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Upon completing this 
chapter, you will be able to: 
• Summarize major approaches to 

managing waste, and compare 
and contrast the types of waste 
we generate 

• Discuss the nature and scale of 
the waste dilemma 

• Evaluate source reduction, reuse, 
com posting, and recycling as 
approaches for reducing waste 

• Describe landfills and incineration 
as conventional waste disposal 
methods 

• Discuss industrial solid waste and 
principles of industrial ecology 

• Assess issues in managing 
hazardous waste 

central 
CASE STUDY 

A Mania for Recycling 
on Campus 

An extraterrestrial observer 
might conclude that conversion 
of raw materials to wastes is the 

At that time of year when 
NCAA basketball fever 
sweeps America's cam-
puses, there's another real purpose of human economic 

activity. 
Gary Gardner and Payal Sampat, 

Worldwatch Institute 

kind of March Madness now taking hold: a mania 
for recycling. 

Recycling is one of the best 
environmental success stories of 

the late 20th century. 
U.S. Environmental Protection Agency 

It began in 2001 , when waste managers at two 
Ohio campuses got the idea to use their schools' 
long-standing athletics rivalry to jump-start their 
recycling programs. Ed Newman of Ohio University, 
in Athens, and Stacy Edmonds Wheeler of Miami 
University, across the state in Oxford , challenged 
one another to see whose campus could recycle 

more in a 1 0-week competition. Come April, Miami University had taken the prize, recycling 
41.2 pounds per student. Recyclemania was bam. 

Students at other colleges and universities heard about the event and wanted to get in 
on the action, and year by year more schools joined. Today Recyclemania pits several hun-
dred institutions against one another, involving several million students and staff across North 
America. The event has grown to have a board of directors and major corporate sponsors. 

Each year student leaders rouse their campuses to compete in 2 divisions and 11 dif-
ferent categories over 8 weeks in February and March. Every week during the competition, 
recycling bins are weighed and campuses report their data, which are compiled online 
at the Recyclemania website as the competition proceeds. The all-around winner gets a 
funky trophy made of recycled materials (a figure nicknamed "Recycle Dude," whose body 
is a rusty propane tank) - and, more important, global bragging rights for a year. 

In spring 2016, 350 colleges and universities slugged it out. In the end, the battlefield was 
littered with stories of the victors and the vanquished (FIGURE 22.1, p. 606). Richland College 
in Dallas, Texas, took top honors as Grand Champion, recycling an impressive 82 percent 
of its waste, topping runners-up University of Missouri-Kansas City and New Mexico State 
University. Richland's cross-town neighbor, North Lake College in Irving, Texas, won the com-
petition for least waste generated per capita, as its students limited their waste to just 
4.1 pounds per person. Loyola Marymount University in Los Angeles 
took the prize for most recyclables per capita, with a hefty 67.4 
pounds per student. Rutgers University claimed top honors 
in the Gorilla category, which measures total 
weight of items recycled, topping out at a 
staggering 2,057,581 pounds. 

Campuses also compete to see which 
can collect the most of certain types 
of items per person. In 2016, Loyola 
Marymount collected the most paper, 
the most bottles and cans, and the 
most corrugated cardboard, while 
Union College saved the most food 
waste. University of San Diego recycled 

The world's biggest collegiate waste management event 
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Miami University 
Co-founder of Recyclemania Ohio University 

Co-founder of Recyclemania 

dioxide-equal to the emissions output of more 
than 24,000 cars or the electricity use of more than 
15,000 homes. By focusing the attention of admin-
istrators on waste issues, Recyclemania facilitates 
the expansion of campus waste reduction pro-
grams. Most important, it gets a new generation 
of young people rew ed up about the benefits of 
recycling. 

Recyclemania is the biggest of a growing 
number of campus competitions in the name of 

Rutgers University 
Most material recycled 

sustainability. In the 3-week springtime event called 
the Campus Conservation Nationals, schools have 
competed against one another for savings in water 

Loyola Marymount University 
Most recyclables per student 

North Lake College 
Least waste per student 

Richland College 
82% recycling rate 

use and energy use. More than 345,000 students 
in 137 4 buildings at 125 colleges and universi-
ties took part in the 2015 Campus Conservation 
Nationals, saving 394,000 gallons of water (equal 
to 2500 hours in the shower) and 1.9 million kilo-
watt -hours of electricity (equivalent to taking 182 
homes off the power grid for a year). 

FIGURE 22.1 Four schools were top winners among 350 participating in 
Recyclemania 2016. The event began over 15 years ago at Ohio University 
and Miami University. 

Thanks in part to Recyclemania, recycling 
is the most widespread activity among campus 
sustainability efforts (pp. 16-17, 651-655). These 
efforts include water conservation, energy effi-

the most electronic waste per capita and University of Oregon 
the most film plastic. Finally, Loyola University Chicago, Ohio 
State University, University of Virginia, and Cornell University 
were champions in the competition to see who could best 
reduce waste at a home basketball game. 

By encouraging all this recycling, Recyclemania cuts down 
on pollution from the mining of new resources and the man-
ufacture of new goods. Each year students in the event help 
to prevent the release of more than 120,000 tons of carbon 

Approaches to 
Waste Management 
As the world 's population rises, and as we produce and con-
sume more material goods, we generate more waste. Waste 
refers to any unwanted material or substance that results from 
a human activity or process. Waste can degrade water quality, 
soil quality, air quality, and human health. Waste also indicates 
inefficiency-so reducing waste can save money and resources. 
For these reasons, waste management has become a vital pursuit. 

For management purposes, we divide waste into several 
categories. Municipal solid waste is nonliquid waste that comes 
from homes, institutions, and small businesses. Industrial solid 
l'l'aste includes waste from production of consumer goods, 
mining, agriculture, and petroleum extraction and refining. 
Hazardous waste refers to solid or liquid waste that is toxic, 
chemically reactive, flammable, or corrosive. Another type of 
waste is wastewater (p. 407), water we use in our households, 
businesses, industries, or public facilities and drain or f lush down 
our pipes, as well as the polluted runoff from streets and storm 
drains. (We discuss wastewater in Chapter 15, pp. 409-41 L.) 
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ciency, green buildings, transportation options, sustainable food 
in dining halls, and campus gardens. Students restore native 
plants and habitats, promote renewable energy, and advocate 
for carbon neutrality on campus. A growing movement, campus 
sustainability is thriving because for students, faculty, staff, and 
administrators, it's satisfying to do the right thing and pitch in to 
help make campuses more sustainable .... And it's even more fun 
when you can compete and show that you can do it better than 
your rival school across the state! 

There are three main components of lVaste management: 

1. Minimizing the amount of waste we generate 
2. Recovering discarded materials and finding ways to 

recycle them 
3. Disposing of waste safely and effectively 

We have several ways to reduce the amount of mate-
rial in the n•aste stream, the flow of waste as it moves from 
its sources toward disposal destinations (FIGURE 22.2). 
Minimizing waste at its source-called source reduction-is 
the preferred approach. We can achieve source reduction when 
manufacturers use materials more efficiently, or when consum-
ers buy fewer goods, buy goods with less packaging, or use 
those goods longer. Reusing goods you already own, purchas-
ing used items, and donating your used items for others all help 
reduce the amount of material entering the waste stream. 

The next-best strategy in waste management is recovery, 
which consists of recovering, or removing, waste from the 

waste stream. Recovery includes recycling and compost-
ing. Recycling is the process of collecting used goods and 
sending them to facilities that extract and reprocess raw 



WASTE STREAM STEPS TO REDUCE WASTE 

Make industrial practices more efficient 

are broken down at some point, and matter cycles 
through ecosystems (Chapter 5). People have taken 
these concepts from nature and applied them in our 
society to help cut down on waste and conserve 
resources. 

Minimize packaging for products 

Regardless of how well we reduce our waste 
stream through source reduction and recovery, there 
will likely always be some waste left to dispose of. 
Disposal methods include burying waste in landfills 
and burning waste in incinerators. The linear move-
ment of products from their manufacture to their 
disposal is often described as "cradle-to-grave." As 
much as possible, however, the modern waste man-
ager attempts to follow a cradle-to-cradle approach 
instead-one in which the materials from products 
are recovered and reused to create new products. 

Purchase "green" consumer products 

Reuse items 

Recycle items 

Compost materials at home 

Adopt municipal composting 

In our examination of these issues, we will first 
examine how waste managers use source reduction, 
recovery, and disposal to manage municipal solid 
waste, and then we will tum to industrial solid waste 
and hazardous waste. 

disposal 
(landfill, 

incinerator) 

FIGURE 22.2 The more materia l we with-
draw from the waste stream, the less we 
need to send to dispos al. Source reduction 
(top three steps) is the most effective way to 
minimize waste. 

materials that can then be used to manufacture new goods. 
Composting is the practice of recovering organic waste (such 
as food and yard waste) by converting it to mulch or humus 
(p. 214) through natural biological processes of decomposi-
tion. Recycling and composting are fundamental features 
of the way natural systems function; all materials in nature 

(a) Befo re recycling and composting 

Other (3.3%) 

Glass (4.5%) 

Wood 

Rubber, 
leather, 
and 
textiles 

Municipal Solid Waste 
Municipal solid waste is what we commonly refer 
to as "trash" or "garbage." In the United States, 
paper, food scraps, yard trimmings, and plastics are 
the principal components of municipal solid waste, 
together accounting for two-thirds of what enters 
the waste stream (FIGURE 22.3a). Paper is recycled 

at a high rate and yard trimmings are composted at a high 
rate, so after recycling and composting reduce the waste 
stream, food scraps and plastics are left as the largest compo-
nents of U.S. municipal solid waste (FIGURE 22.3b). In devel-
oping nations, food scraps are often the primary component, 
and paper makes up a smaller proportion. 

(b) After recycling and composting 

Wood 

Rubber, leather, 
and textiles 

FIGURE 22.3 Components of the municipal solid waste stream in the United States. Paper products 
make up the greatest portion by weight (a), but after recycling and composting removes many items (b), the 
waste stream becomes one-third smaller. Food scraps are now the largest contributor, because so much paper 
is recycled and yard waste is com posted. Data from u.s. Environmental Protection Agency, 2015. Advancing sustainable 
materials management: Facts and figures 2013. Washington, D.C.: EPA. 
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FIGURE 22.4 Rising U.S. waste generation has now leveled 
off. Total U.S. waste generation before recycling (blue line) nearly 
tripled after 1960, and U.S. per capita waste generation before 
recycling (red line) rose by 65%. In recent years, total and per-
person waste generation have each leveled off, largely thanks to 
source-reduction efforts. Data from U.S. Environmental Protection Agency, 
2015. Advancing sustainable materials management: Facts and figures 2013. 
Washington, D.C.: EPA. 

From these data, what would you infer has happened 
to the population size of the United States between 

1990 and 20137 Explain how you know this. 

Go to Interpreting Graphs & Data on MasteringEnvironmentaiScience' 

Most municipal solid waste comes from packaging and 
nondurable goods (products meant to be discarded after a 
short period of use). In addition, consumers throw away old 
durable goods and outdated equipment as they purchase new 
products. Plastics, which came into wide consumer use only 
after J 970, have accounted for the greatest relative increase in 
the waste stream during the past several decades. 

Consumption leads to waste 
As we acquire more goods, we generate more waste. In the 
United States since 1960, waste generation (before recovery) 
has nearly tripled (FIGURE 22.4), and per capita waste gen-
eration has risen by 64%. Today, U.S. citizens produce over 
250 million tons of municipal solid waste (before recovery)-
close to 1 ton per person. The average American generates 
2.0 kg ( 4.4 lb) of trash per day-considerably more than peo-
ple· in most other industrialized nations. The relative waste-
fulness of the U.S. lifestyle, with its excess packaging and 
reliance on nondurable goods, has caused critics to label the 
United States "the throwaway society." 

However, Americans are beginning to tum this around. 
Thanks to source reduction and reuse (especially by busi-
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nesses looking to cut costs), Americans now generate slightly 
less waste per capita than they did in the period between 1990 
and 2005 . 

In developing nations, people consume fewer resources 
and goods and, as a result, generate less waste. However, con-
sumption is intensifying in developing nations as they become 
more affluent, and consequently these nations are generating 
increasing amounts of waste. This growth in waste reflects 
rising material standards of living, but it also results from an 
increase in packaging, manufacturing of nondurable goods, 
and production of inexpensive, poor-quality goods that wear 
out quickly. As a result, trash is pi ling up and littering the 
landscapes of countries from Mexico to Kenya to Indonesia. 

Like U.S. consumers in the "throwaway society," wealthy 
consumers in developing nations often discard items that can 
still be used. In fact, at many dumps and landfills in the devel-
oping world, poor people support themselves by selling items 
that they scavenge (FIGURE 22.5). 

In many industrialized nations in addition to the United 
States, per capita generation rates have begun to decline in 
recent years. Wealthier nations also can afford to invest more 
in waste collection and disposal, so they are often better able 
to manage their waste and minimize impacts on human health 
and the environment. Moreover, enhanced recycling and 
composting-fed by a conservation ethic growing among a 
new generation on today 's campuses-have been removing 
more and more material from the waste stream (FIGURE 22.6). 
As of 2013 , U.S. waste managers were land.filling 53% of 
municipal solid waste, incinerating 13%, and recovering 34% 
for composting and recycling. 

FIGURE 22.5 Affluent cons umers discard so much usable 
material that some people in developing nations sup-
port thems elves by scavenging ite ms from dumps. Tens of 
thousands of people used to scavenge each day from this dump 
outside Manila in the Philippines, selling material to junk dealers 
for 1 OD-200 pesos (U.S. $2-$4) per day. The dump was closed in 
2000 after an avalanche of trash killed hundreds of people. 
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FIGURE 22.6 As recycling and 
composting have grown in the 
United States, the proportion 
of waste going to landfills has 
declined. As of 2013, 53% of 
U.S. municipal solid waste went to 
landfills and 13% to incinerators, 
whereas 34% was recovered for 
composting and recycling. Data from 
U.S. Environmental Protection Agency, 
2015. Advancing sustainable materials 
management: Facts and figures 2013. 
Washington, D.C.: EPA. 
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Reducing waste is our best option 
Reducing the amount of material entering the waste stream is 
the preferred option for managing waste. Recall that prevent-
ing waste generation in this way is known as source reduc-
tion. This preventative approach avoids costs o f disposal and 
recycling, helps conserve resources, minimizes pollution, and 
can save consumers and businesses money. 

One means of source reduction i s to lessen the materials 
used to package goods. Packaging helps to preserve freshness, 
prevent breakage, protect against tampering, and provide 
information- yet much packaging is extraneous. Consumers 
can give manufacturers incentive to reduce packaging by 
choosing minimally packaged goods, buy ing unwrapped fruit 
and vegetables, and buying food from the bulk sections of 
stores. Manufacturers can switch to packaging that is more 
recyclable. They can also reduce the size or weight of goods 
and materials, as they already have w ith aluminum cans, plas-
tic soft drink bottles, personal computers, and much else. 

Some governments have recentl y taken aim at a major 
source of waste and litter-plastic grocery bags. These light-
weight polyethylene bags can persist for centuries in the envi-
ronment, choking and entangljng wi ld life and littering d1e 
landscape-yet Americans discard I 00 billion of them each 
year. A number of cities and more than 20 nations have now 
enacted bans or limits on their use. Financial incentives are 
also effective. When ireland began taxing these bags, their 
use dropped 90%. IKEA stores began charging for them and 
saw similar drops in usage. Many businesses now give dis-
counts i f you bring your own reusable canvas bags. 

Increasing the longevity o f goods also helps reduce 
waste. B ecause companies seek to maximize sales, they often 
have a financial incentive to produce short-lived goods that 
need to be replaced frequently. As a result, increasing the lon-
gevity of goods i s largely up to the consumer. I f consumer 
demand for goods that l ast longer is great enough, manufac-
turers will respond. 

Year 

Reuse is a main strategy to 
reduce waste 
To reduce waste, you can save items to use again or substitute 
djsposable goods with durable ones. TABLE 22.1 presents a 
sampling of actions we all can take to reduce the waste we 
generate. Habits as simple as bringing your own coffee cup 
to coffee shops or bringing sturdy reusable cloth bags to the 
grocery store can, over time, have substantial impact. You can 

TABLE 22.1 Some Everyday Things You Can 
Do to Reduce and Reuse 

• Donate used items to charity 

• Reuse boxes, paper, plastic wrap, plastic containers, alumi-
num foil, bags, wrapping paper, fabric, packing material, etc. 

• Rent, borrow, or lend items instead of buying them 

• Bring reusable cloth bags shopping 

• Make double-sided photocopies 

• Keep electronic documents rather than printing items out 

• Bring your own coffee cup to coffee shops 

• Pay a bit extra for durable, long-lasting, reusable goods 
rather than disposable ones 

• Buy rechargeable batteries 

• Select goods with less packaging 

• Compost kitchen and yard wastes 

• Buy clothing and other items at resale stores and garage sales 

• Use cloth napkins and rags, not paper napkins and towels 

Adapted from U.S. Environmental Protection Agency. 
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also donate unwanted items and shop for used items yourself 
at yard sales and resale centers. More than 6000 reuse centers 
exist in the United States, including stores run by organiza-
tions such as Goodwill Industries and the Salvation Army. 
Besides being sustainable, reusing items saves money. Used 
items are often every bit as functional as new ones, and they 
are usually much cheaper. 

On some campuses, students collect unwanted items 
and resell them or donate them to charity. Students at the 
University of Texas at Austin run a ''Trash to Treasure" pro-
gram. Each May, they collect 40-50 tons of items that stu-
dents discard as they move off campus and then resell them 
at low prices in August to arriving students. This keeps waste 
out of the landfill , provides arriving students with items they 
need at low cost, and raises $ 10,000-20,000 per year that 
gets plowed back into campus sustainability efforts. Hamilton 
College in New York runs a similar program, called "Cram & 
Scram." It reduces Hamilton's landfill waste by 28% (about 
90 tons) each May. 

Com posting recovers organic waste 
Composting is the conversion of organic waste into mulch 
or humus (p. 2 14) through natural decomposition. We can 
place waste in compost piles, underground pits, or specially 
constructed containers. As waste is added, heat from micro-
bial action builds in the interior and decomposition proceeds. 
Banana peels, coffee grounds, grass clippings, autumn leaves, 
and other organic items can be converted into rich, high-
quality compost through the actions of earthworms, bacteria, 
soil 1nites, sow bugs, and other detritivores and decomposers 
(pp. 78, 212). The compost is then used to enrich soil. Home 
com posting is a prime example of how we can live more sus-
tainably by mimicking natural cycles and incorporating them 
into our daily lives. 

On campus, composting is becoming popular. Ball State 
University in Indiana shreds surplus furniture and wood pal-
lets and makes them into mulch to nourish campus plantings. 
Ithaca College in New York composts 44% of its food waste, 
saving $ 11 ,500 each year in landfi ll disposal fees. The com-
post is used on campus plantings, and student-run experi-
ments showed that the plantings grew better with the compost 
mix than with chemical soil amendments. 

Municipal composting programs-more than 3500 
across the United States at last count-divert yard debris from 
the waste stream and send it to central composting faci lities, 
where it decomposes into mulch that community residents 
can use for gardens and landscaping. Increasingly, these pro-
grams are also accepting food scraps for composting. About 
one-fifth ofthe U.S. waste stream is made up of materials that 
can easily be composted. Composting reduces landfill waste, 
enriches soil, enhances soil biodiversity, helps soil to resist 
erosion, makes for healthier plants and more pleasing gar-
dens, and reduces the need for chemical fertili zers. 

One of the world's top composting programs is in 
Edmonton, Alberta, where close to half the waste stream is 
composted. When Edmonton's residents put their trash out 
at the curb, city trucks take it to a facility the size of eight 
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FIGURE 22.7 1nside Edmonton's gigantic aeration building, a 
mix of solid waste and sewage sludge is exposed to oxygen 
and composted. 

football fields. The waste is dumped on the floor, large items 
such as furniture are removed and landfilled, and the rest is 
mixed with dried sewage sludge for 1-2 days in five huge 
rotating drums, each the length of six buses. The resulting 
mix travels on a conveyor to a screen that removes nonbiode-
gradable items. It is aerated for several weeks (FIGURE 22.7), 
then passed through a finer screen and left outside for 4-6 
months. The resulting compost-80,000 tons annually-is 
made available to farmers and gardeners. 

Recycling consists of three steps 
Recycling, too, offers many benefits. It involves collecting 
used items and breaking them down so that their materials 
can be reprocessed to manufacture new items. Recycling 
today in the United States diverts about 65 million tons of 
materials away from incinerators and landfills. 

The recycling loop consists of three basic steps. The first 
step is to collect and process used goods and materials, as is 
being done on so many campuses. Some towns and cities des-
ignate locations where residents can drop off recyclables or 
receive money for them. Others offer curbside recycling, in 
which trucks pick up recyclable items in front of homes, usu-
ally in conjunction wi th municipal trash collection. 

Items collected are taken to materials recovery facilities 
(MRFs), where workers and machines sort items using auto-
mated processes including magnetic pulleys, optical sen-
sors, water currents, and ai r classifiers that separate items 
by weight and size. The facilities clean the materials, shred 
them, and prepare them for reprocessing. 

Once readied, these materials are used to manufacture 
new goods-the second step in the recycling loop. Newspapers 
and many other paper products use recycled paper, many glass 
and metal containers are now made from recycled materials, 
and some plastic containers are of recycled origin. Benches, 
bridges, and walkways in city parks may now be made from 
recycled plastics, and glass can be mixed with asphalt (creat-
ing "glassphalt") to pave roads and paths. 



If the recycling loop is to function, consumers and busi-
nesses must complete the third step in the cycle by pur-
chasing ecolabeled products (p. 152) made from recycled 
materials. By buying recycled goods, consumers provide 
economic incentive for industries to recycle materials and 
for recycling facilities to open or expand. 

Recycling has grown rapidly 
Today nearly 10,000 curbside recycling programs across all 
50 U.S. states serve 70% of all Americans. These programs, 
and the 800 MRFs in operation today, have sprung up only 
in the past few decades. Recycling in the United States rose 
from 6.4% of the waste stream in 1960 to 25.5% in 2013 (and 
34.3% if composting is included) (FIGURE 22.8) . 

M any college and universi ty campuses run active recy-
cling programs, al though attaining high recovery rates can 
be challenging in the campus environment. The most recent 
survey of campus sustainability efforts suggested that the 
average recycling rate was only 29%. Thus there appears to 
be much room for growth. Fortunately, waste management 
initiatives are relatively easy to conduct on campus because 
they offer many opportunities for small-scale improve-
ments and because people generally enjoy recycling and 
reducing waste. 

Besides participation in Recyclemania, there are many 
ways to promote recycling on campus. Louisiana State 
University students initiated recycling efforts at home football 
games, and over three seasons they recycled 68 tons of refuse 
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FIGURE 22.8 Recovery has risen sharply in the United 
States. Today more than 87 million tons of material are recovered 
(65 million tons by recycling and 22 million tons by municipal 
com posting), making up one-third of the waste stream. Data from 
U.S. Environmental Protection Agency. 

From the data in this graph alone, what would you infer 
has happened to the total amount of municipal solid 

waste generated (before recovery) since 1 960? Explain how you 
can detennine this. 

Go to Interpreting Graphs & Data on MasteringEnvironmencaiScience' 

FIGURE 22.9 In a trash audit, students sort through rubbish 
and separate out recyclables. Events like this "MI. Trashmore" 
exercise at Central New Mexico Community College in 2015 show 
passersby just how many recyclable items are needlessly thrown 
away. 

that otherwise would have gone 
to the landfill. "Trash audits" 
or " landfill on the lawn" events 
involve emptying trashcans or 
dumpsters and sorting out recy-
clable items (FIGURE 22.9). When 
students at Ashland University 
in Ohio audited their waste, they 
found that 70% was recyclable, 
and they used this information to 
press their administration to sup-
port recycling programs . 

The economics 
of recycling are 
complex 

weighing the 
ISSUES 

Managing Wast e on Your 
Campus 
Does your campus have a recy-
cling program? Does it have any 
composting initiatives? Does it 
run programs to reduce or reuse 
materials? Think about the types 
and amounts of waste gener-
ated on your campus. Describe 
several examples of this waste 
that you feel could be prevented 
or recycled, and describe how 
this might be done in each case. 
If you could do one thing on 
campus to improve your school's Across the United States, recy-

cling rates vary greatly from waste management practices, 
what would it be? one product or material type to 

another, ranging from nearly zero 
to almost I 00% (TABLE 22.2, 
p. 6 12). Recycling rates among U .S. states also vary greatly 
(FIGURE 22.10, p. 6 12). This variation makes clear that oppor-
tunities remain for further growth in recycling. 

Recycling's growth thus far has been propelled in 
part by economic forces as businesses see prospects to 
save money and as entrepreneurs see opportunit ies to start 
new businesses. It has also been driven by the desire of 
community and campus leaders to reduce waste and by 
the satisfaction people take in recycling. These latter two 
forces have driven the rise of recycling even when it has 
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TABLE 22.2 
Recovery Rates for Various 
Materials in the United States 

MATERIAL 

Lead-acid batteries 

Steel cans 

Newspapers 

Paper and paperboard 

Yard trimmings 

Aluminum cans 

Tires 

Glass containers 

PERCENTAGE 
RECYCLED OR 
COM POSTED 

99 

71 

67 

63 

60 

55 

41 ..... 

Recycling rates 

- 0-10% 
• 10-20% • 40% or more 
c::J 20-30% 

Total plastics 

34 

9 

Data from U.S. Environmental Protection Agency. 

FIGURE 22.10 U.S. states vary greatly in the rates at which their citizens 
recycle. Data from Shin, D., 2014. Generation and disposition of municipal solid waste (MS\11/) in 
the United States-A national survey. New York: Columbia University, Earth Engineering Center. 

no t been financia l ly profitable. In fac t, many of our popu-
lar munic ipal recycl ing programs are run at an economic 
loss. The expense required to collect, sort, and process 
recycled goods i s often more than recyclables are worth in 
the marketplace. Jn addition, the more people recycle, the 
more glass, paper, and plastic i s avai lable to manufacturers 
for purchase, which drives down prices. And transporting 
items to recycl ing fac ili ties can sometimes invol ve sur-
prisingly long di stances (see THE SCIENCE BEHIND THE 

weighing the 
ISSUES 

Costs of Recycling and Not 
Recycling 
Should governments subsidize 
recycling programs if they are 
run at an economic loss? What 
types of external costs-costs 
not reflected in market prices-
do you think would be involved 
in not recycling, say, aluminum 
cans? Do you feel these costs 
justify sponsoring recycling 
programs even when they are not 
financially self-supporting? Why 
or why not? 

STORY, pp. 6 14-6 15). 
The low commodity prices 

of recent years have al so posed 
a chal lenge to recycling pro-
grams. W hen world oil prices 
are l ow, buying new plastic 
(made from petroleum) can 
be cheaper than buying recy-
cled plastic; and w hen market 
prices of metals are low, buy-
ing newly mined metals can be 
cheaper than buying recycled 
metals. When recycling is no 
longer profitable for those in 
the recycl ing industry, MRFs 
may shut down, municipalities 
may cancel contracts, and recy-
cling companies may go out of 
business. 

Recycling advocates, how-
ever, point out that market prices 

do not take into account external costs (pp. 141 , 162)- in par-
ticular, the environmental and health impacts of not recycling. 
For instance, it has been estimated that g lobally, recycling 
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saves enough energy to power more than 6 million house-
holds per year. Each year in the United States, recycling and 
composting together save energy equal to that of 230 million 
barrels of oil , and prevent carbon dioxide emissions equal 
to those of 39 million cars (TABLE 22.3). Recycling alumi-
num cans saves 95% of the energy required to make the same 

TABLE 22.3 Annual Greenhouse Gas Reductions 
due to Recovery of Various Materials 
in the United States 

MATERIAL 

Paper and 
paperboard 

Metals 

Textiles 

Wood 

Plastics 

Food 

Yard trimmings 

Glass 

Rubber and 
leather 

WEIGHT 
RECOVERED 

(MILLIONS OF TONS) 

43.0 

7.9 

2.3 

2.5 

3.0 

1.8 

20.6 

3.2 

1.2 

Data from U.S. Environmental Protection Agency. 

EQUAL TO NUMBER 
OF CARS TAKEN 
OFF THE ROAD 

31,000,000 

4,500,000 

1,200,000 

798,000 

760,000 

308,000 

220,000 

210,000 

127,000 



amount of a luminum from mined virgin bauxite, its source 
material. 

As more manufacturers use recycled produc ts and as 
more technologies and methods are developed to use recycled 
materia ls in new ways, markets should continue to expand, 
and new business opportunities may arise. We are just begin-
ning to shift from an economy that moves linearly, from raw 
materials to products to waste, to a more sustainable economy 
that moves circ ularly, taking a crad le-to-cradle approach and 
using waste products as raw materials for new manufacturing. 

Financial incentives help 
address waste 
To encourage recycling, composting, and source reduction, 
waste managers frequently offer consume rs economic incen-
tives to reduce the waste stream. In "pay-as-you-throw" gar-
bage collection programs, municipalities charge residents for 
home trash pickup according to the amount of trash they put 
out. The less waste one generates, the less o ne has to pay. 

Bottle bills are another approach hinging on financ ia l 
incentives. In the I 0 U.S. states and 23 nations that have 
these laws, consumers pay a deposit on bottles or cans upon 
purchase-often 5 cents per container-and the n rece ive 
a refund when they return them to stores a fter use. The firs t 
bottle bil ls were passed in the 1970s to cut down on litte r, but 
they have also served to decrease the waste stream. Beverage 
container recycling rates for states with bottle bills are 3.5 
times higher than for states without them (FIGURE 22.11). U.S. 
states with bottle bi lls re port that the ir beverage container Jit-
ter has decreased by 69-84%, their total litter has decreased 
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FIGURE 22.11 Bottle bills increase recycling rates, and 
higher redemption amounts boost these rates furthe r, data 
s uggest. States with bottle bills have much higher recycling rates 
for beverage containers than states without bottle bills. Maine 
also has a bottle bill but has not kept detailed data on recycling 
rates. Data from Container Recycling Institute, M ington, VA. 20 15. 

1 
'S How many times greater is Michigan's bottle recycling 

rate than that of states without bottle bills? 

Go to Interpreting Graphs & Data on MasteringEnvironmentaiScience· 

by 30- 65%, and the ir per capita container recycling rates 
have risen 2.6-fold. 

As of 20 16, bottle bill advocates in 13 states were seeking 
to establish or expand programs. It is a testament to the lobby-
ing influence of the beverage industries and grocery retailers, 
which have traditiona lly opposed passage of bottle bi lls, that 
more s tates do not have such legislation. 

States with bott le bi lls now face two challenges. One 
is to amend these laws to inc lude new kinds of containe rs, 
particula rly p lastic conta ine rs. T he second challe nge is to 
adjust refunds for inflati on . In the 45 year s s ince Oregon 
passed the nation 's fi rst bottle b ill, the value of a nickel 
has dropped such that today, the refund wou ld need to be 
28 cents to re f lect the refund 's o riginal intended value. 
Propone nts a rg ue that increasing refund amounts w ill 
ra ise return rates, and avai la ble data support th is view (see 
Figure 22. 11 ). 

Sanitary landfills are our main 
disposal method 
Materia l that remains in the waste stream following source 
reduction and recovery needs to be disposed of, and land-
fi lls offer our main method of disposal. ln modern sanitary 
landfills, waste is buried in the ground or piled up in large 
mounds engineered to prevent waste from contaminating the 
environment and threatening 
public health (FIGURE 22.12, p. 
6 16). Most municipal landfi lls in FAQ 
the United States are regulated How much does garbage 
locally or by the s tates, but they decompose in a landfill? 
must meet national standards set 
by the U.S. Environme ntal Pro-
tection Agency (EPA) under the 
Resource Conservation and 
Recovery Act (p. 172), a major 
federal law enacted in 1976 and 
amended in 1984. 

In a sanitary landfi ll , waste 
is partially decomposed by 
bacteria and compresses unde r 
its own weight to take up less 
space. Soil is layered a lo ng with 
the waste to speed decomposi-
tion, reduce odor, and lessen 
infestation by pests. Some 
infil tratio n of rainwater into 
the landfi ll is good, beca use it 
encourages biodegradat ion by 
bacte ria-yet too much is not 
good, because contaminants can 
escape if wate r carries them o ut. 

To protect against environ-
mental contamination, U.S. regu-
lations require that landfills be 

You might assume that a banana 
peel you throw in the trash will 
soon decay away to nothing in 
a landfill. However, it just might 
survive longer than you do! This 
is because surprisingly little 
decomposition occurs in landfills. 
Researcher William Rathje, a 
recently retired archaeologist 
known as "the Indiana Jones 
of Solid Waste," made a career 
out of burrowing into landfills 
and examining their contents to 
learn about what we consume 
and what we throw away. His 
research teams would routinely 
oome across whole hot dogs, 
intact pastries that were decades 
old, and grass clippings that 
were s till green. Newspapers 40 
years old were often still legible, 
and the researchers used them 
to date layers of trash. 

located away from wetlands and earthquake-prone faults and 
be at least 6 m (20 ft) above the water table. The bottoms 
and sides of sanitary landfills must be lined with heavy-duty 

CHAPTER 22 Managing Our Waste 613 



THE SCIENCE 
behind the story 

Where Does Trash Go? 

Trash tags used 
in Seattle and 
New York City 

Where does your trash go once you throw 
it away? What happens to your recy-

cling? How far might it travel, and 
how much energy might it take to 
get rid of it? 

With the help of the latest 
tracking technology, we can 
find out. Researchers from 
the SENSEable City Lab at 
the Massachusetts Institute 
of Technology (MIT) are affix-

ing tiny sensors to 
everyday items in 

our trash and moni-
toring them to reveal 

their hidden travels. 
By documenting what 
actually happens to 
trash and to recycla-
bles, they hope to help 
make the trash removal 

process more effective and to encourage better 
recycling. 

The Trash Track project was launched in 2009 
in New York City and in Seattle. Early results were 
unveiled at public exhibitions in both cities, and it 
is now expanding elsewhere. 

Here's how trash tracking works: Project 
director Carlo Ratti and associate director Assaf 
Biderman, both architects at MIT, organize 
research teams and local volunteers in the target 
city to affix tiny electronic tags (see photo) to hun-
dreds of items being thrown away. As each item 
journeys through the waste stream, its tag calcu-
lates its location every few hours and relays the 
information via the cell phone network to a central 
server at MIT. A computer plots the movements 
atop satellite maps, helping the researchers to 
visualize and interpret the migration of trash. 

plastic and 60-- l20 em (2-4 ft) of impermeable clay to help 
prevent contaminants from seeping into aquifers. Sanitary 
landfills also have systems of pipes, collection ponds, and 
treatment facilities to collect and treat leachate, liquid that 
results when substances from the trash dissolve in water as 
rainwater percolates downward. 
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As an example, a plastic container of liquid soap was 
tagged on September 5, 2009, and placed in the trash at 457 
Madison Avenue in Manhattan (FIGURE 1). Mapping reveals 
that the truck that picked it up looped through the city's streets 
a few times on its route, crossed the Hudson River via the 

FIGURE 1 Follow that trash truck! A plastic soap container put 
out with the trash on Madison Avenue in New York City looped 
through midtown Manhattan, crossed the Hudson River, and was 
last detected traveling down the Bellevue Turnpike in New Jersey. 

Once a landfill is closed, it is capped with an engi-
neered cover consisting of layers of plastic, gravel, and soil. 
Managers are required to maintain leachate collection sys-
tems for 30 years after a landfill has closed, and regulations 
require that groundwater be monitored regularly for con-
tamination. 



Uncoln Tunnel, and then headed to Rutherford, New Jersey. 
Here the truck turned south and was in transit along the Bel-
levue Turnpike in Kearny, New Jersey, three days later, when 
the tag's battery gave out. 

Each tag calculates its position by measuring the signal 
strength from nearby cell phone towers and comparing this to a 
map of tower locations. Tags used in New York City and Seattle 
are not as accurate as global positioning systems (GPS), but their 
signals carry better through such barriers as building roofs, walls 
of garbage trucks, and deep piles of trash. Second-generation 
tags the project is now using are more accurate, combining GPS 
technology with better cell network triangulation. 

As of 2016, the project had posted mapped data of all 
its Seattle items online for the public to view and had pub-
lished several research papers. The results from Seattle reveal 
some expected patterns but also some odd surprises. Of the 
760 items tagged, about 200 ended up at the city's Allied 
Waste Recycling Center and Transfer Station after brief jour-
neys. Smaller numbers were transported to other city or 
regional landfills and recycling centers. But some items fol-
lowed surprisingly circuitous routes, being transferred from 
one waste center to another, or back and forth between cities. 
Some ended up in seemingly random places, perhaps having 
fallen off a garbage truck along a roadside. 

A few items made very long journeys. Two printer car-
tridges were driven down Interstate 5 to California's border 
with Mexico, perhaps to be disassembled at a factory. Two 
cell phones were transported halfway across the country to 
Dallas (one flown directly and one making apparent stops at 
three other cities). A compact fluorescent bulb went to St. 
Louis after traveling to Portland, Oregon, and back to Seattle. 
Chicago received a coffee cup that apparently made its way 
east on the nation's interstates. Shipments of batteries were 
flown 1500 miles to Minneapolis, 2500 miles to Pittsburgh, 
and 2600 miles to Atlanta. The longest-traveling piece of trash 
was a cell phone that was transported more than 3000 miles 
from Seattle to the other corner of the United States, ending 
up near Ocala, Florida. 

In general, hazardous waste items and electronic waste 
items tended to travel farthest (FIGURE 2) because they 
were sent to special facilities for handling. This raises the 
question of whether special handling is worthwhile, given 

Despite improvements in Jjner technology and landfi ll 
siting, however, Jjners can be punctured, and leachate collec-
tion systems eventually cease to be majntained. Moreover, 
landfills are kept dry to reduce leachate, but the bacteria that 
break down material thrive in wet conditions. Dryness, there-
fore, slows waste decomposition. In fact, the low-oxygen 

Glass bottle 
Plastic bottle 

Steel can 
Styrofoam item 
Cardboard item 

Computer 
Fluorescent bulb 
Alkaline battery 

Cell phone 
Lithium battery 

• Municipal solid waste 
Hazardous waste 

Printer cartridge J===-- r-===::.__,-::===r==-- ---,r-
0 500 1000 1500 2000 

Mean distance traveled (km) 

FIGURE 2 Items tagged in Seattle traveled vastly different 
distances. Adapted from Offenhuber. D., et at. 2072. Putting matter in 
place: Tradeoffs between recycling and distance in planning for waste d isposal. 
J. Amer. Planning Assoc. 78: 773-796. 

I• Which type of trash tended to travel farther: municipal 
solid waste or hazardous waste? How far did each type 

of trash travel? What do you think accounts for this difference? 
Go to Interpreting Graphs & Data on MasteringEnvironmentaiScience' 

the impacts of the extra gasoline use and greenhouse gas 
emissions it entails. In a 2012 research paper, the Trash 
Track team suggested that we seek to make processing 
systems for hazardous and electronic waste as efficient as 
those for curbside waste collection and recycling. 

Why did each tracked item migrate so far? How much 
gasoline was used to transport them? When we move items 
great distances for disposal or recycling, does that reflect 
efficiency from an economy of scale-or does it indicate 
an excessive waste of resources? Do we need more recy-
cling and disassembly facilities nearer to each major city? 
Researchers and waste managers hope to use data from the 
Trash Track project to address such questions and improve 
the way we handle waste. 

conditions of most landfills turn trash into a sort of time cap-
sule. Researchers exarruning landfills often find some of their 
contents perfectly preserved, even after years or decades. 

In 1988 the United States had nearly 8000 landfi lls, but 
today it has only 1900. Waste managers have consolidated the 
waste stream into fewer landfills of larger size. 
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Methane gas 
recovery well 

Soil Solid 
waste 

FIGURE 22.12 Sanitary land-
fills are engineered to prevent 
waste from contaminating 
soil and groundwater. Waste 
is laid in a large depression lined 
with plastic and impervious clay 
designed to prevent liquids from 
leaching out. Pipes draw out 
these liquids from the bottom of 
the landfill. Waste is layered with 
soil, fi lling the depression, and 
then is built into a mound until 
the landfill is capped. Landfill gas 
produced by anaerobic bacteria 
may be recovered, and waste 
managers monitor groundwater 
for contamination. 

Groundwater 
monitoring well 

Granular 
drainage 
layer 

In many cities, landfills that were closed are now being 
converted into public parks or other uses (FIGURE 22.13). The 
world's largest landfi ll conversion project is at New York 
City's former Fresh Ki lls Landfill. This site, on Staten Island, 
was the primary repository of New York City's garbage for 
a half-century, and its mounds rose higher than the nearby 

..... y 

Plastic 
liner Compacted 

impermeable 
clay 

Leachate 
treatment 

Leachate 
collection 
pipes 

Statue of Liberty! Today New York is transforming the site 
into a world-class public park-a verdant landscape of ball 
fields, playgrounds, jogging trails, rolling hills, and wetlands 
teeming with wildlife. Almost three times bigger than Central 
Park, the mounds offer panoramic views of the Manhattan 
skyline. 

(a) THEN: Fresh Kills Landfill in use (b) NOW: Fresh Kills Landfill site today 

FIGURE 22.13 Old landfills, 
once capped, can serve other 
purposes. Visitors to Fresh Kills 
Park in New York City will enjoy this 
panoramic view of the Manhattan 
skyline from atop what used to be 
an immense mound of trash. 
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Incinerating trash reduces 
pressure on landfills 
Just as sanitary landfills are an improvement over open dump-
ing, incineration in specially constructed faciHties is better 
than open-air burning of trash. Incineration, or combustion, 
is a controlled process in which garbage is burned at very 
high temperatures (FIGURE 22.14). At incineration facilities, 
waste is generally sorted and metals are removed. Metal-free 
waste is chopped into small pieces to aid combustion and then 
is burned in a furnace. Incinerating waste reduces its weight 
by up to 85% and its volume by up to 95%. 

The ash remaining after trash is incinerated contains toxic 
components and therefore must be disposed of in hazardous 
waste landfills (p. 624). Moreover, when trash is burned, haz-
ardous chemicals-including dioxins, heavy metals, and poly-
chlorinated biphenyls (PCBs) (Chapter 14}--can be created and 
released into the atmosphere. Such emissions caused a back-
lash against incineration from citizens concerned about health 
hazards. 

Most developed nations now regulate incinerator emis-
sions, and some have banned incineration outright. Engineers 
have also developed technologies to reduce emissions. 
Scrubbers (see F igure 17 .15, p. 456) chemically treat the 
gases produced in combustion to remove hazardous compo-
nents and neutralize acidic gases, such as sul fur dioxide and 
hydrochloric acid, turning them into water and salt. Scrubbers 

generally do this either by spraying liquids formulated to neu-
tralize the gases or by passing the gases through dry lime. 

Particulate matter, called f ly 
ash, often contains some of the 
worst diox in and heavy metal 
pollutants in incinerator emis-
sions. To physically remove these 
tiny particles, faciHties may use a 
huge system of filters known as 
a baghouse. In addition, burning 
garbage at especially high tem-
peranJres can destroy certain po l-
lutants, such as PCBs. Even all 
these measures, however, do not 
fully eliminate toxic emissions. 

We can gain energy 
from trash 
Incineration was ini tially prac-

weighing the 
ISSUES 

Environmental justice? 
Do you know where your trash 
goes? Where is your landfill or 
incinerator located? Are the peo-
ple who live closest to this facility 
wealthy, poor, or middle-class? 
What race or ethnicity are most 
people who live in this neighbor-
hood? How might individuals or 
communities be compensated 
for the drawbacks of living near a 
waste disposal facility? 

ticed simply to reduce the volume of waste, but today it often 
serves to generate electricity as well. Most incinerators now 
are waste-to-energy (WTE) facilities, which use the heat 
produced by waste combustion to boil water, creating steam 
that drives electricity generation or that fue ls heating sys-
tems. When burned, waste generates about 35% of the energy 
generated by burning coal. Roughly 80 WTE facilities are 

FIGURE 22:14 In a waste-to-energy (WTE) incinerator, solid waste 0 is burned at extremely 
high temperatures f), heating water that turns to steam. The steam turns a turbine E) that powers 
a generator to create electricity. Toxic gases produced by combustion are treated chemically by 

Wastewater and ash 
for treatment or 

disposal in landfill 

a scrubber 0 . and airborne particulate matter is filtered physically in a bag house 0 before air is 
emitted from the stack (l). Residual ash is disposed of Q in a landfill. 
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operating across the United States (mostly in the Northeast 
and South), with a total capacity to process 95,000 tons of 
waste per day. 

Revenues from power generation, however, are often not 
enough to offset the considerable financial cost of building 
and running incinerators. Because it can take many years for 
a WTE facility to become profitable, companies that build 
and operate these facilities sometimes require communities 
contracting with them to guarantee the facility a minimum 
amount of garbage. On occasion, such long-term commit-
ments have interfered with communities' subsequent efforts 
to reduce their waste through recycling and source reduction. 

Combustion in WTE plants is not the only way to gain 
energy from waste. Deep inside landfills, bacteria decompose 
waste in an oxygen-deficient environment. This anaerobic 
decomposition produces landfill gas, a mix of gases roughly 
half of which is methane (pp. 27, 482-483). Landfill gas 
can be collected, processed, and used in the same way as nat-
ural gas (pp. 522, 526). Today hundreds of landfills are col-
lecting landfill gas and selling it for energy. 

We can recycle material 
from landfills 
Landfi lls can offer us useful by-products beyond landfill 
gas. With improved technology for sorting rubbish and recy-
clables, businesses and entrepreneurs are weighing the eco-
nomic benefits and costs of rummaging through landfi lls to 
salvage materials of value that can be recycled. Steel, alumi-
num, copper, and other metals are abundant enough in some 
landfills to make salvage operations profitable when market 
prices for the metals are high enough. For instance, Ameri-
cans throw out so many aluminum cans that at 2016 prices 
for aluminum, the nation buries $5 billion of this metal in 
landfi lls each year. If we could retrieve all the aluminum from 
U.S. landfi lls, it would exceed the amount the world produces 
from a year's worth of mining ore. 

Landfills also offer organic waste that can be mined and 
sold as premium compost. Old landfill waste can also be 
incinerated in newer, cleaner-burning WTE facilities to pro-
duce energy. Some companies are even looking into gaining 
carbon offset credits (p. 51 0) by harvesting methane leaking 
from open dumps in developing nations. 

Such approaches have been tried in places from New 
York to Israel to Sweden to Singapore. The costs of mining 
landfills and meeting regulatory requirements while com-
modity prices change unpredictably have meant that investing 
in landfill mining has been risky, but this could change in the 
future if prices rise and technologies improve. 

Industrial Solid Waste 
Industrial solid waste includes waste from factories, min-
ing activities, agriculture, petroleum extraction, and 
more. Each year, U.S. industrial facilities generate about 
7.6 billion tons of waste, according to the EPA, about 97% 
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of which is wastewater. Thus, very roughly, 230 million or 
so tons of solid waste are generated by 60,000 facilities each 
year-an amount approaching that of municipal solid waste. 

Regulation and economics each 
influence industrial waste generation 
Most methods and strategies of waste disposal, reduction, 
and recycling by industry are similar to those for munici-
pal solid waste. Businesses that dispose of their own waste 
on site must design and manage their landfills in ways that 
meet state, local, or tribal guidelines. Other businesses pay 
to have their waste disposed of at municipal disposal sites. 
Whereas the federal government regulates municipal solid 
waste, state or local governments regulate industrial solid 
waste (with federal guidance). Regulation varies greatly 
from place to place, but in most cases, state and local reg-
ulation of industrial solid waste is less strict than federal 
regulation of municipal solid waste. In many areas, indus-
tries are not required to have permits, install landfill liners 
or leachate collection systems, or monitor groundwater for 
contamination. 

The amount of waste generated by a manufacturing 
process is a good measure of its efficiency; the less waste 
produced per unit or volume of product, the more effi-
cient that process is, from a physical standpoint. However, 
physical efficiency is not always reflected in economic effi-
ciency. Often it is cheaper for industry to manufacture its 
products or perform its services quickly but messily. That 
is, it can be cheaper to generate waste than to avoid gen-
erating waste. In such cases, economic efficiency is maxi-
mized, but physical efficiency is not. Because our market 
system awards only economic efficiency, all too often 
industry has no financial incentive to achieve physical effi-
ciency. The frequent mismatch between these two types of 
efficiency is a major reason why the output of industrial 
waste is so great. 

Rising costs of waste disposal enhance the financial 
incentive to decrease waste. Once either government or the 
market makes the physically efficient use of raw materi-
als economically efficient as well , businesses gain financial 
incentives to reduce their waste. 

Industrial ecology seeks to make 
industry more sustainable 
To reduce waste, growing numbers of industries today are 
experimenting with industrial ecology. A holistic approach 
that integrates principles from engineering, chemistry, ecol-
ogy, and economics, industrial ecology seeks to redesign 
industrial systems to reduce resource inputs and to maximize 
both physical and economic efficiency. Industrial ecologists 
would reshape industry so that nearly everything produced in 
a manufacturing process is used, either within that process or 
in a different one. 

The larger idea behind industrial ecology is that indus-
trial systems should function more like ecological systems, 



in which organisms use almost everything that is produced. 
This princ iple brings industry c loser to the ideal of ecologi-
cal economists, in which economies function in a c ircular 
fashion rather than a linear o ne (p. 147). It means taking a 
cradle-to-cradle approach, in which produc ts and manufac-
turing systems are designed to maximize reuse and recycling 
of materials into new products. 

Industrial ecologists pursue the ir goals in several ways: 

• They examine the entire life-cycle of a given product-from 
its origins in raw materials, through its manufacturing, to 
its use, and finally its disposal-and look for ways to make 
the process more efficient. This strategy is called life-cycle 
analysis (p. 262). 

• They try to identify how waste products from one manufac-
turing process might be used as raw materials for another. 
For instance, used plastic beverage containers can be shred-
ded and reprocessed to make other plastic items, such as 
benches, tables, and decks. 

• They seek to e liminate environmentally ha rmful prod-
ucts and materials from industria l processes. 

• They study the f low of materials through ind ustrial 
systems to look for ways to create products that are more 
durable, recyclable, or reusable . For instance, they seek 
to design compute rs, automobiles, and appliances to be 
easily disassembled so more o f the ir co mponents can be 
reused or recycled. 

Businesses are adopting 
industrial ecology 
Attentive businesses a re taking advantage o f the insights of 
industria l ecology to save money while reducing waste. For 
example, American Airlines switched fro m hazardous to 
nonhazardous materia ls in its Chicago facility, decreasing 
its need to secure permits from the EPA. The company used 
more than 50,000 reusable p lastic containers to ship goods, 
reducing packaging waste by 90%. Its Dal las-Fort Worth 
headquarte rs recycled enough a luminum cans and white 
paper in five years to save $205,000 and recycled 3000 bro-
ken baggage containers into lawn furniture. A program to 
gathe r suggestio ns from employees brought more than 700 
ideas to reduce waste-and 15 of these ideas saved the com-
pany more than $8 millio n. 

The Swiss Zero Emissions Research and Initiatives (ZERI) 
Foundation sponsors dozens of innovative projects worldwide 
that attempt to create goods and services w ithout generating 
waste. One example involves breweries in Canada, Sweden, 
Japan , and Namibia. Brewers in these projects take waste from 
the beer-brewing process and use it to fuel other processes 
(FIGURE 22.15). As a result, the brewer can make money from 
bread, mushrooms, pigs, gas, and fish, as well as beer, a ll while 
produc ing little waste. By attempting to create closed-loop sys-
tems, ZERI projects cut down on waste while increasing output 
and income, o ften generating new jobs as well. 
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FIGURE 22.15 Creative use 
of waste products can help 
us approach zero-waste 
systems. Traditional brewer-
ies (a) produce only beer while 
generating much waste, some 
of which goes toward animal 
feed. Breweries sponsored by 
the Zero Emissions Research 
and Initiatives (ZEAl) Founda-
tion {b) use their waste grain to 
make bread and to farm mush-
rooms (photo). Waste from 
the mushroom farming, along 
with brewery wastewater, goes 
to feed pigs. The pigs' waste 
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(b) ZERI brewery process 

is digested in containers that 
capture natural gas and collect 
nutrients used to nourish algae 
for growing fish in fish farms. 
The brewer derives income 
from bread , mushrooms, pigs, 
gas, and fish, as well as beer. 
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Few businesses have taken industrial ecology to heart as 
much as the carpet tile company Interface, which founder Ray 
Anderson set on the road to sustainability years ago. Interface 
asks customers to rerum used tiles for recycling and for reuse 
as bacldng for new carpet. It modified its tile design and pro-
duction methods to reduce waste. It adapted its boilers to use 
landfill gas for energy. Through such steps, Anderson's com-
pany cut its waste generation by 80%, its fossil fuel use by 
45%, and its water use by 70%-all while saving $30 million 
per year, holding prices steady for its customers, and raising 
profits by 49%. 

Hazardous Waste 
Hazardous wastes are diverse in their chemical composition 
and may be liquid, solid, or gaseous. By EPA definition, haz-
ardous waste is waste that is one of the following: 

• Ignitable. Likely to catch fire (for example, gasoline or 
alcohol). 

• Corrosive. Apt to corrode metals in storage tanks or 
equipment (for example, strong acids or bases). 

• Reactive. Chemically unstable and readily able to react 
with other compounds, often explosively or by produc-
ing noxious fumes (for example, ammonia reacting with 
chlorine bleach). 

• Toxic. Harmful to human health when inhaled, ingested, 
or touched (for example, pesticides or heavy metals). 

Hazardous wastes are diverse 
Industry, mining, households, small businesses, agriculture, 
utilities, and building demolition all create hazardous waste. 
Industry produces the most, but in developed nations indus-
trial waste disposal is often highly regulated. This regulation 
has reduced the amount of hazardous waste entering the envi-
ronment from industrial activities. As a result, households are 
now the largest source of unregulated hazardous waste. 

Household hazardous waste includes a wide range of 
items, including paints, batteries, oils, solvents, cleaning agents, 
lubricants, and pesticides. U.S. citizens generate 1.6 million 
tons of household hazardous waste annually, and the average 
home contains close to 45 kg ( lOO lb) of it in sheds, basements, 
closets, and garages. Although many hazardous substances 
become less hazardous over time as they degrade chemically, 
two types are particularly hazardous because their toxici ty 
persists over time: organic compounds and heavy metals. 

Organic compounds and heavy 
metals pose hazards 
In our daily lives, we rely on synthetic organic compounds 
and petroleum-derived compounds to resist bacterial, fun-
gal, and insect activity. Plastic containers, rubber tires, 
pesticides, solvents, and wood preservatives are useful 
to us precisely because they resist decomposition. We 
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use these substances to pro tect buildings fro m decay, kill 
pests that attack crops, and keep stored goods intact. How-
ever, the capaci ty of these compounds to resist decay is 
a double-edged sword, for it also makes them persistent 
pollutants. Many synthetic organ ic compounds are tox ic 
because they are readily absorbed through the skin and 
can act as mutagens, carc inogens, teratogens, and endo-
crine disruptors (p. 364). 

Heavy metals such as lead, chromium, mercury, arse-
nic, cadmium, tin, and copper are used widely in industry 
for wiring, electronics, metal plating, metal fabrication, pig-
ments, and dyes. Heavy metals enter the environment when 
paints, electronic devices, batteries, and other materials are 
disposed of improperly. Lead from fishing weights and from 
hunting ammunition accumulates in rivers, lakes, and for-
ests. In older homes, lead from pipes contaminates drink-
ing water, and lead paint remains a problem, especially for 
infants. Heavy metals that are fat soluble and break down 
slowly are prone to bioaccumulate and biomagnify (p. 368). 
In California's Coast Range, for instance, mercury that has 
washed downstream from abandoned mercury mines enters 
lakes and rivers, is consumed by bacteria and invertebrates, 
and accumulates in increasing ly large quantities up the food 
chain, poisoning organisms at higher trophic levels and mak-
ing fi sh unsafe to eat. 

E-waste has grown 
Today's proli feration of computers, printers, smartphones, 
tablets, TVs, DVD players, MP3 players, and other elec-
tronic technology has created a substant ial new source of 
waste (FIGURE 22.16). These products have short life spans 

FIGURE 22.16 Each day, Americans throw away about 
350,000 cell phones. Phones that enter the waste stream can 
leach toxic heavy metals into the environment. Alternatively, we can 
recycle them for reuse and to recover valuable metals. 



before people judge them obsolete, and most are discarded 
after just a few years. The amount of this e lectronic waste--
often called e-waste--has grown rapidly, and now makes 
up more than I% of the U.S. solid waste stream by weight. 
More than 7 bill ion electronic devices have been so ld in the 
United States since 1980 , and U.S. households discard more 
than 300 mi llion per year- two-thirds of them still in work-
ing order. 

Most e lectronic items we discard have ended up in 
conventional san itary landfills and incinerators. However, 
electronic products contain heavy metals and toxic f lame-
retardants, and research suggests that e-waste sho uld instead 
be treated as hazardous waste (see THE SCIENCE BEHIND 
THE STORY, pp. 622-623). The EPA and a number of states 
are now taking steps to keep e-waste out of conventional land-
fi lls and incinerators and instead treat it as hazardous waste. 

Fortunately, the downs izing of many electronic items 
and the shift toward mobi le devices and table ts mean that 
fewer raw materia ls by weight a re now going into elec-
tronics being manufactured-and, as a resul t, U.S. e-waste 
generation appears to have recently peaked. In addition, 
more and more electronic waste today is being recycled 
(FIGURE 22.17) , and Americans now recycle 40% by weight 
of their e-waste. Increasing ly, used electro nics are col-
lected by businesses, no nprofit o rgani zatio ns, o r municipal 
serv ices and are processed fo r reuse or recycling. Campus 
e-waste recycling drives are proving especially effective. 
Devices collected are shipped to facilities and taken apart, 
and the parts and materials ar e refurbished and reused in 
new products. T here are serious concerns, however, about 
health ri sks that recycling may pose to workers doing the 
disassembly. Wealthy natio ns ship much of their e-waste 
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FIGURE 22.17 More and more electronic waste is being 
recycled. The total amount of electronic waste generated each 
year in the United States has risen, but the shift to mobile devices 
and tablets has helped decrease this amount since 2011. Mean-
while, we are recycling greater amounts of e-waste each year. Data 
from U.S. Environmental Protection Agency, 2015. Advancing sustainable materi· 
als management: Facts and figures 2013. Washington, D.C.: EPA. 

FIGURE 22.18 Medals awarded to athletes at the 2010 Winter 
Olympic Games in Vancouver were made partly from pre-
cious metals recycled f rom discarded e-waste. 

to developing countries, where low-income workers disas-
semble the devices and handle tox ic materi a ls with mini-
mal safety regulatio ns. 

Another challenge is that the recent convers ion of tele-
vision and computer mo nitor technology from cathode ray 
tubes to LCD and plasma screens has meant that there is no 
longer much demand for recycled cathode ray tubes. As a 
result, old cathode ray tubes (rich in toxic lead) are piling 
up in recyclers' warehouses and are a t risk of never being 
recycled. 

Besides keeping toxic substances out o f o ur waste 
stream, e-waste recycling helps us recover rare and lucra-
tive trace metals used in e lectronics. A typical cell pho ne 
contains up to a do lla r's worth of precious metals (p. 644). 
By one estimate, I ton of computer scrap contains more 
gold than 16 tons of mined ore from a gold mine, w hile 
I ton of iPhones contains more than 300 times more. 
Every ounce o f metal we can recycle fro m a manufactured 
item is an ounce of metal we don ' t need to mi ne from the 
ground. T hus, " mining" e-waste for metals he lps reduce 
the environmental impacts o f mining the earth. In o ne 
example, the 20 I 0 Winter O lympic Games in Vancouver 
produced its styLish gold , silver, and bro nze medals 
(FIGURE 22.18) part ly fro m metals recovered from recy-
cled and processed e-waste ! 

Several steps precede the disposal of 
hazardous waste 
For many years we discarded hazardous waste without spe-
cial treatment. In many cases, people did not know that cer-
tain substances were harmful to human health. In other cases, 
it was assumed that the substances would disappear or be suf-
fic iently diluted in the environment. The resurfacing of toxic 
chemicals in the 1970s in a residential area at Love Canal 
(p. 625) in upstate New York, years afte r their burial, con-
vinced the public that hazardous waste deserves special atten-
tion and treatment. 

Many communities now designate sites or special col-
lection days to gather househo ld hazardous waste, or des-
ignate facilities for the exchange and reuse of substances 
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THE SCIENCE 
behind the story Go to Process of Science on Master ingEnvironmentaiScience' 

How Hazardous Is E-Waste? 
Most electronic waste, or "e-waste," is dis-

posed of in conventional sanitary landfills. 
However, most electronics contain 

heavy metals, flame retardants, and 
other materials with the potential 

to cause environmental contami-
nation and public health risks. 
For instance, more than 6% of 
a typical computer is composed 
of lead. 

Researchers, engineers, and 
regulators have long debated how 

hazardous e-waste is and how 
best to dispose of it. All agree that 

encouraging reuse and recycling is 
vital, but what should we do with elec-
tronics and their components once 

Discarded electronic they've truly reached their "end of life"? 
waste One early set of studies was 

conducted when the U.S. EPA 
funded Dr. Timothy Townsend's lab at the University of Florida 
at Gainesville to determine whether e-waste is toxic enough to 
be classified as hazardous waste under the Resource Conser-
vation and Recovery Act. 

With students and colleagues, Townsend determined in 
1 999-2000 that cathode ray tubes (CRTs) from computer 
monitors and televisions leach an average of 18.5 mg/L of 
lead, far above the regulatory threshold of 5 mg/L. Following 
this research, the EPA proposed classifying CRTs as hazardous 
waste, and several U.S. states banned these items from con-
ventional landfills. 

In 2004, Townsend's lab group ran experiments on 12 other 
types of electronic devices. To measure toxicity, they used the 

EPA's standard test, the Toxicity Characteristic Leaching Proce-
dure (TCLP), designed to mimic the process by which chemi-
cals leach out of solid waste in landfills. In the TCLP, waste is 
ground up into fine pieces, and 1 00 g (3.5 oz) of it is put in a 
container with 2 L (0.53 gal) of an acidic fluid (FIGURE 1). The 
container is rotated for 18 hours, after which the leachate is 
chemically analyzed. Researchers look for eight heavy metals -
arsenic, barium, cadmium, chromium, lead, mercury, selenium, 
and silver- and determine for each whether their concentration 
in the leachate exceeds that allowed by EPA regulations. 

To conduct the standard TCLP, Townsend's team ground 
up the central processing units (CPUs) of personal computers, 
creating a jumbled mix made up by weight of 16% circuit board, 
8% plastic, 68% ferrous metal, 5% nonferrous metal , and 3% 
wire and cable. However, grinding up a computer into small bits 
is no easy task, and it is hard to obtain a sample that accurately 
represents all components and materials. So the researchers 

FIGURE 1 Dr. Brajesh Dubey (left} and Dr. Timothy Townsend 
(right} use the TCLP test to quantify the toxicity of e-waste. 

(FIGURE 22.19). Once consolidated, the waste is transported 
for treatment and disposal. 

Under the Resource Conservation and Recovery Act, the 
EPA sets standards by which states manage hazardous waste. 
The act also requires large generators of hazardous waste to 
obtain permits. Finally, it mandates that hazardous materi-
als be tracked "from cradle to grave." As hazardous waste is 

FIGURE 22.19 Many communities designate collection sites 
or collection days for household hazardous waste. Here, work-
ers handle waste from a collection event in Brooklyn, New York. 



also designed a modified TCLP test in which they placed whole 
CPUs-with the parts disassembled but not ground up-in a 
rotating 55-gallon drum full of acidic liquid. They tested their 
12 types of devices using both standard and modified TCLP 
methods. 

The team found lead to be the only heavy metal that 
exceeded the EPA's regulatory threshold, but this threshold 
(5 mg/L) was surpassed in the majority of trials. Desktop com-
puter monitors leached the most lead (48 mg/L on average), 
because older-style monitors include cathode ray tubes. How-
ever, laptops, TVs, smoke detectors, cell phones, and com-
puter mice also leached high levels of lead. Next came remote 
controls, VCRs, keyboards, and printers, all of which leached 
more lead on average than the EPA threshold - and in 50% or 
more of the trials. 

The researchers found that items containing more ferrous 
metals (such as iron) tended to leach less lead. For instance, 
CPUs contain 68% ferrous metals (compared to just 7% in lap-
tops), and laptops leached seven times as much lead as CPUs. 
Further experiments confirmed that ferrous metals chemically 
react with lead and stop it from leaching. 

Since that time, researchers have conducted a number of 
other studies. Taken together, they have shown similar results: 
that most electronics in most cases leach lead beyond the EPA 
threshold (FIGURE 2). 

Townsend and others say this research suggests that many 
electronic devices should be classified as hazardous waste. 
However, lab tests may or may not accurately reflect what actu-
ally happens in landfills. For this reason, Townsend's team has 
filled large tubular columns with e-waste and buried them in 
Florida landfills. The researchers are testing leachate from these 
tubes, and are reporting results for various materials as time 
passes. For example, a 2011 paper showed that the leaching of 
several heavy metals was influenced by whether the landfill was 
experiencing aerobic or anaerobic decomposition. 

Scientists are also testing new materials that electron-
ics manufacturers are using as they attempt to create safer 

generated, transported, and disposed of, the producer, carrier, 
and disposal facility must each report to the EPA the type and 
amount of material generated; its location, origin, and desti-
nation; and the way it is handled. This process is intended to 
prevent illegal dumping and to encourage the use of reputable 
waste carriers and disposal facilities. 

Because current U.S. law makes disposing of hazard-
ous waste quite costly, irresponsible companies sometimes 
illegally dump waste, creating health risks for residents and 
financial headaches for local governments forced to deal 
with the mess (FIGURE 22.20, p. 624). Moreover, companies 
from industrialized nations often find it cheaper to pay cash-
strapped developing nations to take the waste-or cheaper 
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FIGURE 2 Most devices tested have exceeded the EPA 
safety standard for lead leachate. Data points for each type of 
device represent data from TCLP tests in different scientific studies 
between 2000 and 2008. Adapted from Townsend, Timothy G., 2011. Envi-
ronmental issues and management strategies for waste electronic and efectrical 
equipment. J. Air & Waste Mgmt. Assoc. 61:587-610. 

alternatives. For instance, Townsend and his colleagues found 
alternative solders to leach less than traditional tin/lead solders 
used on printed wire boards. 

Scientific results from such projects are helping regulators 
and policymakers decide how best to deal with e-waste. Cur-
rently, federal regulations require special handling and disposal 
of the most hazardous types of e-waste, but exemptions are 
made to encourage reuse and recycling. Some states consider 
most e-waste to be hazardous and exercise strict controls, 
whereas others do not. 

In our new age of smartphones and so much more, the 
number and variety of electronic devices continue to expand, 
and further research will be needed as our technologies evolve. 

still , to dump it illegally. In nations with lax environmental 
and health regulations, workers and residents are often unin-
formed of or unprotected from the health dangers of this 
waste. This global environmental j ustice issue (p. 137) con-
tinues despite the Basel Convention, an international treaty to 
limit such practices. 

High costs of disposal, however, have also encouraged 
conscientious businesses to invest in reducing their hazard-
ous waste. Many biologically hazardous materials can be 
broken down by incineration at high temperatures in cement 
kilns. Others can be treated by exposure to bacteria that 
break down harmful components and synthesize them into 
new compounds. In addition, various plants have been bred 
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FIGURE 22.20 Unscrupulous individuals or bus inesses 
s ometimes dump haz;:Jrdous waste illegally to avoid 
dispos al costs. 

or engineered to take up specific contaminants from soil and 
break down organic contaminants into safer compounds or 
concentrate heavy metals in their tissues. The plants are even-
tually harvested and disposed of. 

We use three disposal methods for 
hazardous waste 
We have developed three primary means of hazardous waste 
disposal : landfi lls, surface impoundments, and injection 
wells. These do nothing to diminish the hazards of the sub-
stances, but they help keep the waste isolated from people, 
wildlife, and ecosystems. Design and construction standards 
for landfi lls that receive hazardous waste are stricter than 
those for ordinary sanitary landfi lls. Hazardous waste land-
fi lls must have several impervious liners and leachate removal 
systems and must be located far from aquifers. 

Liquid hazardous waste, or waste in dissolved form, 
may be stored in surface impoundments, shallow depres-
sions lined with plastic and an impervious material, such as 
clay. The liquid or slurry is placed in the pond and water is 
allowed to evaporate, leaving a residue of solid hazardous 
waste on the bottom. This process is repeated and eventu-
ally the dry residue is removed and transported elsewhere 
for permanent disposal. Impoundments are not ideal. The 
underlying layer can crack and leak waste. Some material 
may evaporate or blow into surrounding areas. Rainstorms 
may cause waste to overflow and contaminate nearby areas. 
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FIGURE 22.21 Liquid hazardous waste is pumped deep 
underground by deep-well injection. The well must be drilled 
below any aquifers, into porous rock isolated by impervious clay. 

For these reasons, surface impoundments are used only for 
temporary storage. 

In deep-well injection, a well is drilled deep beneath 
the water table into porous rock, and wastes are injected 
into it (FIGURE 22.21) . The process aims to keep waste deep 
underground, isolated from groundwater and human contact. 
However, wells can corrode and can leak wastes into soil, 
contaminating aquifers, and deep-well injection may very 
occasionally induce earthquakes. Roughly 34 billion L (9 bil-
lion gal) o f hazardous waste are placed in U.S. injection wells 
each year. 

Radioactive waste is especially 
hazardous 
Radioactive waste is particular ly dangerous to human 
health and is persistent in the environment. The di lemma 
of disposal has dogged the nuc lear energy industry for 
decades. The United States has no des ignated s ite to dis-
pose of its commercial nuclear waste if Yucca Mountain in 
Nevada is removed from consideration (p. 562). Instead, 
waste will continue to accumulate at the many nuclear 
power plants spread throughout the nation (see Figure 
20.1 I , p. 559). 

Currently, a site in the Chihuahuan Desert in New 
Mexico serves as a permanent d isposal location for radio-
active waste from military sources. T he Waste Isolation 
Pilot Plant is the world 's fi rst underground repository for 



transuranic waste from nuc lear weapons development. The 
mined caverns holding the military waste are located 655 m 
(2 150 ft) belowground in a huge salt formation thought to be 
geologically stable. This site became operational in 1999 and 
receives shipments of waste from 23 other locations. 

Contaminated sites are being 
cleaned up, slowly 
Many thousands of former military and industrial sites remain 
contaminated with hazardous waste in the United States and 
virtually every other nation on Earth. For most nations, deal-
ing with these messes is simply too difficult, time-consuming, 
and expensive. In 1980, however, the U.S. Congress passed 
the Comprehensive Environmental Response Compensa-
tion and Liability Act (CERCLA). This law established a 
federal program to c lean up U.S. sites polluted with haz-
ardous waste. The EPA administers this cleanup program, 
called the Superfund. Under EPA auspices, experts identify 
sites polluted with hazardous chemicals, take action to pro-
tect groundwater, and clean up the pollution. Later laws also 
charged the EPA with cleaning up brownfields, lands whose 
reuse or development is complicated by the presence of haz-
ardous materials. 

Two well-publicized events spurred creation of the 
Superfund legislation. ln Love Canal , a residential neigh-
borhood in Niagara Falls, New York, fami lies were evac-
uated in 1978-1980 after toxic chemicals buried by a 
company and the c ity in past decades rose to the surface, 
contaminating homes and an elementary school and appar-
ently leading to birth defects, miscarriages, and other 
health impacts . In Missouri, the entire town of Times Beach 
was evacuated and its buildings demolished after being 
contaminated in the 1970s by dioxin (p. 379, a chemical 

c losing 
HE LOOP 

We have made great strides in 
addressing our waste problems. 

Modern methods of waste man-
agement are far safer for people and 

gentler on the environment than past 
practices of open dumping and open burning. 

Recycling and composting efforts are advancing steadily, 
and Americans now divert one-third of all solid waste away 
from disposal. 

Students on college and university campuses are making 
great contributions in accelerating these trends. The enthusi-
asm of students for recycling is apparent each year in the 
success of Recyclemania- and this competition is just the tip 
of the iceberg. Most campuses have their own recycling and 
waste reduction programs, and these continue to grow and 

that causes cancer and o ther serious health problems) from 
waste oil sprayed on its roads. 

Once a Superfund site is identified, EPA scientists evalu-
ate how near the site is to homes, whether wastes are confined 
or likely to spread, and whether the pollution threatens drink-
ing water supplies. Sites j udged to be harmful are placed on 
the National Priorities List, ranked according to the risk to 
human health that they pose. Cleanup proceeds as funds are 
available. Throughout the process, the EPA is required to hold 
public hearings to inform area residents of its findings and to 
receive feedback. 

The objective of CERCLA was to charge the polluting 
parties for the cleanup of their sites, according to the pol-
luter-pays principle (p. 163). For many sites, however, the 
responsible parties cannot be found or held liable, and in such 
cases-roughly 30% so far-cleanups have been covered by 
taxpayers and from a trust fund established by a federal tax 
on industries producing petroleum and chemical raw materi-
als. However, Congress let the tax expire and the trust fund 
went bankrupt in 2004, so taxpayers are now shouldering the 
entire burden. As the remaining cleanup jobs become more 
expensive, fewer are being completed. 

As of 2016, 1328 Superfund sites remained on the 
National Priorities List, and only 39 1 had been cleaned up 
or otherwise deleted from the list. The average cleanup has 
cost more than $25 million and has taken nearly 15 years. 
Many sites are contaminated with hazardous chemicals we 
have no effective way to deal with. In such cases, cleanups 
simply aim to isolate waste from human contact, either by 
building trenches and barriers around a site or by excavating 
contaminated material and shipping it to a hazardous waste 
disposal faci lity. For all these reasons, the current emphasis 
in the United States and elsewhere is on preventing hazardous 
waste contamination in the first place. 

evolve as students and staff find new and innovative ways 
of inspiring people to reduce waste. Across the greater soci-
ety, continuing growth of recycling and composting, driven by 
market forces, public policy, and consumer behavior, shows 
potential for further advances. 

Sti ll , our prodigious consumption habits have created 
more waste than ever before. Our waste management efforts 
are marked by a number of difficult challenges, including the 
cleanup of Superfund sites and the safe disposal of hazard-
ous and radioactive waste. 

These dilemmas make clear that the best solution is to 
reduce our generation of waste and to pursue a cradle-to-
cradle approach. Finding ways to reduce, reuse, and effi-
ciently recycle the materials and goods that we use stands 
as a key ongoing challenge for our society. 
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REVIEWING Objectives 
You should now be able to: 

Summarize major approaches to managing waste, and 
compare and contrast the types of waste we generate 
Source reduction, recovery, and disposal are the three main 
components of waste management. Source reduction is pre-
ferred, and recovery is next-best. Municipal solid waste comes 
from homes, institutions, and small businesses. Industrial solid 
waste comes from manufacturing, mining, agriculture, and 
petroleum extraction and refining. Hazardous waste is toxic, 
chemically reactive, flammable, or corrosive. (pp. 606-607) 

Discuss the nature and scale of the waste 
dilemma 
Developed nations generate far more 
waste than developing nations, but they 
are beginning to decrease their waste, 
whereas waste in developing nations is 
increasing as population and consump-
tion grow. Open dumping and burning con-
tinue in developing nations. (pp. 607-609) 

Evaluate source reduction, reuse, 
composting, and recycling as 
approaches for reducing waste 
Reducing waste before it is generated 
is the best management approach. 
Reusing items helps to reduce waste. 

Composting creates organic matter for 
gardening and farming, while recycling 

now removes 26% of the U.S. waste stream. 
Bottle bills are one way in which financial incentives can 
motivate people to reduce waste. (pp. 609-613) 

TESTING Your Comprehension 
1. Describe the three major components of managing 

waste. Why do we practice waste management? 
2. Why have some people labeled the United States "the 

throwaway society"? How much solid waste do Ameri-
cans generate, and how does this amount compare to 
that of people from other countries? 

3. What is composting, and how does it help reduce the 
waste stream? 

4. What are the three elements of the recycling process? 
5. Name several guidelines by which sanitary landfills are 

regulated. Describe three problems with landfills. 

SEEKING Solutions 
1. How much waste do you generate? Look into your 

waste bin at the end of the day and categorize and 
measure the waste there. List all other waste you may 
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Describe landfills and incineration as conventional waste 
disposal methods 
Sanitary landfills are our main disposal method. Properly built 
and maintained, they guard against contamination of ground-
water, air, and soil. Incinerators reduce waste volume by burning 
it. Pollution control technology removes most pollutants from 
incinerator emissions, but some escape, and toxic ash needs to 
be disposed of in landfills. We are harnessing energy from land-
fi ll gas and generating electricity from incineration, and we are 
also starting to recycle materials from landfills. (pp. 613-618) 

Discuss industrial solid waste and 
principles of industrial ecology 
Regulations differ, but industrial solid 
waste management is similar to that 
for municipal solid waste. Industrial 
ecology provides ways for industry 
to enhance efficiency and studies how 
industrial systems can mimic ecological 
systems with a cradle-to-cradle approach. (pp. 618-620) 

Assess issues in managing hazardous 
waste 
Organic compounds, heavy metals, 
electronic waste, and radioactive waste 
are common types of hazardous waste. 
Hazardous waste is regulated and 

monitored, yet illegal dumping occurs, 
and no fully satisfactory method of dispos-

ing of hazardous waste has yet been devised. 
The Superfund program cleans up hazardous waste sites, but 
cleanup is a long and expensive process. (pp. 620-625) 

6. 

7. 

8. 

9. 

10. 

Describe the process of incineration or combustion. 
What happens to the resulting ash? What is one draw-
back of incineration? 
In your own words, describe the goals of industrial 
ecology. 
What four criteria are used to define hazardous waste? 
What makes heavy metals and synthetic organic com-
pounds particularly hazardous? 
What are the largest sources of hazardous waste? De-
scribe three ways we dispose of hazardous waste. 
What is the Superfund program? How does it work? 

have generated in other places throughout the day. How 
much of this waste could you have avoided generating? 
How much could have been reused or recycled? 



2. Of the various waste management approaches cov-
ered in this chapter, which ones are your community or 
campus pursuing? Would you suggest pursuing any new 
approaches? If so, which ones, and why? 

3. Can manufacturers and businesses benefit from source 
reduction if consumers were to buy fewer products as 
a result? How? Given what you know about industrial 
ecology, what do you think the future of sustainable 
manufacturing may look like? 

4. CASE STUDY CONNECTION Does your college or uni-
versity participate in Recyclemania? If so, describe how it 
has done so, what events it has staged, how successful 
these were, and how this success might be improved. If 
not, describe how you think your school could compete 
effectively in Recyclemania. What events, programs, 
or strategies do you think would be effective on your 
campus to give it a shot at winning one of the catego-
ries in Recyclemania? For more information, consult the 
Recyclemania Web page, http://recyclemaniacs.org. 

CALCULATING Ecological Footprints 
The biennial "State of Garbage in America" survey docu-
ments the ability of U.S. residents to generate prodigious 
amounts of municipal solid waste (MSW). According to the 
most recent survey, on a per capita basis, Missouri residents 
generate the least MSW (4.5 lb/day), and Hawai'i residents 

5. THINK IT THROUGH You are the president of your col-
lege or university. Your students participate in Recy-
clemania each year, and want you to make the school 
a leader in waste reduction and industrial ecology. 
Consider the industries and businesses in your com-
munity and the ways they interact with facilities on your 
campus. Bearing in mind the principles of industrial 
ecology, can you think of any novel ways in which your 
school and local businesses might mutually benefit from 
one another's services, products, or waste materials? 
Are there waste products from one business, industry, 
or campus facility that another might put to good use? 
What steps would you propose to take as president? 

6. THINK IT THROUGH You are the CEO of a major cor-
poration that produces containers for soft drinks and a 
wide variety of other consumer products. Your company's 
shareholders are asking that you improve the company's 
image-while not cutting into profits-by taking steps to 
reduce waste. What steps would you consider taking? 

(and Hawaii's many tourists) generate the most (15.5 lb/day). 
The average for the entire country is 6.8 lb MSW per person 
per day. Calculate the amount of MSW generated in 1 day 
and in 1 year by each of the groups listed, if they were to gen-
erate MSW at each of the rates shown in the table. 

GROUPS GENERATING 
MUNICIPAL SOLID WASTE 

PER CAPITA MSW GENERATION RATES 

You 
Your class 
Your state 
United States 
World 

U.S. AVERAGE (6.8 LB/DAY) 

DAY 

6.8 
YEAR 

2482 

MISSOURI (4.5 LB/DAY) HAWAI'I (15.5 LB/DAY) 

DAY YEAR DAY YEAR 

Data from Shin, 0., 2014. Generation and disposition of municipal solid waste (MSW) in the United States-A national survey. 
New York: Columbia University, Earth Engineering Center. 

1. Suppose your town of 50,000 people has just approved 
construction of a landfill nearby. Estimates are that it 
will accommodate 1 million tons of MSW. Assuming 
that the landfill is serving only your town, and that your 
town's residents generate waste at the U.S. average 
rate, for how many years will it accept waste before fill-
ing up? How much longer would a landfill of the same 
capacity serve a town of the same size in Missouri? 

2. One study has estimated that the average world 
citizen generates 1.47 pounds of trash per day. 

MasteringEnvironmentaiScience® 

Students Go to MasterlngEnvironmentaiScience for assignments, 
the etext, and the Study Area with practice tests, videos, current events, 
and activities. 

How many times more does the average U.S. citizen 
generate? 

3. The same study showed that the average resident of 
a low-income nation generates 1.17 pounds of waste 
per day and that the average resident of a high-income 
nation generates 2.64 pounds per day. Why do you 
think U.S. residents generate so much more MSW than 
people in other "high-income" countries, when stan-
dards of living in those countries are comparable? 

Instructors Go to MasteringEnvironmentaiScience for automatically 
graded activities, current events, videos, and reading questions that you 
can assign to your students, plus Instructor Resources. 
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