such a dynamic system of biological
cycles for the toxic elements, small
disturbances in these cycles will affect
the natural equilibriums which will in
turn affect the concentrations of toxic
intermediates. Great care must there-
fore be taken in deciding which species
of a toxic element should be monitored
in the environment, because neglect of
these biological transformations can
make the development of models for
the flow of chemicals through the en-
vironment a futile exercise.
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This article is focused on the house-
hold portion of the urban solid waste.

The results of several analyses (6) of
the composition of household refuse by
weight resulted in the values given in
Table 1. Unfortunately, there is no such
thing as an average refuse composition:
The composition varies from city to
city—probably geographically and no
doubt seasonally and temporally, from
year to year and on shorter time scales,
all making definitive analysis difficult.
There are, however, some general trends
in composition that can serve as design
input for technical and economic analy-
sis. First, some nominal composition
figures can be computed, using one’s
judgment, from the available data (7).
Second, it is apparent that municipali-
ties with a “high” refuse assay have an
economic advantage in implementing
recovery facilities. A high assay means
that the content of the valuable, non-
ferrous metals must be about 1 percent.

Recovery potential falls into two
basic groups of materials (see Table 1).
The first group of items is labeled
“mechanical recovery” and refers to
that portion of the refuse stream which
is available for essentially mechanical
extraction and for reuse as a relatively
pure raw material. The second group
includes what are primarily organic
materials, which, because of their phys-
ical characteristics, can only be re-
covered through conversion. Organic
materials are generally suitable for some
sort of derived product, such as com-
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post, or a manufactured product, such
as fiberboard building material (3, 5,
8), or for chemical or biological con-
version to a source of energy—either
directly, by burning, or indirectly, by
converting to a storable fuel (9).

Paper is included in both categories:
Some is recoverable as a material, but
most is not. This is due, in large part,
to composite packaging (that is, paper
laminated or otherwise attached to
plastic or metal) and to the collection
process. When mixed with other refuse,
paper becomes contaminated with dirt,
grease, and other materials that are not
acceptable inputs to high-speed paper-
making processes and that are difficult
to remove, even with special processing
(10). However, it is probable that some
small fraction of paper, most likely
bundled newsprint and corrugated
board, can be efficiently separated from
mixed refuse by hand in a form accept-
able for some reuses.

Therefore, based on the composition
of the refuse stream, recovery is essen-
tially a two-phase process: First, ma-
terials recovery (glass, metals, and some
paper); and second, recovery of the
organic portion and reuse through con-
version, probably as a source of energy.

One scheme for recovering materials
and energy from solid waste is shown
in Fig. 1. “Front end” refers to ma-
terials recovery with disposal of the
organic portion by conventional means
—for example, by landfill or incinera-
tion. This is a suboptimal system be-
cause it is incomplete. “Back end”
refers to the recovery of the organic
portion and its reuse as fuel or as raw
material for a product (11).

A flow sheet for a front end recovery
process proposed by the National Cen-
ter for Resource Recovery (12) is
shown in Fig. 2. The bases for choosing
this type of materials recovery plant
and details of the various unit opera-
tions have been described (13), as have
other technically feasible processes (5).
The system shown in Fig. 2 would re-
cover five fractions: bundled paper, fer-
rous metals, glass, aluminum, and a
mixture of other nonferrous metals (in-
cluding nonmagnetic stainless steel). It
would leave as residue the organic frac-
tion (for disposal or recovery) and a
small inert fraction consisting of bone,
rubber, heavy plastics, grit, sludges, and
dust from the processing (for disposal
by landfill). An important aspect of
“beginning” with the front end system
is that the economic analysis does not
have to include the normally high cost
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of marketing new products. This cost
would be necessary for many back end
systems, such as those which produce
new kinds of building materials. Fur-
ther, the economic viability of the front
end system is not hampered by the high
capital cost of constructing refuse-burn-
ing heat exchangers for energy recov-
ery.

Cost Estimates

The first step in the economic analy-
sis of resource recovery is to determine
the capital costs and operating costs of
the technology to be installed. A plant
processing 500 tons of solid waste per
day (like that in Fig. 2, which would
serve most of the needs of a community

Table 1. Expected ranges in mixed municipal refuse composition. [Source: (6, p. 5)]

Composition (% of dry weight)*

Component
Range Nominal
Metallics 7 to 10 9.0 w
Ferrous 6 to 8 1.5
Nonferrous 1to?2 1.5
Glass 6 to 12 9.0 Mechanical
Paper 37 to 60 55.0 recovery
Newsprint 7 to 15 120 |)
Cardboard 4 to 18 11.0
Other 26 to 37 32.0 J
Food 12 to 18 14.0 .
Conversion
Yard 4 to 10 5.0 recovery
Wood 1t 4 4.0
Plastic 1to3 1.0
Miscellaneous <5 3.0 )
* Moisture content: range. 20 to 40 percent; nominal. 30 percent.
Front end =
Refuse h Landfill Sub-
I optimal
system
Shredder .
I—. Classifier —I
Inert fraction Organic fraction
| |
Separation Incineration
Metals Glass Landfill
= "
Improved
separation
Energy recovery Materials recovery
Heat Compost
Steam Wallboard
Gasifier Fiber
Electricit
Storable );uel I:)e‘::r
Pyrolysis
Back end
Fig. 1. A modular approach to resource recovery. Front end refers to materials re-

covery. Back end refers to direct utilization, or conversion, of the organic portion of

the waste.
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of about 200,000) has been estimated
in some detail to have a capital cost of
$2.4 million, exclusive of land (13).
These costs are explained in Table 2.
Operating costs have been estimated
(13), and are summarized in Table 3,
on the basis of a debt-to-equity ratio
of 2 :3. This would apply to the sit-
uation in which a private entrepreneur
constructs and operates a plant of this
kind as a business venture. Public own-
ership is also possible.

The costs of back end processing fa-
cilities are more difficult to obtain or
analyze because the technology is gen-
erally new and often proprietary. How-
ever, it seems that the most efficient and
inexpensive (in terms of capital) means
of extracting energy from the organic
fraction would be to use it as a supple-
mentary fuel in existing coal-fired
boilers for generating electricity, as is
now being done in St. Louis (/4). The
cost of modifying the plant and any in-
crease in the cost of operation of such
a utility boiler may be paid for by the
value of the organic fraction as a fuel.

General Economic Considerations

A great deal has been written about
the economics of environmental quality,
with discussions of internalization of
costs, redistribution of income, costs
and benefits to society, and so forth
(15). It is not our intent to review or
enter into these arguments here. Rather,
we seek to determine the cost to a
community of adding resource recovery
to its solid waste management system.
Put another way, we apply the “indif-
ference principle”; the indifferent com-
munity is one for which the added re-
source recovery would cost the same
as its present solid waste management
practice. In this day of environmental
concern, the indifferent community may
also be one to which the extra cost of
having resource recovery is acceptable
as a means of participating in materi-
als conservation programs.

A cost center concept is the basis for
cvaluating the recovery facility. Refuse
is accepted for processing for a fee paid
to the facility, and unrecovered by-

Feed

ficked papﬁerrr; |

solid wastes

_ Mixed munlf.lpal

Shredder

-

4

products and residues are disposed of
for a fee paid by the facility. It is as-
sumed that the facility is privately
owned and is operated at a profit. If
the facility is economically feasible un-
der private ownership, it may be less
expensive to implement under public
ownership because a public body does
not require a profit and can often bor-
row capital at lower interest rates.

For purposes of analysis, the char-
acteristics of a prototype facility are
assumed to be the same as those de-
scribed in Tables 2, 3, and 4, with a
profit before taxes or return on an
equity of 15 percent, which is assumed
to be the minimum that would attract
private capital (considering present in-
terest rates on certificates of deposit
and other relatively safe, often tax-free,
investments).

The fraction of incoming refuse re-
covered as salable material (Table 4)
is determined by the expected efficiency
of an operating plant and by the aver-
age expected composition of the in-
coming refuse (73).

Air classifier

.Organirc fraction
| Potential fuel

4

Magnetic separator

Ferrous fraction

h

Secondary shredder

—
-

Rising current

Organics
classmer d
lnks
Coarse material
Screen Fine glass
Tat-H d Floats
e T Organics
separator Fheal Llhla SO
Sinks

2nd Heavy media

] Floats (glass and aluminum)

separator
“Ferrous fraction q: Magnetic drum ﬁ Dryer
separator
W .
R h
Other nonferrous Roll crusher
b
Screen
Coarse
o Electrostatic R L
Glass Alumlnum
separator
T

Clear glass

Color sorter

-

_Green and amber glass

Fig. 2. Processing scheme for separating materials from mixed refuse.
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The Operating Statement

Under the cost center concept, a
prototypical operating statement can
be used in economic analysis. Such a
statement must include entries for all
operating expenses and revenues for
the stated equity, as well as target re-
turn on this equity. An example of an
operating statement is shown in Fig. 3.

Net operating income provides the
return on equity previously discussed.
Total operating expenses are the sum of
annual operating costs (derived as shown
in Table 3) and waste product costs,
which are costs resulting from the dis-
posal of unrecovered material. By-prod-
uct revenues are net proceeds from the
sale of recovered fractions (16). The
dumping revenue is a per-ton fee paid
by the community or by private haulers
to the facility for disposing of the ref-
use.

The by-product revenues are based
on the expected annual recovery rate
for each potentially recoverable resource
and on the anticipated selling price for
each material. The expected recovery of
each material is listed in Table 4; the
engineering estimates made to arrive
at these figures have been described
elsewhere (/3). The expected selling
price for each material is a judgment
based on examination of analogous
scrap prices quoted in trade publica-
tions (/7), conversations with poten-
tial buyers, and freight charges over a
likely distance.

The following net prices were arrived
at: ferrous metals, at $15 per ton
(based on a No. 2 scrap bundle price
of about $35 per ton, delivered to the
steel mill and allowing $20 per ton
for transportation); glass, at $7 per
ton (based on 12 percent of the glass
output being sorted as flint at $12 per
ton and the remainder being color-
mixed at $8 per ton and allowing only
for local transportation costs); paper,
at $10 per ton (mostly No. 1 news, a
standard paper stock—price estimates
vary greatly with area of the country);
aluminum, $200 per ton net (quote
from an aluminum producer); and non-
ferrous metals, excluding aluminum,
$120 per ton (based on prices paid per
ton for metal contained in some non-
ferrous concentrates from automobile-
shredding operations). The likely by-
product revenues for the operating state-
ment, calculated on these estimates, are
listed in Fig. 3, with entries for all the
costs and revenues established so far
(18).
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Table 2. Summary of capital costs. [Source:
(13, pp. 9-1-9-53)]

Cost
Item ($)
Building 173,000
Electrical equipment 192,300
.Water and sewage 124,000
Auxiliary equipment 119,830
Processing equipment 914,300
Subtotal 1,523,430
Architecture and
engineering (10%) 152,343
General contracting and
architect-engineer field
supervision costs (23%) 350,389
Contingency (19%) 289,452
Working capital 100,000
Total 2,415,614

Figure 3 illustrates the oft-heard ar-
gument, and a correct one, that the
by-product revenues from resource re-
covery cannot support the cost of sep-
aration., By-product revenues are listed
as $562,000, falling short of expenses
($819,000) by $1.65 per ton of input.
These arguments are incomplete, how-
ever, because they do not take into ac-
count other entries to the operating
statement that must be added in order
to determine the economics of such a
facility.

First, the prototype plant discussed
here processes 500 tons per day, 6 days
a week. Of this input, 19 percent is
recovered, and hence does not gen-
erate a disposal cost for the facility. In
order to balance the operating state-
ment and to determine the point of
indifference mentioned earlier, the
credit for the dump revenues and the

Table 3. Annual operating costs of a plant
processing 500 tons per day, 6 days per week.
Basis: 40 percent of capitalization debt; 60
percent equity. [Source: (I3, pp. 9-1-9-53)]

Operating costs It?rie?g;
Variable
Labor* 258,425
Maintenance materials 74,327
Utilities 64,800
Total variable 397,552
Fixed
Depreciationt 306,530
Real estate taxes and
insurancef 39,429
Interest§ 75,000
Total fixed 420,959
Total net 818,511

* Labor costs are based on paying time-and-a-half
for the sixth day. fDepreciation is straight
line based on 20 years for buildings and 7 years
for equipment. fLand assumed to be pro-
vided rent-free by the municipality. § Based on
borrowing 40 percent of capital cost at 8 percent
simple interest, paid quarterly for 20 years on
building and 10 years on equipment. Interest
shown for the first year of operation.

costs must be such that the net oper-
ating income equals the target rate of
return, $216,000 per year. This may
be stated as:

156,000(DR) — 126,360(WPC)

= $473,000 (1)
The $473,000 are operating costs plus
profit, minus by-product revenues.
Dump revenues (DR) and waste prod-
uct costs (WPC) are expressed in dol-
lars per ton.

The equation can be solved for both
DR and WPC if a relation can be estab-
lished between the two unknowns. A
plausible one is

debit for the waste product disposal 0.75(DR) = (WPC) 2
Dumping revenue $
By-product revenues (net)
Ferrous metal $ 159
Glass $ 76
Aluminum $ 218
Paper $ 62
Other nonferrous metal $ 47
Total $ 562
Total operating revenues $
Waste product costs $
Annual operating costs $ 819
Total operating expenses $
Net operating income $ 216

Fig. 3. Protypical operating statement showing the format and fixed entries, of a re-
source recovery facility (annual rates in thousands of dollars: equity, $1.44 million;

return on investment, 15 percent).
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In other words, there is a 25 percent
discount in the cost of disposing of the
waste products after processing (shred-
ding and removing of the inert mate-
rial).

It is believed that this discount can
be justified if the processed refuse is
disposed of in a landfill, particularly
in areas where land is expensive and
dirt to cover the refuse is scarce. With
the same mechanical effort, shredded
refuse can be made more compact than
unshredded refuse; it therefore requires
less land for disposal. In addition, there
is substantial evidence that shredded
refuse does not need daily earth cover
and thereby saves on clean fill, often
a scarce and costly material (719).

Dumping revenue

Shredded refuse without cover requires
fewer earth-moving machines and com-
pactors for landfilling than does un-
processed refuse. The lower require-
ment saves capital investment and daily
operating costs. Finally, because
shredded refuse as fill stabilizes more
rapidly, compared to unshredded mate-
rial, the filled land is available sooner
for capital improvement. This is often
an income-producing item for the
municipality. The potential savings in
each of these various categories have
been estimated (13, 19) and are sum-
marized in Table 5. In the case of
landfill without daily cover, Eq. 2
seems justified, if not conservative.

It is more difficult to make a similar

(156,000 tons per year, at $ 7.72 pef ton) $ 1,204
By-product revenues (net)
Ferrous metal $ 159
Glass $ 76
Aluminum $ 218
Paper $ 62
Other nonferrous metal $ 47
Total $ 562
Total operating revenues $ 1,766
Waste product costs
(126,360 tons per year, at $5.79 per ton) $ 733
Annual operating expenses $ 819
Total operating expenses $ 1,552
Net operating income $ 216

Fig. 4. Protypical operating statement, for materials recovery alone, of a resource re-
covery facility (annual rates in thousands of dollars).

Dumping revenue
(156,000 tons per year, at $3.96 per ton)

By-product revenues (net)

$ 618

$ 159

Ferrous metal
Glass

$ 76

Aluminum

$ 218

Paper

$ 62

Other nonferrous metal
Total

$ 47

Total operating revenues

$ 562

Waste product costs
(24,960 tons per year, at $5.79 per ton)

$ 1,180

$ 145

Annual operating costs

$ 819

Total operating expenses

Net operating income

$ 964

$ 216

Fig. 5. Protypical operating statement, for materials and heat recovery, of a resource
recovery facility (annual rates in thousands of dollars).
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case for Eq. 2 when the unrecovered
fraction is disposed of by incineration.
Although the burning of shredded
wastes, such as bark and bagasse, has
been practiced for years, it has only
been in the last 2 years or so that
municipal incinerators operating on
shredded refuse have been put into
operation. One such plant is in the city
of Hamilton, Ontario. In the Hamilton
plant, there are several design innova-
tions aimed at reducing costs of incin-
eration. Among these are conveyor
belts, rather than overhead cranes, for
handling refuse. Also, because of sus-
pension burning, the combustion
chamber is smaller than a conventional
incinerator of the same capacity. Fi-
nally, there is no need for water quench
of the ash; it is cooled in suspension
by the air flow. Because the Hamilton
plant is new, data on actual costs are
not yet available. However, it is likely
that the operating costs for the com-
plete facility are slightly less than those
for conventional incinerators using un-
shredded feedstock. In time, the co-
efficient in Eq. 2 will be determined
for incineration of shredded refuse.
Until then, 0.75 will serve as an esti-
mate.

When Egs. 1 and 2 are solved, the
indifferent community is one where the
cost of disposing of unprocessed raw
refuse (DR) is $7.72 per ton and the
cost of disposing of the shredded refuse
(WPC) is $5.79 per ton. A completed
operating statement is shown in Fig. 4.

It is important to point out the three
sources of revenue for the front end
recovery facility. First, it can sell the
recovered materials; second, it does not
have to dispose of the recovered mate-
rials; third, it can charge a fee for the
service of preparing refuse for the land-
fill. (In the example here, the facility
can charge 25 percent of the raw refuse
disposal cost, or $1.93 per ton for this
service.)

The Indifferent Community

A resource recovery facility of the
sort described would be economically
feasible when the cost of operating the
landfill, or incinerating raw, unpro-
cessed refuse, is the $7.72 per ton cal-
culated above and when disposing of
the shredded, unrecovered residue is,
accordingly, $5.79 per ton. If these
figures are exact, then the community
is indifferent; resource recovery costs
no more or less than present disposal
practices. If the community is paying,
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or expects to have to pay, more than
this in the near future, obviously re-
source recovery would save it money.
If current (or projected) costs are less,
then a front end resource recovery
system would be an add-on incremental
cost.

This last circumstance warrants fur-
ther discussion.

If the community is paying less than
$7.72 per ton to dispose of its refuse,
it is not indifferent, because recovery
would cost more than the community
would otherwise have to pay. The com-
munity would have to decide the worth
of resource recovery in light of other
demands such as those for schools,
medical care, and housing. However,
an example may place this new demand
in perspective. A family of four gen-
erates aproximately 2 tons of refuse
per year. An incremental cost of $2
per ton could be incurred as a result
of a decision to construct and operate
a front end resource recovery system.
The $2 per ton figure is not exact, but
is the likely size of the increment. The
point is that, on a per family basis, this
is not a very large incremental cost.

Utilization of the Organic Fraction

Figure 4 shows that 47 percent of
the total operating expenses of the
facility is the so-called waste product
disposal cost; for the most part, this
unrecovered residue is organic and,
therefore, combustible. A more bene-
ficial course would be to recover this
residue for use as energy.

Consider the cost of burning the
combustible portion of ‘household ref-
use in an electric utility boiler, along
with coal, to generate electricity. In
order to prepare an operating statement
for a facility in which the organic frac-
tion is so utilized, certain assumptions
must be made about the amount of
combustible residue, the costs of utiliz-
ing this fuel, and the costs of disposing
of the wastes.

Not all of the residue can be burned.
In the example represented by Fig. 4,
it is estimated that approximately 16
percent of the residue (24,960 tons per
year) will not be combustible and,
therefore, must be disposed of in a
landfill. Assume also that the cost of
disposing of the residue is the same as
in the case of Fig. 4—that is, $5.79
per ton. Finally, assume that the value
of the organic fraction as a fuel exactly
offsets the cost to an electric utility for
capital modifications necessary to ac-
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Fig. 6. Graph of incremental costs and
savings for implementing resource recov-
ery. No discount in the cost of waste dis-
posal is assumed.

cept and burn it (judged to be about
$1 million) and any added operating
costs, such as for ash handling, air pol-
lution control, added maintenance, and
so forth (/4, 20). In other words, as-
sume that the organic fuel fraction is
delivered to the utility boiler at no net
cost to the recovery facility. Under
these assumptions, the prototypical
operating statement of Fig. 4 is modi-
fied to Fig. 5, and the dump fee is re-
duced to $3.96 per ton. This illustrates
the large economic advantage of such
energy recovery. Disposal costs are
obviously reduced. The indifferent
community of the previous example,
whose disposal costs for raw, unpro-
cessed waste were $7.72 per ton, now
saves $3.76 per ton on its disposal
system.

The indifferent municipality is re-
placed by one whose alternative dis-
posal costs are $3.45 per ton (21/). This
lower figure greatly expands the num-
ber of communities in which resource
recovery is economically viable, pro-
vided that the community has an
electric utility which can utilize the
organic fraction and that all other as-
sumptions hold.

Table 4. Characteristics of prototype facility:
size, 500 tons per day (156,000 tons per year
input); capital cost, $2.4 million (exclusive
of land); debt, $0.96 million; target return,
15 percent of equity ($216,000 per year).

Weight
Material recovered

(%)

Ferrous metal 6.80
Glass 7.00
Aluminium 0.70
Paper 4.00
Other nonferrous metal 0.25
Total 18.75

Public Ownership

The same type of operating state-
ment analysis can be used in cases
where the facility would be publicly
owned. The net operating income figure
of $216,000 is not required, since most
public bodies seek only to recover costs.
In addition, the interest and depreci-
ation entries must be modified for
public financing. Also, the real estate
tax entry is dropped. However, the
community now loses this revenue, so,
strictly speaking, in a total calculation
of costs and benefits, real estate tax
should be included as a cost (revenue
decrease). Public financing may be
through a revenue bond or general
obligation bond (22). A 6-percent
interest, 10-year bond with a level
annual payment is assumed to supply
the total capital requirement of $2,415,-
614 for the facility (Table 2). This
results in a reduction of the commu-
nity’s disposal cost to $5.78 per ton for
the materials recovery case and $2.09
per ton for materials plus energy re-
covery. Thus, resource recovery is pos-
sible for greater numbers of com-
munities when some form of public
financing is used.

Incremental Costs and Savings

The potential incremental costs or
savings per ton for private resource
recovery facilities are plotted in Fig.
6. The abscissa shows the disposal cost
in dollars per ton. Both the materials
recovery case and the materials plus
energy recovery case are shown. In this
case, no added value for the shredding
process is assumed (in other words,
DR = WPC). Hence, Fig. 6 represents
a ‘“‘worst possible case”—that is, the
case in which the cost of disposing of
shredded refuse is the same as the cost
of disposing of raw, unprocessed refuse.

For the materials recovery case, the
graph illustrates that, unless disposal
costs are high (greater than $15.90 per
ton), there is an incremental cost asso-

Table 5. Potential savings, by cost category,
resulting from the use of milled refuse.

Cost category S?;bl ';g
Land 62
Capital improvement Varies
Equipment 42
Operating 42
Materials 11
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ciated with resource recovery. For the
community discussed previously, with a
$7.72-per-ton disposal cost, the incre-
mental cost is $240,000 per year, or
$1.54 per ton. However, the line for
materials plus energy recovery crosses
the abscissa from cost to saving, indi-
cating the indifferent community, at a
disposal cost of $3.60 per ton. If cur-
rent or near-term projected costs (say
the average for the next 5 to 10 years)
are above this value, there is a savings
to be realized by installing materials
and energy recovery. Figure 6 can be
used to estimate the course a commu-
nity might follow in planning a solid
waste management system.

Summary

A prototypical operating statement
similar to that used by business firms
has been shown to be a useful decision-
making tool for a community choosing
a solid waste management system.
When applied to resource recovery, it
highlights the economics of recovery
and the values of the input parameters
necessary to achieve economic viabil-
ity, whether in the case of public or
private ownership (23).

In most communities, refuse pro-
cessing to recover material resources
must be based on more than one source
of revenue. In addition to the revenues
from the sale of by-products, there must
be revenues from processing the in-
coming refuse and from a user, or
dump, fee. In the first case discussed,
that of materials recovery by a front
end system, resource recovery is shown
to be economically feasible for those
communities in which the present cost
of disposal is relatively high. The in-
different community was one having a
current cost of $7.72 per ton; more
accurately, this would be the cost for
the near-term future. It is not neces-
sary that current costs be used, since
many communities are merely “dump-
ing” their refuse. The indifference de-
cision should be based on the cost of
an environmentally sound alternative.

Energy recovery from municipal
solid waste can increase the number of
communities in which resource recov-
ery will be an economic adjunct to a
solid waste management system. The
analysis presented here was based on
the assumption that the value of the
fuel recovered exactly offset the addi-
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tional capital and operating costs of the
utility which burns it. There could be
costs above and beyond this; similarly,
there could be a saving by taking into
account the economic value of the
organic fraction as fuel. However, it
is believed that the assumption. under
which the materials-plus-energy case
was analyzed seems to be realistic at
this time.
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