEDIA SEPARATIONS
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A1.5 GRAVITY SEPARATIONS
Gravity separations are feasible if the concentration criterion between particles to be separated is



r
 heavy  rfluid 
(A1.3)
Cr ¼ 
 > 2:5
 rlight  rfluid 

stream. Hindered settling velocity is a function
of both size and density. This causes fine light
particles to come to the top of the loose bed. As
the flow velocity starts to slow, large coarse
grains settle faster toward the screen and bottom
of the bed. At a certain point the bed becomes
consolidated and trickling of fine particles takes
place. As this pulsation goes on the bed stratifies
so that light particles are at the top and heavy
particles at the bottom. To operate a jig properly,
a ragging (coarse heavy particles) needs to be
introduced on the screen before the feed stream
is introduced (Figure A1.3).
Another common gravity separator in recycling is the shaking table, where a thin film of
suspension at about 25% solids by weight is
introduced with dressing water to an inclined
surface. Due to the friction, the flow on the surface becomes a Couette flow with a velocity profile increasing from zero at the surface to a larger
value at the top (liquideair surface). This causes
stratification by density and size. The heavy and

Gravity separation needs controlled particle
size distributions for efficient operations.

A1.6 WATER MEDIA
SEPARATIONS
Jigs can be used to separate closely sized
coarse material. The smaller the concentration
criterion, the narrower size fraction that must
be utilized. Largest sizes usable depend on density but are typically less than 10 cm. The jigging
action sinusoidally pulsates water through a particle bed lying on a screen. At the upward pulsing, the bed loosens and an initial acceleration
takes place. This is almost relative to density as
fluid drag forces are small due to small velocity.
As the fluid movement increases, the particles
settle down in a hindered way in this upward
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FIGURE A1.3 A jig.
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FIGURE A1.4 A shaking table.

fine particles are found at the bottom and large
and light on the top. The stratified bed is moved
along by longitudinal strokes with a slow forward and a rapid return movement. The table
is equipped with riffles, which become progressively lower in the direction of flow. As the stratified particle bed moves slowly forward,
particle layers are exposed to the dressing water,
which sweeps first coarse light particles away
from the riffles. Only fine heavy particles remain
at the point where riffles taper off (Figure A1.4).
Shaking table feed sizes can vary from
100 mm to 15 mm. Capacity varies for a standard
72 in table from 0.5 t/h to 11 t/h depending on
particle size. Tables can also be operated by
air. Then the bottom of the table is aerated to
provide fluidization.
Other gravity separators include spirals and
Mozley multigravity separators and centrifugal
gravity separators like the Knelson and the
Falcon separators.

A1.7 DENSE MEDIA SEPARATIONS
Particles are introduced to media that has an
(apparent) density between the densities of the
material to be recovered and the nonrecovered stream. Typical separations are

plastics, rubber and textiles from metals and
aluminum and magnesium from other metals.
Industrial dense media separations (sinkfloat) are normally performed in ferrosilicon
r ¼ 6.7e6.9) slurries, magnetite or with the
heavy material itself or in the case of plastics
and textiles in salt solutions. Atomized ferrosilicon (16e17% Si) can be used at high densities
up to 3700e3800 kg/m3.
After separation, both the sink and the float
streams must be washed to minimize medium
losses. The separation is quite sensitive to fines
and needs to be washed free from them, as
such material increases the medium apparent
viscosity too much. Viscosity must be controlled
by cleaning a part of the heavy media flow with
magnetic separators and by thickening the pulp
to counteract the dilution caused by washing.

A1.8 FLOTATION
Flotation in recycling has a limited use in
separating shredded materials, but has more
use in separating valuable materials from granular recycling feeds like slags. Typical particle
size for flotation is for light solids from a few millimeters and for heavy solids (r > 2700 kg/m3)
from 300 mm to about 10 mm.
Flotation is physicochemical process where
gas bubbles are attached to the particles in a
fluid mixture and lifted by bubble buoyancy to
the top of the reactor (flotation cell), forming a
froth, which is then collected.
Flotation is based on the idea of manipulating
the apparent free surface energy with reagents
and choosing the operational conditions in a
way that the difference between the particles to
be separated and the rejected particles becomes
as large as possible. The difference must be
adjusted relative to the surface tension of the
liquid used in flotation (most typically water,
but not necessarily). If cohesion in the fluid is
larger than the adhesion between the surface
and the fluid, the fluid tends not to wet the surface
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and gas bubbles will adhere to the surface. Such
surfaces are hydrophobic. Plastics have free
surface energy in the range of 30e45 mJ/m2,
which renders them all hydrophobic and makes
the separation of them by flotation very difficult.
Most minerals tend to have free surface energies
in the range of 300e500 mJ/m2, causing them to
become easily wetted, or hydrophilic.
The contact angle1 for flotation must typically
be greater than 60 for flotation.
gSG  gSL ¼ gLG cos ðqÞ

(A1.4)

Reagents used for the manipulation are
called collectors. They contain a polar part that
contacts to the mineral surface and a non-polar
end that causes the change in the free surface energy. The longer the hydrocarbon chain length,
the stronger is the collector. Most common
ones are thiols, fatty acids and amines. The
two first groups are anionic and the third
cationic. Most common of the thiol group are
xanthates and dithiophosphates. They are used
for sulfides and metals, where electrochemical
reactions can take place. Mixed potentials vary
from þ100 to 300 mV for sulfides. Also physical adsorption can take place. Fatty acids are
used for oxides, carbonates, phosphates etc.
Their dissociation is controlled by pH. Cationic
amines are used for silicate materials. Due to
the similarity of surfaces with silica tetrahedrons, selectivity is difficult to obtain.
For systems with electrochemical collector reactions, pH is a major controlling variable. Selectivity can be obtained by floating minerals at
given pH values. This can be done by different
acids (e.g. sulfuric acid) and different bases
(e.g. milk of lime, soda). Activators can enhance
collector adsorption and depressants inhibit collector adsorption. Most common ones are potential controlling reagents (e.g. oxygen, CN and
HS ions). Metal ion concentrations can also be
controlled by addition of metal salts or by complexing then out from the suspension.
1

Flotation machines can be mechanical, pneumatical or dissolved air devices. In mechanical
flotation cells, air is introduced via a mechanical
stirrer (rotor), which both mixes the suspension
and disperses air into fine bubbles. The turbulent
mixing causes particles and bubbles to collide
and attach to each other if the contact angle is
adequate. Mechanical cells come in sizes from
1 l to 500 m3/axle. Pneumatical cells have separate mixing chambers where bubbles dispersed
by either a sparger or a porous plate are contacted with the suspension. Dissolved air flotation dissolves air into water at higher pressure
and mixes it into a suspension with particles
and then releases the pressure to create a large
number of fine bubbles at material surfaces.

A1.9 MAGNETIC SEPARATIONS
Magnetic separation is based on the difference
on magnetic susceptibility (S). For recycling purposes we can distinguish three regimes depending on how they react to a magnetic field.
M
;
(A1.5)
H
where M is intensity of magnetization and H is
field intensity. Diamagnetic materials have a
small negative susceptibility, meaning that the
field inside a particle is less than outside and
thus they are not amenable for magnetic separation (quartz S z 0.001). Such materials include
rubber, plastics, glass, most metals, slags and
dusts. Paramagnetic materials have a small positive susceptibility and can be separated from
diamagnetic matrix by a high field intensity.
Field intensities can be up to 2 T (tesla). Some
metals like Ti, V, Cr, Mn and platinum group
metals are paramagnetic. Also many Fecontaining compounds exhibit a paramagnetic
property. The third group is ferromagnetism,
where the susceptibility is high. Of pure metals,

Convention is that contact angle is always measured via the liquid phase.

S ¼
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Fe, Co and Ni are ferromagnetic. Most steels
(not austenitic stainless steels) are ferromagnetic. The magnetic field intensity is much
higher inside a particle and thus give rise to
high magnetic force. Used separator field intensities are typically 0.1e0.2 T. If ferromagnetic
particles are separated in a high intensity field,
the particles will magnetize and will remain
stuck in the separator.
Magnetic force FM is related to particle volume, its susceptibility, magnetic field intensity
H and its local spatial gradient. This is important for separating paramagnetic materials,
where the force is weak without the gradient
effect. For cobbing, particle size can be several
hundred millimeters. For other magnetic separations, particle sizes down to a few micrometers can be used.

A1.9.1 Low Intensity Separation
Low intensity separators are suitable for a
large particle size range. Dry cobbers (belt separators) can separate large particles up to a few
hundred millimeters. Permanent magnets are
installed inside a belt pulley. Wet separators are
usually meant for fine ferromagnetic materials.
They consist of a rotating drum with stationary
permanent magnets inside. In concurrent separators the flow of slurry is concurrent with the
separator. It is a typical pre-separation device.
A counter-rotation device has the non-magnetic
flow direction counter-current, but the flow of
magnetic material is concurrent for long pickup zone and thus a high recovery. The countercurrent separator is almost similar but with a
feed point closer to the final magnetic material
discharge. The concurrent devices can tolerate
up to 8 mm particles. A typical diameter for these
separators is 1200 mm with varying lengths up
to 3.6 m.

A1.9.2 High Intensity Separation
High intensity separators have field strength
of more than 1 T.

A1.10 EDDY CURRENT
SEPARATION
An alternating magnetic field (change of
magnetic flux (dH/dt)) induces a circulating
(eddy) current to conducting particles. This in
turn creates a force that is perpendicular to the
flux and the direction of the eddy current. The
force is
 
1 s B 2
Qv;
(A1.6)
F ¼ m S
2 r
h
where m is particle mass, s ¼ conductivity,
r ¼ density,
S ¼ particle
shape
factor,
B ¼ magnetic field intensity, h ¼ distance to
magnets, v ¼ relative velocity (particle-magnet)
and Q ¼ constant. The ratio between conductivity and density is proportional to the force.
Aluminum and magnesium have high ratios
and can be separated easily, copper and silver
are medium high and can be separated with
high relative magnet speeds, zinc and gold are
quite low and lead and stainless very low,
causing their separation to be almost impossible; glass, rubber and plastics have zero and
are not affected by the eddy current.

A1.11 ELECTROSTATIC
SEPARATIONS
Electrostatic separation uses electric conductivity for separation. Particles can be charged
by high voltage corona charging with a high
electron flow. When the feed passes to an
earthed roll, conductors will lose their charge
and fly off the roll by centripetal force, while
non-conduction particles are attached to the
roll and are brushed off to a separate bin. Particles can also be charged by letting them pass by
charged plates (anode). This will change the
trajectories of conductors to those of the nonconductor particles.
Feed needs to be dry and dust-free. As a single pass is not very efficient, separators are often
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arranged in cascades. They are suitable for millimeter size and finer feeds.

A1.12 SORTING
Sorting consists of identifying the particle
and removing it from the stream if it fulfills preset criteria. The simplest way of doing this is
manual sorting, not discussed here. Mechanical
sorting has advanced on several fronts. The
whole electromagnetic spectrum from X-rays
to infrared can be used for detection. Also spectral analysis is commonly used to identify materials after they have been excited by e.g. a laser
pulse. Analysis time and particle size are
crucial. A 200 ms identification time allows
treating 18,000 particles per hour/sensor. If
every tenth particle needs to removed and if
they are, say square particles of 100  100 mm
with a thickness of 5 mm having a density of
2.7, the capacity is about 240 kg/h for the
removed stream. A 80  80 mm size reduces
the capacity to 150 kg/h.
If a particle needs to be removed from the
stream, it can be blown by a directed air
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blast/blasts from the stream. It can also be
picked from the stream by a robotic arm. Sorting
technologies are limited at the upper limit by the
weight of particles and at the lower limit by particle size. If particles are large, the air blasts do
not have enough energy to remove unwanted
particles from the streams. If gates or moving
flaps are used, their slow movement limits
capacity. At the finer end they are limited by
CAPEX (Capital expenditure) costs becoming
high compared to the capacity.
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5
Processing of Municipal Solid Waste

In almost all engineering disciplines, the designs of the processes used to produce a
desired end product are based on the reasonable assumption that the nature of the
raw material is known and can be defined accurately and precisely. This condition
lends a feeling of confidence to the analysis of unit operations and breeds sophistication in the design of the process. Unfortunately, the MSW processing profession
is not so blessed. Solid waste processing and materials recovery facilities must be
able to accept almost all manner of solid waste. Some types of solid waste are easy
to process, but occasionally materials that are difficult and/or dangerous to handle
are also found in refuse. As a result, solid waste processing operations have large
factors of safety, and must be designed for extraordinary contingencies. This
requirement often results in overdesign and underutilization in order to be able to
process all of the feed material.
In this chapter, solid waste handling prior to further materials separation or
processing is discussed. None of the unit operations discussed here actually accomplishes materials separation but, rather, prepares the refuse for the separation operations that follow.

5-1 REFUSE PHYSICAL CHARACTERISTICS
Municipal refuse, either in its original or shredded state, has some material properties that make its processing and conveying hazardous and difficult. Although the
art and science of solids conveying and storage are well studied in the mining and
chemical engineering fields, the application of most of that knowledge is inappropriate for a heterogeneous, unpredictable, and time-variable material such as refuse.
Hickman1 lists the materials characteristics that must be considered in the design of
any storage, conveying, or processing equipment.
Particle Size
Because of the nature of MSW, particle size is difficult to define. Sieves define size
by only two dimensions; thus, a piece of wire could pass a sieve and still prove
troublesome in conveying. The problems of defining particle diameter is discussed
in Chapter 2, and the process of size separation by sieving is discussed further in
Chapter 6.
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Bulk Density
Shredded MSW, when stored in a storage pit, can achieve densities as high as 25
lb/ft3 (400 kg/m3). The variation in density has been found to be significant, as
shown in Figure 5-1. This variation in density is an important factor in designing
storage facilities.
Angle of Repose
The angle of repose is the angle to the horizontal to which the material will stack
without sliding. Sand, for example, has an angle of repose of about 35º, depending
on the moisture content. Because of variable density, moisture, and particle size, the
angle of repose of shredded refuse can vary from 45º to greater than 90º.
Material Abrasiveness
Refuse consists of many types of abrasive particles, including sand, glass, metals,
and rocks. Removal of this abrasive material is often necessary before some operations (such as pneumatic conveying) can become practical.
Moisture Content
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All of the foregoing properties are influenced by moisture content. The extent of this
effect depends on the material. When the moisture level exceeds 50%, the high
organic fraction can undergo spontaneous combustion if the material is allowed to
stand undisturbed.
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Figure 5-1 Variation of bulk density in MSW. Source: Hickman, W. B. 1976. “Storage and
Retrieval of Prepared Refuse.” Proceedings ASME Natl. Waste Process Conf., Boston. With
permission from ASME.
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5-2 STORING MSW
The storage of MSW has long been a serious problem, especially at large combustor facilities. Most waste-to-energy combustors must be continuously fired and
require sufficient storage for at least two days to allow for the unavailability of
refuse over weekends. Similarly, if materials recovery systems operate through the
weekend, they must store material in sufficient quantities to even out the fluctuations in supply.
Two major considerations in the design of MSW storage facilities are public
health and fire. Rats and other rodents can inhabit storage areas unless special precautions are taken. The odor of slowly decomposing garbage can be overwhelming
and can cause public relations problems downwind.
Spontaneous combustion is possible with the storage of MSW. The rule of
thumb is that two days of storage is the safe maximum, with a week being dangerous. A fire in a storage pit is not only difficult to extinguish, but the resulting wet
refuse after the fire is extinguished presents new disposal problems.
All storage facilities should be constructed as first-in/first-out systems. Unfortunately, this is not a simple task, and many of the existing storage systems tend to
result in long-term storage of some fraction of the refuse.
A common storage system consists of a pit with an overhead bridge crane.
Garbage and transfer trucks back up to the pit and discharge solid waste directly
into it. An overhead crane, with an operator either directly on the crane or centered
over the pit, is used to both spread the load in the pit and to retrieve the solid waste.
The crane can drop the solid waste into a feed chute, onto a conveyor belt, or
directly into a transfer vehicle.
Another common storage system relies on a large tipping floor. Solid waste is
deposited onto the floor and is then stacked as high as 20 ft (7 m) by a front-end
loader. In some facilities, a concrete or steel push wall is incorporated into the
design. The front-end loader can also meter the solid waste onto a metal pan conveyor or directly into a transfer vehicle.
The design of better storage facilities requires not only a knowledge of the theory
of materials flow but also a means of experimentally evaluating the flow rate of solid
material in a storage chamber. The use of velocity probes, especially for solid waste, is
clearly unacceptable. A number of potentially effective techniques are stereophotogrammetry, radio pills (transmitters that move with the solids in the bin), radiological tagging (e.g., with cesium 137), and X-ray methods.2 With nonhomogeneous
materials such as refuse, the radio pill or photogrammetry seem to be most applicable.

5-3 CONVEYING
Six basic types of conveyors are used for refuse:
1.
2.
3.
4.
5.
6.

Rubber-belted conveyors
Live bottom feeders
Pneumatic conveyors
Vibratory feeders
Screw feeders
Drag chains
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The first three types are used primarily to move refuse; the last three are used to feed
or meter refuse to a load-sensitive device such as a combustor.
Rubber-belted conveyors have been used to move unshredded raw material and
are especially acceptable for less abrasive and less rugged loads, such as sourceseparated recyclables. Rigid metal interlocking belts (commonly referred to as metal
pan conveyors) have been successfully applied for raw refuse conveying. Skirts
(sides) are sometimes used for bulky material. A typical conveyor with skirts is
shown in Figure 5-2. A trough-type rubber belted conveyor without skirts is shown
in Figure 5-3.
A conveyor with inclines greater than 20º will usually experience tumble back
by some material. This can be considered advantageous if the conveyor is feeding a
shredder, since the movement of the refuse can even out the feed to the shredder.

Figure 5-2 Typical feed conveyor. (Courtesy Allis-Chalmers)

Belt

20 to 35

Rollers
Figure 5-3 Conveyor commonly used for MSW. Capacities for this conveyor are shown in
Table 5-1.
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One shredder manufacturer recommends angles from 38º to 40º to achieve a more
even feed rate to the shredder.3 In other applications, a very steep incline is required,
and rubber belt conveyors with flights can be used.
The power requirements of belt conveyors can be estimated by a number of
empirical equations, such as4
horsepower =

LTC
TH
LSF
+
+
+ P
1000
990
990

where
L ⫽ length of conveyor belt, ft
S ⫽ speed of belt, ft/min
F ⫽ speed factor, dimensionless
T ⫽ capacity, tons/h
C ⫽ idle resistance factor, dimensionless
H ⫽ lift, ft
P ⫽ pulley friction, horsepower
The first two terms on the right-hand side of the equation represent the power
necessary to move the load horizontally, while the third term represents vertical
movement. The last term represents power loss due to friction. Although the units
in this equation are obviously spurious, the constants in the denominators are used
to convert everything to power.
For specific materials, empirical evidence suggests some maximum loadings on
conveyor belts without skirts, as shown in Table 5-1. These capacities are for a belt
with a 20º trough (angle of the edge of the belt with the horizontal), as shown in
Figure 5-3, and a belt speed of 100 ft/min (30.5 m/min).
Live bottom hoppers are related to vibrating feeders and are used to move MSW
out of holding bins or transfer trailers. As the name implies, the bottom of the hopper
has sliding interlocking beams that move at set speeds. By moving them slowly forward
and then rapidly backward, the motion slowly moves the burden forward. Live bottom
feeders have been installed in facilities where refuse has to be moved a short distance
such as in transfer stations. Figure 5-4 is an illustration of a typical live bottom feeder.
Table 5-1

Rubber Conveyor Belt Capacities for Selected Materials at a Belt
Speed of 100 Feet/Minute
Belt Width (inches)
36

Material
Glass bottles
Plastic bottles
Aluminum cans
Newsprint
MSW from truck
Bulk material (100 lbs/cubic foot)

60
Capacity, tons/hour

28.3
3.7
3.7
18.1
40.0
127

83.4
10.8
10.8
53.1
117
375

Source: Mitchell, J. R. 1971. "Designing for Batch and Continuous Weighers." Chemical Engineering (Feb. 28): 177; Belt
Capacity Tables, B. W. Sinclair, Inc., http://www.bwsinclair.com/Downloads/Belt%20Conveyor%20Capacity%20Tables.pdf
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(a)

(b)

(c)
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(d)

(e)
Figure 5-4 Truck equipped with moving floor. (a) The first slat group slips under the load to the
rear of the load. (b) The second slat group slips under the load. (c) The third slat group slips
under the load. (d) All slat groups and the load advance forward together. (e) A truck equipped
with a walking floor has just emptied its contents. (Courtesy KEITH Mfg. Co.)
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Pneumatic conveyors have been used mainly for collecting raw bagged MSW in
hospitals and other large buildings and in feeding shredded organic fractions to boilers as supplemental fuel. The required air velocities in pneumatic tubes can be estimated as
vm = va - vf
where
vm ⫽ material velocity, ft/min
va ⫽ velocity of the air stream, ft/min
vf ⫽ the floating velocity, or terminal velocity when falling in still air, ft/min.
The floating velocity can be calculated by an empirical equation such as
vf = 3250 2(SG)d
where vf is the floating velocity in ft/min, d is the aerodynamic diameter of a representative particle in inches, and SG is the specific gravity of the material (relative to water).
The material velocity must be sufficient to be able to dislodge stuck particles
and to even out the flow and can be estimated as
vm = 585 2W
where W is the bulk density of the material in lb/ft3. Because of the problems of
measuring specific gravities in heterogeneous mixtures, the specific gravity can be
estimated as
SG = 0.1(W)2/3
The total recommended air velocity is thus
3

va = 1030 2M2d + 585 2W
where va is the recommended air velocity in ft/min. The problem of accurately estimating the representative diameter of a particle makes the practical use of this equation difficult. Experience has shown, however, that maintaining air velocities of
about 4500 ft/min (1400 m/min) is sufficient for maintaining the materials flow in
vertical tubes. Table 5-2 lists some recommended air velocities for common materials.
Operational experience has shown that a materials-to-air concentration of 0.1 (e.g.,
0.1 kg of paper/1.0 kg of air) is reasonable.6 The friction loss within a duct due to
materials flow is less than 10%, which is well within a factor of safety commonly
used in fan design.
Pneumatic conveyors suffer from wear problems, especially if glass is being conveyed. Elbows in pneumatic lines can be expected to abrade quickly, and sacrificial
pieces must be used and frequently replaced.
Vibrating feeders are advantageous because they also even out materials flow.
These devices are used to move small quantities of rigid material. For example, a
vibrating conveyor can be used to feed glass to a hand-sorting table. A 2 cm stroke
at a frequency of 900 strokes/min is common.
Screw conveyors are used to meter shredded refuse into a furnace, because the
screw serves as an air lock and the feed rate of fuel can be adjusted easily by changing the rotational speed of the screw. The volume of material moved by screw conveyors can be estimated by recognizing that the capacity of the conveyor in the
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Table 5-2

Recommended Air Velocities for the Pneumatic Conveying
of Some Representative Materials
Minimum air velocity (ft/min)a

Material
Coal, powdered
Cotton
Iron oxide
Shavings
Vegetable pulp
Paper
Rags
a

167

4000
4500
6500
3500
4500
5000
4500

To obtain m/sec, multiply ft/min by 0.00508.

Source: [7]

flooded condition (i.e., all the space between the blades is full, as might occur when
a screw conveyor is used in the bottom of a hopper) is
Q = CNRV
where
Q ⫽ delivery of refuse, m3/min
C ⫽ the efficiency factor
N ⫽ number of conveyor leads
R ⫽ rotational speed of screw, rpm
V ⫽ volume of refuse between each pitch, m3
The number of leads means the number of blades that are wrapped around the conveyor hub. A common wood screw, for example, has one lead. Theoretically, if the
distance between adjacent conveyor blades is constant, the forward motion of the
material being conveyed is directly proportional to the number of leads. The units
for this equation can be any volume and time, such as cubic meter and seconds.
These terms are defined further in Figure 5-5.
The volume within each pitch can be calculated approximately as
V = Pp(r21 - r22)
where
P ⫽ pitch (distance between adjacent conveyors’ blades if the number of
leads, N ⫽ 1), m
r1 ⫽ radius to the conveyor tip, m
r2 ⫽ radius to conveyor hub, m
The dimensionless efficiency factor, C, is a function of the amount of slippage that
occurs. Ideally, a screw conveyor operates by allowing the material to slide freely on
the blade and to thus prevent radial rotation. Any rotation by the material (sticking
to the blade) lowers efficiency. In live bottom bins, where the conveyor screws are
not in individual troughs, considerable slippage is expected.
If the screw conveyor is not flooded, its capacity cannot be determined theoretically,
because the rate is influenced by a large number of variables.8
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R

P

N=1

r1
r2

P

N=2

Figure 5-5 Screw conveyor (Note: Top screw has N ⫽ 1, and bottom screw has N ⫽ 2).

EXAMPLE
5-1

SOLUTION

A live bottom bin has eight screw conveyors, each with r1 ⫽ 15 cm, r2 ⫽ 6 cm,
N ⫽ 1, P ⫽ 50 cm, and R ⫽ 10 rpm. Assuming that C ⫽ 0.5, calculate the total
material flow.
V = Pp(r12 - r22) = 50(3.14)(225 - 36) = 29,673 cm3
For each conveyor,
Q = CNRV = (0.5)(10)(29,673)(10-6) = 0.15 m3/min
or total flow is 8 ⫻ 0.15 ⫽ 1.2 m3/min.

Drag chain conveyors are used to move solid waste in applications such as
waste-to-energy plants. A drag chain conveyor consists of an open- or closed-top
metal rectangular pan. A chain runs the length of the pan along each side. Across
the chain at 5- to 10-foot intervals are metal or wood flights. The chain drags the
flights, which move the refuse. On the bottom of the metal pan can be slide door
openings to chutes. Opening the door allows the refuse to fall into the chutes.
Refuse that does not fall into the chutes can be returned to the beginning of the drag
conveyor.
As a general rule, refuse should be conveyed and transferred as little as possible. It is thus good engineering design to eliminate, or at least minimize, points of
transfer and conveying within a facility.
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One problem in the disposal of MSW is the low density of the material, which
requires large volumes for its collection, handling, and final disposal. Compacting
MSW can lead to significant cost savings. The structure of refuse can be pictured as
an assemblage of particles interspaced with open air spaces called voids. Because
these voids are large, and since many of the particles are absorbent, any moisture is
absorbed in the material and is not in the voids. The total volume of material is
made up of the solids plus the voids, given as
Vm = Vs + Vv
where
Vm ⫽ volume of material
Vs ⫽ volume of solids (including the moisture)
Vv ⫽ volume of voids
The void ratio is defined as
e =

Vv
Vs

and the porosity is
n =

Vv
Vm

By weight, the total material is made up of the solids plus moisture, given as
Wm = Ws + Ww
where
Wm ⫽ weight of material, including moisture
Ws ⫽ weight of solids
Ww ⫽ weight of moisture
The bulk density is defined as
rb =

Wm
Vm

Note that this is on a wet basis. The entire sample is weighed as is, and its volume
is calculated. Most densities in compaction literature are expressed in terms of bulk
density, mainly because it is easy to measure and can be readily used in comparative
studies. Bulk densities also can be expressed on a dry basis if the sample is then dried
and the weight of the moisture subtracted. The compaction of refuse in this text and
in most literature is expressed as the increase in bulk densities (wet basis).
When MSW is compacted, the density is increased as a result of the crushing,
deforming, and relocating of individual items in the refuse. Hollow containers, such
as bottles and cans, begin to collapse at different pressures, depending on their
orientation and strength. For example, cans collapse at pressures of 10 to 30 psi (0.1
to 0.3 N/m2), and glass bottles crush at 5 to 35 psi (0.05 to 0.35 N/m2).9
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The compaction of some materials is irreversible, in that when the pressure is
released, the material does not spring back to its original volume. MSW, however,
contains many items that contribute to reversible compaction. At normal compaction pressures, 20% expansion can occur within a few seconds after the release
of pressure, and this expansion can be as much as 50% after a few minutes.10 The
greater the pressure, the greater will be the bale integrity (its resistance to falling
apart). A typical compression curve, using a small sample of refuse in a laboratory
press, is shown in Figure 5-6.
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Figure 5-6 Compression curve for a sample of MSW in a laboratory. The rebound curves occur
once the compressive pressure is released. Source: [9]
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5-5 SHREDDING
Strictly speaking, shredding is one form of size reduction—others being such
processes as cutting, shearing, grinding, crushing, and other imaginative terms,
many of which originated in mining engineering. In solid waste work, however,
shredding is the generic term for size reduction even though, strictly speaking, shredding is only one method of size reduction. In this text, as in solid waste literature,
shredding encompasses all of the processes used for making little particles out of big
particles.
Many types of shredders are presently on the market, and almost all of them
were developed originally for an application and feed material other than refuse.
Most of our present refuse shredding technology comes from the mining industry, which has for many years used shredders for ore processing. The application of this technology to refuse, however, is not an easy matter, because these
devices were developed for homogeneous feeds having well-established breakage
characteristics.

5-5-1 Use of Shredders in Solid Waste Processing
The first applications of shredders to MSW were to facilitate disposal with little
consideration for materials recovery. The pioneering work on shredding for disposal was done by Robert Ham and his colleagues at the University of Wisconsin. They found that shredded MSW had a more uniform particle size, was fairly
homogeneous, and compacted more readily than unshredded waste, mainly
because the larger voids had been eliminated.11 After shredding, MSW looks not
unlike confetti and has a light, bulky nature. In fact, the overall density of the
material is decreased by over 50%, from 350 to 400 lb/yd3 (200 to 240 kg/m3)
to 125 to 150 lb/yd3 (75 to 90 kg/m3). Shredding reduces required landfill volume, since shredded refuse compacts better within the landfill. In addition, the
landfill will have more uniform settlement and this helps maintain the integrity
of the top cap.
Experience with landfilling of shredded MSW indicates that shredded refuse
does not require an earth cover. Extensive testing has shown that the conditions that
make an earth cover necessary in a conventional landfill no longer exist with shredded refuse. Earth cover in a shredded refuse landfill is considered unnecessary
because of the following reasons:12
• Odor. The shredded refuse is well mixed and retains its aerobic character when
spread in reasonably thin layers, so odor is not a problem.
• Rats. There are no large food particles in shredded refuse that could support a rat
population.
• Insects. The drier refuse, regularly covered with new layers, suppresses insect
breeding, and all of the maggots are killed during shredding.
• Blowing Paper. Small pieces are not caught by the wind and do not blow away,
while large pieces of paper and plastics found in a conventional landfill would be
readily transported by wind.
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Because of the lack of cover, leachate from shredded refuse is produced sooner,
and this leachate is at a higher concentration of pollution than leachate from normal landfills. But because the shredded MSW is allowed to be open to the air, significant drying takes place, and the total leachate production is minor. Because of
the superior compaction characteristics of shredded MSW, shredders also have been
used before high-compression baling.13
Although the advantages of shredding prior to landfilling seem impressive, most
regulatory agencies insist that daily cover still be applied even if the refuse is shredded. Such a requirement effectively eliminates the cost advantage of shredding refuse
prior to landfilling.
A second use of shredding is in the production of refuse-derived fuel (RDF).
The breaking apart of the various constituents within MSW results in a shredded
waste that has a more uniform heating value and requires less excess air, thus saving on air pollution control equipment and costs.
A third use of shredders is in the processing of yard waste as well as demolition
debris, branches, and other organic material to produce a mulch that then can be
composted or used as a ground cover. Shredders used for this purpose are (strictly
speaking) grinders, consisting of a tub in which grinding gears rub the feed particles
against the inside wall and break them up into smaller pieces. A typical grinder is
shown in Figure 5-7.
Perhaps the most important use of shredders is in materials recovery. Mixed
municipal solid waste is composed mostly of materials that are physically attached,
and it is not easy or simple to separate them. Consider as an example a typical

Figure 5-7 Tub grinder for yard waste. (Courtesy P. Aarne Vesilind)
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kitchen appliance. The electric motor has perhaps 10 or more materials, both plastics and metals, and the housing is of perhaps two different types of plastic or metal.
Disassembling this device to recover the various materials would be prohibitively
expensive. The alternative is to shred it up into small pieces, and at least some of
these small pieces would then be of a single material, which could be separated (the
topic of the next chapter).

5-5-2 Types of Shredders Used for Solid Waste Processing
The list of size-reduction equipment used in both the mining and chemical industries
is surprisingly long. One well-known mining and ore dressing handbook, for example, lists over 50 different devices that could be applied to solid waste shredding.4
A review of size-reduction equipment widely used in chemical engineering applications lists 21 different devices.14
The application of a specific device for MSW has not been a simple matter, however, since the material is significantly different from ore and other homogeneous
feeds encountered in these industries. For example, coal can be counted on to shatter upon impact, and thus, a shredder that would process coal would also shatter
glass bottles rather well. On the other hand, the same shredder probably would not
shred metal cans, which must be cut or torn apart within a shredder.
One of the first size-reduction devices used for solid waste processing was the
hammermill, consisting of a central rotor on which are pinned radial hammers that
are free to swing on the pins. The rotor, enclosed in a heavy-duty housing, is an integral part of the shredding operation. In the horizontal hammermill, the rotor is supported by bearings on either end, and the feed is by gravity (free drop) or conveyor
(force fed) (Figure 5-8). A discharge grate placed below the rotor determines the size
of the product, since a particle cannot pass through this grate until it is smaller than
the grate opening in two dimensions. Some hammermills are symmetrical, so the
direction of the rotor can be changed to alternate wear surfaces without necessitating hammer maintenance after each run.
The vertical hammermill, as the name implies, has a vertical shaft, and the material moves by gravity down the sides of the housing (Figure 5-9). These mills usually have a larger clearance between the housing at the top of the mill and
progressively smaller clearances toward the bottom, thus reducing the size of the
material in several steps as it moves through the machine. Since there is no discharge
grate, the particle size of the product must be controlled by establishing a proper
clearance between the lower hammers and the housing (Figure 5-10).
Another type of shredder used for MSW is known as a hog, originally used in
pulp and paper manufacturing from wood chips. The hog is used to shred green
waste. Care must be taken to ensure that no abrasive items such as glass or metals
are involved.
Slow-speed shear shredders were originally used to slice whole tires prior to disposal. If a whole tire is placed in a landfill, it can create problems by eventually
floating to the surface due to its low density (if the space within the tire is still filled
with air). Some states, such as California and Florida, require tires to be cut into
pieces prior to landfilling. Shear shredders have been used increasingly for the processing of mixed solid waste as well because of their lower energy requirements,
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Figure 5-8 Horizontal hammermill shredder. Source: Franconeri, P. 1976. “Selection Factors
in Evaluating Large Solid Waste Shredders.” Proceedings ASME National Waste Processing
Conference. Boston. With permission from ASME.
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Figure 5-9 Vertical hammermill shredder. Source: Franconeri, P. 1976. “Selection Factors
in Evaluating Large Solid Waste Shredders.” Proceedings ASME National Waste Processing
Conference. Boston. With permission from ASME.
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Figure 5-10 Inside a vertical hammermill shredder. (Courtesy William A. Worrell)
lower rates of wear, and most importantly, the reduced chance of explosions. A typical shear shredder is shown in Figure 5-11.
Finally, a flail mill consists of arms with elbows that beat at the plastic bags to
open them so that the contents can be processed further. Often glass bottles are broken in flails, but other than that, minimal size reduction occurs.

5-5-3 Describing Shredder Performance by Changes
in Particle-Size Distribution
One of the most important design and operational parameters to be considered in size
reduction is the change in particle-size distribution of the feed and the final product.
The effect from shredding can differ for various material components in solid waste.
Figure 5-12 is a graphical description of 13 different categories showing the size distribution after shredding in a hammermill.9 The wide variation in size is obvious and
is one of the primary attributes of shredding, which allows for subsequent separation
of the various material components. The following discussion is focused on describing the composite curve, which is not a picture of a homogeneous material but is made
up of various components within the different particle-size categories.
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(a)

(b)
Figure 5-11 Shear shredder. (a) Close-up of the shredder blades. (b) In operation shredding
tires. (© Jim West/Alamy)
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Figure 5-12 Size reduction of various MSW components after shredding. Source: [10]
Laboratory measurement of particle size is in itself difficult, since the material
is in odd shapes. A piece of wire, for example, presents a difficult problem in classification because it is clearly quite small in two dimensions (and thus can escape
further reductions in size in the shredding operation), but the effect of its length on
subsequent separation operations—such as air classification—can be troublesome.
The method of measuring particle size can also influence the results of any given
study. The common procedure for measuring particle-size distribution is by sieving, yet
the shape of both the particles and the sieve openings can affect the number of particles that can pass through an opening.9 In addition to shape factors, problems with
providing an adequate duration of sieving, wear and tear on the sieve and the material, variations in the sieve apertures, and errors in observation and sampling all suggest
that there may be problems involved in comparing size-distribution data obtained at
various laboratories.16 Particle-size measurement is discussed more fully in Chapter 6.
The size distribution of particles generally cannot be expressed by any singlevalued function and is instead expressed by an equation describing the distribution
of various size fractions. The general nomenclature17 used for these equations is
defined in Figure 5-13, showing a plot of the cumulative weight Y less than size x,
which is plotted versus the particle size x. The particle sizes are broken into an arbitrary number of intervals (usually according to sieve sizes)—with the top size (or
grade) called number 1—on down to the nth grade. The ith interval has within it W,
which is the weight fraction of the material.
In the breakage process, as the curve is shifted to the left (greater number of
smaller particles), some portion of the materials in the ith fraction remain (are not
broken), and some portion originates from some larger sizes, or some general interval j. Yj is the cumulative fraction by weight less than size j.
A number of equations have been proposed for describing the particle-distribution
curve. Gaudin,14 for example, suggested the following equation to describe the particle-size distribution for brittle materials:
x p
Y = a b
q
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Figure 5-13 Cumulative particle-size distribution curve.
where Y is the cumulative fraction of material by weight less than size x, and q and
p are constants specific to the material processed and the conditions under which
the breakage occurs. In this case, q is the theoretical maximum size, and p defines
the slope of the line on log–log coordinates.
The most widely used particle-size descriptor is the Rosin-Rammler model,18
first proposed in 1933 and stated as
Y = 1 - exp a

-x n
b
x0

where n is a constant and x0 is the characteristic particle size (or just characteristic
size) defined as the size at which 63.2% (1 ⫺ 1/e ⫽ 0.632) of the particles (by
weight) are smaller. The Rosin-Rammler equation is a generalized expression for
sigmoidal curves, such as those in Figure 5-14. Note that the constant n is the slope
of the line ln(1/(1 ⫺ Y)) versus x on log–log coordinates, since the linear form can
be derived as38
Y = 1 - exp a
ln a

-x n
b
x0

x n
1
b = a b
x0
1 - Y

log cln a

1
x
b d = n log a b
x0
1 - Y

log cln a

1
b d = n 3log x - log x04
1 - Y
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Figure 5-14 Rosin-Rammler particle-size distribution curve.
The value of x0 is also defined as that size wherein (1/(1 ⫺ Y )) ⫽ 1.0, or equivalently,
where 1/e of the particles are larger than x0. The equation suggests that for a specific
value of x0, as the constant n increases due to changes in machine or feed characteristics, the value Y decreases, meaning that a coarser product is obtained. Conversely,
for a given n, a larger x0 also defines a coarser particle size of the product.
The Rosin-Rammler equation is plotted on log–log coordinates in Figure 5-14
to illustrate the definition of both n and x0. Table 5-3 presents a compilation of
some Rosin-Rammler coefficients for various refuse shredders.
The characteristic size can be calculated from a specification such as 90% passing a given size, which is common in ore comminution practice. Example 5-2, (after
Trezek and Savage20) illustrates this procedure.
Table 5-3

Washington, DC
Wilmington, DE
Charleston, SC
San Antonio, TX
St. Louis, MO
Houston, TX
Vancouver, BC
Pompano Beach, FL
Milford, CT
St. Louis, MO

Rosin-Rammler Exponents for Shredded Refuse
n

x0

0.089
0.629
0.823
0.768
0.995
0.639
0.881
0.587
0.923
0.939

2.77
4.56
4.03
1.04
1.61
2.48
2.20
0.67
1.88
3.81

Source: Stratton, F. E., and H. Alter. 1978. “Application of Bond Theory to Solid Waste Shredding.” Journal of the
Environmental Engineering Division, ASCE, 104, n. EE1. With permission from ASCE.
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Suppose that a sample of refuse must be shredded so as to produce a product with
90% passing 3.8 cm. Assume that n ⫽ 1. Calculate the characteristic size.
Since Y ⫽ 0.90, ln(1/(1 ⫺ Y )) ⫽ ln(1/(1 ⫺ 0.90)) ⫽ ln 10 ⫽ 2.3. Plot x ⫽ 3.8 cm ver-

S O L U T I O N sus ln(1/(1 ⫺ Y )) ⫽ 2.3 on log–log paper, as shown in Figure 5-14. For n ⫽ 1, the slope

of the line is 45º, which can be drawn. Lines for any other slope (n) can be constructed
similarly by measuring the slope with a ruler. The characteristic size x0 is then found at
ln(1/(1 – Y )) ⫽ 1.0, as x0 ⫽ 1.6 cm.
The conversion from x0 to 90% passing is possible by recognizing that
x0 =

x
1/n
1
cln a
bd
1 - Y

If Y ⫽ 90%, this expression reduces to
x0 =

x90
2.31/n

where x90 ⫽ screen size where 90% of the particles pass. If the value of n is 1.0,
x90 = 2.3 x0
These expressions are convenient for design purposes, as illustrated later in this
chapter.
The characteristic size and the slope n also can be useful in measuring the effectiveness of a shredder in achieving breakage.21 By sampling and sieving, a particlesize distribution of the shredder output can be obtained, and the characteristic size
and slope n can be calculated. Such calculation is facilitated by the use of RosinRammler Paper, first developed by the Bureau of Mines in 1946. Figure 5-15 shows
a sample of such paper, and its use is illustrated by Example 5-3.

EXAMPLE
5-3

A product from a MSW shredder was sieved with the following results. Calculate
the Rosin-Rammler characteristic size and the slope n.
Sieve size x (in.)
6
3
1
0.5
0.1
Fines

Percent retained on sieve

Percent finer than Y

11
9
17
21
22
20

89
80
63
42
20
—

Note that if 11% of the material is retained on the first sieve of 6 inches, 89% of the
material has to be finer (smaller) than this size. If 9% is retained on the second sieve,
11 ⫹ 9 ⫽ 20% of the material has been retained, and 80% has to be finer than 3 in.
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These values of x, particle size, and percent finer than Y, (or percent passing) are

S O L U T I O N plotted as shown in Figure 5-15. The characteristic size x is read off the graph at
0

Y ⫽ 63.21 passing as 1.6 in. The slope n is calculated by measuring with a ruler
as 3.0/5.5 ⫽ 0.55.

The use of such calculations is shown in Figure 5-16, which represents actual
data from a shredder operation. The concern that prompted the study was hammer
wear and whether or not the operation of the shredder deteriorated over time. As
can be seen from the figure, the characteristic size and the slope n did not change
much over the nearly 15,000 tons of refuse processed.20
Another breakage model that assumes only a single fracture of materials is the
Gaudin-Meloy model,21 written as
Y = 1 - a1 -

x r
b
x¿ 0

where x¿0 is again called the characteristic size of the feed material. Note the distinction between x¿0 and the Rosin-Rammler x0. The size ratio r is defined as the ratio
of the size of the broken piece to the size of the original piece.
A number of other particle-size distribution functions have been suggested, 22,23,24
but none of these appears to improve the required precision over the models discussed here. They merely add complexity to a problem where the lack of precision
in measurement of particle size makes further sophistication questionable.25 The 
breakage theory is an exception, since it provides a complete description of the
product from a shredding operation. The explanation of this theorem is complex,
and therefore, it is included as an appendix to this chapter.

5-5-4 Power Requirements of Shredders
Only limited information is available about the power requirements of shredders.
Various estimates indicate that the hammermill is grossly inefficient, with only
about 0.1% to 2.0% of the energy supplied to the machine appearing as increased
surface energy of the product solids.26 Part of the explanation for such low efficiencies lies in the plastic deformation and viscoelastic flow that accompanies shredding;
these deformation processes require many times more energy than the creation of
new surface area.
The efficiency of a shredding operation depends on how the energy is applied
and on how the material reacts to it. For example, a roll mill, which crushes materials but does very little shearing, would waste energy trying to shred a newspaper.
Also, since fracture in brittle materials occurs progressively with flaws building up
within the particle until the particle breaks up, the rate of application of the force is
important. Because there is a time lag between the application of the force and eventual fracture, a machine that applies load rapidly is inherently inefficient, since more
energy is required than if the force could be applied more slowly. It follows that for
some high-speed machines, a slower speed could result in less energy use, at least to
the point at which the rotor inertia is too low and the energy requirement once again
increases with decreasing speed. Higher speeds, nevertheless, produce the finest
product particle size, but this requires more energy.
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Figure 5-15 Rosin-Rammler paper for plotting particle-size distribution. Source: Williams Patent Crusher
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Characteristic size x0(inches)
and slope of ln [1/(1 _ Y)] versus x,n
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Figure 5-16 Data from an evaluation study of a vertical hammermill shredder. Source: Vesilind,
P. A., A. E. Rimer, and W. A. Worrell. 1980. “Performance Characteristics of a Vertical Hammermill
Shredder.” Proceedings 1980 National Waste Processing Conference. Washington, D.C. ASME.
With permission from ASME.
Energy requirements also increase with feed rate. Plotting the feed rate versus
energy use in kilowatts results in straight lines for both secondary and primary
shredding.27 For low feed rates, there is simply not enough material going through,
and the machine is loafing. As the feed rate increases, the efficiency increases (lower
specific energy use), and eventually the machine becomes overloaded. The amount
of moisture in the feed refuse also influences energy use, and the minimum energy
requirement appears to be in the 35 to 40% moisture range.20 Moisture also affects
particle size, with drier feed resulting in smaller product particle size.
Accurate estimates of the energy requirements for size reduction have not been
possible, even for homogeneous materials. Several empirical relationships have been
suggested. Those that consider only the fracture process are all based on the
assumption that
dE
= - CL-n
dL
which states that the energy dE required to achieve a small size change dL in a unit
mass of material is inversely proportional to the size of the article L. The symbols n
and C are constants. If n ⫽ 1, for example, the equation can be integrated to yield
E = C log a

L1
b
L2

where L1/L2 is the size-reduction ratio and E is the work done to reduce the particles from size L1 to size L2. C, as before, is a constant. Physically, this expression
states that the work done is proportional to the number of new smaller particles created from the larger ones. This is known widely as Kick’s law.26
If n ⫽ 2, the integrated form of the equation yields
E = Ca

1
1
b
L2
L1
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which is known as Rittinger’s law and physically represents the assumption that the
energy required is proportional to the amount of new surface formed by the sizereduction process.26 Rittinger’s law seems to agree better with the results of rough
grinding operations, whereas Kick’s law is a better approximation of fine grinding.
If n ⬎ 1 but is otherwise undefined, the integrated form of the equation is
E =

C
1
1
a
- n-1 b
n - 1 Ln-1
L1
2

The Bond work index28 is based on the assumption that the work done in crushing and grinding is directly proportional to the total length of new cracks formed in
the material being reduced in size.29 In this case, it is suggested that n ⫽ 1.5, and the
general equation becomes the Bond law:
E = Ei

2LF - 2LP
2LF

100
A LP

where E ⫽ specific work (kWh/ton) required to reduce a unit weight of material with
80% finer than some diameter LF in micrometers to a product with 80% finer than
some diameter LP, in micrometers. In the preceding equation, Ei ⫽ work index, a
factor that is a function of the material processed. This value is also the theoretical
work required to reduce a unit weight from infinite size to 80% finer than 100 m;
units are (kWh/ton).
This expression is more conveniently expressed as
E = 10Ei a

1
2LP

1
-

2LF

b

The work indices for some common industrial materials are tabulated in Table 5-4.
The 10 in the equation is the square root of 100 m, hence the units of Ei are
(kWh/ton).
The Bond work index can also be estimated by the dimensionally incorrect
empirical relationship29 as
Ei = 2.59

Cs
SG

where
Ei ⫽ work index, (kWh/ton)
Cs ⫽ impact crushing resistance, ft-lb/in. of thickness required to break
SG ⫽ specific gravity

Table 5-4

Work Indices for Common Industrial Materials

Material

Work index (kWh/ton)

Coal
Glass
Granite
Slag

11.4
3.1
14.4
15.7

Source: [29]
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5-5-5 Health and Safety
One need only reflect on the types of materials people thoughtlessly throw away
into refuse cans to realize the serious health and safety aspects of shredding MSW.
Although the health and safety aspects of size reduction deserve considerable study,
only a brief summary of the problem is presented here. Specifically, shredders can
be hazardous because of noise, dust, and explosions.
The noise levels around a 3-ton/h hammermill range from 95 to 100 dBA with
much of the noise produced being a low-frequency rumble. (dBA is a standard
method of noise measurement, and stands for decibels on the A scale of the soundlevel meter. This scale is an attempt to duplicate the hearing efficiency of the human
ear.)30 In addition to a high, constant noise level, materials recovery facilities processing MSW produce considerable impact noise, which is difficult to measure and
the effect of which on human beings is poorly understood. The existing federal
Occupational Safety and Health Act (OSHA) standard limits noise to 90 dBA over
an eight-hour working day. The corresponding limit set by the EPA is 85 dBA. It
seems likely that shredder operators will need to wear ear protection, and noise
reduction should be considered in the design of future resource recovery facilities.
Dust can cause several problems: It can be a vector for the transmission of pathogenic microorganisms, it can itself have a detrimental effect on health by affecting
the respiratory system, and it can explode. This last problem is discussed in the next
section.
OSHA standards presently limit dust inhalation to 15 mg/m3 of total dust over
an eight-hour day. Limited studies of dust production in resource recovery facilities
have shown that dust levels are from 7 to 13 times higher than the OSHA standard.
This finding, which would not surprise shredder operators, dictates the use of face
masks while working.31
Plate counts at shredding operations have indicated that the total bacterial
counts during the shredder operation are as much as 20 times greater than the ambient, which contains about 880 organisms/m3 of air. Studies have shown that in
resource recovery facilities where shredders are used, coliform counts can jump
from 0 to 69 per cubic foot, and fecal streptococci from 0 to over 500 per cubic
foot.32 These indications clearly show the potential danger of disease transmission
by the air route during shredding of MSW.
The high temperature and metal-to-metal contact in shredders has caused
numerous explosions at existing shredder installations. Actually, small explosions
such as those due to the breakage of aerosol cans occur regularly, and shredders are
designed to accept these without suffering damage. Larger explosions, however, can
damage the shredder and have resulted in fatalities.
Two types of explosions are generally recognized: dust explosions and those
caused by explosive materials (such as gunpowder and partially filled gasoline cans).
Some operators argue that the dust will never become explosive by itself and that
all explosions are caused by combustible materials. This contention remains to be
investigated.
Dust can cause explosions when the concentration of a combustible dust is sufficiently high and there is adequate oxygen and a spark. Below a certain dust concentration, the heat of combustion is not sufficient to propagate combustion, and
an explosion cannot occur. If the concentration of oxygen is reduced to below about
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10%, explosions should not occur. Other than continuously flooding the chamber
with an inert gas, however, it is difficult to keep oxygen out of the shredder. The
only realistic means of preventing explosions is to maintain a high level of surveillance on what is being fed to the shredder. Accordingly, almost all shredder installations have people scanning the feed conveyor for such potentially dangerous items
as cans of paint thinner, gasoline tanks from cars, lawn mower engines, and so on.
Even keen surveillance, however, is not foolproof. In one instance, a gas tank
was removed from the conveyor belt, but some of the gasoline spilled on the
refuse. This occurred just at the change of shifts and the new crew was not
informed of the spilled gas. When the shredder was again fed, the gasoline vaporized and ignited from space heaters above the workers, sending a fireball back into
the shredder.
Two methods presently used to reduce the damage when explosions occur in
refuse shredders are venting and flame suppression. All shredders are constructed
with blowout doors, so that the pressure within the shredder housing can escape.
Some are equipped with flame suppressors, which are designed to be released as
soon as the pressure builds up to a critical level. This system will work for most
types of explosions, but it is not fast enough for dynamite, gunpowder, and other
explosives.

5-5-6 Hammer Wear and Maintenance
Because of the relatively unsophisticated and brute-force nature of the shredding
process, the wear and tear on shredders can be substantial. One of the major maintenance headaches (and expenses) at shredding facilities is the wear of the hammers.
The pattern of wear on hammers is illustrated in Figure 5-17. The wear is almost
exclusively on the bottom edge of the hammer’s crushing face, since this is the area
of impact when the material is crushed against the grate. The wear seems to be due
mostly to abrasion, although severe impact with very hard objects can also contribute to wear. Hammer wear can be reduced by both hard-facing the hammers
with abrasion-resistant alloys and by slowing the speed of shredding.
As the hammers wear down, the shredding performance decays. The percent of
materials passing the sieve (Y ) can be related to the tons of refuse processed (T ) by
the equation
Y = b0 + b1 exp1- b2T2
where b0, b1, and b2 are all constants.33 For example, for a 0.185-in. particle size,
the relationship is
Y = 8 + 35e-0.0081T
Hammer wear for horizontal hammermills can be expected to be in the range
0.05 to 0.10 lb/ton when shredding MSW. Experience has shown, however, that
much higher rates of hammer wear are also possible.
Figure 5-18 shows hammer wear distribution for a vertical shredder used for
raw refuse.34 The hammers close to the top of the shredder (Figure 5-19) are used
for material breakage and do not suffer much wear, while the hammers close to the
bottom show much higher rates of wear.34

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

188

Chapter 5

Processing of Municipal Solid Waste

Figure 5-17 Hammer wear in hammermill shredders. (Courtesy of G. J. Trezek)

5-5-7 Shredder Design
Shredders are not, in the strict sense, designed by a consulting engineer or the purchaser. They are actually selected much as water pumps are selected for a specific
application. Such specifications as the speed, motor horsepower requirements, and
the rotor inertia must be specified.
The rotor inertia is usually expressed as WR2, where W is the mass of the rotor
assembly and R is the radius to the hammermill tips. This is not an accurate measure of rotor inertia but is simply a convenient parameter for comparative purposes.
A wide range of WR2 is offered by manufacturers, from about 50,000 to
150,000 lb-ft2 (2000 to 6000 kg-m2).15
The motor horsepower is designed on the basis of starting horsepower. If the
motor inertia WR2 is expressed as lb-ft2, the rotor speed N in rpm, and starting time
t in seconds, then the torque T is
T =

WR2N
9.6gt
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Figure 5-18 Hammer wear distribution depends on location in a vertical shredder. Source:
Vesilind, P. A., A. E. Rimer, and W. A. Worrell. 1980. “Performance Characteristics of a Vertical
Hammermill Shredder.” Proceedings 1980 National Waste Processing Conference. Washington,
D.C. ASME. With permission from ASME.
where g is the gravitational constant at 32.2 ft/sec2. The horsepower is then calculated as
horsepower =

2pTN
33,000

where T is torque in ft-lb.
Typically, a shredder used for MSW has four rows of hammers with a
width/diameter ratio greater than 1.0, a hammer weight of 150 lb (70 kg), a rotor
inertia of 35,000 lb-ft2 (1500 kg-m2), a hammer tip speed of 14,000 ft/min
(4260 m/min), and a starting time of 30 s. As a rule of thumb, an MSW shredder must
be designed for at least 15 kWh/ton. For horizontal hammermills, the grate openings
can be changed to achieve different particle-size distribution of the product. Similarly,
final clearance in vertical mills can be changed to produce various-sized products. The
characteristic size x0 (discussed in the previous section) and the specific energy can be
related to the grate spacing or exit clearance, as shown in Figure 5-19.

EXAMPLE
5-4

For x0 ⫽ 0.64 in. (1.62 cm) and n ⫽ 1, find the grate spacing (clearance) and the
motor power requirements for a feed of 5 tons/h.
Using Figure 5-19, enter at x ⫽ 0.64 and find the grate opening as 2.54 in. and spe-

S O L U T I O N cific energy requirement as 180 kWh/ton, which translates to 90 kW (120 hp).
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Figure 5-19 Relationship between grate spacing, energy use, and product size. Source: Trezek,
G. I., and G. Savage. 1975. “Report on a Comprehensive Refuse Comminution Study.” Waste Age
(July): 49–55. Reprinted with permission from Penton Media.
The Bond work index may be used for shredder design by noting first that the
Rosin-Rammler equation can be written as
Z = exp a

-x n
b
x0

where
Z ⫽ cumulative fraction greater than some stated size x
x0 ⫽ characteristic size
n ⫽ constant
That is, Z ⫽ 1 ⫺ Y, where Y is previously defined as the cumulative fraction finer
than some size x.
At Z ⫽ 0.2 (meaning that 20% of the feed is larger), then x ⫽ LP, which is the
screen size through which 80% of the product passes. Solving for LP,
0.2 = exp a

-LP n
b
x0

LP = x011.6121/n

Substituting into the Bond work index equation,
E =

10Ei
10Ei
1/n
1/2
[x011.612 ]
LF1/2

This equation now allows for an estimation of shredder power requirements (given
a definition of the required product) and an estimation of the work index Ei .
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Bond Work Index for Shredding of Refuse and Refuse Components

Table 5-5
Shredder Location

Material Shredded

Bond Work Index, Ei (kWh/ton)

Washington, DC
Wilmington, DE
Charleston, SC
San Antonio, TX
St. Louis, MO
Houston, TX
Vancouver, BC
Pompano Beach, FL
Milford, CT
St. Louis, MO
Washington, DC
Washington, DC
Washington, DC
Washington, DC

Refuse
Refuse
Refuse
Refuse
Refuse
Refuse
Refuse
Refuse
Refuse
Refuse
Glass
Paper
Steel cans
Aluminum cans

463
451
400
431
434
481
427
405
448
387
8
194
262
654

Source: Stratton, F. E., and H. Alter. 1978. “Application of Bond Theory to Solid Waste Shredding.” Journal of the
Environmental Engineering Division, ASCE, 104, n. EE1. With permission from ASCE.

Although no data on refuse shredder power consumption versus particle size are
yet available, it is possible to back-calculate for the Bond work index. Table 5-5 is
such a tabulation and shows that (on average) the Ei for refuse is about 430
(kWh/ton).

EXAMPLE
5-5

Assuming that Ei ⫽ 430 kWh/ton, x0 ⫽ 1.62 cm, n ⫽ 1.0, and LF ⫽ 25 cm (about
10 in., a realistic estimate as shown in Table 5-5), find the power requirement for a
shredder processing 5 tons/h.

SOLUTION

E =

1014302
[16,20011.6121/1]1/2

1014302

-

1250,00021/2

= 18 kWh/ton

or
18

kWh tons
a5
b = 90 kW
ton
h

Note that this is the same value as found in Example 5-4.

5-6 PULPING
Wet pulping, although a well-developed process in the pulp and paper industry, has
been applied to solid waste processing by only one manufacturer. Their unit, pictured in Figure 5-20, is a tub 12 ft (3.6 m) in diameter with a high-speed cutting
blade on the bottom driven by a 300-hp motor. The raw refuse is pulped, and all
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Figure 5-20 Pulper used for processing MSW.

pulpable and friable materials are reduced in size so as to fit through the holes
immediately below the cutting blade. The resulting slurry has a solids content of
about 4%. Pieces of metal and other nonbreakable materials are ejected from the
pulper through an opening on the side of the tub, washed, and put through a ferrous recovery system. The slurry can be centrifuged to remove the organics. No such
facilities are operating in the United States, where the last one was at Dade County,
Florida, having been closed in the late 1980s.

5-7 ROLL CRUSHING
Roll crushers are used in resource recovery operations for the purpose of crushing
brittle materials (such as glass) while merely flattening ductile materials (such as
metal cans), hence allowing for subsequent separation by screening. Roll crushers
were first employed in materials recovery facilities for the reclamation of metals
from incinerator residue and have found use in processing partially source-separated
refuse composed of glass containers and aluminum and steel cans.
A variation of the roll crusher is the roll crusher/perforator. Curbside recycling
programs typically collect PETE (soda bottles) and HDPE (milk containers) from
residents. Even though instructed not to, some residents screw the lids back onto the
empty containers. When these containers are baled, they then do not compress and
can cause problems with the finished bales. To solve this problem, some processors
have placed roll crushers/perforators in front of the baler. Puncturing the container
prior to baling eliminates the problem.
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Figure 5-21 Roll crusher.
Roll crushers work by capturing and forcing the feed through two rollers operating in opposite directions—exactly like the wringers on older washing machines.
The first objective of roll crushing is to capture the pieces that are to be crushed.
This capture depends on the size and characteristics of the particles and the size,
gap, and characteristics of the rollers. To illustrate the importance of this capture,
imagine attempting to force a basketball through a clothes wringer. A small rubber
ball, on the other hand, could be captured readily and flattened.
The variables involved in the analysis of roll crushing are shown in Figure 5-21.
The diameters of the two rolls are D, while the diameter of the particle to be crushed
is d. The normal force between the particle and the rollers is N, and the tangential
force is T. If the resultant force R is pointed downward, the particle will be captured
and crushed. If it points upward, the particle will ride on the rollers.
The vertical component of N is
Nv = N sin

n
2

where n is the angle between the two tangential forces and n/2 is the angle between
the horizontal and the line connecting the centers of the feed particle and the roller.
Similarly, the vertical component of the tangential force is
Tv = T cos

n
2

At the point where crushing is possible, Nv ⫽ Tv ,
N sin

n
n
= T cos
2
2

or
tan

n
T
=
2
N
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In this instance, the angle n becomes known as the angle of nip. Since T/N ⫽ the
coefficient of friction 1w2, the necessary condition for crushing to take place is
tan

n
… w
2

From Figure 5-21,
S
D
D
d
n
+
=
+ cos
2
2
2
2
2
where S is the separation between the rollers. It follows that
cos

EXAMPLE
5-6

SOLUTION

n
D + S
=
2
D + d

It is intended to crush pieces of a glass of a nominal diameter of 5 cm (feed) to a maximum diameter of 0.5 cm (product). The coefficient of friction between steel and
glass is 0.4. Find the diameter of the rollers that will capture and crush this material.
tan

n
= 0.4
2

n
= 21.8
2
n
D + S
D + 0.5
cos = 0.928 =
=
2
D + d
D + 2
and D ⫽ 18.8 cm.
The capacity of a roll crusher can be estimated as the maximum volume squeezed
through the rollers (Figure 5-22):
C = kMDWSr
where
C ⫽ capacity, tonnes/h
k ⫽ dimensional constant ⫽ 60 if all dimensional units are as below
M ⫽ speed of rollers, rpm
D ⫽ diameter of rollers, m
W ⫽ length of rollers, m
S ⫽ separation, m
r ⫽ density of material, g/cm3

EXAMPLE
5-7
SOLUTION

For the rollers in Example 5-6, find the capacity if M ⫽ 60 rpm, W ⫽ 0.5 m, and
r ⫽ 2.5 g/cm3.
C = kMDWSr = 1602160210.189210.5210.005212.52 = 4.2 tonnes/h
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Figure 5-22 Capacity of a roll crusher.

A related use of roll crushers is as can flatteners. Run at slow speed, can flatteners are placed in processing facilities after the magnetic separation of aluminum
from steel cans and are economical if the cans are to be shipped long distances.

5-8 GRANULATING
For some materials such as plastic bottles, the high energy and cost of hammermills
are not warranted. Size reduction can be achieved far better using granulators,
which are slow-speed shears that cut instead of shatter. Granulators can be economically effective if the plastic is to be shipped long distances, since the granulated plastic has a far higher density than compacted bottles.

5-9 FINAL THOUGHTS
People who have had extensive experience in the storage and handling of MSW are
confirmed cynics. A new piece of equipment, no matter how highly touted by the
manufacturer, is received with a wry, knowing smile. The question always is: “Yes,
but will it work with MSW?” Too many times, they have seen the unsuccessful
transfer of technology and hardware from another application. Always the problem is the same: Solid waste is a heterogeneous and unpredictable material, and
equipment designed for a simpler feed cannot handle MSW. With an increasing
need for MSW processing, we will see more and more equipment specifically
designed for refuse and proven in the field using the real stuff. Only then will these
cynics be convinced.
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5-10 APPENDIX THE PI BREAKAGE THEOREM
Breakage of particles can be described by the breakage function, B(x, y), which is
defined as the fraction by weight of products that have a size less than x when particles of original size y are broken once. For example, B(20,500) ⫽ 0.4 means that
40% by weight of an original particle of size 500 falls below size 20 after a single
breakage. The breakage function also can be normalized, so that B(x/y) describes
the particle-size distribution regardless of the size of the original particle. For example, B(0.04) ⫽ 0.26 means that 26% by weight of the product falls in sizes below
0.04 of the original size.
Much of the original development in breakage theory is credited to Epstein35 with
the matrix application discussed next by Broadbent and Callcott.36 Trezek at the
University of California at Berkeley was the first to apply this technique to MSW,30 but
the development shown here is originally developed by Vesilind, Pas, and Simpson.37
The basic assumption in this development is that, during the breakage
process, a fraction of the particles entering as feed are not broken and exist as
part of the product. For any given particle size, therefore, the product consists of
some particles that were originally that size and were not broken and some that
are the result of larger pieces breaking into smaller ones—the latter being referred
to as a complement.
A second assumption is that the particle-size distribution of the product due to
the breakage of any single particle can be described by a continuous function. In
other words, a large particle will break into many smaller pieces, which—when analyzed by sieving—will yield a smooth particle-size distribution. In the matrix analysis technique developed by Broadbent and Callcott, the distribution of particles
following such breakage is described by the function
B1x, y2 =

1 - exp1 -x/y2
1 - exp1 -12

where y is the particle size being broken and B(x, y) is the cumulative fraction of the
product equal to or smaller than x. Although this equation was chosen in the Broadbent-Callcott analysis, other equations may describe the particle-size distribution as
well or better and may be found to be superior when this analysis is applied to MSW.
Consider now a series of sieves, where the sieve sizes are related by a constant
factor a, so the range of sizes passing the largest sieve is 1 to a, the next sieve is a to
a2, the next sieve a2 to a3, and so on to an⫺1 to an. (Such geometric gradation is not
necessary for this analysis, but it happens to be convenient for illustrative purposes.)
The feed particle-size distribution then can be described by the fractions f falling
into these size ranges or grades, so that fraction f1 of the feed is composed of particles between size 1 and size a, f2 is between a and a2, and so on. Obviously,
n

a fi = 1.0

i=1

Furthermore, assume that the particle-size distribution within each grade can be
described by the geometric mean or
a1/2, a3/2, a5/2, Á , a12n-12/2
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Assuming now, as discussed previously, that the fraction of the feed within each
grade that actually breaks is p, so the amount of the various fractions that are
broken is
pf1, pf2, pf3, Á , pfn
The fraction p of the top-most grade (f1) breaks into smaller pieces according to
B1x, y2 =

1 - exp1x/y2
1 - exp1 -12

so that of the p fraction breaking, the cumulative fraction of those particles equal
to or finer than those in the top grade after breakage is

B11 =

- a1/2
bd
a1/2
[1 - exp1 - 12]

c1 - exp a

Note that B11 ⫽ 1.0, since y ⫽ a1/2 (the particle size being broken), and x ⫽ a1/2
(the size of the product).
Some fraction of the particles in the top grade break into a smaller size a3/2. The
cumulative fraction of particles equal to or smaller than this size originating in the
top grade of particle size a1/2 is

B21 =

- a3/2
bd
a1/2
[1 - exp1 - 12]

c1 - exp a

and so on. The breakage of the top grade is summarized in Table 5-6.
Table 5-6
Grade

Cumulative Fraction of Original ( P f 1) Particles Equal to or
Finer than the Grade After Breakage

1 to a

B11 =

1 - exp1 - a-1/2>a1/22

a to a2

B21 =

1 - exp1 - a-3/2>a1/22

a2 to a3

B31 =

1 - exp1 - a-5/2>a1/22

1 - exp1 - 12
1 - exp1 - 12
1 - exp1 - 12

.

.

.

.

.

.

an⫺1 to an

Bn1 =

1 - exp1 -a-12n-12/2>a1/22
1 - exp1 - 12
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Of the topmost feed grade, pf1 was designated for breakage where (1 ⫺ pf1)
did not enter the breakage process. The cumulative mass of the original feed that is
equal in size to (or smaller than) a1/2 after breakage is B1,1(pf1). If b11 ⫽ 1.0, as we
have assumed, all of the particles of the product are equal to or finer than a1/2.
Similarly, the products of the breakage of the topmost grade are now distributed
throughout the smaller grades, so B2,1 represents the cumulative fraction of particles equal to or finer than a3/2, B3,1 is the cumulative fraction equal to or finer
than a5/2, and so on. The fraction of the product particles in the top grade after
breakage is thus b11 ⫽ B1,1 ⫺ B2,1. This also can be interpreted as the fraction of
particles, which (although broken) remained in the top grade. Similarly, the fraction of particles in the next smallest grade is b21 ⫽ B2,1 ⫽ B3,1 and so on.
The example given previously is for the breakage of particles that were originally in the topmost grade only with a geometric size a1/2. But breakage occurs
within all grades, and this relationship must apply equally well for any other grade
of the feed. Summing up the particles in the product that originated from breakage of larger particles, we get the equations in Table 5-7, where the first b subscript refers to grade of product and the second subscript defines the origin of that
fraction. For example, the product in the second grade (a to a2) is now made up
of feed particles that originated as the top grade (1 to a) and were broken (the
quantity pb21f1). The particles within the second grade (although broken)
remained there as pb22f2. The product of the third grade is composed of particles
that originated on the first grade (pb31f1), the second grade (pb32f2), and the third
grade (pb33f3). To state it another way, the parameter bij is defined as the fraction
of material in size interval j that falls into the size interval i after breakage. Thus
the products of size interval 1 are distributed so that b21 falls into size interval 2,
b31 falls into interval 3, and so on. The sum of the values of by over all the values
of i is 1.
These equations can be summarized in a single equation using matrix notation.
If P' is the product vector, f is the feed vector, and B is defined as the breakage
matrix derived from Equation 5-1, then
P' = B1p2f
Recall that not all of the particles in any one size fraction were broken in the
process. Hence, the product contains a fraction that originally existed in the feed
and was not broken: (1 ⫺ p)fn. The final product within each grade consists of these
Table 5-7
Grade

1 to a
a to a2
a2 to a3
.
.
.
an⫺1 to an

Product Resulting from Breakage

P1 ⫽ pb11f2
P2 ⫽ pb21f1 ⫹ pb22f2
P3 ⫽ pb31f1 ⫹ pb32f2 ⫹ pb33f3
.
.
.
Pn ⫽ bn1f1 ⫹ bn2f2 ⫹ … ⫹ bnnfn
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Table 5-8
Grade

Total Product

P1 ⫽ pb11f1 ⫹ (1 ⫺ p)f1
P2 ⫽ p(b21f1 ⫹ b22f2 ⫹ (1 ⫺ p) f2
P3 ⫽ p(b31f1 ⫹ b32f2 ⫹ b33f3 ⫹ (1 ⫺ p)f3
.
.
.
Pn ⫽ p(bn1f1 + bn2f2 + … + bnnfn) + (1 – p)fn

1 to a
a to a2
a2 to a3
.
.
.
an–1 to an

original particles plus those that resulted from the breakage process. Hence, the
equations resulting are given in Table 5-8.
These equations can similarly be expressed in matrix form as
P = pBf + 11 + p2f
In Equation 5-3, the feed vector f and the product vector P can be obtained from
sieve analysis, and the breakage matrix B is defined by the quantities b1, b2, b3, …
and can be calculated. The only unknown quantity is the scalar value p, which could
well be a valuable index for describing the shredding operation. The validity of
Equation 5-3 depends on the validity of the original assumptions. If p is indeed constant for a given shredding operation, any one size particle is as likely to be broken
as any other. This is not altogether true, since particles tend to become more resistant to fracture as they become smaller.
The question of the breakage function is still open to argument. Trezek et al.
investigated the applicability of several models and decided that either the GaudinMeloy function or a modified Broadbent-Callcott function gave excellent results.20
The latter was written as
B1x2 =

1 - exp[- 1x/x02n]
1 - exp1 -12

where n is a positive index requiring back-calculations and varying from 0.845 to
unity. The term x0 is the characteristic size as previously defined. Figures 5-23 and
5-24 show the results of some experiments using these two functions. The first figure is an estimate of primary shredding, and the second shows the results from secondary shredding. In both cases, either breakage function seems to predict the
particle-size distribution adequately.
Another refinement to the model is to eliminate the original assumption that the
fraction of any particle size that enters the breaking process is constant for all
sizes—in other words, that p is constant. To do this, we can argue that p can be
replaced by a matrix S such that it characterizes the size-reduction process and is a
diagonal matrix with entries S1, S2, S3, … Sn along the diagonal (zeros elsewhere).
The final product equation can be expressed as
P = BSf + 1I - S2f
where I is a unit matrix.
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Cumulative fraction finer than stated size
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Broadbent-Callcott n = 1.0 0.08
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Figure 5-23 Experimental and calculated particle-size distribution for primary shredding.
Source: Trezek, G. I., and G. Savage. 1975. “Report on a Comprehensive Refuse Comminution
Study.” Waste Age (July): 49–55. Reprinted with permission from Penton Media.

A radioactive tracer has been used to measure the breakage process and to evaluate some of the assumptions made in the foregoing analysis.39 In this study, the
breakage function B(x, y) did not vary with the time of grinding given a certain feed
size. It was also found reasonable to normalize B(x, y) to B(x/y). Finally, this study
found by back-calculating the values for S and B(x/y) that these values were within
reasonable agreement with experimental data.

EXAMPLE
5-8

For the following feed, calculate the fraction of particles in each size range if it is
assumed that  ⫽ 0.5 and the breakage function is B(x/y) ⫽ (1 ⫺ exp(⫺x/y))/
(1 ⫺ exp(⫺1)).
Average size in Sieve (mm)
100
75
50
25

Fraction of Feed
0.80
0.20
0
0
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Figure 5-24 Experimental and calculated particle-size distribution for secondary shredding.
Source: Trezek, G. I., and G. Savage. 1975. “Report on a Comprehensive Refuse Comminution
Study.” Waste Age (July): 49–55. Reprinted with permission from Penton Media.

SOLUTION

The basic equation is
P ⫽ pBf ⫹ (1 ⫺ p)f
where P is the product vector, B is the breakage matrix, and f is the feed vector. Written in longhand:
b11
P1
b21
P2
≥ ¥ = 1p2 ≥
P3
b31
P4
b41

0
b22
b32
b42

0
0
b33
b43

0
0
¥
0
b44

f1
f2
≥ ¥ + 11 - p2
f3
f4

f1
f2
≥ ¥
f3
f4
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The breakage matrix can be calculated from the breakage function:
B1x, y2 =

B100,100 =
B75,100 =

1 - exp1 -x/y2
1 - exp1 - 12
1 - exp1 -100/1002
1 - exp1 -12
1 - exp1 -75/1002

= 1.0

= 0.83

1 - exp1 - 12

This means that of the particles in size interval 1 (100 mm) that enter the breakage
process, 83% break down to size 75 mm or smaller. Hence, the fraction of the
particles that remain in the size interval 1 (even after breakages) is b11 ⫽ 0.17.
Similarly,
B50,100 =

1 - exp1 - 50/1002
1 - exp1 - 12

= 0.62

or 62% of the material that broke becomes 50 mm or smaller. Hence 0.83 ⫺ 0.62
⫽ 0.21, or 21% of the original size material is now in size interval 2, or b21 ⫽ 0.21.
Similarly, B25,100 ⫽ 0.35 and b31 ⫽ 0.62 ⫺ 0.35 ⫽ 0.27, and the last size interval
must have a contribution of 0.35. Note that these fractions (0.17, 0.21, 0.27, and
0.35) sum to 1.0.
The material that was at 75 mm also breaks, so that
B150,752 =

1 - exp1 - 50/752
1 - exp1 -12

= 0.77

or b22 ⫽ 0.23. Also,
B125,752 =

1 - exp1 - 25/752
1 - exp1 -12

= 0.45

and b32 ⫽ 0.77 ⫺ 0.45 ⫺ 0.32, and b43 ⫽ 0.45. There was no feed material at the
50- and 25-mm sizes, and therefore, b33 ⫽ b43 ⫽ b44 ⫽ 0. In summary,
P1
P2
≥ ¥
P3
P4

= 1p2

0.17
0.21
≥
0.27
0.35

0
0.23
0.32
0.45

0
0
0
0

0
0
¥
0
0

0.8
0.2
≥
¥
0
0

+ 11 - p2

0.8
0.2
≥
¥
0
0

The solution to the simultaneous equations is
P1
P2
P3
P4

=
=
=
=

0.47
0.20
0.15
0.18

Note that the sum of the product fractions equals 1.0, as it should.
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ABBREVIATIONS USED IN THIS CHAPTER
dBA ⫽ decibels on the A scale of the sound level
meter
EPA ⫽ Environmental Protection Agency
HDPE ⫽ high-density polyethylene
MSW ⫽ municipal solid waste

PETE ⫽ polyethylene terephthalate
RDF ⫽ refuse-derived fuel
OSHA ⫽ Occupational Safety and Health Act
SG ⫽ specific gravity

PROBLEMS
5-1.

5-2.
5-3.

A pneumatic conveyor is to move wood
chips with a maximum diameter of 1 in.
Estimate the air velocity required.
Why are first-in/first-out storage methods
necessary in the processing of MSW?
Two shredders are used to process nearly
identical municipal solid waste. The
products are sieved, and the data are
presented as Rosin-Rammler plots. From
these plots, it is concluded that the

characteristic size (x0) and n value are as
follows:

Characteristic
Size (in.)

n value

“Trash Mauler”

0.34

1.0

“Gobbler”

0.46

1.2

Shredder
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Problems
a.

5-4.

5-5.

Which shredder did a better job of
reducing the size of the solid waste?
How do you know?
b. Which shredder yielded a more uniform product? How do you know?
c. Using a Rosin-Rammler plot, show the
curves for each shredder. Assume a linear curve on the Rosin-Rammler plot.
Calculate the shredder energy requirements for shredding the feed to the product as shown in Figure 5-25. Use the
Bond work index method. Make any
assumptions required.
Shredded solid waste was run through a
set of sieves with the following results:

Sieve Size (inches)

Fraction of Feed
Retained on Sieve

10

0.05

8

0.20

4

0.32

2

0.18

1

0.20

5-6.

5-7.

5-8.

5-9.

205

What is the Rosin-Rammler characteristic size (x0) of this product? Use a graph
to obtain your answer.
Aluminum beer cans are to be processed
in a roller mill to a maximum thickness of
0.5 cm. Calculate the size of rollers
required.
Estimate the theoretical maximum capacity of a single lead screw conveyor. The
dimensions are measured as pitch ⫽ 20
in., radius to conveyor tip ⫽ 18 in., and
radius to conveyor hub ⫽ 6 in. The speed
is measured as 30 rpm. How much will
the final answer be sensitive to a 10%
error in measurement for each of the
variables?
A product from a shredder follows the
Rosin-Rammler particle size distribution
with n ⫽ 1.0 and a characteristic size (x0)
of 2 cm. What is the 90% passing size?
Show, using a mathematical derivation,
that the characteristic size (x0) in the
Rosin-Rammler equation is defined as the
point where 63% is finer than that particle size.

Cumulative fraction finer than stated size

1.0

Raw
feed

0.1
Shredded
product

0.01

0.001
0.01

0.1

1.0

10

Particle size (in.)
Figure 5-25 See Problem 5-4.
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5-10. A shredded refuse is classified by particle
size as follows:
Sieve Size (cm)

Percent by Weight Passing

10

85

5

65

2

48

1

40

5-13.

What is the characteristic size (x0) as
defined by a Rosin-Rammler plot?
5-11. A shredder has a feed and product as
shown:

5-14.

Percent by Weight Finer Than
Size (in.)

Feed

Product

4

80

95

2

15

65

1

5

25

0.5

0

10

What is the characteristic size (x0) of
the feed? Of the product?
b. Do both distributions fit the RosinRammler particle-size distribution
function?
c. Draw and label typical product particle-size distribution curves for each
of the following.
i. The feed becomes wetter (higher
moisture content)
ii. The shredder is run at a higher
speed.
d. What is the effective power requirement (kWh/ton) if the Bond work
index is 400?
5-12. You are reviewing an engineering report
recommending the construction of a
materials recovery facility. A shredder for
processing raw MSW (right off the truck)
is recommended as a part of this facility.

5-15.

a.

5-16.

5-17.

You turn to the cost estimate and discover that the only two costs associated
with the shredder are annualized capital
cost and the power cost. What other costs
would you recommend be included in
this calculation?
A horizontal hammermill shredder is to
process 8 tons/hour of MSW to a characteristic size (x0) of 0.7 in. What grate
spacing and horsepower would be
required to accomplish this?
A horizontal hammermill shredder is to
process 8 tons/hour of MSW to a characteristic size (x0) of 0.7 in. Estimate the
required horsepower using the Bond
work index method. Assume that the feed
characteristic size is 4 in. and the particlesize distribution follows the RosinRammler model, with n ⫽ 1. (Note: You
will need log–log graph paper).
The city of Durham, North Carolina, has
a population of 100,000, and the daily
per capita production of MSW is 4.0
pounds. A horizontal hammermill shredder is to be installed to process the raw
waste to a product that is 90% finer than
6 cm. The shredder is to operate 8 hours
per day. Assume the n in the RosinRammler equation is 1.0, the Bond work
index is 400 kWh/ton, and the raw refuse
is 80% passing 20 cm. Estimate the size
of the electric motor needed to power this
shredder.
A shredder is to reduce the particle size of
80% passing 10 cm to 80% passing 2 cm
at a solids flow rate of 10 tonnes (10,000
kg) per hour. Size the motor for this
shredder.
A hammermill shredder is to process 8
tons/hour of mixed municipal solid waste
to a characteristic size of 0.7 in. What grate
spacing and horsepower would be required
to accomplish this? Use the Bond work
index method and assume that the feed
characteristic size is 4 in. and that the feed
particle-size distribution follows the RosinRammler model with n ⫽ 1.0.
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Problems
5-18. Describe the approaches used to control
the destructive force of explosions in
hammermills.
5-19. A horizontal shredder processing municipal solid waste was found to produce
shredded product as shown:
Particle Size (in.)

Percent Finer Than (%)

10

95

5

85

2

50

1

34

0.5

20
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What is the characteristic size for shredded product?
5-20. What is the Bond Law used for? Why is
it useful?
5-21. Using Figure 5-18, what action could you
take to make the weight loss more uniform between hammers?
5-22. Why is it so difficult to process MSW?
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6
Materials Separation

This chapter is devoted to various means of separating selected components from mixed
municipal refuse and/or previously separated recyclables. Materials recovery facilities
(MRFs, pronounced “murphs”)* that process mixed waste are called dirty MRFs, while
those that process partially separated material (the recyclables) are called clean MRFs.
All of the separation devices included in this chapter are based on a principle of
coding and switching. Some property of the material is used as a recognition code
(such as magnetic/nonmagnetic or large/small) and switches (such as magnets or
screens) are then used to achieve separation. All materials separation devices
(including human beings) operate on the same principle: First, there must be a recognizable code to differentiate the materials in question, and then this code must be
used in a switching device that physically separates the materials.

6-1 GENERAL EXPRESSIONS FOR MATERIALS SEPARATION
In separating various pure materials from a mixture, the separation can be either binary
(two output streams) or polynary (more than two output streams). For example, a
magnet capturing ferrous material is a binary device, whereas a screen with a series of
different sized holes, producing several products, is a polynary separation device.

6-1-1 Binary Separators
A schematic of a binary separator is shown in Figure 6-1. The input stream is composed of a mixture of x and y, and these are to be separated. The mass per time (e.g.,
tons/hour) of x and y fed to the separator is x0 and y0, respectively. The mass per
time of x and y exiting in the first output stream is x1 and y1, and the second output stream is x2 and y2.
Assume that the device is intended to separate the x into the first output stream
and y into the second. If the separator is totally effective, then all of x goes to the first
output and all of y to the second. In practice, this is seldom achievable, and the first
stream is contaminated with some y and the second with some x. The effectiveness
of the separation then can be expressed in terms of recovery. The recovery of component x in the first output stream is Rx1, defined as
R x1 = a

x1
b 100
x0

*... and small MRFs are then smurphs.

208
Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

6-1 General Expressions for Materials Separation
Input

209

Output

Binary
separator

x0 + y0

1

x1 + y1

2

x2 + y2

Figure 6-1 Binary separator.

where recovery is expressed as a percentage and x1 and x0 are in terms of mass/time.
Similarly, the recovery of y in the second output stream is expressed as
Ry2 = a

y2
b100
y0

Since the mass balance holds,
x0  x1  x2
then
Rx1 = a

x0 - x2
b 100
x1 + x2

The effectiveness of a separator cannot be judged only on the basis of recovery. Consider for a moment what would happen if the binary separator were run so as to
achieve x2  y2  0. In other words, all of the feed is exited as output number one.
In that case, the recovery of x is 100%, but the device is not performing its desired
function, since no separation occurs. A second operational parameter is therefore
required, and this is usually an expression of purity stated as
Px1 = a

x1
b 100
x1 + y1

where Px1 is the purity of the first output stream in terms of x, which is expressed
as a percentage. Similarly, the purity of the second output stream in terms of y is
Py2 = a

y2
b 100
x2 + y2

Usually, both purity and recovery are needed for a complete and accurate description of binary separation performance.
At times, the input and output streams are more conveniently expressed in
terms of concentrations instead of mass/time. The equations for calculating the
effectiveness of the separation can be shown in this case to be
Rx1 =

[x1]1[x0] - [x2]2100
[x0]1[x1] - [x2]2
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where x1 is the concentration of x in output stream 1, x0 is the concentration of x
in the input stream, and x2 is the concentration of x in output stream 2 with all
concentrations expressed as percentages. A similar expression can be written for
component y (with the 1 and 2 subscripts reversed, of course).
The purity of x would be
Px1 =

[x1]rx
100
[x1]rx + [y1]ry

where rx and ry are the densities of x and y, respectively.
Often a binary separator is designed to extract one type of material from a
waste stream. For example, a magnet draws off ferrous materials as the desired output. Such an output is often called the product or extract, and the second output is
the reject. Literally, the magnet extracts the ferrous materials and rejects the rest. In
subsequent discussions of materials separation in this text, one output is referred to
as the extract and the other as the reject.

6-1-2 Polynary Separators
Two types of polynary systems are possible, as shown in Figure 6-2. In the first case,
x0 and y0 are the two components in the feed, and the separator has more than two
output streams with x and y appearing in all of them (but in different amounts). In
such a system, the recovery of x in the first output stream is
Rx1 = a

x1
b100
x0

as before, where x is in mass/time units. Similarly, the purity of x in the first output
stream is
x1
b 100
x1 + y1

..
.

x10 + x20 +

+ xn0

x1 + y1
x2 + y2

1
Polynary 2
separator
m

x11 + x21 +
x12 + x22 +

+ ym

..
.

..
.
xm

..
.

x0 + y0

1
Polynary 2
separator
m

..
.
x1m

+ x2m +

+ xn1
+ xn2

..
.

Px1 = a

+ xnm

Figure 6-2 Polynary separators.
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The recovery of x in the mth output stream is
R xm = a

xm
b100
x0

The second type of polynary separator is the most general case where the feed
contains n components (x10, x20, x30, . . . xn0) and these are to be separated into m
outputs. The notation is shown in Figure 6-2. x11 is the x1 that ended up in the first
output, x21 is the x2 that ended up in the first output, and so on. The recovery of x
in the first output is thus
Rx11 = a

x11
b 100
x10

where x11 is the x1 that ended up in the first output and x10 is the x1 in the feed.
The purity of this stream in terms of x1 is
Px1 = a

x11
b100
+ x21 + Á + xn1

x11

with all x terms having units of mass/time.

6-1-3 Effectiveness of Separation
Because of the inconvenience of using two measures of separation effectiveness
(recovery and purity) to define the operation of a materials separator, a single-value
parameter would be useful. One such parameter sometimes used in literature, but
not recommended, is overall recovery, defined as
ORx, y = a

x1 + y1
b 100
x0 + y0

This parameter is useful only for process design, such as sizing conveyor belts. Since
this term is not a measure of separation effectiveness (i.e., 100% overall recovery
can be achieved by simply bypassing or turning off the separator), it should not be
used in describing the operation of materials separation.
Rietema1 reviewed these efforts and suggested a measure of separation effectiveness. Stated for a binary separation with input of x0 and y0, Rietema defined effectiveness as
Ex,y = 100 `

y1
y2
x1
x2
` = 100 `
`
x0
y0
x0
y0

Another means of obtaining a single value of binary separator performance,
developed by Worrell2 and modified by Stessel,3 is to multiply the fraction of x in
the first output stream by the fraction of y in the second output stream and take the
square root of the product, or
Ex,y = a

x1 y2 1/2
b 100
x0 y0

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

212

Chapter 6

Materials Separation
Both Rietema’s and the Worrell-Stessel definitions of effectiveness are rational in
that if perfect separation occurs (all of x0 goes to the first output, so that x1  x0
and y2  y0), the effectiveness is 100%. That is, the device is 100% effective in performing its intended operation. Likewise, if no separation occurs (x0  x1 and y0 
y1), then both measures of effectiveness are zero.

EXAMPLE
6-1

SOLUTION

A binary separator has a feed rate of 1 tonne/h. It is operated so that during any
1 hour, 600 kg reports as output 1 and 400 kg as output 2. Of the 600 kg, the
x constituent is 550 kg, while 70 kg of x ends up in output 2. Calculate the
recoveries and the effectiveness of the separation using the methods discussed
previously.
The recovery of x in the first output is
Rx1 = a

(550)100
x1
b100 =
= 88%
x0
550 + 70

The purity of this output stream is
Px1 = a

(550)100
x1
b 100 =
= 92%
x1 + y1
600

Using Rietema’s definition of effectiveness,
Ex,y = 100 `

y1
x1
500
50
` = 100 `
` = 67%
x0
y0
620
380

and according to the Worrell-Stessel effectiveness equation,
Ex,y = 100

550 330
= 88%
A 620 380

6-2 PICKING (HAND SORTING)
The most primitive method for the separation of materials from waste (and historically the first) is hand sorting or picking. Ever since civilization began, scavengers have been an integral part of society. Selectively accepting other people’s
waste, collecting and processing it, and selling it at a profit is a time-honored profession and, in recent times, quite a profitable one. The first hand-sorting facility
in the United States was built by Colonel Waring for New York City in 1898.4 The
refuse from 116,000 people was sorted, and over 2 1/2 years of operation about
37% of the refuse was recovered, a major part of which was rags. The recovered
material yielded an income of about $1 per ton. The income from this and other
plants was not sufficient to maintain them, however, and the job of scavengering
was given back to private entrepreneurs, who paid the city about $1 per ton for
the privilege.
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In modern society, scavenging at landfills and trash cans is discouraged because
of health considerations and the potential for accidents. The trade lives, however, in
the person of the pickers at materials recovery facilities.
Pickers (or more properly hand sorters) have two major functions. First, they
recover any items of value that need not be processed. Commonly, corrugated cardboard, bundles of newspaper, and large pieces of metal (reinforcing bars, etc.) are
recovered by the pickers. This is known as positive sorting. Their second function is
to remove all those items that could cause damage to the rest of the processing system, such as explosives, as discussed in the previous chapter. This type of sorting is
called negative sorting.
Most of the time, the functions of hand pickers (salvage and protection) are
combined. For example, one large processing facility recovered a piece of titanium
60 cm in diameter and 10 cm thick off the conveyor belt leading to the shredder.
Not only is this a valuable piece of metal, but it would have completely destroyed
the shredder if it had been allowed to go in.
The coding and switching functions in hand sorting are simple to define. The
material is recognized visually (coding) by such properties as color, reflectivity,
and opacity; verified by sensing its density; and removed (separated) by hand
picking. Hand sorting is usually done on the conveyor belt after the bags have
been mechanically opened in a trommel or a bag-opening flail mill. At a clean
MRF, the material may arrive in the loose form or in paper bags, and no opening
is needed.
At some facilities, no such preprocessing is used, and the sorting operation is
hence highly inefficient. Typically, the conveyor belt is loaded, and the material is
leveled out by a skimmer. The pickers stand on either side of the conveyor belt and
remove the selected materials. Experience has shown that pickers can salvage up to
about 1000 lb/h/person. However, the quantity sorted is highly dependent on the
density of the material. For example, the picker removing cardboard removes far
more material by weight than the picker removing film plastic.
A picking belt should be no more than 24 in. (60 cm) wide for one-sided picking, or 36 to 48 in. (90 to 120 cm) wide for pickers on both sides, and should not move
faster than 30 to 40 ft/min (about 9 m/min), depending on the number of pickers.5
If at all possible, the picking operation should be done in daylight. Artificial light,
especially fluorescent bulbs, give off a narrow band of light, and this makes identification (coding) of the various components difficult. Large skylights should be
installed if outside operation is impractical.6 Picking material from MSW is a dirty
and dangerous profession—not recommended for the squeamish. A typical picking
belt is pictured in Figure 6-3.

6-3 SCREENS
Screening is a process of separation by size. A series of uniform-sized apertures
allows smaller particles to pass while rejecting the larger fraction. A particle can
pass a screen if it is smaller than the opening in at least two dimensions. Material
that passes through the holes is called the extract, and material that does not pass
through the holes is called reject.
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Figure 6-3 Pickers in a clean MRF. (Courtesy William A. Worrell)

Screening in material recovery operations has been used commonly toward the
end of a series of unit operations and is intended primarily for glass removal, since
glass would by then have been crushed to fine particles. Screens also have been used
for reclaiming a high-organic (garbage) fraction from shredded waste7 and as rough
sorters at the beginning of materials recovery facilities. The breakage and removal
of much of the glass in primary screening has been found to be highly beneficial in
reducing wear on downstream shredders.
Screens, like other separation devices, cannot be expected to attain 100% recovery. In other words, some undersized material (smaller than the screen apertures)
will report as reject and not be removed as extract. (In screening, remember that the
reject does not pass through the holes, while the extract does pass through the
holes.) The equation expressing the recovery of undersize materials from a screen is
based on the recovery equation for a binary material separation operation as
Rx1 = a

x1
b100
x0

where
Rx1  screen recovery, %
x1  amount of material recovery as extract, that is, the material falling
through the holes, mass/time
x0  amount of undersized material that could have fallen through the holes,
mass/time
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All of the oversize material entering as feed report as reject—not falling through the
apertures—which is only logical, since oversize is defined by screening. However,
much of the material in refuse is flexible, and a large plastic bag may fall through a
hole size of 4 in. By our definition, the plastic bag is then part of the extract (or the
undersize fraction). In binary separation, if we define the extract (exit stream 1 in
Figure 6-1) as x1, then y1  0, and the above definition of recovery is adequate to
describe screen operation. In other words, the purity of the extract is always 100%.
Theoretically, it is possible to achieve very high recoveries with screening, but only
at the cost of limiting the throughput. To maintain adequate throughput, most
screens are operated between 85% and 95% recovery.8
A misleading and yet often used expression of screen effectiveness is
Rx1 =

x1
x0 + y0

Recovery expressed in this way is more correctly termed a split (or that fraction
of the feed that exited from output stream number 1). This expression is not a fair
indication of how well the screen performed in separating the small particles that it
was theoretically capable of separating.

6-3-1 Trommel Screens
By far, the most popular screen for processing municipal refuse is the revolving
screen or the trommel, which is an inclined cylinder mounted on rollers with holes
in the side, as shown in Figure 6-4. The drums roll at slow speeds of 10 to 15 rpm,
thus using very little power. The main advantage of the trommel screen is its resistance to clogging. Some of the material within the screen might tend to hang on but
will eventually drop off. Trommel screens also can be equipped with spikes to break
open plastic bags. This has been used in mixed-waste material recovery facilities at
the beginning of the process line.
The trommel screen works by allowing the refuse in the screen to tumble
around until the smaller pieces find themselves next to the apertures and fall
through. The tumbling motion may be of two kinds, as shown in Figure 6-5:
1. Cascading: The charge is lifted up by the circular motion of the screen and then
tumbles down on top of the layer heading upward.
2. Cataracting: The speed of the screen is sufficiently great to actually fling the
material into the air, where it will drop along a parabolic trajectory back to the
bottom of the screen.
Cataracting produces the greatest turbulence, and the trommel should achieve
the greatest efficiency. As the drum speed is increased further, a third type of motion
is eventually attained—centrifuging. In this case the material adheres to the drum
and never drops off, resulting in low recovery.
With reference to Figure 6-6, consider a particle p in contact with the inside of
the screen. The centrifugal force acting to press it against the inside wall is c and the
w1, a component of the gravitational force w, acts to pull it away. The angle between
the vertical and the line Op is a1, and w1 = w cos a1. If c 7 w1, the particle remains
in contact with the screen. However, if w1 7 c, the particle will fall off. If c remains
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Figure 6-4 Trommel screen. (Courtesy P. Aarne Vesilind)

Cascading

Cataracting

Figure 6-5 Two types of particle paths in a trommel screen.
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Figure 6-6 Definition of terms for trommel screen analysis.

greater than w1 as a1 decreases to zero (particle at the top), the particle never does
drop off but remains on the wall through the rotation. At the point of separations,
c  w cos a, where a is the angle at which separation occurs.
The centrifugal force is
c =

w
A rw2 B
g

where
  rotational velocity, rad/sec
r  radius, cm
g  acceleration due to gravity, cm/sec2
Combining the two equations,
w cos a =
cos a =

w
A rw2 B
g

rw2
g

and since v = 2pn, where n is the speed of the screen in revolutions per second,
cos a =

4p2rn2
g

From this relationship, it is clear that the angle a at which the particle leaves the
wall of the screen and begins its free flight varies with both r and n. The critical
point is at a = 0, or cos a = 1, so that the critical speed is
nc =

g
A 4p2r

If w1 > c at a, the particle will lose contact with the wall and begin its flight in
a parabolic path until it once again hits the screen (Figure 6-7). The equation of the
parabola at the origin p1, is
y = x tan a -

gx2
cos2 a

2V12
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Figure 6-7 Flight path of a particle leaving the inside wall of a trommel screen.

where
V1  initial velocity of the particle p1 as it leaves the wall
x, y  coordinates
The equation of the circular path of the screen is
x2  y2  (2r sin a) x  (2r cos a) y  0
The simultaneous solution of these equations gives the coordinates of the point d,
where these two curves intersect. This point is at the coordinates
x  4r sin a cos2 a
y  4r sin2 a cos a
The development here is for a single particle within a screen. This is, of course, an
unrealistic assumption, and the motion of particles has to be analyzed taking into
account the action of other particles.
The critical speed and the fraction of the screen occupied by the refuse are related
as shown in Figure 6-8. The plot is in terms of bulk volume, which is defined as
F =

S
V

where
F  bulk volume fraction
S  volume occupied by the solids and the air spaces between the solids
V  total volume inside the trommel screen
If the screen is totally full (F  1.0), only cascading is possible for speeds less than
critical (there is no space for the particles to fall back through the air). At lower volume fractions, cataracting becomes possible at speeds lower than critical. At the
limit, with only one particle in the screen, cataracting occurs at even low speeds,
since there is no particle–particle interference.
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Figure 6-8 Effect of volume occupied by solids on trommel flow characteristics. Source: [9]

EXAMPLE
6-2
SOLUTION

Assume a 2.7-m-diameter trommel. Calculate the critical speed.

g
980
= B
nc =
R
A 4p2r
4(3.14)2(270/2)

1/2

= 0.43 rotation/sec

or 26 rpm.
The recovery obviously varies with the speed. A 9-ft-diameter (2.7-m) trommel screen
operates at its highest effectiveness at about 45% of the critical speed. The rule of
thumb is that recovery is greatest at a speed where the load rides one-third of the distance to the top of the screen.
Another operating variable (not considered here) is the slope of the drum.
Within limits, as the slope is increased, the solids retention time is decreased, and
the percent of product recovered is decreased because the particles have less chance
of finding a hole through which to drop. Where trommel screens have differentsized holes along the drum, the slope affects the amount of material within each size
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Figure 6-9 Trommel screening of MSW. Angle of the trommel affects efficiency of solids recovery.
Source: [10]
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Figure 6-10 Power requirements of a trommel screen as a function of load. Source: [9]
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range captured. Figure 6-9 shows some laboratory results with shredded MSW. The
trommel for these tests had a section of 1-in. holes.10 The recovery was measured as
the percent of particles less than 1 in. captured. These data for underloaded conditions show that recovery drops off rapidly with the angle of incline. A small slope,
however, would have a low throughput, and a proper balance between recovery and
throughput must be achieved.
For unshredded MSW, optimum trommel performance can be obtained if the
solids retention time is between 30 seconds and 1 minute,11 and the material makes
5 to 6 revolutions within the drum.12 A pilot plant obtained 95 to 100% recovery
of 3-in. shredded refuse at a rate of 2 tons/h. At 2.5 tons/h, the recovery dropped to
91%. The 4-ft-diameter, 6-ft-long trommel rotated at 18 rpm.
Figure 6-10 shows how the power requirements for a trommel screen vary with
loading. At a very low load, the extra power demand is zero and increases as the
trommel lifts more and more of the charge. When the trommel fills up and no separation occurs, the extra power demand is again zero.

6-3-2 Reciprocating and Disc Screens
The second type of screen used is a disc screen, which consists of rotating discs that
move solid waste across the screen. These screens are very rugged and can process
large quantities of solid waste (Figure 6-11).
A third type of screen is an inclined or horizontal shaking screen. This screen,
however, is readily plugged by rags, paper, and other objects and is limited in its
application to cleaner feeds. One application of such a screen has been the removal
of the small pieces of glass so as to produce uniformly sized pieces that might be
color sorted. Figure 6-12 is an estimate of the capacity of a vibrating screen when
separating glass from shredded refuse.
Disc and reciprocating screens in materials recovery facilities can be used for
removing glass after crushing because the glass would be in small pieces, while the
size (in two dimensions) of other materials—such as cans, plastics, and paper—
would not be reduced. Screens also have been used for reducing the amount of
inert (noncombustible) material in facilities that produce refuse-derived fuel
(RDF), since again, the shredded paper would be much too big to fit through the
holes.

6-4 FLOAT/SINK SEPARATORS
The code for all float/sink separators is the settling (or rising) velocity of a solid
particle within a fluid. One of the earliest float/sink separators was the process of
winnowing, in which the farmer threw the mixture of grain seed and chaff into the
wind and the wind was able to carry off the chaff without suspending the grain (Figure 6-13). More accurately, the settling velocity of the grain was much higher than
the settling velocity of the chaff, and the grain thus fell quickly to the earth.
In solid waste separation, a number of operations use the float/sink principle,
including air classification (not unlike winnowing), heavy-media separation, jigging,
flotation, and others. In all cases, the theory of operation is the same.
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Figure 6-11 Disc screen. (Courtesy William A. Worrell)

6-4-1 Theory of Operation
The motion of a solid particle suspended in a fluid, such as air or water, is governed
by three forces:
FE  some external force such as gravity or centrifugal force
FB  buoyant force
FD  drag force
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Figure 6-12 Unit capacity of a vibrating screen in separating glass from MSW. Source: This
article was published in Chemical Engineering, July 10, 1972, Matthews, C. W., "Screening,"
Copyright Elsevier, 1972

Figure 6-13 Winnowing, from an old wood cut. Source: Beardsley, J. B. 1937. From Wheat to
Flour; pp. 28–29. Chicago: Wheat Flour Institute
The motion of the particle is described by Newton’s Law as acceleration  force/mass:
dv
1
= A FE - FD B
dt
rsV
where
V  particle volume, m3
rs  particle density, kg/m3
dv/dt  particle acceleration, m/sec2
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A particle falling in a fluid under gravity has two phases in its motion: acceleration and terminal velocity. The latter is attained when the three forces—FE , FD ,
and FB—are balanced and the acceleration dv/dt  0. Thus, during a steady fall (terminal velocity),
F B  FD  FE
These three forces can be expressed as
FE = rsVa
FB = rVa
CDv2rA
2

FD =

where
s  density of the solid particle, kg/m3
V  volume of the particle, m3
a  acceleration due to some external force, m/sec2
  density of the fluid, kg/m3
CD  drag coefficient
v  differential velocity between the particle and the fluid, m/sec
A  projected area of the particle, m2
Assume for the sake of convenience that the particle is a perfect sphere,
A =

pd 2
pd 3
and V =
4
6

where d is the particle diameter. Further assuming that the external force causing the
acceleration is gravitational with, a  g, the equation reduces to
v = c

41rs - r2gd
3CDr

d

1/2

which is the well-known Newton’s law. Assuming laminar flow conditions, the drag
coefficient is CD  24/NR, where NR  the Reynolds number,
NR =

vrd
m

where
v  velocity, m/sec
r  density, kg/m3
d  diameter, m
  viscosity, kg/sec  m
Substituting yields the familiar Stokes law:
v =

d 2g1rs - r2
18m

Although this expression is not applicable for air classifiers—because the Reynolds
number in air classification is about 10,000, placing the flow well into the turbulent
flow regime—it yields some clues as to efficiency of float/sink classification. The
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objective is to have as large a difference in the settling velocities (v) as possible, and
it is clear that the diameter (d) plays an important role, since v is a function of d 2.
Often, with such uncontrolled, irregular, and unpredictable material as shredded
refuse, the diameter is difficult to define. One solution to this problem is to define
an aerodynamic diameter (or hydrodynamic diameter if the fluid is water), which
can be back-calculated using known velocities. Using this technique, the aerodynamic diameters for shredded MSW light fraction have been found to be about 40%
of actual diameters, as defined by screening.13
Alternatively, a modified drag coefficient might be used. Although CD is
approximately 1.0 for disk-shaped particles under ideal conditions, experimental
evidence suggests that CD L 2.5 for refuse particles falling in air. Example 6-3 illustrates this concept.

EXAMPLE
6-3

SOLUTION

Assuming that the drag coefficient is 2.5, calculate the air velocity necessary to suspend 2 cm (screened) particles of shredded aluminum. Note that rs  2.70 g/cm3
and r  0.0012 g/cm3.
v = c

412211.2 - 0.00122980
312.5210.00122

d

1/2

= 1004 cm/sec

In some cases, instead of adjusting the drag coefficient or back-calculating an
aerodynamic diameter, it might be more convenient to define an effective diameter,
which might be the average dimension of the particle as it is presented to the fluid
stream. Since
A =

pd2
4

the effective diameter can be defined as
da = a

4A 1/2
b
p

This may be reasonable where flat objects, such as pieces of paper, are suspended.
In other cases, the effective diameter equally well could be defined by the volume as
dv = a

6V 1/3
b
p

A further discussion of particle-size analysis is included in the appendix to Chapter 2.
Another problem with applying Newton’s law to float/sink classification is that
the analysis assumes a single-particle settling in an infinite fluid (no boundary conditions). This is obviously not possible, and some accommodation must be made for
the problems of interparticle actions and the effect of the walls.
In the turbulent regime, the effect of the wall can be accounted for by a correction factor16 given as
m = 1 - a

r 3/2
b
R
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where
r  radius of the sphere
R  radius of the tube
m  correction factor
This correction factor can be used to adjust the terminal velocity to take into
account the effect of walls, so that
v = mc

4d1rs - r2g
3CDr

d

1/2

When the particles are sufficiently concentrated, they act as a body with little
interparticle movement. This can occur in a float/sink separator when a large slug
of feed enters the throat section and is carried upward in a mass with the fluid
stream. The velocity of the suspension, vc , can be expressed relative to the velocity
of a single particle, v, as defined by the Newton equation.14 Under laminar flow
conditions (Reynolds number less than about 500):
vc
d
= f1 aH , b
v
D
where D is the diameter of settling or flotation column and H = void fraction. For
turbulent conditions,
ydr
vc
d
= f2 a
,H, b
v
m
D
Experimental evidence14 suggests that, for laminar flow conditions,
vc = v H [4.65 + 19.5 d/D]
For turbulent conditions, d/D is not significant, and
vc = v H 4.65
Finally, this discussion assumes that the particles are all made of rigid materials
and that the fluid stream does not change their shape. Obviously, many of the materials in shredded refuse (such as paper and plastics) are flexible and porous, and the
shape they present to the fluid in the separation is unpredictable and dynamic.
To summarize, the code in float/sink separators is the aerodynamic (or hydrodynamic) velocity of the particle in the fluid. But this is not the material property
that should be used as the code for separation. The particles should be separated by their density only and not on the basis of diameter, shape, rigidity, and
surface roughness. What is needed is a method of using the float/sink process
such that the only basis for separation is density and not the irrelevant material
characteristics.
Such an objective can be achieved by first considering the settling column
shown in Figure 6-14. In such a simple classifier, if Stokes’s law holds, the terminal
settling velocity of particles with densities greater than the fluid would be (based on
the Stokes law):
y r 1rs - r2d
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Figure 6-14 Vertical stratification of settling particles based on difference in settling velocities.
where





v
d
s


terminal settling velocity
particle diameter
particle density
fluid density

With reference to Figure 6-14, because the terminal velocity is governed by both
size and density differences, the separation achieved is in three phases: the small
lights, the large heavies, and a mixture of large lights and small heavies. Starting
from rest, these particles accelerate until they attain terminal velocity. This velocity
is reached by having the drag force increase from zero (at rest) until it becomes equal
to the net gravitational force. At any instant during the acceleration phase, the
motion of the particle can be described as
FE - FB - FD =

Vrs dv
g dt

where
FE
FB
FD
V
s
g
v
t










force due to gravity
buoyant force
drag force
volume of particle
density of particle
acceleration due to gravity
particle velocity
time

At time zero, with FD  0 and recalling that FE  Vrs and FB  Vr (where r  fluid
density) the initial acceleration is
a0 =

r
dv
= a1 - bg
rs
dt
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Thus, particles of the same density (or material), regardless of their size, have
the same initial acceleration. Of course, the moment resistance enters the picture,
this no longer holds, because particle size is a factor in drag forces. For any two particles of different density, the denser particle has a greater initial acceleration than
does the less dense particle. Although this difference is small and short-lived, it is the
basic principle on which the separation on the basis of density is achieved.
Consider now two particles of the same density but of different size: A  large
and B  small. In a still fluid with both particles starting from rest, the large particle will accelerate faster, but since its terminal velocity is greater, it will still be accelerating when the small particle has attained its terminal velocity. This is shown
schematically in Figure 6-15. The distance traveled by either of the particles in any
given time t is the area under the curve or
t

3

vdt

0

A third particle, C, which is of a greater density but smaller size, has a terminal
velocity equal to the large particle A. It would be difficult to separate these two particles in a device where both density and size are important. It is possible, however,
to take advantage of the different accelerations and achieve separation by imposing
a series of short accelerations starting from rest. The distance traveled during any
one short spurt is small, but the difference of travel (when summed over many accelerations) is sufficient to have the more dense particle A travel further than the less
dense (but larger) particle B, thus achieving stratification and eventual separation.
Figure 6-15 illustrates that the denser but smaller particle B has—until time t1—
a higher settling acceleration than does the larger but lighter particle C. After time
t, the lighter particle has a higher acceleration and catches up to the smaller particle at time t2. (The difference between the areas under the curves to time t1 equals
the area from t1 to t2.) If the heavy but small particle B is to be separated from the

vtA,C
Velocity, v

A

C

vtB
B

t1

Time, t

t2

Figure 6-15 Acceleration of particles with different densities and sizes. Particle A is high density and small, while C is low density and large, and they have equal settling velocities. Particle
B is also high density, but smaller than A.
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lighter but larger particle C, the acceleration time has to be well below t2. This time
is a design variable that determines the size of particle to be separated as part of the
more dense fraction.
For any float/sink process, if the separation is to be on the basis of density only
and not on the basis of such other particle characteristics as size, the objective is to
never allow the particles to attain their terminal velocity. The particles should be
continually accelerated and decelerated—never allowing them to reach terminal
velocity. Some of the types of float/sink separators discussed next take full advantage of this opportunity.

6-4-2 Jigs
A jig is a device that achieves the separation of less dense from more dense particles
by using the differences in their abilities to penetrate a shaken bed. One very simple
type of jig is the miner’s pan used in gold mining days. This pan is filled with dirt and
gravel from a stream bottom and shaken until the grains of gold penetrate the pan
content and lodge on the bottom, appearing as the remainder of the pan contents is
poured off. The separation of the sand and pebbles from the gold grains and nuggets
is not by size but by density. The modern jig works in essentially the same way.
Figure 6-16 shows a diagram of jig. The feed may be thought of as comprising
a less dense fraction, a more dense fraction, and a middling fraction (an intermediate mixture, which contains contaminants as well as some light and heavy fraction,
depending on the efficiency of the operation). The mixture in the jig is subjected to
pulsating forces produced by a plunger (diaphragm, air, or other mechanism) in the
water medium so that the entire bed is lifted up and settles back. The particles (as
they are settling) never have a chance to attain their terminal settling velocities, and
the separation in a jig is on the basis of density only.
Feed

Plunger
Light

Water

Small particle

Middling
Heavy
Screen

Light and
middling
discharge

Heavy discharge

heavy discharge (hutch)

Figure 6-16 A common plunger jig.
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As the bed expands, the heavy particles of sufficiently large size and proper
shape crash through the bed since the bed is in the quick condition and offers little
resistance to such settlement. As the pulsations continue, the larger, more dense
pieces end up at the bottom, and the less dense particles move to the top of the bed.
A screen allows the dense particles to fall to the bottom hopper while the less dense
particles (with or without the middling) are drawn off the top.
In addition to the common plunger jig (also called the Harz jig) shown in Figure 6-16, many other variations on the same theme are available commercially.
Most of these vary the motion of the plunger so that the pressures imparted on the
bed have different frequency diagrams, thus achieving specific bed movement.

6-4-3 Air Classifiers
The objective of air classification is to separate the less dense, mostly organic materials from the more dense, mostly inorganic fraction, using air as the fluid. The basic
premise is that the less dense materials will be caught in an upward current of air
and carried with the air, while the more dense fraction will drop down, unable to be
supported by the air currents. The light fraction entrapped in the air stream must be
separated from the air. Commonly, this is done with a cyclone, but it can be accomplished equally well with a large box or bag into which the particles drop while the
exit air is filtered and escapes. The air can be either pushed or pulled, and the fan
can be placed either before or after the cyclone. Except for smaller installations,
placement of the fan in order to suck the material through the blades is not recommended because of the wear and tear suffered by the blades. The various arrangements for air classifiers are shown in Figure 6-17.
Air classification is more successful if the particles in the air classifier do not
adhere to each other. One means of breaking up the clumps of material is to use
vibration. The vibrating air classifier is shown in Figure 6-18. Vibrating air classifiers combine the separation achieved due to the vibration with air entrainment. The
feed vibrates along a sloping surface with the light material shaken to the top, where
the air stream carries it around a U-shaped curve.
Similar in function (but slightly different in construction) is a series of classifiers
more properly labeled air knives, where the air is blown horizontally through a vertically dropping feed. The aerodynamically light particles will be carried with the air
stream while the heavy ones will have sufficient inertia to resist a change in direction and drop through the air stream. This technique also allows for separation into
more than two categories, as shown in Figure 6-19. One other use of an air knife
has been to help keep light contamination from carrying over during magnetic separation. Air is blown opposite the direction of travel of the metal under a magnet.
This helps separate the lights from the metals and keeps the lights from being carried over onto the metals conveyor.
Considerable confusion exists in the terminology for the product (output)
streams of air classifiers. Some authors call the material rising with the air stream
the light fraction and the material falling the heavy fraction. These terms are misleading, since they imply ideal separation. Better terms for air classifiers are overflow and underflow, but these imply vertical geometry. In keeping with the
terminology introduced previously, in this text the material suspended by and
removed by the air stream is called the extract, and the material not so removed is
the reject.
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Because the code for air classifiers is aerodynamic velocity, it should be possible to
estimate the effectiveness of air classification by measuring the aerodynamic velocities of the particles to be separated. One such method is the drop test, in which representative particles to be separated are dropped from a reasonable height in the
absence of air turbulence, and the time needed to reach the ground is measured. Figure 6-20 shows the results of one such test for four different components: paper,
plastic, aluminum, and steel.
The theoretical effectiveness of air classification (that is, if all the particles
exited the air classifier just as they were expected to) can be estimated from such a
test. For example, using the results shown in Figure 6-20, as the air velocity of a
classifier is increased from zero, the first material to start to report to the extract
(float up) is paper. At an air velocity of 1000 ft/min, all of the paper reports to the
extract. But at this velocity, about 50% of the plastic also reports to the extract.
If the air velocity is increased beyond 1000 ft/min, some of the aluminum would
start to rise with the extract. At an air velocity of 2000 ft/min, all of the paper and
plastic would be captured as the extract, but also 50% of the aluminum. The steel
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Figure 6-20 Typical results from a drop test.
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fraction would not report to the extract until the air velocity exceeded 2000 ft/min.
At 3000 ft/min, almost all of the feed would report to the extract.
If the objective in the air classification of this mixture is to produce a refusederived fuel (RDF) consisting of only paper and plastic, the air velocity cannot be
allowed to exceed 1000 ft/min, or the RDF will contain some aluminum. If the
recovery of the paper and plastic is important and some contamination is allowed,
then running the air classifier at an air speed of 2000 ft/min would result in 100%
recovery of the paper and plastic fraction. If the objective is to produce a pure metal
(aluminum and steel) fraction as the reject (drop to the bottom), running the classifier at 2000 ft/min would result in a pure aluminum/steel mixture, but fully 50% of
the aluminum would be lost to the extract.
This test gives the theoretical settling velocities of the particles if the drop distance
is great relative to the distance needed to accelerate to terminal settling velocity. For
such materials as paper and sheet plastic, this is not a problem. With materials that
have high velocities, however, the acceleration distance might be significant, and a simple drop test might give misleading results. Hasselriis has shown that it is possible to
calculate the settling velocity from drop-test data using the following relationship.15
v2s
1
gt
gt
ln a b [evs - evs ]
g
2

y =
where
y
vs
g
t






distance traveled, ft
terminal settling velocity, ft/sec
acceleration due to gravity, 32.2 ft/sec2
time to travel distance y, s

This equation requires an iterative solution, since it cannot be readily solved for the
terminal settling velocity.
Figure 6-21 is a plot showing the theoretical performance of an air classifier as
estimated from a drop test compared to the actual performance. In general, the
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Figure 6-21 Theoretical air classification based on a drop test versus actual air-classifier
performance.
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actual performance should be worse than the theoretical best, which should be
viewed as an ideal goal.
In the absence of a drop test, the terminal velocities for various materials can be
calculated using an empirical equation:16
vs = 1.9 + 0.092rs + 5.8A
where
vs  terminal (falling) velocity, ft/sec
s  particle density, lb/ft3
A  particle area (e.g., for a plate, A  length  width)
The size limits to this equation are between 0.0625 and 1.00 in.2, which generally
is considerably smaller than shredded MSW.
If the area function in the preceding equation is eliminated, little loss in accuracy results.17, 32 In other words, the terminal velocity seems to be most significantly
affected by density and only slightly by area and other variables (within the limits
used in the experiments). The model, using only density as the independent variable,
would then be
vs = 1.91r1/2
s
This model shows reasonable agreement with steel, aluminum, paper, and balsa
wood as the materials.
Air Classifier Performance
Table 6-1 shows some typical results of air classifier performance with shredded
refuse as feed.
The fuel characteristics of the extract in Table 6-1 are shown in Table 6-2.
Also tabulated are the fuel properties of two other fuels prepared from MSW by air
Table 6-1

Typical Air-Classification Results for Shredded MSW
Percent by Weight
Shredded Refuse

Extract from Air Classifier

Noncombustible
Rocks and dirt
Ferrous metal
Nonferrous metal
Glass and other

0.3
7.8
1.0
7.8

0
0.08
0.05
1.82

Total

16.9

1.95

Combustible
Paper
Wet garbage
Yard and garden
Other

52.2
11.8
6.7
12.2

78.8
0.1
8.6
10.6

Total

82.9

98.1

Source: Murray, D. L., and C. L. Liddell. 1977. “The Dynamics, Operation and Evaluation of an Air Classifier.” Waste Age
(March). Reprinted with permission from Penton Media.
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classification. The first is fuel composed of cubettes that were prepared from airclassified MSW, and the second is a proprietary product known as Eco-Fuel, which
is air classifier extract chemically treated to make it biologically stable. Additional
information on the properties of refuse-derived fuel is found in Chapter 7.
Paper and cardboard seem to be insensitive to particle size, whereas the heavy
fraction is somewhat more sensitive, as shown in Table 6-3. Moisture content does
not seem to influence greatly the recovery of lights, although a drop of perhaps 5%
in recovery is expected when the moisture content doubles.18
Air-classifier performance also can be expressed in terms of the air:solids ratio,
as shown in Figure 6-22. As the air flow is increased for a given solids feed rate,

Fuel Characteristics of Air-Classification Shredded and
Processed Refuse

Table 6-2

I
Air-Classified MSW

II
Cubettes

III
Eco-Fuel

15
8.3
6930

15
6
6800

10
11
6900

Moisture (%)
Ash (%)
HHV, Btu/lb
Sources: I: [16], II: [17], III: [19]

Effect of Particle Size on Recovery in an Air Classifier

Table 6-3

Nominal Particle Size, in. (90% passing)

Moisture
Paper and cardboard, percent recovered
Grit, percent recovered
Plastic, percent recovered
Percent heavies in extract

1.9

3.1

24.3

27.0
92.3
74.8
73.2
1.5

32.1
90.4
87.7
70.6
1.7

24.3
92.8
86.2
92.7
3.5

Source: Murray, D. L., and C. L. Liddell. 1977. “The Dynamics, Operation and Evaluation of an Air Classifier.” Waste Age
(March). Reprinted with permission from Penton Media.
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Figure 6-22 Air-classifier performance as described by the air:solids ratio.
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higher recoveries are experienced. Conversely, lower feed rates for a given air velocity enhance recovery.20 The capacity of a classifier should be sufficient to withstand
sudden surges.18
Although the effect of feed rate on air-classifier performance has not been fully
studied, it seems reasonable that performance would deteriorate with increased feed
rate. If a light particle is fed into the throat section, it must accelerate to attain the
speed of the air stream. If heavier particles are present, these interfere with this
acceleration and, hence, increase further the congestion within the throat. It is reasonable that the feed rate and average residence time of particles within the throat
section are related as
t = a

V n
b
Q

where
t
V
Q
n






average residence time of particles
volume within throat section
feed flow rate
factor that accounts for the congestion within the throat; n  1.0

It is possible to achieve performances that are better than theoretical by taking
advantage of the same principles that are used in the operation of the jig. The air
classifier is a float/sink separator, functioning because some particles have a lower
aerodynamic velocity and others a higher aerodynamic velocity. To achieve separation on the basis of density only and not on the aerodynamic velocity, air classifiers
have been modified to force the particles to continually accelerate and decelerate.
Four designs have been tested to take advantage of this possibility. These are shown
in Figure 6-23.
a.
b.
c.
d.

Zig-zag classifier
Baffled classifier
Constricted air classifier
Pulsed flow classifier

All four of these modifications use the principle of never allowing particles to
attain their terminal velocities and enhancing separation on the basis of material
density. In addition, all four create high turbulence within the air classifier throat
section, and this promotes the separation of particles that might be stuck together.
The zig-zag air classifier consists of a column with a series of 90 or 60° turns. Laboratory work with smoke tracers has demonstrated that at nominal air velocities
(flow/cross-sectional area of tube) of 2.5 m/sec (500 ft/min) a central air core is
formed with turbulent vortices at the corners that touch the central core.21 As the air
velocity is increased to 3.5 m/sec (750 ft/min), the corner vortices disappear altogether,
indicating fully turbulent conditions. The fraction of material reporting as heavies and
lights obviously can be altered by changing the flow characteristics in the classifiers.
Within the turbulent vortices, the clumps are broken up, and the light particles are transferred to the upward air stream. The heavy particles drop from
vortex to vortex until they exit at the bottom. The dropping action also helps
break apart any agglomerated particles. The heavy particles tend to slide down
the lower sides of the throat until they are hit by the upward rush of air at the
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Figure 6-23 Various air classifiers: (a) zig-zag, (b) baffled, (c) constricted, and (d) pulsed flow.
corner (Figure 6-24). If the downward velocity of the particle is sufficiently great
relative to the airstream velocity, the particle takes path C, as shown on the figure. This allows it to continue its downward movement on the wall of the next
segment. If, however, the air-stream velocity is sufficiently great, the particle may
be caught within the air stream and experience trajectory A. If the particle moves
along trajectory B, it has a 50% chance of going up or down.22
A creative alternative is to make the air classifier behave like a jig by pulsing the
fluid and causing the particles to constantly be accelerating and decelerating. The
pulsed flow air classifier has a straight throat, but the flow of air to the classifier is
pulsed so that the particles never are allowed to attain their terminal settling velocities.3
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Figure 6-24 Behavior of a particle in a zig-zag air classifier.
All four types of modified classifiers—zig-zag, baffled, constricted, and pulsed
flow—have the added advantage that the turbulence caused by the air flow helps to
break up the clumps of refuse that have been stuck together because of mechanical
accidents (e.g., pieces of metal stuck into paper) or adhesive forces (e.g., grease and
oil acting as glue).
Removing the Separated Particles from the Air Stream
Air classifiers can operate successfully only if the extracted materials are removed from
the air stream once they have been separated. This operation can be accomplished by
using a large chamber, but such settling chambers are inadequate both from the standpoint of efficiency and because of the large space requirements. A more efficient means
of removing the suspended particles from the air stream is to use a cyclone.
The operation of the cyclone is illustrated in Figure 6-25. The air and solid particles enter the cyclone chamber at a tangent, setting up a high-velocity rotational air
movement within the chamber. The solid particles (having greater mass) move outward
toward the inside wall, are slowed down on contact, and eventually drop to the bottom of the chamber under the influence of gravity. The air exits through the central
tube, free of solids.
The objective of a cyclone is to move particles to the outside by centrifugal action.
The radial velocity of a particle, vR, is important, as illustrated in Figure 6-26.
Assuming laminar conditions (a bad assumption), the particle terminal radial velocity is governed by Stokes’s law, except that the gravitational acceleration must be
replaced by centrifugal acceleration, defined as
a = rv2
where
a  centrifugal acceleration, m/sec2
r  radius, m
v  rotational velocity, rad/sec
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Figure 6-26 Radial movement of a particle within a cyclone.

so that
vR =

d21rs - r2v2r
18m

where
d

s







particle diameter, m
density of air, kg/m3
density of particle, kg/m3
air viscosity, N-s/m2
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Recognizing that r2  vtan2/r, where vtan is the tangential velocity, the radial
velocity can be expressed as
vR = vs

vtan2
gr

which is the basic design equation for cyclones. The objective is (for any feed into the
cyclone) to have the highest possible vR, and this can be achieved by having a high
tangential velocity (vtan), a high particle settling velocity (vs), and a small r. The latter observation leads to using banks of small-diameter cyclones instead of a large single unit. For a given volume, the bank of small-diameter cyclones is far more efficient
in removing particles from the air stream. Unfortunately, with refuse-derived fuel, a
small diameter will result in clogging, and large diameters are absolutely essential.
This analysis may be somewhat simplified by assuming that rs W r. Thus
vR L

d2rsv2r
18m

At any radius r, the tangential velocity is
vtan = rv
and
v =

vtan
r

where  is the rotational velocity in rad/sec. The time t needed for one rotation is
thus
t =

r
2pvtan

The distance traveled by a particle during one rotation is
S L vRt L

d2rsv2r
r
a
b
18m
2pvtan

where S is the radial distance traveled by a particle during one rotation. (This is necessarily approximate, since the radius and hence the vtan changes as the particle
moves.) Since
vtan = vr,
d 2rs vtan
S L
36mp
the objective is to increase S (the radial distance traveled by the particles during a
single rotation). The faster the particle collides with the wall, the faster it is
removed from the air stream. From this equation, S can be increased by increasing the particle size d, increasing its density s , increasing the tangential velocity
vtan, and decreasing the fluid viscosity . Experience with cyclones for the removal
of the shredded light fraction has shown that large factors of safety are needed.
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It is useful to review this analysis of separation in a cyclone. It starts with the
assumption that Stokes’s law holds, which is patently false in the highly turbid
environment of a cyclone. When this analysis is used in air pollution control,
such as for the removal of fine particulates (about 5 m in diameter) from
combustion, the particles are so small that they are not influenced by the turbulence and tend to obey Stokes’s law even in the presence of macroturbulence.
In theory, the boundary layer around the particles is still laminar due to their very
small size.
This, of course, does not occur when the cyclone is used to separate out shredded paper from the air-classified waste stream. The paper particles, which tend to
have dimensions in the centimeter range instead of in micrometers, are most certainly behaving in the turbulent flow regime.
Second, the use of the Stokes equation assumes that each particle is behaving as
if it were not affected by other surrounding particles. This assumption is clearly not
true for air-classified paper in a cyclone where the feed is a high concentration of
paper and other light materials.
This is not to say that this analysis is untrue. It simply must be applied with
great care and understanding. Research into the processing of light material (such
as shredded paper) is greatly needed.

6-4-4 Other Float/Sink Devices
Three additional options using float/sink technology have been used for MSW
processing. The heavy-liquid separators substitute a denser liquid for water. For
example, a mixture of tetrabromoethane and acetone has been used for the separation of aluminum from heavier materials. This liquid has a specific gravity of
about 2.4, and the sink fraction of shredded, air-classified, and screened refuse
(with the ferrous fraction removed) can produce a fairly high concentration of
aluminum. Two major problems with the use of such heavy liquids are the inability to readily vary the specific gravity as needed and the cost of the chemicals.
A significant fraction can be lost during the operation as a result of adsorption
to the waste material. Another commercially successful heavy liquid is pentachlorethane (C2HCl5: specific gravity 1.67 at 20°C),17 which has been used for
coal cleaning.
Heavy-media separators differ from heavy liquids in that the specific gravity
is varied by adding colloidal solids. For example, a mixture of ferrosilicon and
water (85:15) with a surface-active agent can be used to attain specific gravities
over 3.0. In one study,23 aluminum was removed by first sinking it in a fluid
with a specific gravity of 1.4 and then floating it in a liquid of specific gravity
at 3.0. This method also suffers from the problem of capture and retention of
the fluid, resulting in higher operating costs for replacement, as well as potential
wastewater treatment problems. But it has advantages. The principal advantage
of heavy-media separation can be demonstrated by the following argument.24
Suppose that a mixture is composed of two solids, a and b, with a being denser
than b. Because of size differences, the larger b particles may have higher settling velocities than the small a particles, and hence separation by settling
cannot be complete. The range of sizes that can be separated can be calculated
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by recognizing that, at equal settling velocities (assuming laminar flow and
Stokes’s law),
va =

da 2 g1rsa - r2
18m

and vb =

db 2 g1rsb - r2
18m

If the two velocities are equal,
a

rsb - r
da 2
b =
rsa - r
db

and separation is possible if
rsb - r 1/2
da
7 a
b
rsa - r
db
If it is possible to choose a fluid with a density very nearly equal to one of the solid
materials, the classification can be made more efficient. For example, if the fluid
density approaches that of particle b, the ratio da /db approaches zero, meaning that
very large particles can be separated from even the very small a particles. If the fluid
density is greater than the density of b and less than that of a, complete separation
is possible.
The third method of achieving float/sink separation is to use an upflow separator with water as the fluid. Effective specific gravities of between 1.1 and 2.0 have
been used in commercial devices. Such upflow devices have been used to separate
heavy organics (leather, plastics, textiles, etc.) from metals and glass in the heavy
fraction of air-classified refuse.17
A process that, strictly speaking, is a float/sink process but has a special twist,
is flotation. In this process, the selected solids are floated to the surface of the slurry
by means of attached gas bubbles. The key to successful flotation is the selective
adhesion of air bubbles to the material that is to be floated. The actual separation,
after the material has been made lighter by air-bubble attachment, can be by frothing or by a simple gravity separator such as a shaking table. The usual separation
method in resource recovery operations is froth flotation, and the common application is the removal of glass from ceramics and other contaminants.

6-5 MAGNETS AND ELECTROMECHANICAL SEPARATORS
6-5-1 Magnets
Magnets are used to separate ferrous materials from the rest of refuse. The code
obviously is the magnetic property of ferrous materials, such as steel. Typical magnet arrangements are shown in Figure 6-27. The usual process uses a belt magnet
installed above a conveyor belt, with the belt on the magnet moving across the conveyor carrying the refuse. Steel cans and other ferrous materials are pulled from the
refuse and adhere to the underside of the belt covering the electromagnet. The belt
moves these materials off to the side where they cease to be under the influence of
the magnetic field and drop off the conveyor. The effectiveness of magnets depends
on several variables, such as the height of the magnet above the conveyor belt
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Figure 6-27 Typical magnets used in removal of ferrous materials: (a) drum holding magnet,
(b) belt holding magnet, (c) suspended type magnetic separator.

carrying the refuse. The closer the magnet is to the refuse, the better the effectiveness of ferrous removal (Figure 6-28). The greater the magnetic force employed, the
greater will be the recovery of ferrous material.25 The speed of the conveyor also
affects the recovery with higher speeds showing reduced recovery, as would be
expected. The magnetic field simply does not have enough time to act on the ferrous
material and pull it out of the refuse. Finally, the greater the burden depth on the
conveyor belt, the lower the recovery, as shown in Figure 6-29. This relationship is
exponential, because the buried ferrous material has an exponentially increasing force
on it due to the material above it. Thus, burden depth and the ability to maintain
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Figure 6-29 Greater burden depth reduces the recovery of ferrous material from a conveyor
belt. Source: [26]
this at some shallow and even depth before it runs under the magnet are the main
concerns in designing magnetic separation operations.25
A problem faced with the use of long conveyors prior to magnetic separation is
that the jiggling of the material on the conveyor is not unlike a gold-miner’s pan,
and separation by density occurs with the steel cans migrating to the bottom of the
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charge on the conveyor belt. When the refuse is then passed under the magnet, the
ferrous material must be able to move through the refuse piled on top to reach the
underside of the magnet—an often impossible task. Good engineering requires
either a one-particle thickness on the conveyor belt or a very short conveyor to prevent such separation from occurring.

6-5-2 Eddy Current Separators
Eddy current separators respond to the problem of separating nonferrous metals
from the remainder of refuse and depend on the ability of metals to conduct electrical current. If the magnetic induction in a material changes with time, a voltage is
generated in that material, and the induced voltage will produce a current, called an
eddy current. The feed to an eddy current separator might be the reject component
from air classifiers from which the ferromagnetic components (steel cans mostly)
has been removed.
Many eddy current separators are inclined tables. Underneath the table are several large magnets that produce an electrical field. If a particle that conducts electricity slides down the inclined table, the electrostatic forces push it in a direction
perpendicular to its path. Only those particles that conduct electricity (as the particles move down the inclined table and come under the influence of the charge field)
are laterally displaced. Nonconductors are not affected by the charge field and drop
straight down.
A typical eddy current separator is shown in Figure 6-30. This device is a modification of a linear induction motor in that it generates a sine wave of magnetic
intensity, which travels down the length of the motor with alternating north- and
south-pole components. As the metal-rich concentrate passes over the linear induction motor, eddy currents are induced in an electrical conductor that appears on the
surface of the table. The induced magnetic fields associated with the eddy currents

Figure 6-30 Eddy current separator. (Courtesy of Walker Magnetics)
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Table 6-4

Eddy Current Separation of Shredded Refuse from Which Ferrous
Has Been Removed
Percent by Weight

Extract
Middlings
Reject
Feed

Weight (kg)

Aluminum
Cans and
Other Aluminum

Aluminum Foil

Other
Inorganics

Organics

14.5
7.4
85.7
107.5

88.8
60.2
85.7
21.9

0.2
2.1
7.0
2.6

5.5
11.6
3.0
3.9

5.5
25.1
86.6
71.5

Source: [27]

in the metals interact with the moving field generated by the motor, which pushes
the conductors (nonferrous metals) along the linear motor. All that is necessary to
achieve removal is to orient the motor transverse to the direction of the feed, so as
to repel the metal away from the main direction of travel. The mixed material is fed
to one end of the nonmagnetic belt, which travels over the linear induction motors
positioned on the underside of the belt. Recovery of the metal concentrate is on the
top side of the belt, where the material to be removed is ejected by the linear induction motor against the retaining wall and into the extract area. The rejects are not
affected by the eddy currents and therefore flow along the lower portion of the belt
area. Table 6-4 shows the performance of a typical linear induction motor in separating aluminum from a shredded refuse from which ferrous material has been
removed.27
Using the numbers in Table 6-4, the eddy current separator was able to achieve
a recovery of only little more than 50% with a purity of only 89%—not generally
acceptable to secondary materials dealers. Thus, a hand removal of contaminants or
additional screening is required after the eddy current separator has been used.28, 29

6-5-3 Electrostatic Separation Processes
Charged particles under the influence of electrostatic forces obey laws of attraction
and repulsion similar to those for magnets. Certain materials can be coded by being
electrically charged; then they are separated by being attracted to the oppositecharged electrode or by being repelled from a like-charged electrode.
Separating plastics has been a problem, because the particle properties (the
codes) are so similar for various types of plastics. One method of achieving separation is to allow the shredded or granulated plastic particles to acquire an electrical
charge by friction as the particles rub against each other. Different plastics have a
markedly different ability to take on electrostatic charge, as seen by the charging
progression shown in Figure 6-31. The charge effectively codes the particles, and
they then can be separated by allowing them to fall freely through a high-voltage
field and into separate compartments, as shown in Figure 6-32. Such a process is
called a triboelectric charging process, since the charge is placed on the particles due
to friction. Each type of plastic has a different potential for acquiring a charge, and
thus, separation can be made.30
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6-6 OTHER DEVICES FOR MATERIALS SEPARATION
Listed here are some devices that may someday prove useful in MSW processing.
Stoners, also called pneumatic tables, differ from jigs only in that air is substituted for water as the pulsating fluid. The general principles of operation are the
same as for jigs using water. Most commercial models, in addition to pulsating air,
use shaking tables, thus providing two forms of the energy input. These devices have
been applied for the recovery of aluminum from shredded and screened waste,
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although operating data have not been made public. Stoners have been used for
many years in the agricultural industry for removing stones and other impurities
from peanuts, beans, and so on. They are most frequently employed where the twopart separation into light and heavy fractions involves a minor fraction of heavies,
with a density difference between the two of at least 1.5:1.31
Inclined tables can be used to separate particles of various densities and sizes.
For example, coal can be washed by separating slate and other heavy materials from
the raw ore by “washing” the mixture down an inclined table and removing the
heavy contaminants through ports located along the incline.
Shaking tables differ from simple inclined tables only in that the table is shaken
with a differential movement in the direction perpendicular to fluid flow. In addition, all modern shaking tables, such as the Wilfrey Table, are equipped with riffles,
which are long slots in the table also perpendicular to the flow.
Optical sorting attempts to respond to a major problem with the recovery of
glass. Waste glass is of many colors and such mixtures have low market value. Clear
glass alone has substantial value, while contamination by even 5% amber glass
makes it essentially unmarketable, since it cannot be used to produce clear glass
products. At this time, the only technique, other than hand sorting, for color-sorting glass seems to be by the use of the wavelength of transmitted or reflected light
from the glass.
The most popular optical sorter, which has in the past been used for the separation of diamonds in diamond mines and rotten corn and peanuts in agriculture, is
shown in Figure 6-33, which illustrates the basic principle. The individual particles
are moved by means of a high-speed pulley from a bin and flung through a lightdetection box or sensor. Within this detector are three lights and three photocells.
Each light is bounced off a background reference slide into a photocell, and the current produced is sensed electronically. Should the particle falling through the sensor
be of the same color (some average of reflected and transmitted light) as the background slide, the photocell will not detect any difference and nothing happens.
These particles are thus passed through the device as extract. Should a particle be
lighter or darker than the background slide, however, the current change will trigger a compressed-air ejector located immediately below the sensor box and the
reject particle is blown into a different bin. Dividing a feed of glass particles into
three categories—flint (clear), green, and other—requires two passes, because the
color sorters on the market are inherently binary devices. In such a case, the first
sorting would be based on light intensity reaching the photocells, passing the flint
particles, and ejecting the colored particles. In the second sorting of the colored particles, green filters might be placed over the photocells and the electronics tuned so
that green particles are perceived as light and are passed; amber (and other colors
on the red end of the spectrum) particles are perceived as dark and are ejected.
This device works well when the particles are uniform in size and the electronics
can be so set as to make the device reject even suspicious particles. For example, of
100 peanuts entering the sensor, two might be rotten. The device can be adjusted to
sense these two, but since it is so finely tuned, it may also eject two other peanuts
which may be perfectly good but may have been so oriented during their trajectory
as to produce a shadow and thus be rejected. The peanut farmer accepts this margin of safety, and gladly discards two good peanuts as long as he is reasonably sure
that he has removed all rotten ones. With glass separation, however, the mix is not
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2 colored pieces and 98 clear pieces out of 100. Instead, a 50/50 mix is common,
and this presents problems of efficiency of operation. To date, it has not been possible to achieve the required purity of product that would make this device a practical alternative for glass sorting. In addition, a color sorter requires a relatively
narrow size distribution in the feed, and this requirement places considerable constraints on size-reduction processes.
Bounce and adherence separators have been used in Europe and in one facility
in the United States. The bounce and adherence separator is a short conveyor on
which the angle and speed can be adjusted. The material falls onto the middle of
an angled conveyor, and as the belt moves the material upward, some types of
material—such as paper, cardboard and film plastic—lie on (adhere to) the belt,
travel up the conveyor, and fall off the upper end. Other materials—such as bottles
and cans—roll down the conveyor and fall off the lower end. The optimum efficiency of this separation must be achieved by trial and error as the angle and speed
of the conveyor belt are adjusted.
The adherence material can be transported to a paper picking area, and the
bounce material would proceed to a ferrous magnet, eddy current separator, or glass
picking area. The advantage of this separation is that by using a first (if crude) cut,
the process loading on each subsequent unit operation is reduced, enhancing the
effectiveness of separation.

6-7 MATERIALS SEPARATION SYSTEMS
Each of the unit operations in the previous section accomplishes one separation, and
its performance thus far has been analyzed in isolation. Obviously, the placement of
the unit operations in series will affect the final products. While there is no “best”
series for any given feed, experience over the years has shown that certain combinations seem to perform well.
For example, Figure 6-34 shows a system for processing mixed MSW. In this
process, the MSW is stored on a floor where unacceptable items—such as large
appliances, old lawn mowers, etc.—are removed and sent to the landfill. The first
separation step is a trommel screen, which also acts as a bag opener. Both the reject
and extract from the trommel screen are sent to magnets for removal of ferrous
products (mostly cans), which are then sent to a can flattener and then to storage.
The extract from the trommel (undersize) is sent to the landfill. The reject (oversize)
goes to a hand-sorting operation where corrugated cardboard, PETE plastic bottles,
HDPE plastic, and aluminum cans are removed. The first three go to balers and then
storage, while the aluminum cans are run through a magnet to remove any stray
steel cans, and the product is then sent to storage. Following hand sorting, the
remaining material is shredded and air-classified. Providing hand sorting ahead of
the shredder is an excellent idea, because it minimizes the chance of explosive materials finding their way to the shredder. The shredded material is then air-classified
to produce a refuse-derived fuel, which is stored for transportation to a power plant,
and the reject is again sent to the landfill.
Depending on the level of separation performed at the household level, sourceseparated material collected at curbside or at materials recycling centers can be
processed in various combinations. Consider, for example, a system where the
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Figure 6-35 A materials recovery facility for previously separated paper waste.

householder is asked to sort out all papers, regardless of type. Since mixed paper has
a lower market value, a simple separating process consisting of hand sorting would
be appropriate, as shown in Figure 6-35. The mixed paper is received at the plant,
and a conveyor belt presents the papers to the pickers, who make decisions based
on types of paper to be separated, such as office paper, newspaper, and magazines.
Unwanted material, such as plastics, would be rejected.
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If the separated material consisted of bottles and cans, the processing facility
might look like Figure 6-36. Here the aluminum cans are removed from the collection vehicle and run through a magnet for the removal of stray steel cans.
Unless the separation has been done by a person on a truck, an operator has to be
assigned to the operation to prevent glass bottles and plastics from entering the
magnet.
The role of the solid waste engineer, when employed by a municipality or waste
authority, is to understand the overall performance of such facilities, and to relate
the performance to the available markets. A knowledge of the quality and quantity,
as well as dependability, of the waste supply is critical. These engineers must also
understand the operational costs and the details of the financing, including sale of
the products.
Detailed design of a materials recovery facility is often done by consulting
firms, and engineers practicing as consultants have to have a workable knowledge of the individual unit operations. These engineers have to understand the
separation process as well as such ancillary requirements as traffic flow, power
needs, and the structural aspects of the building in which the equipment is to
function.
Finally, engineers employed by the manufacturers of the equipment must understand how their equipment will fit into a materials recovery system and what it will
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be expected to do. These engineers are as critical to the success of the facility as the
other two types of engineers. They have a clear conflict, however, since they are
employed by the manufacturer to sell equipment, but they have to make sure that
this equipment works. They cannot, for example, say that the capacity of a trommel
screen is 5 tons/hour, when they know full well that other facilities have found that
it can function well only at less than 3 tons/hour. The problem is that there are many
trommel screen manufacturers, and the tendency is to oversell the product’s performance to make the sale.
In summary, there are three levels of engineering responsibility:
• Engineers who must understand the overall nature of the system, including the
nature of the feedstock and the markets for the products.
• Engineers who must understand the system and how each unit operation is to perform within the materials recovery system.
• Engineers who must understand each unit operation and who must be careful to
apply such equipment appropriately.

6-7-1 Performance of Materials Recovery Facilities
The potential performance of all such systems, regardless of the arrangement of the
unit operations, can be summarized using a notation originally devised by Hasselriis.15 The system is based on the idea that each unit operation rejects some fraction
of the feed and extracts the remaining, and that these fractions of reject and extract
are the same regardless of where the unit operation is placed in the process train.
Define f as the split or the fraction of material rejected by any unit operation, and
thus, 1  f is the fraction of material extracted by the unit operation. The use of this
idea is illustrated by the following example.

EXAMPLE
6-4

Consider a processing operation consisting of an air classifier, a trommel screen, a
magnet, and a disc screen placed in various sequences. The feed is assumed to contain four materials: paper, glass, ferrous, and aluminum. The f-value (fraction of
material rejected) for each of the unit operations for each of the materials is shown
here:

Paper
Glass
Ferrous
Aluminum

Air Classifier

Trommel Screen

Magnet

Disc Screen

0.1
0.8
1.0
0.9

0.9
0.1
1.0
0.9

1.0
1.0
0
0.9

0.9
0
1.0
0.9

The assumption is that the air classifier will reject 10% of the paper and accept
90% of the paper (f  0.1 and 1  f  0.9). The trommel screen, however, will
reject 90% of the paper.
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Assume further that the feed rates of the mixed materials are as follows.

SOLUTION

Material

Feed, lb/h

Paper
Glass
Ferrous
Aluminum

70
10
10
10

Consider now option 1, the placement of the unit operations as
extract
extract
↑
↑
feed → air classifier → magnet → trommel → reject
↓
extract

Begin by placing the feed quantities in the form of a vertical array (A) followed by
an array of the f-values (f).
A
0.1
70
0.8
10
D T * D
1.0
10
0.9
10

f
1.0
1.0
0
0.9

0.9
0.1
T
1.0
0.9

Then calculate the reject from the air classifier by multiplying the f-value times
the feed, or 70  0.1 for the paper, 10  0.8 for the glass, and so on. The resulting
reject (B) (or that material that moves on to the next unit operation) is thus 7 for
paper, 8 for glass, and so on. The entire array looks like the following:
A
70
0.1
10
0.8
D T * D
10
1.0
10
0.9

f
1.0
1.0
0
0.9

B
0.9
7
0.1
8
T = D
1.0
10
0.9
9

7
8
0
8.1

6.3
0.8
T
0
7.3

For example, the fraction of paper rejected by the air classifier is 0.1, so that
70(0.1)  7. This reject then moves to the second unit operation, the magnet, where
all of it is rejected, or 1.0(7)  7. Moving on to the trommel screen, 0.9 is rejected,
or 7(0.9)  0.63, which is the reject from the trommel. This result can be used to
calculate the recovery and purity of various products. For example, the recovery of
paper (that fraction of paper entering the system that is actually recovered as the
extract from the air classifier) is calculated by first noting that the paper in the
extract from the air classifier is 70  7  63. The recovery is then
Rpaperair classifier =

63
100 = 90%
70
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The purity of the paper is calculated by noting than in addition to the 63
of paper, the air classifier extract includes 10  8  2 of glass, no ferrous, and
10  9  1 of aluminum for a total of 66. The purity is then
Rpaperair classifier =

63
100 = 95%
66

Similarly, the recovery of glass (as the trommel extract) is
Rglasstrommel =

8 - 0.8
100 = 72%
10

and its purity is
Rglasstrommel =

7.2
100 = 83%
0.7 + 0.8 + 7.2

suppose the unit operations are now arranged as follows:
extract
extract
↑
↑
feed → trommel screen → magnet → air classifier → reject
↓
extract

The array would look like this:
A
70
0.9
10
0.1
D T * D
10
1.0
10
0.9

f
1.0
1.0
0
0.9

B
1.0
63
0.8
1
T = D
1.0
10
0.9
9

63
1
0
8.1

6.3
0.8
T
0
7.3

Using the product array, we can calculate the recovery of paper by first noting
that the extract from the air classifier is 63  6.3 or about 56.7. Thus the recovery is
Rpaperair classifier =

56.7
100 = 81%
70

but now the purity of the paper is calculated by noting that the extract includes, in
addition to the paper, 1  0.8  0.2 of glass, 0 of ferrous, and 8.1  7.3  0.8 aluminum, for a total of 57.7. The purity is then (56.7/57.7)100  98.2%, which is far
better than with the first option. Clearly, if the primary objective of the materials recovery facility is to produce a paper product of high purity (say, greater than 98% purity),
then the second option would be the better arrangement of the unit operations (even
though only 81% of the paper would be recovered).
A caution that ought to be obvious: We assume in the foregoing analysis that the
fraction of material extracted or rejected is the same regardless of what unit operation precedes the separation step, so that the quality of the feed does not matter in
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the recovery or purity of the product. This is not true, of course, but as a means of
arriving at rough calculations and analyses for separation, the process is useful.
From the previous discussion, it is clear that there are a multitude of ways we
can construct materials recovery facilities. No attempt has been made in this chapter to present an exhaustive list of the possibilities. Handbooks such as Taggart’s
Handbook of Mineral Dressing32 and Manuals such as Susan Kinsella and Richard
Gertman’s “Single Stream Recycling Best Practices Manual” present an impressive
compilation of machines and processes and include some techniques used in MRFs.
An emerging field such as resource recovery has to borrow from many fields and
select those devices that show most promise. With thousands of facilities throughout the United States and around the world processing solid waste, recyclables, and
yard waste, the different designs and combinations of processing equipment are
almost endless. The “perfect” system has yet to be designed, and given the variable
nature of solid waste, it never will be designed. Each facility has a unique set of
requirements, and the engineer must factor all of these into the design.

6-8 FINAL THOUGHTS
In the United States and many other countries, environmental decision making has
become increasingly public and consultative. A decision to construct a power station, a prison, or a waste-to-energy plant affects many people. These people rightly
have a say in the planning process through formal and informal participation,
including consultation, lobbying, and public hearings. The opportunity for class
action suits and the relative ease with which United States law grants standing to
concerned individuals in environmental cases provide additional access for public
involvement. Despite all of this representation, one large group of people receives
no hearing. These are the people yet to be born.
The effects of today’s management decisions will be felt for years to come.
Indeed, many decisions have no effects until decades later. For example, it may
take generations for waste containers to corrode, for their contents to leach, for
the leachate to migrate and pollute groundwater, and for toxic effects to occur.
The only persons to be adversely affected by a management decision may be the
only persons who have no say in the decision. They cannot speak up for themselves, and unlike children, they have no one legally responsible for representing
their interests. In fact, we often deliberately ignore the interests of future generations. For decades, we have produced (and continue to produce) long-lived
radioactive wastes without any agreement about how to keep them safe in the
future or even whether they can be kept safe at all. If we were serious about protecting future generations, we wouldn’t generate the waste until we have figured
out how to manage it safely.
Instead, there is no clear long-term responsibility for hazardous waste management. United States legislation is much more comprehensive and, in principle,
tougher than that of most countries. The main statute, the Resource Conservation
and Recovery Act of 1976, requires waste facility operators to provide “perpetual
care” for depositories. “Perpetual care,” however, is defined as a period of only 30
years. In terms of the interests of future generations, when we say “perpetual” we
should mean perpetual—not just a few decades.
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ABBREVIATIONS USED IN THIS CHAPTER
HDPE  high-density polyethylene
PETE  polyethylene terephthalate

MRF  materials recovery facility
RDF  refuse-derived fuel

PROBLEMS
6-1.

6-2.

6-3.

6-4.

6-5.

6-6.

Suppose that a proposal is made to handsort all of the refuse from a town of 100,000
people. Estimate the manpower and cost
required, and describe the problems
involved in implementing such a program.
Estimate the critical speed and horsepower requirements for a trommel
screen, 3 m in diameter, processing refuse
so as to run 25% full.
If the angle of a trommel screen were
increased (steeper), how would this affect
the critical speed, horsepower, and efficiency?
Aluminum chips of uniform diameter 1.0
in. are to be separated from glass of
100% less than 0.5 in. by use of a singledeck reciprocating screen. The total feed
rate is 1 ton/h, consisting of 0.1 ton/h of
aluminum and 0.9 ton/h of glass. It is
required to produce an aluminum fraction that is 99% pure (by weight). Find
the area and size of screen required.
Using the aluminum/glass mixture specified in Problem 6-4, assume that the smallest glass particle of significance is 0.05 in.
in diameter. Estimate the air-classifier size
and throat velocity required to separate
the glass from the aluminum.
If the pressure drop through a cyclone is
assumed to be 1 in. of water, estimate the
diameter of cyclone required for various
air-flow rates to remove 1-in.-diameter
aluminum chips.

6-7.

6-8.

6-9.

Estimate the air velocity required in an air
classifier to just suspend a piece of glass of
0.5 in. in diameter. Suppose that a 0.4 volume fraction of the throat section were
occupied by glass. What would the required
air velocity be to suspend this glass?
What density of fluids is needed to separate glass, aluminum, and plastics into the
three individual components? What specific fluids might be used for this purpose?
Two air-classifier manufacturers report
the following performance in Table P6-9
for their units.

Table P6-9
Manufacturer A:
Recovery of organics—80%
Recovery of inorganics—80%
Manufacturer B:
Overall recovery—60%
Purity of light fraction—95%

Assume a feed that consists of 80%
organics. Compare the performance of
the two units.
6-10. A shredded refuse is to be screened to
recover the glass fraction. For the purposes
of this analysis, the waste to be screened is
divided into “glass” and “nonglass” fractions. The material to be screened has 25%
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Problems
by weight of “glass” and 75% by weight of
“nonglass.” The size distribution of each
fraction is shown in Table P6-10.
Table P6-10
Particle size (in.)

Percent finer than (%)
Glass
Non-glass

2

100

20

1

100

10

0.5

80

8

0.25

20

5

0.125

5

0
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6-12. A drop test was conducted for paper and
plastics. The results are shown in Figure
6-37. In this test, the pieces were dropped
from a height and their terminal settling
velocities calculated (Table P6-12). The
paper is to be separated from the plastic
using an air classifier with at least 95%
purity of the paper. What air velocity
should be used in the air classifier to
obtain the maximum recovery of paper at
the required purity?
Table P6-12

a.

Would it be possible to select a screen
size such that all (100%) of the glass
can be recovered (as screen extract)?
b. If a glass product of minimum 90%
pure is to be obtained from the
screening in Problem 6-10, what size
holes must be used, and what is the
recovery at this purity?
6-11. A 2.4-m-diameter trommel screen rotating at 4 rpm is 7.6 m long and set at an
angle ( ) of 15°. The feed rate is 10
tonnes per hour of raw MSW.
a. What is the critical speed?
b. At 4 rpm, would you expect it to be
cascading, cataracting, or centrifuging?

Terminal settling
velocity (m/sec)

Percent of particles
with terminal settling
velocities less than
Paper
Plastic

0.5

0

0

1.0

15

0

1.5

80

25

2.0

100

68

2.5

100

95

3.0

100

100

6-13. A center-fed sink/float apparatus is 2
meters deep and has a fluid with a density
of 1.2 g/cm3 and a viscosity of 0.015
poise. Three plastics are to be separated,
with the results given in Table P6-13.

Percent of particles with terminal
settling velocity less than

100
80
PAPER

60

PLASTIC

40
20
0
0

0.5

1.0

1.5

2.0

2.5

3.0

Terminal settling velocity (m/s)
Figure 6-37 Results of drop test with paper and plastic pieces. See Problem 6-12.
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Table P6-13
Plastic

Feed
(kg/h)

Density
(g/cm3)

Overflow
(kg/h)

A

42

1.4

5

B

38

1.1

35

C

20

0.9

18

a.

What is the recovery of plastic B in
the overflow?
b. What is the purity of plastic B in the
overflow?
c. If plastic B is made of spheres 0.5
mm in diameter, how long would the
spheres take to reach the top?
6-14. Two materials, A and B, are to be separated using two unit operations, 1 and 2.
The feed has 10 tons/h A and 4 tons/h B.
The split (fraction of material rejected by
each operation) is given in Table P6-14.
Table P6-14
Split (fraction rejected)
by unit operation
1
2

Material
A

0.2

0.5

B

0.4

0.8

a.

Which sequence of operations, (1 : 2)
or (2 : 1), will yield the greatest recovery of material A?
b. What will be purity of material A
using that sequence?
c. What will be the efficiency of separation for the entire process train with
regard to material A using the Worrell-Stessel equation?
6-15. Plot a curve showing the fraction of feed
exiting as extract in a trommel screen versus the speed of the trommel. (Extract is
what falls through the holes.)
6-16. The specific gravity of aluminum is about
1.6, and the viscosity of air is about
5  107 lb-s /ft2. If a velocity of 1500 feet

per minute is required to suspend shredded pieces of an aluminum can, what
would be the aerodynamic diameter?
6-17. What feed characteristics and operational
variables will make the eddy current separator less effective than it might theoretically be?
6-18. An air classifier receives a feed of organics
and inorganics, and the two are to be separated. A preliminary test is conducted
with the results given in Table P6-18.
Table P6-18
Organics
in the
Feed
(lb/h)

Inorganics
in the
Feed
(lb/h)

Air
Velocity
(ft/sec)

Organics
in
Extract
(lb/h)

Inorganics
in Extract
(lb/h)

18

20

20

5

0.5

18

20

40

8

1

18

20

50

12

2

18

20

60

17

3.5

18

20

80

18

6

a.

If an extract of minimum 85% is
required, what is the highest recovery
possible?
b. Using the Worrell-Stessel efficiency
definition, what air velocity yields
the highest efficiency?
6-19. Three separation unit operations—
trommel screen, magnet, and air
classifier—are available for use in separating a feed made up of paper, ferrous,
and glass. The splits (fraction of each
material being rejected in each operation)
are as given in Table P6-19.
Table P6-19

Material

Feed in
tons/
hour

Fraction rejected
Trommel
Air
Screen
Magnet Classifier

Paper

40

0.9

0.9

0.1

Ferrous

10

0.5

0.05

0.95

Glass

10

0.1

1.0

0.5
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6-23.

Shredder

Air
classifier

Magnet

Screen
Paper 0
Glass 10
Steel 0
Plastic 2

Paper 100
Glass 20
Steel
10
Plastics 40

What percent of steel entering the
plant is recovered by the magnet?
b. What is purity of the paper produced
by the air classifier?
c. What is the fraction of incoming
MSW that ends up in the landfill?
d. Which of the unit operations is a
polynary separator?
6-24. Design a materials recovery facility for a
mixed municipal solid waste that will
have as the end product the following
materials: clear class, colored glass, aluminum, ferrous material, and corrugated
cardboard. Draw a plan for such a facility with unit operations clearly labeled.
Include on this plan the receiving station
and all methods of material transport
between unit operations, and indicate the
fate of material not collected.
6-25. Construct a matrix array using appropriate splits for the materials separation system consisting of a trommel screen, a
magnet, and an air classifier. If the objective is to produce clean ferrous (expressed
as both the recovery and purity), which
configuration would be chosen? Assume
three materials make up the mixed feed:
paper, ferrous, and glass. Table P6-25
provides the feed tonnages and the splits
(a split is defined as the fraction continuing on, or rejected by the unit operation):

2
0
8
2

6-22.

a.

Paper
Glass
Steel
Plastic

6-21.

Paper 80
Glass 10
Steel
0
Plastics 20

6-20.

Using the array notation in the last section of
this chapter, determine the order and combination of any three of the unit operations if
the objective is to produce the highest recovery and purity of ferrous material. You can
use one, two, or three unit operations.
A community collects mixed cans, aluminum and steel. Design a materials separation facility for separating aluminum
cans from steel cans. Show the floor plan,
including all conveying equipment, storage bins, etc. Analyze the robustness of
your facility by assuming that each of the
unit operations (including conveyors)
goes down—one at a time. Can your
facility still function?
A shredded MSW is to be air-classified in
a straight-wall air classifier with throat
dimension of 18 in.  18 in. What should
be the maximum capacity of the fan?
Assume the air is incompressible and
make all other necessary assumptions.
Explain why a pulsed-flow air classifier
would have better performance characteristics than a straight-vertical-tube air classifier. Start your explanation by first defining
what is meant by “better performance”?
Figure 6-38 is a sketch of a clean material
recovery facility. The flow rates of the various materials streams are indicated by
the numbers—all having units of tons/day.
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Figure 6-38 Flow of four materials through a materials recovery facility. See Problem 6-23
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Table P6-25
Tons
per
hour

Trommel
Screen

Magnet

Air
Classifier

Paper

40

0.90

0.90

0.10

Ferrous

10

0.5

0.05

0.95

Glass

10

0.10

1.00

0.50

Material

Split

6-26. Shredded solid waste was run through a
set of sieves with the results given in
Table P6-26.

6-31. Design a facility for separating aluminum
cans from steel cans. Show all of the storage points, unit operations, and means of
conveyance. Submit a floor plan and an
elevation.
6-32. An industrial materials recovery facility is
to separate out two materials, A and B.
Air classification is considered one option
for such separation. A drop test is performed on the materials, with the results
given in Table P6-32.
Table P6-32

Table P6-26
Terminal Settling
velocity, m/sec

Percent of Particles with
Falling Velocities Less than
the Given Velocity
A
B

Sieve size (inches)

Fraction of Feed
Retained on Sieve

0.25

10

10

0.05

0.50

30

5

8

0.20

0.75

85

10

4

0.32

1.00

100

50

2

0.18

1.25

100

80

1

0.20

1.50

100

100

6-27.
6-28.
6-29.

6-30.

What is the characteristic size of this
shredded material? (You may wish to use
the Rosin-Rammler paper.)
What is an eddy current separator and
how does it work?
Explain in your own words how a jig
works.
Which would separate a mixture of steel
and aluminum cans, a boance and adherence separator or a ferrous magnet?
Explain why.
Using your knowledge of trommel screen
behavior, plot a typical curve showing the
percent recovery (extract) versus trommel
(a) speed, (b) slope, and (c) feed rate.
Start by thinking of the extremes. For
example, the speed at zero rpm is one
extreme.

0

a.

Will it be possible to achieve 100%
recovery of material A as the extract
from the air classifier?
b. What would be the highest purity of
material A that can be achieved?
c. At 50% recovery of material A as the
extract, what will be the purity of the
extract with respect to material A?
6-33. According to Figure 6-20, is it possible to
completely separate one of the four materials from the other three? Explain your
answer.
6-34. Using Figure 6-27, what is the advantage
of the suspended type magnet over the
other two types of magnets?
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APPENDIX B:
Bulk Densities of Refuse Components

This appendix is based on Appendix J of Conducting a Diversion Study—A Guide
for California Jurisdictions published in March 2001 by the California Integrated
Waste Management Board. The table is a compilation of data from various sources
listed at the end of this appendix.

Construction and Demolition
Material
Ashes, dry
Ashes, wet
Asphalt, crushed
Asphalt/paving, crushed
Asphalt/shingles, comp, loose
Asphalt/tar roofing
Bone meal, raw
Brick, common hard
Brick, whole
Cement, bulk
Cement, mortar
Ceramic tile, loose 6" ⴛ 6"
Chalk, lumpy
Charcoal
Clay, kaolin
Clay, potter’s dry
Concrete, cinder
Concrete, scrap, loose
Cork, dry
Earth, common, dry
Earth, loose
Earth, moist, loose
Earth, mud

Size

Study

LBS

1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic yard
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot

FEECO
FEECO
FEECO
Tellus
Tellus
Tellus
FEECO
FEECO
Tellus
FEECO
FEECO
Tellus
FEECO
FEECO
FEECO
FEECO
FEECO
Tellus
FEECO
FEECO
FEECO
FEECO
FEECO

35–40
45–50
45
1,380
418.5
2,919
54.9
112–125
3,024
100
145
1,214
75–85
15–30
22–33
119
90–110
1,855
15
70–80
76
78
104–112

(continued)
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Construction and Demolition, continued
Material
Earth, wet, containing clay
Fiberglass insulation, loose
Fines, loose
Glass, broken
Glass, plate
Glass, window
Granite, broken or crushed
Granite, solid
Gravel, dry
Gravel, loose
Gravel, wet
Gypsum, pulverized
Gypsum, solid
Lime, hydrated
Limestone, crushed
Limestone, finely ground
Limestone, solid
Mortar, hardened
Mortar, wet
Mud, dry close
Mud, wet fluid
Pebbles
Pumice, ground
Pumice, stone
Quartz, sand
Quartz, solid
Rock, loose
Rock, soft
Sand, dry
Sand, loose
Sand, moist
Sand, wet
Sewage, sludge
Sewage, sludge dried
Sheetrock scrap, loose
Slag, crushed
Slag, loose
Slag, solid
Slate, fine ground
Slate, granulated

Size

Study

LBS

1 cubic foot
1 cubic yard
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic yard
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot

FEECO
Tellus
Tellus
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
Tellus
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
Tellus
FEECO
FEECO
Tellus
FEECO
FEECO
FEECO
FEECO
Tellus
Tellus
Tellus
FEECO
FEECO
FEECO

100–110
17
2,700
80–100
172
157
95–100
130–166
100
2,565
100–120
60–80
142
30
85–90
99.8
165
100
150
110
120
90–100
40–45
39
70–80
165
2,570
100–110
90–110
2,441
100–110
110–130
40–50
35
393.5
1,998
2,970
160–180
80–90
95

(continued)
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Construction and Demolition, continued
Material
Slate, solid
Sludge, raw sewage
Soap, chips
Soap, powder
Soap, solid
Soil/sandy loam, loose
Stone or gravel
Stone, crushed
Stone, crushed, size reduced
Stone, large
Wax
Wood ashes

Size

Study

LBS

1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot

FEECO
FEECO
FEECO
FEECO
FEECO
Tellus
FEECO
FEECO
Tellus
FEECO
FEECO
FEECO

165–175
64
15–25
20–25
50
2,392
95–100
100
2,700
100
60.5
48

Size

Study

LBS

FEECO
FEECO
FEECO
FEECO
FEECO
USEPA
USEPA
USEPA
USEPA
USEPA
USEPA

80–100.00
2,160.00
40–50.0
172
157
2.10–2.80
0.53
0.5
12
22
1.08

Size

Study

LBS

1 cubic yard
1 cubic yard

Tellus
Tellus

22.55
75.96

1 cubic yard

Tellus

72.32

Glass
Item
Glass, broken
Glass, broken
Glass, crushed
Glass, plate
Glass, window
Glass, 1 gallon jug
Glass, beer bottle
Glass, beverage—8 oz
Glass, beverage—8 oz
Glass, beverage—12 oz
Glass, wine bottle

1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot
each
each
1 bottle
1 case ⴝ 24 bottles
1 case ⴝ 24 bottles
each

Plastic
Item
Film plastic/mixed, loose
HDPE Film plastics,
semi-compacted
LDPE Film plastics,
semi-compacted
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Plastic, continued
Item

Size

Study

LBS

USEPA
USEPA
USEPA

0.1
0.33
0.19–0.25

HDPE, common beverage containers
Plastic, HDPE juice, 8 oz
Plastic, 1 gallon HDPE jug
Plastic, 1 gallon HDPE
beverage cont.

8 oz.
1 gallon
milk/juice

PETE, common beverage containers
Plastic, 1 liter PETE beverage
bottle w/o cap
Plastic, PETE water bottle
Plastic, PETE, 2 liter

1 liter

USEPA corr.

0.09

50 oz.
(over 1.5 liters)
1 bottle

USEPA

0.12

USEPA

0.13

1 gallon

USEPA

0.42

1/2 gallon

USEPA

0.09

12 oz.

USEPA

0.05

Study

LBS

33 gallons
25 gallons
5 gallons
each
100 bags
.
.
.
1 gallon

USEPA
USEPA
USEPA
USEPA
USEPA corr.
USEPA
USEPA
USEPA
USEPA

3
1.1
1.9
0.63
0.77
0.05
1.2
1.5
0.06

1 quart size

USEPA

0.2

1 qt size
1 cubic yard

USEPA
USEPA
USEPA

0.25
32
40

Plastic containers
Plastic, 1 gallon
container—mayo
Plastic, 1/2 gallon
plastic beverage cont.
Plastic, beverage container

Miscellaneous Plastic Items
Item
Plastic, bubble wrap
Plastic, bucket
Plastic, bucket w/metal handle
Plastic, cake decorator’s boxes
Plastic, grocery bag
Plastic, HDPE 10–12 fluid oz
Plastic, HDPE beverage case
Plastic, HDPE bread case
Plastic, HDPE gallon
containers (not beverage)
Plastic, HDPE (auto) oil
container
Plastic, pot
Plastic, mixed HDPE & PETE
Plastic, pallet, 48" ⴛ 48"

Size

(continued)
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Miscellaneous Plastic Items, continued
Item
Plastic, sheeting
Plastic, whole,
uncompacted PETE
Polyethylene, resin pellets
Polystyrene beads
Polystyrene, packaging
Styrofoam kernels
Polystyrene, blown
formed foam
Polystyrene, rigid, whole
PVC, loose

Size

Study

LBS

square yard
1 cubic yard

USEPA
USEPA

1
30–40

1 cubic foot
1 cubic foot
33 gallon
1 cubic yard
1 cubic yard

FEECO
FEECO
USEPA
Tellus
Tellus

30–35
40
1.5
6.27
9.62

1 cubic yard
1 cubic yard

Tellus
Tellus

21.76
341.12

Size

Study

LBS

1 cubic yard
1 cubic yard
one dozen
12" ⴛ 12"
25# size
50# dry goods
1 cubic foot
100 pages ledger
1 cubic yard
1 cubic yard

Tellus
Tellus
USEPA
USEPA
USEPA
USEPA
FEECO
USEPA
USEPA
USEPA

529.29
427.5
0.12
0.5
0.5
1
50
1
655
363.5

1 cubic yard

USEPA

755

13 gallon
33 gallon

USEPA
USEPA

10.01
25.41

55 gallon

USEPA

42.35

33 gallons
12" stack

USEPA
USEPA

8
12

Paper
Item
Books, hardback, loose
Books, paperback, loose
Egg flats
Egg flats
Paper sacks
Paper sacks
Calendars / Books
Catalogs
Computer printout, loose
Mixed Paper, loose
(construction, fax, manila,
some chipboard)
Mixed Paper, compacted
(construction, fax, manila,
some chipboard)
Office Paper (white,
color, CPO, junk mail)
Office Paper (white, color,
CPO, junk mail)
Office Paper (white, color,
CPO, junk mail)
Shredded Paper
White Ledger Paper

(continued)
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Paper, continued
Item
White Ledger #20, 8.5" ⴛ 11"
White Ledger #30, 8.5" ⴛ 14"
White Ledger w/o CPO, loose
White Ledger, uncompacted
stacked
White Ledger, compacted
stacked
Colored message pads
Padded envelope
Magazines, 8.5" ⴛ 11"
Manila envelope
Newspapers
Newspapers
Newspapers, loose
Newspapers, stacked
Phone book
Paper pulp, stock
Tab cards, uncompacted
Tab cards, compacted
Yellow legal pads

Size

Study

LBS

1 ream (500 sheets)
1 ream (500 sheets)
1 cubic yard
1 cubic yard

USEPA
USEPA
Tellus
USEPA

5
6.4
363.51
400

1 cubic yard

USEPA

800

1 carton (144 pads)
9" ⴛ 12"
10 units
1 cubic foot
12" stack
1 cubic foot
1 cubic yard
1 cubic yard
Ventura
1 cubic foot
1 cubic yard
1 cubic yard
1 case (72 pads)

USEPA
USEPA
USEPA
FEECO
USEPA
FEECO
USEPA
USEPA
USEPA
FEECO
USEPA
USEPA
USEPA

22
0.88
3
37
35
38
400
875
4
60–62.00
605
1,275.00
38

Size

Study

LBS

1 cubic yard

USEPA
USEPA
USEPA
USEPA
Tellus

0.1
0.2
0.15
0.69
21.5

Size

Study

Chipboard
Item
Chipboard, beverage case
Chipboard, beverage case
Chipboard, cereal box
Chipboard, fabric bolt
Paperboard/Boxboard/
Chipboard whole

4 pack
6 pack
average

OCC
Item
OCC, beverage case
OCC, box, large
OCC, box, medium
OCC, box, small
OCC, flattened boxes, loose
OCC, stacked

4 six-packs full case
48" ⴛ 48" ⴛ 60"
24" ⴛ 24" ⴛ 30"
12" ⴛ 12" ⴛ 15"
1 cubic yard
1 cubic yard

USEPA corr.
USEPA
USEPA
USEPA
Tellus
USEPA

LBS
0.99
4
2.2
1.1
50.08
50

(continued)
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OCC, continued
Item
OCC, whole boxes
OCC, uncompacted
OCC, compacted

Size

Study

LBS

1 cubic yard
1 cubic yard
1 cubic yard

Tellus
USEPA
USEPA

16.64
100
400

Size

Study

LBS

USEPA
USEPA
USEPA
USEPA
USEPA
Tellus
Tellus
USEPA
USEPA
Tellus
Tellus
Tellus
Tellus

108
4,320
25
840
325
1,080
343.7
12
200–250
74.42
36.9
46.69
527

Size

Study

LBS

1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard

FEECO
FEECO
FEECO
FEECO
FEECO
Tellus

24
5
24
3
30–50
463.39

Size

Study

LBS

FEECO
FEECO
USEPA
USEPA
FEECO

18
57
7.45
410
40–50

Organics
Item
Yard trims, mixed
Yard trims, mixed
Grass
Grass
Grass & leaves
Large limbs & stumps
Leaves, dry
Leaves
Leaves
Pine needles, loose
Prunings, dry
Prunings, green
Prunings, shredded

1 cubic yard
40 cubic yards
33 gallons
3 cubic yards
3 cubic yards
1 cubic yard
1 cubic yard
33 gallons
3 cubic yards
1 cubic yard
1 cubic yard
1 cubic yard
1 cubic yard

Other Organic Material
Item
Hay, baled
Hay, loose
Straw, baled
Straw, loose
Compost
Compost, loose

Food
Item
Bread, bulk
Fat
Fats, solid/liquid (cooking oil)
Fats, solid/liquid (cooking oil)
Fish, scrap

1 cubic foot
1 cubic foot
1 gallon
55 gallon drum
1 cubic foot

(continued)
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Food, continued
Item
Meat, ground
Oil, olive
Oyster shells, whole
Produce waste, mixed, loose

Size

Study

LBS

1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard

FEECO
FEECO
FEECO
Tellus

50–55
57.1
75–80
1,443

Size

Study

LBS

1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic yard

FEECO
Tellus
FEECO
FEECO
Tellus

25
1,628
41.2
24.3
1,252

Size

Study

LBS

FEECO
USEPA
Tellus
Tellus
Tellus
Tellus
Tellus
USEPA
Tellus
FEECO
FEECO
FEECO

15
40
425.14
776.3
435.3
375
440
500
329.5
30-50
45–65
15

Study

LBS

USEPA

2.5

Study

LBS

USEPA
USEPA

75
20

Manure
Item
Manure
Manure, cattle
Manure, dried poultry
Manure, dried sheep & cattle
Manure, horse

Wood
Item
Cork, dry
Pallet, wood or plastic
Particle board, loose
Plywood, sheet 2' ⴛ 4'
Roofing/shake shingle, bundle
Sawdust, loose
Shavings, loose
Wood chips, shredded
Wood scrap, loose
Wood, bark, refuse
Wood, pulp, moist
Wood, shavings

1 cubic foot
average 48" ⴛ 48"
1 cubic yard
1 cubic yard
1 cubic yard
1 cubic yard
1 cubic yard
1 cubic yard
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot

Miscellaneous
Item
Toner cartridge

Size
.

Rubber
Item
Tire, bus
Tire, car

Size
.
.

(continued)
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Rubber, continued
Item
Tire, truck
Rubber, car bumper
Rubber, manufactured
Rubber, pelletized

Size

Study

LBS

.
.
1 cubic foot
1 cubic foot

USEPA
USEPA
FEECO
FEECO

60–100
15
95
50–55

Size

Study

LBS

cubic yard
square yard
1 cubic foot
1 cubic yard
1 cubic foot
yard
1 cubic yard
1 cubic yard
1 cubic foot
1 cubic yard

Tellus
USEPA
FEECO
Tellus
FEECO
USEPA
Tellus
Tellus
FEECO
Tellus

225
1
54
303
42
1 gram
225
540
15–30
84.4

Size

Study

LBS

Textiles
Item
Clothing, used, mixed
Fabric, canvas
Leather, dry
Leather, scrap, semi-compacted
Rope
String
Used clothing, mixed, loose
Used clothing, compacted
Wool
Carpet & padding, loose

Metals
Aluminum
Item
Aluminum foil, loose
Aluminum scrap, cubed
Aluminum scrap, whole
Aluminum cans, uncrushed
Aluminum cans, crushed
Aluminum cans, crushed
Aluminum cans, crushed
Aluminum cans, crushed &
uncrushed mix
Aluminum cans, uncrushed
Aluminum cans, uncrushed
Aluminum cans, uncrushed
Aluminum cans, uncrushed
Aluminum cans (whole)
Aluminum, chips
Aluminum/Tin cans
commingled-uncrushed

1 cubic yard
1 cubic yard
1 cubic yard
1 case ⴝ 24 cans
13 gallons
33 gallons
39 gallons
1 cubic yard

Tellus
Tellus
Tellus
USEPA
USEPA corr.
USEPA
USEPA
Tellus

48.1
424
175
0.89
7.02
17.82
31.06
91.4

1 full grocery bag
13 gallons
33 gallons
39 gallons
1 cubic yard
1 cubic foot
33 gallon

USEPA
USEPA
USEPA
USEPA
USEPA
FEECO
USEPA

1.5
2.21
5.61
6.63
65
15–20
11.55
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Ferrous
Item
Metal scrap
Metal scrap
Metal, car bumper
Paint can
Radiator, ferrous
Hanger (adult)
Hanger (child)
Tin can, ferrous
Tin can, ferrous
Tin can, ferrous
Tin coated steel cans
Tin coated steel cans
Tin, tuna can (3/4 of #10)
Tin, cat food can, ferrous
Tin, dog food can, large
Tin, dog food can, Vet
Tin, cast
Cast iron chips or borings
Iron, cast ductile
Iron, ore
Iron, wrought
Steel, shavings
Steel, solid
Steel, trimmings
Brass, cast
Brass, scrap
Bronze
Copper fittings, loose
Copper pipe, whole
Copper, cast
Copper, ore
Copper, scrap
Copper, wire, whole
Chrome ore (chromite)
Lead, commercial
Lead, ores
Lead, scrap
Nickel, ore
Nickel, rolled

Size
55 gallon
cubic yard
each
5 gallon
each
each
each
#2.5
#5
#10
1 cubic yard
1 case (6 #10 cans)
each
8 oz.
22 oz.
15.5 oz.
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic yard
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic yard
1 cubic foot
1 cubic foot
1 cubic foot
1 cubic yard
1 cubic foot
1 cubic foot

Study

LBS

USEPA
USEPA
USEPA
USEPA
USEPA
CIWMB
CIWMB
USEPA
USEPA
USEPA
USEPA
USEPA
USEPA
USEPA
USEPA
USEPA
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
FEECO
Tellus
FEECO
Tellus
Tellus
FEECO
FEECO
Tellus
Tellus
FEECO
FEECO
FEECO
Tellus
FEECO
FEECO

226.5
906
40
2.21
20
0.14
0.09
0.13
0.28
0.77
850
22
0.58
0.14
0.22
0.11
455
130–200
444
100–200
480
58–65
487
75–150
519
906.43
552
1,047.62
210.94
542
120–150
1,093.52
337.5
125–140
710
200–270
1,603.84
150
541
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Furniture
Item
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Desk
Workstation
Workstation
Bridge
Bridge
Credenza
Credenza
Credenza
Round
conference
table
Bookcase
Bookcase
Bookcase
Bookcase
Bookcase
Bookcase
Bookcase
Bookcase
Bookcase
Bookcase
Bookcase
Bookcase
File Cabinet
File Cabinet
File Cabinet

Type

Material

Size

LBS

Executive, single pedestal
Executive, double pedestal
Double pedestal
Double pedestal
Single pedestal
Single pedestal
Double pedestal
Double pedestal
Double pedestal
Single pedestal
Single pedestal
Single pedestal
Single pedestal
Small modular panel system
Large modular panel system
with return
with return
Executive
.
.
.
with knee space
.

Wood
Wood
Laminate
Laminate
Laminate
Laminate
Metal
Metal
Metal
Metal
Metal
Metal
Metal
.
.
Laminate
Metal
Wood
Laminate
Wood
Laminate
Metal
Wood

72" ⴛ 36"
.
72" ⴛ 36"
60" ⴛ 30"
72" ⴛ 36"
42" ⴛ 24"
72" ⴛ 36"
60" ⴛ 30"
54" ⴛ 24"
72" ⴛ 36"
48" ⴛ 30"
42" ⴛ 24"
40" ⴛ 20"
.
.
60" ⴛ 30"
60" ⴛ 30"
.
.
.
.
60" ⴛ 24"
42" diameter

246.33
345
299.5
231
250
146
224.67
184.75
124
189
133.67
146
82
422
650
329.33
230.67
76.67
140
250.78
230.14
156.67
91.5

3 shelves
4 shelves
5 shelves
6 shelves
7 shelves
4 shelves
5 shelves
2 shelves
3 shelves
4 shelves
5 shelves
6 shelves
2 drawer, lateral
2 drawer, lateral
2 drawer, lateral

Wood
Wood
Wood
Wood
Wood
Laminate
Laminate
Metal
Metal
Metal
Metal
Metal
Wood
Laminate
Metal

36" wide
36" wide
36" wide
36" wide
34" wide
.
.
34"–36"
34"–36"
34"–36"
34"–36"
34"–36"
.
.
30"–42"

90
110.9
138.8
134.6
138.5
85
110
44.5
57.5
70.5
89
101
155.14
171.5
230.67
(continued)
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Furniture, continued
Item
File Cabinet
File Cabinet
File Cabinet
File Cabinet
File Cabinet
Chair
Chair
Chair
Chair
Chair
Personal
Computer
Computer
monitor
Computer
printer

Type

Material

Size

LBS

4 drawer, lateral
2 drawer, vertical
4 drawer, vertical
2 drawer, vertical
4 drawer, vertical
Executive desk
Guest arm
Swivel arm
Secretary with no arms
Stacking
CPU (Central
Processing Unit)
.

Metal
Metal
Metal
Metal
Metal
.
.
.
.
.
.

36"
Letter size
Letter size
Legal size
Legal size
.
.
.
.
.
.

207.33
60.6
107.6
71.5
123.5
51.167
38.2
45.25
31.76
15.83
26

.

.

30

.

.

.

25.33

* This data is from the U.S. EPA Business Users Guide Study.
Source Acronyms Used:
CIWMB
California Integrated Waste Management Board
FEECO
FEECO Incorporated
Tellus
Tellus Institute, Boston, Massachusetts
USEPA
United States Environmental Protection Agency
Business Users Guide

REFERENCES
EPA Municipal and Industrial Solid Waste, Washington, D.C. and University of California Los
Angeles Extension Recycling and Municipal
Solid Waste Management Program. 1996.
Business Waste Prevention Quantification
Methodologies—Business Users Guide
(November). Los Angeles, California.
EPA. 1997. Measuring Recycling: A Guide For
State and Local Governments (September).
Publication number EPA530-R-97-011.
Cal Recovery Inc., Tellus Institute, and
ACT...now. 1991. Conversion Factors for
Individual Material Types. Submitted to

California Integrated Waste Management
Board (December).
FEECO International, Inc. FEECO International Handbook, 8th Printing (Section 2245 to 22-510). Green Bay, Wisconsin.
Harivandi, M. Ali, Victor A. Gibeault, and
Trevor O’Shaughnessy. 1996. “Grasscycling
in California.” California Turfgrass Culture
46: 1–2.
Alameda County Waste Management Authority
Home Composting Survey. 1992. Source
Reduction Through Home Composting.
Summary published in Biocycle (April).
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APPENDIX C:
Conversions

Multiply
acres
acres
acres
acres
acre-ft
atmospheres
atmospheres
atmospheres
atmospheres
Btu
Btu
Btu
Btu
Btu/ft3
Btu/lb
Btu/lb
Btu/s
Btu/ton
Btu/ton
calories
calories
calories
calories/g
calories/m3
calories/tonne
centimeters
cubic ft
cubic ft
cubic ft
cubic ft
cubic ft/lb
cubic ft/s
cubic ft/s
cubic ft of water
cubic in. of water

by
0.404
43,560
4047
4840
1233
14.7
29.95
33.9
10,330
252
1.053
1,053
2.93 ⴛ 10ⴚ4
8,905
2.32
0.555
1.05
278
0.00116
4.18
0.0039
1.16 ⴛ 10ⴚ6
1.80
0.000112
0.00360
0.393
1728
7.48
0.0283
28.3
0.0623
0.0283
449
61.7
0.0361

to obtain
ha
ft2
m2
yd2
m3
lb/in2
in. mercury
ft of water
kg/m2
cal
kJ
J
kWh
cal/m3
kJ/kg
cal/g
kW
cal/tonne
kJ/kg
J
Btu
kWh
Btu/lb
Btu/ft3
Btu/ton
in.
in3
gal
m3
L
m3/kg
m3/s
gal/min
lb of water
lb water

(continued)
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Multiply
cubic m
cubic m
cubic m
cubic m/day
cubic m/hr
cubic m/hr
cubic m/s
cubic m/s
cubic m/s
cubic m/s
cumec
cubic yards
cubic yards
C-ration
decacards
feet
feet/min
feet/s
fish
foot lb (force)
foot lb (force)
gallons
gallons
gallons/day
gallons/day/ft2
gallons/min
gallons/min
gallons/min
gallons/min
gallons/min/ft2
gallons of water
grams
grams/cm3
hectares
hectares
horsepower
horsepower
inches
inches of mercury
inches of mercury
inches of water
joules
joules
joules
joules
joules
joules/g
joules/s
kilocalories
kilocalories/kg

by
35.3
264
1.31
264
4.4
0.00638
1
35.31
15,850
22.8
1
0.765
202
100
52
0.305
0.00508
0.305
10–6
1.357
1.357
0.00378
3.78
43.8 ⴛ 10ⴚ6
0.0407
0.00223
0.0631
0.227
6.31 ⴛ 10ⴚ5
2.42
8.34
0.0022
1,000
2.47
1.076 ⴛ 105
0.745
33,000
2.54
0.49
0.00338
249
0.239
9.48 ⴛ 10ⴚ4
0.738
2.78 ⴛ 10ⴚ7
1
0.430
1
3.968
1.80

to obtain
ft3
gal
yd3
gal/day
gal/min
million gal/day
cumec
ft3/s
gal/min
mil gal/day
m3/s
m3
gal
rations
cards
m
m/s
m/s
microfiche
J
Nm
m3
L
L/s
m3/day/m2
ft3/s
L/s
m3/hr
m3/s
m3/hr/m2
lb water
lb
kg/m3
acre
ft2
kW
ft-lb/min
cm
lb/in2
N/m2
N/m2
cal
Btu
ft-lb
kWh
Nm
Btu/lb
W
Btu
Btu/lb

(continued)
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Conversions
Multiply
kilograms
kilograms
kilograms/ha
kilograms/hr
kilograms/m3
kilograms/m3
kilograms/m3
kilograms/tonne
kilojules
kilojules/kg
kilometers
kilometer/hr
kilowatts
kilowatt-hr
lite year
liters
liters
liters/s
liters/s
megaphone
meters
meters
meters/s
meters/s
microscope
miles
miles/hr
miles/hr
miles/hr
milligrams/L
million gal
million gal/day
million gal/day
million gal/day
million gal/day
newtons
newtons/m2
newtons/m2
newtons/m2
newton-m
pounds (mass)
pounds (mass)
pounds (mass)/acre
pounds(mass)/ft3
pounds (mass)/ton
pounds (mass)/yd3
pounds (force)
pounds (force)/in2
pounds (force)/in2
pounds (force)/in2

by
2.20
0.0011
0.893
2.2
0.0624
1.68
1.69
2.0
9.49
0.431
0.622
0.622
1.341
3600
365
0.0353
0.264
15.8
0.0228
1012
3.28
1.094
3.28
196.8
10ⴚ6
1.61
0.447
88
1.609
0.001
3,785
43.8
3785
157
0.0438
0.225
2.94 ⴛ 10ⴚ4
1.4 ⴛ 10ⴚ4
10
1
0.454
454
1.12
16.04
0.50
0.593
4.45
0.068
2.04
6895

393

to obtain
lb
tons
lb/acre
lb/hr
lb/ft3
lb/yd3
lb/yd3
lb/ton
Btu
Btu/lb
mile
miles/hr
horsepower
kJ
days drinking low-calorie beer
ft3
gal
gal/min
million gal/day
microphone
ft
yd
ft/s
ft/min
mouthwash
km
m/s
ft/min
km/hr
kg/m3
m3
L/s
m3/day
m3/hr
m3/s
lb(force)
in. mercury
lb/in2
poise
J
kg
g
kg/ha
kg/m3
kg/tonne
kg/m3
N
atmospheres
in. of mercury
N/m2
(continued)
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Conversions
Multiply
(force)/in2

pounds
pound cake
pounds of water
pounds of water
pounds of water
square ft
square m
square m
square miles
tons (2000 lb)
tons
tons/acre
tonnes (1000 kg)
tonnes/ha
two kilomockingbirds
watts
yard

by
6.89
454
0.01602
27.68
0.1198
0.0929
10.74
1.196
2.59
0.907
907
2.24
1.10
0.446
2000
1
0.914

to obtain
kPa
Graham crackers
ft3
in3
gal
m2
ft2
yd2
km2
tonnes (1000 kg)
kg
tonnes/ha
ton (2000 lb)
tons/acre
mockingbird
J/s
m
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