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ABSTRACT

~The purpose 
of this study is to assess the potentia]

of utilizing solid waste as a viable source of 
energy. A

technical description of the process is given, 
followed by

a detailed economic analysis. Finally, the applicability

of such a facility for U.S. Army installations 
is presented.
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Chapter 1

TECHNICAL ASPECTS OF UTILIZING ENERGY FROM SOLID WASTE

1.1 Introduction

The technology to recover energy from solid waste is
not new. The generation of electricity from refuse had been

used successfully in England in l900.~~~ In imerica , however,
the high capital costs of such a facility coupled with the

large tracts of land available for inexpensive sanitary land-

fill all but stopped the development of this energy source.

Furthermore, “cheap” energy was available through oil.

Today the situation has altered. We are generating an

ever increasing amount of solid waste. Sanitary landfill can

no longer continue at the previous rate due to lack of land

near large urban centers. And, of course, energy is no longer
cheap. Consequently interest is being renewed in the thermal

processing of solid was te, both as a Source of energy and as
a means of refuse disposal.

There are three major processes that convert solid

waste into useful energy: incineration with heat recovery;

fuel recovery; and pyrolysis.

This report examines the incineration process, in Section
1.2 following . Section 1.3 discusses briefly, for completeness,
fuel recovery and pyrolysis.

1.2 Ene~gy Recovery by Incineration

Historically, incineration has been the traditional corn-

petitor to landfill in areas of insufficient suitable landfill

capacity within an economic haul distance.~
2
~ Ordinary incin-

erators utilize a refractory furnace where the solid waste is

burned with air , and the resultant heat and waste gases are

1
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dumped into the atmosphere . The unburned and unburnable

solid residues are placed in nearby landfills. Unfortunately

most of the incinerators built in the United States do not

practice energy recovery, as has been done in Europe and

Japan~
3
~ for some time. Now, however, the feasibili ty and

profitability of recovering energy has been proven~
4
~ and

currently no less than 20 projects of this type are being
operated or planned in the ~~~~~~~

Figure 1.1 shows a flow chart of recovering useful

energy from solid waste. This chart is “generically typical”
in that most solid waste energy plants will follow this scheme

to some extent, depending of course on the specific facility’s

economic and design requirements.

The remainder of this section will examine each of the
steps in Figure 1.1, and end with a discussion of solid waste
as fuel.

1.2.1 Solid Waste Collection, On-site Receiving~ Estimates
show (Sf 6) that the national commercial and industrial refuse

generation rate is approximately 1 ton per person per year ,
and that this will increase to about 1.5 tons per person per

year by the year 2000. Conservation and recycling efforts will

probably not affect these figures. Therefore, a nominal 2000

tons per day (TPD) plant would require the refuse of 730,000

persons, i.e., a medium sized city or metropolitan area.
Presumably, then , the refuse is available .

Conventional collection methods are utilized to bring

this refuse on site.

1.2.2 Size Reduction. Size reduction consists of reducing

the size of bulky waste to allow the manageable handling of

this was te fur ther downstream. This is accomplished by
crushing, shearing, shredding, cutting and/or pulverizing the
waste as required . Many kinds of machines exist and operate

for this purpose.

2



1.2.3 Pre-combustion Separation. The physical separation

of the refuse flow stream into various component flow streams

is effected for various reasons. The main purpose in this

case is to separate those materials, e.g., metals and glass,
which do not contribute to the combustion process. Another

purpose is materials recovery . Table 1.1 shows typical muni-

cipal solid waste compositions. Potentially valuable materials

which can be salvaged from the waste stream include glass,

rubber, metals and plastics. An economic credit can be

realized from the recovery and subsequent sale of these

materials.

Although solid waste separation is a rapidly evolving

technology, techniques with fairly high separation efficiencies
do now exist. In fact, facilities are now in operation~

2
~ in

which materials recovery is the primary product and energy

is a by-product. The interested reader is referred to References

2, 7 or any recent book on materials recovery .

1.2.4 Storage. The storage of the processed solid waste

generally occurs near the furnace-boiler. With such an arrange-

ment, an overhead crane can feed refuse from the storage area
into the furnace charging hopper. The capacity of the storage

area must be sized such that contractual output demands are

met during periods when little or no refuse is being delivered .

1.2.5 Furnace-Boiler. A number of steam generating systems

can be employed . (2) This report will concern itself with the

watertube wall boiler, which is similar to that in a conven-

tional fossil—fired power station design.

Trash, taken by crane from a storage pit and loaded into

the refuse hopper , goes down the chute and onto the furnace

grates. These reciprocating qrates keep the trash in motion

for complete combustion. Ash is discharged to a water—sealed

hopper and removed . P r i m a r y  combustion a i r  is introduced by

3
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a fan beneath the grates . Secondary combustion air is intro-
duceci above the grates to hel p complete combustion and to

control flue gas temperature. The upper section of the fur—
nace, i.e., the boiler , consists of watertube walls, the
superheater , economizer , and steam drum .

Typical operating ch~~acteristics are given in Table 1.2.

1.2.6 Auxiliary_~oiler. In order to assure that steam is
available , auxiliary boiler(s) usuz~lly fired by oil are

required to meet steam demands during downtimes, anticipated

or otherwise. These standby boiler(s) can be packaged, pre—
engineered systems available from selected equipment manufac-
turers, and can he t ied into the main steam line. Similarly

an auxiliary burner can be attached to the combustion chamber

where it can be used to ignite , augment, or provide combustion.

1.2.7 Gaseous Emissions Cont~ ’il . Even a modern, well-designed
and properly operated l ci fl ert t e r cannot meet federal and
mos t, if not all , state regu1ation~; for particulate emissions
without an effective ~ ii ~~-lh~tj:,n control system. Commer-
cially available devices unn-h c- ~~~ bring emissions levels to
within requiied stariJards ~ :ist . These include electrostatic

precipitators , and scrubbei s ~~i ! i 1 i r  to the equipment used in
fossil fueled elect ~ica1 .-~~~ ueratiuy stations.

1.2.8 Post-Combustion Scpar.ition and Effluent Control. Incin-

erator residue consists of t h  soI~~d naterials remaining after

combustion. Residue may contain ash , ~lass , metals, rocks, and

unburned organic sub~ tanceu . G~ st~~u~ t~missions control

residues are thosc i~~rticulates removed by the air pollution

control equi})n (zlt . I3oth of these residues must be disposed

of properly. Generall y solid residues are interred in sanitary

landfill , although separation for materials recovery may occur

prior to disposal.

4
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Process wa t er , discharged from wet scrubbers, residue
quenching, water jacKets and the l ike , mus t  be treated to meet
federal , state , and local discharge water quality standards.

1. 2.9  ~~~~Ut i 1i~~~tion. As seen in Table 1.2, a good
quality steam can be generat c - j  This can be put to many uses.
The most obvious use of the r ecovered steam is in the thermal

processing plant itself. St~~~~ i i turbines can drive large pumps,
fans , small  e l e c t r i c  qenc~~ator s, and other  e 1ui pment that
would o therwise  reduire large amounts of externally supplied
power . This “eneigy recycle ” could  keep opera t ing  costs down ,
a l though the i n i t i a l  cap i tal  costs would be high .

The idea of using steam for district hea t ing  and cooling
is not new , hav ing  heen practiced in Europe for many years.
It is , however , novel ~~X i t h e  U . S .  One p l an t  of t h i s  na tu re
now opera t ing  is in f l u s t v i l l e , Teiai. , where i t  hea t s  and
cools major  d o wut : , ar t  b a i l d i r i ~j s .  ( 2 )  

A d d i t i o n a l l y ,  a recent
study fo r  O n on i aj - a  Cour t  y ,  N . Y .  s t r o n g l y  suppoi ts a solid
waste fue l ed  cocr~ y [) lant :  to serv ice  6~ u n i ver s i t y ,  hospital,
local , and f e d er a l  b u i l d in ~~s.

Pr ocic~s heat  fu i  i n d u s t r y  is ano ther  alternative . The

pr ivate~ y c ) W Ocd Resco Co~ pany f a c i l i t y  in Saugus , Mass.
supplies the nearby General El ect r ic Comp any with between
65 ,000 and 350,000 lbs/hr of steam .~~

4
~ This steam is used

for electrical generation , space heating , and equipment opera-

tions.

The use of refuse for the generation of electricity is
rare in the U . S .  However , a t rash  fueled 110 MW steam turbine
electrical  qenerat LncJ st a t i on  has  contracted to sell to

Jersey Cent ra l  Power and Li j h t  Co. n e a rly  1 billion kilowatt—

hours of e le ct r ic i t y  pe~ y e ar .~~
9
~ In d i cat i o n s  point to an

increased economic a t t r ac t i v e n e s s  of t h i s  concept.

1.2.10 Solid Wast e  as t a d  • ht cai ise  the c o m p o s i t i o n  of refuse
varies  g r e a t l y  as shown in  Table l . J , and because many dif ferent

_________________________ —.- - ~~



substances with dif feiin-i h c d t i f l g  va lues  a r e  found in refuse,

the heating value has been found to va ry  g r ea t l y .  References
(2) az-id (5) indicate a range of 3000 to 6500 Btu/Ib , and the

literature surveyed tends to use a nominal value of 5000 Btu/lb.

This compares with nomina l values of 14,000 Btu/lb for natural

gas, 18,000 Btu/lb for oil , and 11,500 Eltu/ib for coal.

The sulfur content of refuse is low in comparison to

that of coal and oil. Dat~~~
5
~ show a consistent average sulfur

content of refuse in the 0 . 1 %  t~~ 0.2% range . This contrasts

with a range of 2.5% to 3.5% in bitumInous coal. Furthermore ,

95% to 100% of the sultui in coal will appear in the flue gas

as oxides; in r e f u s e  only  25% to 50% of the inpu t  s u l f u r  is
released as SO2. Thus , bu rni ng solid waste has a significantly
sm~1ler impact on air quality than coal or oil. Refuse can

be considered a low-sulfur fuel.

1.3 Fuel Recovery and e ly s i s

Fuel recovery is t L~~ 1 -covecy of the im-~i energy by burn-

ing processed solid Waa t~~ as sui t l ementci ! fuel in existing

boiler furnaces. This couc (pt has p1o~’en successful , for

e x a m ple , in  t i ~~ wel l  dncumen~ ~- :i City of St. L o u i s/U n i o n

E l e c t r i c  Co. P roj e c t .~~
2 ’ 5

~

Pyrolysis is a pr acess in wh ich  o r g an i c  m a t e r i a l  is

decomposed at  elevated t em p e r a t u r e  in a relatively oxygen—free

atmosphere .  The pr~r’ess is enc lo the rmic, i . e . ,  requi r ing  heat

e i ther  d i r ec t ly or i n d i r v c t l y .  The products  of pyro lys i s  are

n o r m a l l y  a comp lex r n i x t u i c of combustible gases and liquids ,
-

~ and solid residues. The flu i d products are potentially useful

as fuels. Several pyrolysis processes have been developed ,

and some full scale nlants are in operation.

6
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Fi gure  1.1 Flow Char t  of Thermal Processing Fac i l i ty
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Table 1.1 Typical Compositions of U.S. Refuse .

ç~~ pos it ion
Component (% of Dry Weight)*

Ref(2) Ref(5) Ref(7)

Paper 45.0 38.0 55.0

Ferrous Materials 10.5 7.5
10.0

Non-ferrous Materials .8 1.5

Plastics, Rubber, Wood 8.8 2.0 5.0

Glass 11.0 12.0 9.0

Garbage, Yard Wastes 21.4 32.0 19.0

Misc . (Dirt, Ash , etc.) 2.5 6.0 3.0

TOTAL 100.0 100.0 100.0

*~~ jsture Content 27.0 —— 30.0

A



Table 1.2 Operating Characteristics of Refuse Fired

Steam Generating Plants

Item Resco— NW Incin-3 Harrisburg
Saugus Chicago Montreal Penn .

# aoilers 2 4 4 2

Nominal Refuse
Capacity (TPD ) 1200 1600 1200 720

Steam Production
(1000 lb/hr) 185 110 100 92.5

Steam Pressure
(Psig) 690 275 225 250

Steam Temperature
(°F) 875 414 500 456

Startup Date 1975 1970 1970 1972

Reference (4) (5) (5) (5)

-
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Chapter 2

ECONOMIC ASPECTS OF UTILIZING ENERGY FROM SOLID WASTE

2.1 Approach

The purpose of this sec tion is to develop an economic
analysis of a refuse-fueled power plant similar to that

described in Chapter 1. Two types of energy product are

studied: superheated steam and electricity . In addition,

two methods of f inancing are analyzed : private ly owned and
operated , and municipally owned and operated .

As has been stated in Chapter 1., the technology for
these facil i t ies is proven , but reliable economic data are
scarce. Therefore, based on a literature survey, an economi-
cally composite facility is analyzed as follows :

1. Design the facility. —- The thermal processing
plant of Figure 1.1 is the general reference design .

The plant burns 2000 tons per day (TPD) of solid waste;

recovers energy in the form of superheated steam; and
recovers salable raw materials as a by-product.

2. Develop economic data . —- Cost estimates are taken
from l i terature, tabulated , and adjusted.  From this ,
costs are assigned for the facility under study .

3. Calculate levelized costs of energy generation . --
Clearly, in order to economically justify this project ,
the levelized unit costs of the energy product must be

lower than the unit costs of other methods of power
production.

4. Compare these results with the unit costs of other

energy sources.

10
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2.2 Development of Economic Data

As stated previously, reliable current economic data

are scarce. Table 2.1 is a compilation of data found in

various sources. Most of the data are from feasibility

studies made in 1971 which obviously are unreliable now. A

good source of information is Ref .  (4), which describes the
Resco Company faci l ity in Saugus, Mass., curren tly the only
privately owned and operated refuse burning plant in the

United States. This plant generates steam which is sold to

a nearby General Electric Co. industrial complex.

Rather than rely completely on the Resco data , adjust-

ments were made to the data of Table 1.2 to see if a correla-
tion could be found . The adjustments made were the following:

1. Using the M a r s h a l l  & Swif t  (M&S ) Indexes U l )

transform the data for capital cost, operation and

maintenance (O&M) , and sales revenue into 1975 dollars.

2. Scale by TPD using the “Law of 7/l0’s”* the capital

cost and O&M (since O&M is generally a function of plant

size) to 2000 TPD, and

3. Scale steam production and sales revenue propor-

tionally to the appropriate TPD level in the year 2000.

*The “law of 7/1O~ s”~
10
~ is the mathematical equation which

quanti tat ively expresses the well-recognized engineering
principle, economy of scale. The equa tion is of the form

I I ,K 1 n
o ‘K0’x where

K = size (i.e. rating) of unit under study

~
<o= size of reference unit for which cost is known
I = capital cost of unit under study
I4~= capital cost of reference unit
n = scale exponent, which has been found to be

0.68 (~ 7/l0) for most power generating systems

11



Sample Calculat ion.  A par t ia l  example , using the Weinstein
& Toro~

2
~ capital cost data, is shown below :

1974 M&S Index = 398.4

1975 M&S Index = 445.0

** Cost Adjustment Multiplier = (445.0/398.4) = 1.117
Stated Capacity = 1000 TPD

Desired Capacity = 2000 TPD

** Scale Multiplier = (2000/l000).68 1.602

1974 , 1000 TPD Capital Cost = $15.5 x io
6

Therefore , the 1975 , 200 0 TPD Capital Cost is
($15.5 ~ 106 ) ( 1.117) ( 1.602)  = $ 2 7 . 7 4  x 106

These resulting adjusted cost data are tabulated in
Table 2 . 2 .

Notice that in the feasibil i ty studies cited ( i . e. ,  not
the Resco project)  the data for  capital cost agree within a
re la t ively close range.  This is also true for  the O&M costs
and steam production rates. Revenues, however , vary widely .
This may be explained by the fact that sales revenues were

based on the projected market price of the product (the

projections having been made at the time of the study), and

not on the actual costs of generation . In view of the price

variat ions in energy in recent years, these revenue data
should be ignored .

Note that the capital cost of the Resco plant is almost

twice as great as the estimated costs of the other designs.

The Resco capital cost is based on actual costs, which is
much more reliable than the feasibility study data which are

projected costs. Reference ( 9 )  quotes a $66 x 106 capital
cost for a 4000 TPD facility . Scaled to 2000 TPD, this capital

cost would be $41.2 x io
6. Therefore , the 2000 TPD f ac i l i t y

analyzed in this report will have a capital cost of $50 x io6

(1976 dollars).

Table 2.3 lists the data which will be used in the economic

analysis. Some specific comments follow .

12 
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A nominal 600,000 lb/hr value for generated superheated
steam is used, based on the expectation that future boilers

will  be designed to be more efficient than current boilers by
utilizing the experience of the latter. For O&M costs, an

average value of $3.2 x 106 is used .

The estimate of ma terials credit is based upon an
assumption of 7% by weight of refuse of recovered , salable
materials, at $10 per ton of material recovered)3’4~

The turbine—generator (T/G) and associated systems are

assigned costs as follows:

Example. Size of T/G calculation --
Fuel consumption rate = 2000 tn s~ i day •20OO~~~

= 1.667 x iO~ lb/hr

Heat consumption rate = 1.667x 10 5 
~~~•5 000~~~~~ .70 ef ~ ?~~~~~cy

= 5.8333 x 108 Btu/hr

Size of T/G = 5.833x108 BtU 1 KW•hr • 1MW 171 ~~~

Example. Cost of T/G calculation --
From Ref. (12), a 3860 Mwt T/G plant costs $239 x io6

in 1976. Scaling this to 171 Mst, the additional T/G

capital costs would be $239 x 106 (3 
i )•68 = $28.7 x io6.

Note that this value is the busbar capita l cost, exclusive of
transmission equipment capital costs.

The boiler eff iciency is 70%. (2,5,6) The capacity

factor is 85% , based on operation 6 of 7 days per week, fu l l
sh i f t ;  i .e . ,  24 hours a day. Since the steam generated is
superheated, a nominal 40% e f f i c i ency  is assumed for the T/G
balance of plant for electrical generation, when analyzed .

The cost of fuel analysis has an interesting aspect. If

a city or group of cities builds a refuse burning plant, they
effectively have the fuel on hand . Now, since trash collection

13



and disposal are generally a city function regardless of
refuse use, these disposal costs can be considered “sunk”

costs and not applicable to the fuel cost analysis. Munici-

pal garbage trucks can deliver the “fuel” to the station;

thus in this case , and herein for  the munici pal owned
facility analysis, the fuel cost is considered zero .

This is not the case for a privately owned facility .

A private organization can charge a city for the “privilege ”

of delivering its solid waste to the facility . This is the

mode of operation for the aforementioned Resco project. Resco

charges its clients $13 per ton of refuse delivered . This

is a contractual arrangement which escalates yearly according

to government price indices and which imposes stiff economic

penalties upon the clients for not delivering the specified
tonnage. Thus Resco makes money on its fuel even before it

is delivered . On the other hand , this relationship can be

economically advantageous to a city. Resco must accept its
contracted deliveries, whether or not the facility generates
energy . As such, the city is out of the solid waste disposal !

sanitary landfill “business.” This can be a potential savings

in many ways for a city.

Note that this fuel cost analysis is very sensitive to

the specific plant site. In some areas, notably rural, refuse

collection is not a municipal funct ion , and fuel  supply
arrangements need to be negotiated . The fuel cost for a

municipality owned station could be negative if , for example ,
city A (which owns such a facility) charges city B and city C

to dispose of B’s and C’s solid wastes. Another treatment of

fuel costs could be as an internal cash flow , where for example

City A’ s Power Department charges its Public Works Department
for trash disposal. Although both departments work for the
same ci ty , this could be advin tageous  in the accounting
practices. The power station might he forced to pay f or fue l

if , say in the preceed incj examp le , the interna l cash flow is

14
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not advantageous to the Power Department. Additionally, a

privately owned station might have to compete with other users

of trash for the fuel supply required . Analyses need to be

made fo r each si te proposed.

Returning now to the discussion of data used in the
economic analysis, power generation is assumed to be constant
throughout the plant life of 30 years. Steam generation, at

600 , 000 lb/hr and a capacity factor of 85% , is 4 . 4 9 2 8  X

lb/yr . Electrical generation, using a T/G plant  eff ic iency
of 40% and an overall capacity factor  of 60% , is 3.595 X 108

Kw hr/yr .

Financing data are chosen as typical values for a power
plant project, from Ref. (10).

2,3 Calculation of Levelized Costs of Energy Generation

Table 2,3 summarizes the data which are used in the

economic analyses. Levelized costs of energy production are

calculated in Tables 2.4 through 2.7 under the following

conditions:

Table 2.4 Investor owned — Steam generation

Table 2.5 Investor owned — Electrical generation

Table 2.6 Municipally owned — Steam generation

Table 2.7 Municipally owned - Electrical generation

All studies take credit for ma terials recovery sales
revenue. The analysis is based on methods derived in Ref. (10).

Profit is not included.

The leve]ized unit busbar costs are listed in Table 2.8.

15

—a, - - --- _____ -- -



to 0~ — ‘
C) IU )-, .-4 0 N N N .,4

0) .-4 V N 0 W IS o in U
S ci ~ in ~~ ~~

. • . a in .,.
~ i • ~~~

‘

~i4 ~~~~~~4J p.4 ifl p.4

U~ 4J~~ .4
IU U ) U

o ‘-.4 p-I
--4 ~~ .c:
4i 0) Q~ .-I 0 N ~~ i-
ni C) r.4 V N 0 ~~ r-4 0

0) ~ in o, • a a S o i s ‘
U) ~ V 4) ,..4 p-I C’~ • .,4 I-,
~ p.4 p.4

“-4 0.1.-Io 4i .,4

~b-I

p-I
U) • g~J
‘U ~1.4 0) N ~~ .•-4 0 0.
~~ p-I 0 .—4 ~ 0 0 .0V N 0 N N • ‘-4 a a

• ~ C’) C. 0 . • a a ,—~ ~ N ~~ p-4
~~ 0 0 - 4)  ‘-4 r.4 N ‘.4 In

--4 0) U) ,—~V
1.4 ILl
‘U

• m0) • Q  tO ,-4 ‘tj d
~~ ~~~Q) q 00 0 C’)

0) ~~ >1 r~I 0 00 IS N • $0 Iii 0
0) 0 V N 0 N 00 a (N p.4 • •‘-4 0 0

i m a-. a . . U N p-b
3 ~~~~~~4J ,-.4 p.4 (N p.4 •,-4

4~J ‘U 4J U)  p- b in
‘U
1.4 4J~~~0) U)
41

‘0 p-I 0)
S ‘~ Vo
14 0) -P ~~ 0 in .~ . a-, a-, ~ . o4.) U) N 0 • to N N 6’. 0 a ,Q

U) N 6’. 0 10 in a N • .p4 C’) I
‘0 ~ 0 ~-4 i-I i-I • N • 0
4) • .4 1.i p.4 p-I N
‘0 0 ) 0
0

o I V U)
ci
4) 0 C)

o m .~~ in N tO £1..4 
~~~0 i~ 0 ~ N w Q ‘* 0 ~ ‘ .t~4) b~ U N a m ~~ in u’i ..-I I UP U I ci
i 0  ~~~~a. N C’) • . p • 14 I S O  p4

‘0 0)  p-b p.4 N 10 Ø.~ .4) .0
I N W  ‘0n. I U

So lO in
U 0~~~ o N C 4

.,4 14 — C) 1
4) ~) ‘-I 4J .C) U) 14 0 W U )  ‘U ‘0
‘U ‘0~~~ 4 ‘ 0 -  O r-I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0)
a — .. 4) () 4~ 4/~ ~ ‘0 (fl’ (/~ ~J4 / ~ ‘U •p4 > ~ 4)

(N U) ‘0 ‘0 ~~~~ U) a U~S 4-hO 0)10 14 ~~ .p4 4) 0
C) ~ 0.0 U) 4) 00 4) 0 10 0 ,-b 0) 0’.0) >1 O~~ 10 fU .-4 4) U) 1 4 0  U ) r 4  > r 4  ~z~~,-4 Qi 0 4J ~~ tO

r-4 4) U ) ’~~~ O U~~~ U) 0 C~.. ’—4 ~~~ 0 d ~~~~ ,4 ‘0 N I l
.
~.4 0 ) 1 4 0  0 -- U---  ‘—‘~~~-4 ‘-4 .—i ~~~E ’U U’d 0 ) 0 )  a-.

‘0 ~ i 0 0  4) — 4) U) (J v~ u ~ ‘0 W  1 0 U )  lO U) 14 O ’-4 ~~O Sb’ ,-4 . ~~W~~~~~C) ~~~ 4J ~~ -4~D S 0 W ~~~~~~Ø~~~~~~ W ~~~~ w 1 0 .  1 0 c  ~i 1 4
U ~~~U ) 4 J  l O P .  ‘ U U ) X 0  0 ) 0  W4)~~~~~i-~~~~~~~1 S~~ r-4 ~ 0 C4~~~U)’0 ~ (0
Id 0C~ ‘0’.4E~~.-4 O ‘0 r-4 ~~~~~ 4J f~3 ~~~(0 ~~ ‘0 r 1 0  ~ O ’l.4 -.-4 W ln .C .,.4 .-4
~14 

(I ) — C )  P.’- P.O 0’--’ 1’.-’ ( ‘~~~~ i~~I~ 4 U)  4 U) 0 ILlO I L E  ~~O ~

16

_  —----- -- -

. 

- -~~~~~~~~~~~- - _ - J



00
0 ‘U’ .-4 10
0 • 00 0 N
0 C’) • $0

(U ~‘ 4~) (N (N (N a ‘U (N I0) 0.1 (1)
- Pp.4
U) U

‘0
• -p4

00
(D r-4 ’U 0 ‘U’ N

0 • C’) 0
0 ‘U~ • en

‘0 10 U) (N N (N 0 ‘U I I
01 .-I
4) --4

P.

10 0) i-I
4) en 00
(0 a • 00 N
0 —  ~~~~ 0 a-

U) 0 04 1  N C’) C’) 0 I (N
-P 1 4  0) U)
W IT) p-b
0’-4 U)

0
>~0 .0
4)
-rb IS W~~~ N 00 (‘1

N C) >1 a en • N 00
r4 C~ .-1 ’0 0 • —I ID N ‘U
C) r-l 5 -  ~~ 0 00 • in
(0 ‘T) 4J 4) N (N ‘U 0 ‘U’ N
IL~~~ 0) 1 0 ( 1)
.•-4 -P~~~

‘U Cl)
‘0

4)0.)
(fl 4J ‘0

>1

-r’.4J ci
‘0 (1) -~~~~~‘0)4) ‘U IS

-P U) 0 N 00 • p.4 ~~
.

U) 0 • N 00 p-b ‘U
0 N • In . .

14 N (N (N 0 ‘U In N 0(N 0)0

0)
p.4
.0
‘UEs

it) C’) N C)
O~~ 0 00 IS N • 00 N
0 b. 0 • C’) N C’) in p-I

a C’) . • 00 • In 0)
0) ‘0 N in en a- In N • r-I

I P .0
-_ IT)—~~~~1 - C)

-Pb

0) ‘-4
4) 0 0.
IT) •rI 0.

4.1 ,-4 14 (0
--4 ‘0 5 —  r-b ----- 4) - ’
U 4) —  • (0 (I ) -  - U ) -  C) ( I ) -  4-)

‘0 .,.4 (I)- p-I V -‘- 0.1.0 .Pw 01.0 0
0 Qis X— 0)— 05 4a 100 .--1 0

>1 Id 100 ‘0 1 .4  1 1 4  1-4 •’---~ U) r-b E r—i U).-I
4) U 0.-I 0> i  Ii. >~ ci. .Q ‘-- —

~~~~ ~~
..., ,-f p-4 p.4 p-4

p-b 4 ) ..— . 4.1 4) 4/> 41 (I)- 5 (0 4)) (0 (4) (0 (4)
~~ 4) ~:*.o ~om ~~~~ ~i - o ~ ~~~W

0 lO P .  (0 4)) I d a  ( 00  0 )0  ~~ p4 ~~p-4 ~~ p-4 (0
(0 .-4Es ~-b O  ‘-4 .-I ‘-b r-b 4-b r-I ~~~(0 p-I

IL P . —  0 .0  0 . -  0 .-P U) —  < U)  < U)  < U)

17



Table 2.3 Composite Trash Incineration Facility Data

Factor Magni tude Remarks

Plant capacity 2000 TPD

Plant capital cost $50,000,000 1976 dollars

Capital cost of T/G
Plant $28,700,000 1976 dollars

O&M costs $3,200,000/yr Increases 5%/yr

-$13/ton refuse (Increases 4%/yr
Fuel cost (Investor owned

$0 Municipally owned

Materials credit $434,400/yr

- (85% Steam productionCapacity factor 
160% Electrical production

Boiler efficiency 70%

T/G plant efficiency 40%

Steam production 600,000 lb/hr

Steam enthalpy 1500 Btu/lb

Economic l i f e  30 years

Depreciation method straight Line

Financing method:
Investor Owned Municipally Owned

Bond fraction 60% 100%

Bond rate 8% 7%
Stock fraction 40% 0

..— ,,

Stock rate 16% 0
Tax rate 50% 0

Discount rate 8.8% 7% 

--- -- - —~~_ _ _ _ _



Table 2.4 Levelized Unit Cost Data — Privately Owned
Facility-Steam Generation

A. Levelized Required Revenue

Item (x10 6$)
End of Year

1 2 3 4

Remaining investment 50. 48.33 46.67 45.
1 Depreciation 1.667 1.667 1.667 1.667

2 Bond interest 2.4 2.32 2.24 2.16

3 Return on equity 3.2 3.093 2.987 2.88

~4 Taxes 3.2 3.093 2.987 2.88

5 O&M 3.2 3.36 3.528 3.7044

6 Fuel —8.0665- —8.389 —8.725 —9.074

7 Material credit — .434 — .434 — .434 — .434

Annual required
revenue =

~ 1—7 5.16615 4.70965 4.24965 3.78305
~~~~~~~~~~~~ ~~~~~~~~~~~~~ 

.

~~~~~~~~~~~~~~~

-

Net change — .466 — .466 — .466

Levelized Required Revenue = 5.16615 — .4 6 6 (A/ G , 8. 8% , 30)
= 1.08 x ~~~ $/yr

B. Levelized Unit Energy Cost

Required Annual Revenue
Annual Energy Production

1.08 ~ i0
6 $/ ~~~~~~ = 2.404 x ~~~ $/lb

4.4928 x 10 lb/yr

= .2404 $/1000 lb steam

19
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Table 2.5 Levelized Unit Cost Data — Privately Owned
Facility—Electrical Generation

A. Levelized Required Revenue
Item (x10 6$)

End of Year
1 2 3 4

Remaining investment 78.7 76.0767 73.4533 70.83

1 Depreciation 2.623 2.623 2.623 2.623
2 Bond interest 3.7776 3.65168 3.52576 3.39984

3 Return on equity 5.0368 4.86891 4 .07010 4.533 12

~ Taxes 5.0368 4.86891 4.07010 4.53312

5 O&M 3.2 3.36 3.528 3.7044

6 Fuel — 8 . 0 6 6 5  — 8 . 3 8 9  — 8 . 7 2 5  — 9 . 0 7 4
7 Materials credit — .434 — .434 — .434 — .434

Annual required
revenue = 

~ 1—7 11.1737 10.54949 9.91977 9.28548

Net change — .62421 — .62972 — .63429

Levelized Required Revenue 11.1737 - .63(A/G ,8.8%,30)

5.65 x io6 $/yr

B. Levelized Uni t  Energy Cost

5.65 x io6 $/yr
3.595 x 108 Kw-hr /y r

1.572 x io
_2 

$/Kw•hr

15.72 mil1s/Kw~hr
I- ---- -

I-
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Table 2.6 Levelized Unit Cost Data — Municipally Owned
Facility-Steam Generation

A. Levelized Required Revenue

Item (xj.06$)
End of Year

2 3 4
Remaining investment 50. 48.33 46.67 45.

1 Depreciation 1.667 1.667 1.667 1.667
2 Bond interest 3.5 3.3833 3.2667 3.15
3 O&M 3.2 3.36 3.528 3.7044
le Fuel 0 0 0 0
5 Materials credit — .434 — .434 — .434 — •434

Annual required
revenue = 

~ 1-5 7.9327 7.976 8.0274 8.0871

~~~~~~~~ ~~~~~~~~~~~~~~Net d ifference + .0433 + 0514 +.0597

t Change +.008 +.008

Levelized Required Revenue

= 7.9327 + [.0433 + .008(A/G ,7%,29)](A/G,7%,30)
= 9.099 106 $/yr

B. Levelized Unit Energy Cost

= 
9.099 x 106$/yr 

= 2.025 x $/lb
4.4928 x 10 lb/yr

= 2.025 $/1000 lb steam
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Table 2.7 Levelized Unit Cost Data — Municipally Owned
Facility-Electrical Generation

A. Levelized Required Revenue

Item (x 10 6 $)
End of Year

1 2 3 4
Remaining investment 78.7 76.0767 73.4533 70.83

1 Depreciation 2.623 2.623 2.623 2.623
2 Bond interest 5.509 5.3254 5.1417 4.9581
3 O&M 3.2 3.36 3.528 3.7044
1~ Fuel 0 0 0 0

5 Materials credit — .434 — .434 — .434 — .434

Annual required
revenue = 

~ 1—5 10.898 10.874 10.859 10.8515

Net change — .024 -.015 — .0075

t~ change +.009 +.009

Levelized Required Revenue

= 10 .898 + [ — .024 + .009(A / G , 7% , 29) ] (A/G , 7% , 30)

11.969 x 106 $/yr

B. Levelized Uni t  Energy Costs

= 
11.-969 x 106$/yr 

= 3.329 x io
_2 

$/Kw-hr
3.595 x 10 Kw-hr/yr

= 33.29 mil l s/Kw-hr
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Table 2.8 Summary of Unit Cost Data for Energy fros a
Refuse Fueled Power P lant

Steas Electricity
($/1000 ].b) (rnills/Kw.hr)

Investor Owned .2404 15.72

Municipally Owned 2.025 33.29

— —
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Chapter 3

DISCUSSION OF RESULTS AND CONCLUSIONS

The resul ts listed in Table 2.8 show interesting trends .
It is seen that even though the cost of money is higher and

the effect of taxes greater for an investor—owned facility ,

the cost of energy generation is lower for it than for the

munic ipally owned project. This is due to the fact that the
private company can accrue revenue from its acceptance of
fue l, i.e. the fuel has a negative cost. However, as is noted
in Section 2.2, fuel value is site specific , subject to much
analysis.

Based on steam sales , the Resco Facility sells steam
at a cost of approximately $2.50 per 1000 lb , the Boston

Edison Company charges an average of $2.00 per 1000 lb,
depending on quantity and end use. Note that these are the
customer ’s charge, not the costs of generation. As such, the

cost of steam generation from a refuse-fueled plant is seen

to be commercially competitive in the available United States

exam ple.

Studies in Ref. (10) show busbar electricity costs to

be in the range of 25 to 35 mills/Kw.hr. Again the calculated

unit costs of electricity appear to be competitive. On all

studies, transmission and distribu tion costs are not reflected
in the uni t pri ces.

These analyses are tacitly based upon the succeseful

marketability of the materials and energy products. Materials

sales generally depend on the market price in effect at the

time of recovery , and transportation costs to the buyer .

Elec t r i c i t y  can be sold to the local grid , if transmission
costs are not prohibitive . Steam sales could be uncertain:

there must be a local requirement for the steam . District

heating is an attractive use for th i s  produ ct . Another

24



possible utilization of the steam is in an industrial capacity ,

as with the Resco/GE drrange1nent. In that situation the need

for steam exists, little retrofit is required, and the plant

can follow the industry ’s load demand . Large refuse facilities

could supply the energy demands of an industrial park . In

summary, the location of the project is an extremely important

factor that governs the success of this venture, and careful
analyses must be made to ensure a market for the facility ’s

products.

In conclusion , the technology to recover useful energy

from the incinera tion of solid waste is available and has been

proven . The economics are favorab le , especially in view of the
fact that prices of energy from other sources appear unlikely

to decrease in the foreseeable future . The overriding concern

is the project site , where the economics of fuel sources and

energy pro duc t  t r~~n s . . i s s i on  and use are the deciding factors

of the plant’ s economic feasibility. Site—specific studies

of these questions must be performed even before the design

phase commences ir ~ -
~ p a r t i c uL~r appl ica t ion .

Refuse as fuel is nor th~ solution to national energy
- ( 6 )  -supply problems . Estin ites show that if all the solid

waste generated in the U.S. yei rly were incinerated and its

energy recovered , oniy 10% of the U.S. heating needs could be

supplied . Use of ref use as f ue l i s, however , a practical way
of disposing of the ever increasing amount of refuse in the

U.S. and at the same time utilizing its energy to conserve

diminishing resources of energy producing fuels.

25



(‘ha ptt- i 4

THE POTENTIAL OF U1i iIZl ~JG ENERGY FROM

SOLID WASTE FOR U. S. ARM’
~ INSTA LLAT I ONS

The solid wastes pioi~~ e 1 on milita ry installations

are a potential source o* energy. The burning of the wastes

f or energy would also al levI tte  disposal problems.

Previously ci ted es ti n ~~t es show~
5’6~ that the national

per capita refuse gene r at ion ra te is one ton per ~erson per

year. Thus, a larger Army installation (in the 50,000 person

population range) would genetate enough fuel for a nominal

140 TPD incineration faci1ity. The scaling method introduced

in Chapter 2 would work adversely on the economics for a plant

this size, however . The capital cost of a 140 TPD steam

generating facility would be $7,700,000. Consequently, a

“dollars invested per TPD r a t i n g ” ratio would have a va lue of
$55,000/TPD. This compared with a $25 ,000/TPD amount for the

example in Chapter 2. Furthermore , by using an analysis

s imi la r  to the one prese n t ed in Ta b le 2.6 (using a discount

rate of 10% , how ev e r ) ,  the levelized unit energy cost for

steam generation is found to be $3.62 per 1000 lb steam. This

is economically unfavorab le  when compared to the large scale
facilities of Chapter 2.

If a large incinerator facility is needed, the mili tary
b4ae might acquire the additional fuel from nearby civilian
communities through contractua l arrangements. Thus, local

towns would be relieved of their refuse disposal problems, and
the base would have the requ ir el solid waste for a large

energy plant . This con cep t  could have good political as well

as economic results. Cd course , the r amifications of adopting

such a concept insof~ r as site factors and Department of

Defen se policy must be idd~~vs~; d .

26
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Concerns other than ~~ :e i ~~~~~ pr od c:lion costs may be
overr id ing cons iderat i ~~iis L f l  teterLaittiny the f ea s ib i l i t y  of
an incineration plant for a particular military installation,

and compa~~isons w i t h  c(MI~ Ier C i tl veii tui es may be moot. For
example , an Army base way h ave a problem with its current
solid waste disposal. system~ or methods; an energy producing
incinerator could be the solution. ( i , a base may have (or
be constructin; t buildii~~s ~t i 1 ~~- t 

~eqrii re st~ urn service; again
the steam generating incinerator could supply this service

without relying upon expensive fossil fuels. Of course,

these scei arios are site-specii ic for which feasibility studies

must be clone.

F u r t h e r examp les of utilizin y an energy f rom solid waste
facility merit consideration. Studies are currently being

done concerning the feasibility of Total Energy Systems (TES)

for Army bases .* A TES would suj ly all the electrical and

therma l energy needs of a b v;e, utilizing ~~ electrical gen-

erating system f o r  t h e  f e r r er and t h ~ a s s o c i a te d  waste heat
for  the l a t t e r .  The desi gn S1~~’ c of t he puo~~r s ta t  ion and
therma l s to rage  res~~i ;oi r a r  d~~t~~j i i i e d  by the magni tude  of
the peak load requir ed . As s & c i i , i t  in inc i n e r a t i o n  f a c i l i t y
were in tehrated into the TES, i t  would supp ly some of the
system peak  loa l , thus ci~~ : . isiry the ( t e S  i jn si Z~~ of the power

stat ion and ther~ a1 rer;erv )i r. One f i n a l  e x a m p l e  is that

solid waste energy could ji ruvide the fuel to supplement the

energy obtained from a solar energy system for heating and

cooling .

In concl usion , then , i-re rqy from solid waste has much

potential for use in m i l i t a r y  n&s t ulli t lon s , and f u r t h e r
detailed feasibili t y studies should be u n de r t ak e n .

*For e x a m p l e , see “ I-ceiiom i c and P e r f o r man c e  E v a l u a t i o n  of Total
Energy Supp ly  O p t i o n s  f o i  i ) e p i r  t n i ~~nt  ot Defense Ins t a l l a t i ons”
U.S. Army Facil it icu 1r-;l n ec r I t~~~ and  Suppor t 1\qency, Contract
No. D A A K O 2 — 7 4 - C - 0 3 0 8 .
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