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ABSTRACT

Waste is a cost of doing business. This cost can be considered in
terms of the potential adverse health and environmental impacts, or the
waste management costs associated with avoiding, minimizing, and
controlling those impacts. There is an anticipated increase in the cost
of waste management as a result of the increasing requirements for
regulatory compliance. To meet the total waste management capacity
needs of the organization and the compliance requirements, low-level
radioactive, hazardous, and mixed waste management will need
demonstrated technologies strategically managed as a technology
portfolio.

Organizations with multiple operations and production facilities
that generate a variety of waste streams are facing investment decisions
in waste management technology with potential implications on a system-
wide basis. Depending on the waste (i.e., low-level radioactive,
hazardous, or mixed), these investment decisions can be categorized as
decisions under risk or decisions under uncertainty. Three categories
of risks in waste management decisions are health risks, noncompliance
risks, and financial risks. Technology implementation uncertainties and
these categories of risks create the need for technology demonstrations
to supply the additional data needed in the decision-making process.

The role of the decision maker is to select the optimum mix of
technologies and facilities to provide the waste management capacity
needed for the next twenty years. The waste management system resulting
from this mix includes multiple small-scale fixed facilities, large-
scale centralized facilities, and waste management subcontracts. This
study was conducted to examine the theory and evidence of economies of
scale in the development of waste management systems as an exploratory
research on the economic considerations in the process of technology
selection and implementation.

*Research sponsored by the Office of Defense Waste and
Transportation Management, Defense Programs, U.S. Department of Energy,
under contract DE-AC05-8AOR21400.
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INTRODUCTION

The increasing requirements for regulatory compliance in the

disposal of all waste will result in waste management practices with

greater demand for technology performance and cost-effectiveness in the

processing and disposal of waste. The waste generators could anticipate

increasing costs of waste management. Organizations with multiple

facilities that generate a variety of waste streams will face investment

decisions with potential impact to waste management on a system-wide

basis. These investment decisions can be categorized as follows.

Waste Minimization. Investments in waste minimization are aimed to

reduce the volume of waste generated and/or to change the nature of

waste. These changes focus in reducing the waste management needs by

reducing the total cost of disposal or by changing the disposal

requirements on the new waste streams. The most effective short-term

option for waste minimization is in the change of waste generating

practices and good housekeeping. For the long-term, large investments

in process modifications or changes are likely to be needed.

Waste Management Technology Applications. Given the nature and

volume of the waste being generated, the technology base for treatment,

conditioning, and disposal can be established. Several combinations of

technologies can be used. One criterion for selection is the anticipate

performance of the combined technologies and how this performance meets

the regulatory requirements. Once candidate technologies are screened

on the basis of performance, the cost of implementation can be used ns a

selection criterion.



3

Several scenarios for technology implementation can be considered:

Scenario 1. Deploy technology base in centralized fixed

facilities.

Scenario 2. Deploy technology base in decentralized fixed

facilities.

Scenario 3. Combination of Scenarios 1 and 2.

Scenario 4. Subcontract waste management services.

Scenario 5. combination of Scenarios 3 and 4.

The opportunity of centralized waste management can be evaluated on

the basis of the demand for such services and the net cost savings. The

net cost savings from centralization are due to: (1) economies of scale

from capital and O&M cost reductions resulting from increasing capacity

versus (2) the cost trade-off resulting from centralization, such as

transportation costs, flexibility, availability, reliability, etc. The

cost of centralization can be compared with the cost of operating waste

management subcontracts.

Various disposal alternatives, with the consideration of the

disposal site and the disposal and treatment technologies to be

deployed, have to be evaluated so that a better system alternative can

be selected and implemented. The objectives which have to be considered

in the evaluation of disposal alternatives include, but are not limited

to, environmental impact, cost effectiveness, storage requirement,

volume reduction, offsite shipment, and ease of operation. Optimization

models can be useful in a complicated problem like this to provide

solutions to the problem. However, before the use of any formal
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mathematical analysis, the objectives have to be quantified and

explicitly expressed in mathematical functions.

A simplified economic objective function for waste management

focuses on keeping the cost of managing waste at a minimum consistent

with all the regulatory requirements. There are several approaches to

keep the waste management costs to a minimum. They include: reducing

the generation of waste; reducing the waste volume for disposal;

reducing the management requirements by changing the nature of the waste

generated; controlling the costs of waste management by establishing

cost-effectiveness levels (i.e., add more barrier with no significant

increase in confinement effectiveness); avoiding the need for remedial

actions during disposal operations and performance period. The cost

minimization function based on the functional areas of waste management

systems shown in Fig. 1 and can be expressed as:

Min TLCC - Min (Tc + Cc + Oc + Sc + Dc)V (1)

where:

TLCC - total life cycle cost

Tc =- treatment cost,

Cc - conditioning cost

Oc — transportation cost,

Sc - storage cost,

Dc - disposal cost including remedial actions, and

V - volume of waste that needs management

The cost of remedial action is the cleanup cost in the event there

is an unanticipated release of contaminants from the waste disposal
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facility. The conditioning cost includes the cost of solidification/

immobilization and packaging. The storage cost can be expressed as:

Sc - Sc(l) + Sc(2) + Sc(3) (2)

where:

Sc(l) = storage cost prior to treatment

Sc(2) - storage cost prior to conditioning

Sc(3) - storage cost prior to disposal

Reliable cost data from technology demonstrations will be one of

the important factors that help environmental planners and management

officials make effective decisions in the selection of waste

treatment/disposal technologies.

To evaluate the cost effectiveness of the disposal alternatives,

cost information of various waste treatment/disposal technologies has to

be quantified and expressed as a function of treatment capacity. In

planning the low-level radioactive disposal, wastes from different

sources but with similar characteristics can be combined for treatment

or disposal. However, if the unit capacity cost is independent of the

capacity of the treatment technology or disposal facility, then the

combined treatment may not be desirable anymore, at least with respect

to the cost. The term "economies of scale" can be defined as the

lowering of unit cost as the scale of operation or the capacity of plant

increases. Economies of scale have been recognized in many

environmental engineering areas and are important in the planning of

regional facilities. If economies of scale exist, large facilities will

have the advantages of less average cost and thus be more cost

effective.
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The objective of this study is to survey the literature and other

sources of cost information of various waste treatment/disposal

capacities. This information can be used to project the effectiveness

of economies of scale in the development and operation of waste

management systems and to establish a baseline on the effectiveness of

economies of scale versus operating subcontracts in the development and

operation of waste management systems when using the system life cycle

cost as the basis for investment decisions.

THE THEORY OF ECONOMIES OF SCALE

There is no compiled cost data on the innovative wastewater

treatment/disposal technologies specifically designed for low-level

radioactive wastes. However, cost information on conventional water and

wastewater treatment/disposal technologies indicates that the cost per

unit of treatment capacity tends to decrease as the capacity of the

treatment facility increases. This property is known as economy of

scale and can be represented by the following equation:

Cost = constant x capacity" (3)

where n is a scale factor with a value of usually from zero to one for

the capacity range of relevance. As shown in Fig. 2, if n = 1, there is

no economy of scale and the unit cost stays the same as the capacity

changes. A smaller n value indicates a lower unit cost as the capacity

increases. This study will survey the literature and other sources of
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information Co define the value of n and the constant for alternative

waste treatment/disposal technologies.

Several authors (Miller, 1973; Holland et al., 1974; and Grant and

Cooper, 1982) proposed the relationship between capital costs, C, and

plant capacity, W, to be C - aWs. This relationship is the same as that

expressed in Eq. (3). A value of s less than 1 indicates an economy of

scale exists. Wilson (1981) indicated that economies of scale are

expected in the capital costs of most engineering plants. They

indicated that economies of scale usually accrue if large quantities of

solid waste are available for processing.

Golueke (1971) conducted a comprehensive study of solid waste

management and indicated the existence of economies of scale in the

solid waste disposal industry, i.e., the more waste ha: died by a firm,

the smaller is the per unit cost. He also pointed out that marginal

cost is the relevant magnitude for decision making. Marginal cost is

the incremental cost of one additional unit. Mathematically, it is the

derivative of the cost function, if it exists.

To determine whether the economies of scale exist, cost data as a

function of capacity of the treatment or disposal facility have to be

collected. These cost data have to pertain to existing facilities

because they have objective rather than subjective origins (Golueke,

1971). These cost data have to be adjusted to reflect the time value of

the cost. Regional factors also have to be considered.

A regression line was proposed to fit the data by statistical

method. The straight line was formulated for incinerators as:

$/ton - ao + a1 (tons/day) (3)
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A negative aL value will indicate that the economies of scale exist.

Age of the facilities was taken into account by inserting another term

as follows:

$/ton - a0 + ax (tons/day) + a2 (1968 - t) (4)

The value of a2 will indicate the trend of cost per ton over time

independently of the influence cf capacity. Inflation tends to increase

the cost over time whereas technological change may actually decrease

the cost over time.

In his analysis, the cost of the land on which a plant is built is

separated from the other elements making up its capital costs. The

separation is made because incinerator plant cost is a function of plant

size, whereas the land cost is a function of the land value in the

region, and thus is independent of plant size. Annualized capital cost

and annual operating and maintenance costs in terms of dollars per ton

are used in his analysis. He also pointed out that "the detail needed

for economic analysis, or even for classification of the wastes at

levels below general categories, is either not obtained or not reported.

Furthermore, there is no easy way of comparing one incinerator, for

example, with another in terms of efficiency or operating personnel or

of bringing the cost for incinerators built over a period of years to

some common basis. Nevertheless, some data do exist and may contribute

significantly to the economic study."

The cost data to be included in the survey for each

treatment/disposal technology are:

1. Total capital cost. Includes direct cost, indirect cost,

contingency, startup, and others. Direct cost items are



11

installed equipment costs, including such components as piping,

instrumentation, concrete and steel, electrical work, and

insulation. Indirect cost items are engineering and

supervision, construction and field expenses, and various other

expenses such as administration and legal fees. These indirect

costs are usually computed by multiplying total direct costs by

a factor.

2. Annual operating and maintenance (O&M) cost. Includes

processing expenses, overhead, insurance and property taxes,

and other expenses. Processing expenses include the cost of

raw materials, labor, power, fuel, and other items.

Both the total capital cost and annual O&M cost have to be included

in the evaluation of waste treatment/disposal technologies. Since

different technologies may have different economic lives, the cost has

to be converted to a uniform unit before any comparison can be made. to

combine the total capital cost and the annual O&M cost, the total

annualized cost has to be calculated. The annualized cost covers the

net annual O&M cost, capital recovery, return on investment, and income

taxes. There are other ways to adjust for the time value of money.

Discount rate has to be used to bring the cost to the value on the same

time basis How to choose a discount rate is a problem because it

affects the results significantly. One alternative method to adjust for

the time value is to adjust the cost according to the cost index as

published in the Engineering News Records.
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SOME EVIDENCE OF ECONOMIES OF SCALE

Environmental Control Technologies

DeWolf et al. (1984) presented cost summaries on selected

technologies in wastewater treatment, particulate matter collection, and

flue gas desulfurization. They presented capital and operation cost

curves of these processes. All technologies presented show economies of

scale with respect to the capital as well as operational cost. The

representative processes, which may be useful in the planning of low-

level waste disposal, are presented as follows.

1. Conventional secondary and advanced wastewater treatment. The

capital cost as a function of system capacity is shown in

Fig. 3. The capital cost increases from approximately 10

million dollars to 50 million dollars when the capacity

increases from 1 to 10 MGD. Accordingly, the average cost

decreases from 10 million dollars per MGD to 5 million dollars

per MGD, indicating that the economy of scale is present. For

the unit annualized operation cost as shown in Fig. 4, it also

decreases as the capacity increases. For example, the unit

cost is approximately $6 per 1000 gal of wastewater treated

when the system capacity is 1 MGD. That unit cost is reduced

to about $3 per 1000 gal of wastewater treated when the system

capacity is 10 MGD. This trend indicates that economies of

scale are also present for the operation cost of conventional

wastewater treatment.
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2. Phosphorus removal for wastewater treatment. The capital cost

as a function of system capacity is shown in Fig. 5. The

capital cost increases from approximately 1.1 million dollars

to 7.5 million dollars when the capacity increases from 1 to 10

MGD. Accordingly, the average cost decreases from 1.1 million

dollars per MGD to 0.75 million dollars per MGD, indicating

that the economy of scale is present. For the unit annualized

operation cost, as shown in Fig. 6, it also decreases the

capacity increases. However, the rate of decrease is not as

high as the rate in the secondary wastewater treatment case.

For example, when the system capacity increases from 1 MGD to

100 MGD, the unit cost is reduced only from 85 cents to 60

cents per 1000 gal of wastewater treated. The small cost

savings can be attributed to the fact that phosphorus removal

is a chemical precipitation process and a large portion of the

operational cost is labor and the purchase of chemicals which

is proportional to the wastewater treated. Nonetheless,

economies of scale are also present for the operation cost of

phosphorus removal.

3. Nitrification for wastewater treatment. The capital cost as a

function of system capacity is shown in Fig. 7. The capital

cost increases from approximately 1.2 million dollars to 50

million dollars when the capacity increases from 1 to 10 MGD.

It further increases to 30 million dollars when the capacity is

100 MGD. Accordingly, the average cost decreases from 1.2

million dollars per MGD to 0.5 million dollars per MGD, then to
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0.3 million dollars per MGD, indicating that the economy of

scale is present. For the unit annualized operation cost

(shown in Fig. 7), it decreases sharply from $2.40 per 1000 gal

of wastewater treated when the system capacity is 0.1 MGD to 80

cents per 1000 gal of wastewater treated when the system

capacity is 10 MGD. The cost further decreases to about 10

cents per 1000 gal of wastewater treated when the capacity

reaches to 100 MGD. This trend indicates the economy of scale

on the operation cost of the nitrification process and

tremendous cost savings can be realized when the capacity is

high. The unit cost is 24 times higher when the capacity is

0.1 MGD as compared to the cost when the capacity is 100 MGD.

4. Fabric filter system for particulate matter collection. The

capital cost as a function of system capacity is shown in

Fig. 8. The capital cost increases approximately linearly from

approximately 0.23 million dollars to 10 million dollars when

the capacity increases from 10 to 1000 acre-ft per minute

(acfm). Accordingly, the average cost decreases from $23,000

per acfm to $10,000 per acfm, indicating that the economy of

scale is present. For the unit annualized operation cost as

shown in Fig. 9, it decreases sharply as the capacity

increases. For example, the unit cost is approximately 2.6

cents per 1000 acre-ft of volume treated when the system

capacity is 10 acfm. That unit cost is reduced to about 0.95

cents per 1000 acre-ft of volume treated when the system

capacity is 1000 acfm. This trend indicates that economies of
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scale are also present for the operation cost of fabric filter

systems.

5. Venturi wet scrubber system for particulate collection. The

capital cost as a function of system capacity is shown in

Fig. 10. The capital cost increases linearly from

approximately $27,000 to 0.6 million dollars when the capacity

increases from 1 to 100 acfm. Accordingly, the average cost

decreases from $27,000 to $6,000 per acfm, indicating that the

economy of scale is present. For the unit annualized operation

cost as shown in Fig. 11, it also decreases as the capacity

increases. For example, the unit cost is approximately 3.9

cents per 1000 acre-ft of volume treated when the system

capacity is 1 acfm. That unit cost is reduced to about 0.7

cents per 1000 acre-ft of volume treated when the system

capacity is 100 acfm. This trend indicates that economies of

scale are also present for the operation cost of the Venturi

wet scrubber systems.

6. Flue gas desulfurization system for utility boilers. the

capital cost as a function of system capacity is shown in

Fig. 12. The capital cost increases from approximately 40

million dollars to 172 million dollars when the capacity

increases from 100 to 1000 MWe. Accordingly, the average cost

decreases from 0.4 million dollars per MWe to 0.17 million

dollars per MWe, indicating that the economy of scale is

present. For the unit annualized operation cost as shown in

Fig. 13, it decreases linearly as the capacity increase from
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150 to 500 MWe. After that, the rate of decrease is reduced.

After 800 MWe, the unit cost remains almost the same at 1.0

cent per KWh. Nonetheless, the unit cost is reduced from 2.5

cents per KWh when the capacity is 150 MWe to 1.0 cent per KWh

when the capacity is increased to 1000 MWe. This trend

indicates that economies of scale are present for the operation

cost of flue gas desulfurization systems for utility boilers.

Municipal Solid Waste Disposal

Golueke (1971) conducted a comprehensive study of solid waste

management and indicated the existence of economies of scale in the

solid waste disposal industry. Similar analysis was also conducted on

the collection by truck, the transfer and long-haul transport in road

vehicles, and landfill utilization.

Golueke provided an economic analysis of the anaerobic digestion

process for the disposal of organic solid wastes. He used three

hypothetical cities (A, B, and C) with a population of 30,000, 300,000,

and 1,000,000, respectively, for the cost analysis. Three processes

(grinding, anaerobic digestion, and maintenance and miscellaneous) were

included in the analysis. The results are summarized in Table 1. As

shown in the table, the grinding cost decreases from $1.64 per capita

per year (pcpy) for City A to $0,875 pcpy for City B and to $0,438 pcpy

for City C. The anerobic digestion cost decreases from $0,527 pcpy for

City A to $0,384 pcpy for City B, and to $0,327 for City C. The

maintenance and miscellaneous cost, on the other hand, stays the same

($0,012 pcpy) for all three cities. The above cost analysis indicated
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that the economies of scale exist for both the grinding and digestion

processes but not for the maintenance and miscellaneous costs. The

total per ton cost as shown in Table 1 also exhibits the economies of

scale as the per ton cost decreases from $4.00 for City A to $2.32 for

City B, and to $1.42 for City C. - ~. .

Table 1. Cost per capita per year for digesting refuse

Item

Grinding process
Anaerobic digestion
Maintenance and misc.
Total cost ($/capita-yr)
Total cost ($/ton)

Citv A

1.641
0.527
0.012
2.180
4.000

Citv B

0.875
0.384
0.012
1.271
2.320

Citv C

0.438
0.327
0.012
0.777
1.420

Scale factor

0.64
0.92
1.00
-

0.71

The average cost of the grinding process, anaerobic digestion, and

total cost as a function of population served as plotted in Fig. 14.

Scale factors are also calculated according to Eq. (4) and listed in

Table 1 and Fig. 14. As shown in the figure, average cost of the

grinding process decreases significantly as the population increases and

the scale factor is 0.64. For the anaerobic digestion process, the

decrease in average cost is not as significant as that of the grinding

process. Nonetheless, the scale factor of 0.92 still shows that there

is an economy of scale present for the anaerobic digestion process. The

scale factor for the average total cost is 0.71.

Fang (1980) presented costs of shredding municipal solid waste.

Purchased and installed cost, as well as operational cost, are listed in

Table 2. As shown in the table, the unit cost of installed equipment

decreases from $0,159 per ton for the capacity of 20 tons/h to $0,109

per ton for the capacity of 40 tons/h and then decreases further to



24

Fig. 14
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$0,066 per ton when the capacity is 100 tons/h. Similar trend can also

be observed for the labor cost, whereas the electricity and maintenance

cost remains the same for different capacities. The unit cost decreases

as the capacity increases for the purchased and installed cost but

remains the same for the operational cost, indicating that there is an

economy of scale for the purchased and installed cost and thus for the

overall shredding cost. The scale factors are calculated and listed in

Table 2. Both the installed equipment and labor costs have a scale

factor of 0.45, whereas the total unit cost has a scale factor of 0.75.

Table 2. Unit costs of shredding municipal solid waste3

Capacity, tons/h
Component costs. $/ton 20

0.159
0.407
0.950
0.42
1.94

40

0.109
0.407
0.475
0.42
1.41

100

0.066
0.407
0.380
0.42
1.27

Installed equipment
Electricity
Labor
Maintenance
Total unit cost

aSource: Fang (1980).

Fang (1980) also presented a capacity exponent of municipal solid

waste shredding equipment. The value of the exponent is defined as

follows:

Cost at capacity 1 Capacity 1
Cost at capacity 2 Capacity 2

If the value of the exponent is less than 1 (s < 1.0), then there is an

economies of scale for the equipment. In his study, the value was found

as 0.46, indicating the existence of the economy of scale.
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Johnson (1981) provided cost data for shredding of solid wastes.

Table 3 shows one set of data on Gondard Mill. As shown in the table,

as the annual tonnage increases from 10,750 to 12,050, the total per ton

cost decreases from $8.29 to $7.41, indicating the existence of

economies of scale. Furthermore, except cost items such as water, mill

maintenance, and small equipment, the per ton cost of all other items

such as labor, and amoritization decrease as the annual tonnage

increases, indicating that there are economies of scale present for

those items. Note that since the capacity change in this case is not

substantial, the unit cost difference in items such as power, lighting,

gas-heat, general supplies, and front end loader operation is not

significant.

Johnson (1981) also provided the annual average costs per ton for

shredding, hauling, and landfilling refuse. The summary results are

listed in Table 4. As shown in Table 4, under one shift operation, the

total cost per ton decreases from $6.70 for 24,500 tons/yr to $4.49 for

49,000 tons/yr. The unit cost further decreases to $4.21 and $3.90 for

73,500 and 98,000 tons/hr, respectively. A similar trend occurs under

the two-shift operation, these trends clearly indicate that there is an

economy of scale in the shredding process of solid wastes.

Glysson (1984) discussed the mechanical volume reduction in solid

waste management. He presented three figures which show the economies

of scale in the volume reduction processes of municipal solid wastes.

Figure 15 presented the operating and maintenance costs of a shredding

facility. Figure 15 shows that under the maximum efficiency of

equipment case, the operation and maintenance cost of a shredding
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Table 3. Unadjusted cost data for Gondard Milla

Cost item (unit. $/ton)

Labor
Amoritization
Power
Lighting
Water
Gas-heat
Hammer wear
Mill maintenance
Small equipment
General supplies
Front end loader operation
Transportation to landfill
Other

Total

10.750

3.70
2.99
0.34
0.21
0.02
0.11
0.16
0.08
0.07
0.10
0.05
0.30
0.16

8.29

Annual tonnaee
11500

3.46
2.80
0.30
0.20
0.02
0.10
0.15
0.08
0.07
0.10
0.04
0.28
0.15

7.75

12.050

3.30
2.67
0.30
0.19
0.02
0.10
0.14
0.08
0.07
0.09
0.04
0.27
0.14

7.41

"Source: Johnson (1981).
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facility decreases sharply from $8/ton to $3/ton as the receiving rate

increases from 100 to 300 tons/day, indicating a high economies of

scale. The unit cost further decreases slowly to approximately $2/ton

as the receiving rate reaches 700 tons/day. After that, the unit cost

remains the same, indicating no more economies of scale. Under the

minimum efficiency of equipment case, a similar trend exists, except

that the economies of scale exists for the entire receiving rate shown

in the figure.

Figure 16 indicates that for both the one-shift and two-shift

operations, the unit cost of milling decreases as the daily tonnage

handled increases. The information presented in Fig. 16 is the same as

that shown in Table 4, indicating that the economy of scale exists in

the milling of municipal solid wastes.

Figure 17 presents the costs of baler and indicates the unit cost

decreases as the plant utilization increases as expected. This trend of

the plant utilization has to be an important consideration.suggests that

in order to have a cost effective system, the maximization of the

plant utilization has to be an important consideration.

Sarofin (1981) discussed the costs of municipal incineration. The

costs in median and 10 percentile incineration plants are listed in

Table 5. For each case, the cost of two capacities (100 ton/day and

1000 ton/day) were tabulated.For the median plant, the per ton cost

decreases from $5.67 for the 100 ton/d capacity to $3.00 for the 1000

ton/d case, whereas for the 10 percentile plant, the per ton cost

decreases from $3.83 for the 100 ton/d case to $2.14 for the 1000 ton/d

case. In both cases, the unit cost decreases as the capacity increases.
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Table 4. Average costs per ton for milling, hauling, and
landfilling refuse"

Unit. S/ton

One shift annual tonnage
Milling, compacting, and
hauling

Millfilling
Total cost

Two shift annual tonnage
Milling, compacting, and

hauling
Millfilling
Total cost

1

24,500

5.27
1.43
6.70

49,000

3.75
0.75
4.50

Number
2

49,000

3.74
0.75
4.49

98,000

2.70
0.50
3.20

of mills
3

73,500

3.48
0.73
4.21

147,000

2.52
0.47
3.09

4

98,000

3.33
0.57
3.90

196,000

2.30
0.45
2.75

aSource: Johnson (1981).
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indicating that the economy of scale exists in municipal incineration

plants. Note that in Table 5, both the operating cost and the capital

cost show economies of scale.

Niessen (1984) developed the cost estimates for municipal

incinerators in the Richmond, Virginia area. As shown in Table 6, both

the unit capital cost and the operation cost decreases as the plant

throughput increases. In the first case without steam credit, the

average profit per ton increases from $0.48 to $2.52. This trend

clearly indicates that there is an economy of scale in the factory

incineration systems.

Wenger and Rhyner (1984) presented an empirical method to determine

the optimal size of a service region for a solid waste facility. They

presented the unit cost of landfill and incineration as a function of

capacity. As shown in Figs. 18 and 19, the economy of scale is clearly

indicated in both cases.

Rhyner and Wenger (1986) studied the capital costs of resource

recovery facilities in the U.S. They plotted the capital costs of

approximately 100 resource recovery facilities constructed in the U.S.

versus design capacity of the facilities. They concluded that economies

of scale are not present except for small refuse-derived fuel and steam

generating facilities handling less than 1000 tonne per day. In

examining their results, as shown in Table 7, economies of scale do show

up in the steam only (small unit) heat recovery incinerators (s = 0.64),

all modular incinerators (s - 0.75 to 0.95), and low capacity refuse-

derived fuel facilities (s = 0.62).
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Table 5. Costs of municipal waste incinerationa

Item

Labor
Energy
Water
Maintenance
Miscellaneous
Total operating
Capital recovery

Total cost

Median
100 ton/d

2.71
0.30
0.14
0.39
0.13
3.67
2.00

5.67

plant
1000 ton/d

1.44
0.13
0.14
0.39
0.13
2.23
0.77

3.00

10 percentile plant
100 ton/d

1.68
0.29
0.14
0.39
0.13
2.64
1.19

3.83

1000 ton/d

0.89
0.13
0.14
0.39
0.13
1.68
0.46

2.14

'Source: Koenig (1970).

Table 6. Capital and operating costs for refractory incineration

systems
a,b

Item Plant I Plant II Plant III Plant IV

Plant throughput,
ton/week

Capital cost

Annual operating cost

Annual ferrous salvage

Annual steam credit

Total cost/ton ($)

6

22

4

,245

,372

,876

258

9

30

6

,760

,888

,640

392

13.82 12.31

6,245

26,212

5,665

258

5,569

(0.48)

9,760

37,648

7,575

392

8,460

(2.52)

aAll cost in $1000, unless otherwise specified.
bSource: Niessen (1984).
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In this study, 95 resource recovery facilities data are compiled

and, the regression analysis results are listed in Table 8. Four

different interest rates (5, 7, 10, and 11%) are used to indicate the

sensitivity of interest rate on the value of economy of scale factor.

As shown in Table 8, the value of the factor is greater than 1 in all

cases (between 1.01 and 1.10), indicating that there is no economies of

scale at these facilities. The results are in agreement with the results

presented by Rhyner and Wenger (1986). Note that these facilities have

different specific regional background, which makes the regression

analysis less significant. For example, land cost is drastically

different from state to state; other factors, such as cost of utilities,

labor, etc. are also different. In.order to obtain meaningful results,

only the data with the same background factors can be included in this

analysis.

Rhyner and Wenger (1986) also compiled scale factors for waste

processing plants, and the results are shown in Table 9. As shown in

the table, all solid waste disposal processes show economies of scale

except heat recovery incineration, modular incineration reported by

Wilson (1981) and RDF facilities reported by Rhyner and WEnger (1986).

The value of the scale factors varies from 0.6 to 0.95 for the processes

which show economies of scale and 1.0 to 1.24 for the three processes

which are reported without economies of scale.

Robinson and Rohr (1986) presented the estimated operating costs as

a function of refuse generating rate for small modular municipal energy

recovery incinerators and small modular industrial energy recovery

incinerators, and the results are shown in Figs. 20 and 21. For
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Table 7. Empirical values of the scale factor, sa

Type of facility

Heat-recovery incinerators,
all facilities

Steam only (small units)

Electricity

Modular incinerators,
all facilities

Steam only

Electricity

Rotary combustors

RDF facilities, all facilities

Low capacity (<1000 ton/d)

High capacity (>1000 ton/d)

Number

33

3

30

41

34

7

5

25

15

7

s

1.01

0.64

1.02

0.85

0.68

0.97

1.32

1.24

0.62

1.01

Correlation
coefficient, r

0.95

1.00

0.94

0.80

0.70

0.95

1.00

0.81

0.62

0.85

"Source: Rhyner and Wenger (1986).

Table 8. Economy of scale factor for resources recovery facilities

Interest rate

Facilities (No. of data)

Mass burning facilities (23)

Non-mass burning facilities (77)

All facilities (95)

5%

1.10

1.10

1.05

7%

1.09

1.09

1.04

10%

1.08

1.08

1.03

15%

1.06

1.06

1.01
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Table 9. Scale factors for waste processing plants

Midwest Res.

Process

Landfill
Transfer statior
Pulverization
Baling
Incineration
High capacity
Low capacity
Heat recovery

Modular incineration
Composting
High capacity
Low capacity

RDF production
Suspension firing
RDF incinerator
turbine

Wet pulping
Pyrolysis
Occidental
Union Carbide
Andco-Torrax
Monsanto
Acid hydrolysis
Anaerobic digestion

Inst.
(1973)

0.93
0.93

-

0.78
-
-
-

0.65
0.65
0.70

.
0.72
0.78
-
-

-
-

Schulz

(1976)

-
-

0.65
-
-
-

-
0.60
0.60

0.70
0.75
-
0.6
0.8
0.75
0.60
-

0.60

Bridgwater

C1977)

0.93
-
-
-

0.9-0.95
0.78
-
-

0.95
0.65
0.70

-
-

0.78
-
-
-
-
-

Wilson

(1981)

0.8
0.85
0.85
0.9

0.95

-
-

1.0

0.95
0.65
0.8

0.9
0.9
-

0.7
0.8

0.75-0.
0.7
0.8
0.9

Rhyner &
Wenger
(1986)

_

-
-
-

-
-

1.01
0.85

-
-

1.24

-
-
-
-
-

8
-
-

aSource: Rhyner and Wenger (1986).



39

10
100 200 300

CoDOC-ty d O 3

-̂00 JOO

p.: Unit Incinerator Cost as a Function of Annual Capacity (Wengcr
& Rhyncr, 1984)



40

a
O

ec
UJ
CL

O

30 (27.0)

25 ,22.51

20 (180)

15 (13.5)

10 (9.0)

5 (4.5!

0(01

—

—

—

I t \ A OFF CRAI'H

\ i \ \ 15SHIF TS PER WEEK
\ l \ \ 5OV OF RAT fcO CAPACITY

n V\
l \ \ \ v ?i SHIFTS f'F » WEEK

\ \ ^^^100" . OF RATEO CAPACITY

\ ^ ^ ~ ^ "
^ v 15 SHIFTS PER WEEK

NsJ00ii.OF RATED CAPACITY

21 SHIFTS PER W E e i ^ \ / ^ * ^ ~ ^ _ _ ^
lOOvOF RATEO C A P A C I T Y ^ ^

1 1 1 ^ ^ ~ ~ ~ T - F
0

(01 (50)

90
(1001

135
(1001

ieo
(2001

REFUSE GENERATION RATE IN MyPO.. (TPO .1

Fig. 21. Estimated Operating Costs Versus Daily Tons, Small Modular
Municipal Energy Recovery Incinerators (Robinson & Rohr,
1986)



41

municipal energy recovery incinerators, as shown in Fig. 20, the average

operating cost decreases sharply as the refuse generation rate

increases, especially for the case when the plant is operated under the

21 shifts per week and 100% of rated capacity. In this case, the unit

cost decreases from $23/ton when the rate is about 30 TPD to

approximately $l/ton when the rate increases to 200 TPD. Under other

operating conditions, the rate of unit cost decrease is less drastic,

but it still decreases. For example, under the 25 shifts per week and

50% rated capacity condition, the unit cost decreases only to about

$17/ton when the rate is increased to 200 TPD. In either case, cost

savings is realized when the rate is increased, and therefore economies

of scale exist.

Figure 21 indicates that the operating cost of small modular

industrial energy recovery incinerators also decreases as the generation

rate increases. However, the rate of decrease is insignificant when the

generation rate is above 100 TPD. For example, under the 10 shifts per

week and 50% rated capacity condition, the unit cost decreases from

above $30/ton when the capacity is 10 TPD to about $20/ton when the

capacity is 50 TPD. After that, the cost decreases only to $18/ton when

the capacity reaches to 200 TPD.

Hazardous Waste and Low-Level Radioactive Waste Disposal

At Swanson River oil field in Alaska, Ogden Environmental Service,

San Diego, California, was asked to burn PCB-contaminated soils. The

cost was as follows: 45,000 tons for $14 million with an average of

$311/ton and $70,000 tons for $20 million with an average of $286/ton
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(ASCE News, 1988). The fact that the average cost decreased from

$311/ton to $286/ton indicated that an economy of scale existed.

Installed costs of storage for dry chemicals associated with

solidification/stabilization processes were also presented in the

Handbook (EPA, 1986) and are shown in Fig. 22. Storage capacities

ranging from 1000 to 5000 ft3 are readily available. As shown in

Fig. 22, the unit cost decreases in all four cases, indicating the

existence of the economies of scale. Installed cost of liquid reagent

storage also shows economies of scale in Fig. 23.

The cost information on specific low-level radioactive waste

disposal is scarce. Ebasco Services, Inc. (1986) presented an analysis

on the North Carolina Low-Level Radioactive waste management options.

The projected 1996 annual waste volume for the southeast compact region

was estimated to be one million cubic feet per year (Compact Option 1).

The projected volume for North Carolina was 130,000 ft3/yr (Option 2),

and the projected volume of the non-nuclear fuel cycle waste for North

Carolina was 20,000 ft3/yr (Option 4). Economic analysis by the

netpresent value method of these three options was conducted, and the

results are summarized in Table 11. Engineered disposal systems were

used as the reference disposal technology.

As shown in Table 10, the unit cost decreases sharply from

$618.32/ft3 for Option 4 when the annual disposal volume is 20,000 ft2

to #136/ft3 for Option 2 when the volume is 130,000 ft3/yr. The unit

cost decreases further to only $29.82/ft3 for Option 1 when the volume

is 1,000,000 ft3/yr. These data clearly indicate that the existence of



43

40 (36.0) f—

30 127.0)

§ COST

•^ 2Odeoi

z

5 10 19 0!

a
o

a.
O

SAVINGS

10 (9.0)

20 (18.01 -
0(0)

10 SHIFTS PER WEEK -
\50%OF RATE0 CAPACITY

21 SHIFTS PER WEEK -
50% OF RATE0 CAPACITY

15SHIFTSPER WEEK -
50% OF RATEO CAPACITY

10SHIFTSPER WEEK -
100% OF RATED CAPACITY

15 SHIFTS PER WEEK -
100% OF RATED CAPACITY

21 SHIFTS PER WEEK -
"100% OF RATED CAPACITY

0
(0) (5)

90
(100)

175
(150)

ieo
(2001

REFUSE GENERATION RATE IN M<|POV (TPD.J
Esimmcd operating cost as a lunctio" ol refuse 'ecd
raie. shilis per week, and operating percentage of rated
capacity lor industrial small modular incinerators.

Fig. 22. Estimated Operating Costs Versus Daily Tons, Small Modular
Industrial Energy Recovery Incinerators (Robinson & Rohr,
1986)



44

BOLTED STEEL LiuE SILO

o
o

o
z
o

O
<J

10 -

•2 3 *

5T0HAGE CAPACITY. TMOOSANOS OF CUBIC FCCT

Fig. 23. Installed Cost of Dry Chemical Storage (EPA, 1986)



45

economies of scale in the low-level waste disposal and this economies of

scale should be exploited in the planning of low-level waste disposal.

Voth and Witzig (1986) developed and demonstrated a model to

evaluate the economic incentives for volume reduction of low level

radioactive waste. Volume reduction results in lost economies of scale

at a disposal site and therefore higher disposal costs. They

Table 10. Summary costs for the three management options'"

Parameter

Annual disposal volume (106 ft3)
Operational period (yr)
Development costs ($106)
Operating costs ($106/yr)
Post-operating costs
Closure and surveillance ($106/5 yr)
Institutional care ($106/yr)

Total unit cost ($/ft3) 29.82 136.86 618.32

aSource: Ebasco Services, Inc. (1986).

indicated that total cost to a waste generator in a small compact is

predicted to be 10 to 15 times that of a generator in a large compact.

A computer code was developed for generating the cost functions of

six cases as shown in Table 11. The code projects unit disposal costs

based on development, operating, and post-operational cost estimates as

a function of annual disposal volume. They used annual disposal volumes

of 10,000 ft3, 100,000 ft3, 500,000 ft3, and 1,200,000 ft3. The

resulting functions are shown in Fig. 24. As shown in this figure, the

Compact
ODtion 1

1.0
20
26.8
15.1

7.8
1.0

State-onlv
Option 2

0.13
20
19.1
6.9

5.4
1.0

Option 4

0.02
20
16.0
3.5

5.0
0.5
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unit disposal cost decreases steadily for all six cases as the annual

volume of disposal increases, clearly indicating the economies of scale

in the low-level waste disposal.

Table 11. The six cases considered in the studya

Case Condition

I Base case - private financing
II Public financing
III Increased return on equity
IV Increased fixed costs
V Increased operating costs
VI Increased fixed and operating costs

aSource: Voth and Witzig (1986).

For the volume reduction cost, two important features were pointed

out. The greater the volume of waste to be processed, the smaller the

unit processing cost, indicating the economies of scale. Furthermore,

an equilibrium volume reduction cost function exists at some volume

below which it is more economical for an outside vendor to perform the

volume reduction processing services than for the generator to do it.

Van Hoesen et al. (19988) reported supercompaction demonstrations

at ORR. In 1985, Westinghouse used 55-gal drums to conduct the

demonstration. In all, 134 drums were compacted and disposed into 24

overpacks at a cost of $29,350 plus internal support cost from Oak Ridge

National Laboratory. The unit cost is $29.79/ft3. U.S. Ecology, Inc.

demonstrated a mobile supercompaction unit in 1987. Three hundred drums

were compacted and placed in 4 overpacks. The overall volume reduction

is 2.3:1. The total cost is 95,000 with the subcontractor cost of

$41,000. The cost of compacting the drums was $29/drum, or about
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$3/78/ft3 of uncompacted waste. The cost for the overpack is $8.26/ft3.

The total unit cost is $41.23/ft3. The direct support cost can be

reduced if a permanent facility is available. Kennerly et al. (1988)

suggested that cost effectiveness can be increased by increasing the

scale of the operation because while the waste processing cost for the

demonstration project is $41/ft3, the incremental cost for the

supercompaction is only $4/ft3. This smaller marginal cost clearly

indicates the economy of scale of the supercompaction process.

Washington legislators urge the state to reconsider banning out-of-

state waste, because if they do so, waste disposal costs will increase

dramatically for generators, with the basic fees rising from $30/ft3 to

at least $70/ft3. The annual site use permit fee will jump from $150/hr

to as much as $2500/yr. U.S. Ecology may pull out of operating the

Hanford site if waste volume drops too low and indicated that 50,000 ft3

of low-level waste per year was probably the minimum viable level to

operate the site (Nuclear Waste News, 1988). These numbers clearly

indicate that there exists an economy of scale for low-level waste

disposal and that there is a minimum operating capacity for a disposal

facility; below that capacity, it cannot be operated economically.

CONCLUSIONS

Literature reviews have been conducted in this study to investigate

the existence of economies of scale in the waste treatment technologies.

The cost information of the environmental control technologies,

municipal solid waste disposal technologies, hazardous waste disposal

technologies, and low-level radioactive waste disposal technologies was
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collected and evaluated. The results indicate that economies of scale

are present in almost all the treatment technologies. The specific

results are summarized as follows.

Economies of scale are present for all the conventional

environmental control technologies reviewed in this study. However,

cost savings is more significant in conventional secondary and advanced

wastewater treatment, nitrification of wastewater treatment, fabric

filter system, venturi wet scrubber system, and flue gas desulfurization

system, and less significant in the phosphorus removal for wastewater

treatment.

For municipal solid waste disposal and resources recovery

facilities, economies of scale are present for shredding and compaction,

anaerobic digestion, landfill, transfer station, and incinerations.

Economies of scale are also reported for acid hydrolysis, pyrolysis,

pulverization, baling, composting, and wet pulping. Some researchers

reported that there is no economy of scale for resources recovery

facilities. A reevaluation of the data in this study confirms their

claim. However, the cost data employed may contain regional factors

which should not be included in the analysis but cannot be separated.

For hazardous waste disposal, although some cost information is

available, there is limited cost information which were presented as a

function of treatment capacities. Limited cost data indicate that

economies of scale are present for the processes employed in the

solidification/stabilization of hazardous waste.

Costs as a function of treatment capacity for specific low-level

waste disposal is also scarce. Limited data indicate that there is a
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tremendous cost savings in the regional disposal (multi-state compact)

of low-level waste as compared to the state-only disposal facility. For

specific treatment processes, shredding, for example, cost data in solid

waste, and hazardous waste disposal can be used to indicate the general

characteristics of the low-level waste disposal. Additional cost may be

required to control the radioactive contamination.

The cost information presented cannot take into consideration the

various site specific conditions at each facility. Thus, more detailed

studies have to be conducted before the application of the information

to a specific site. Furthermore, for innovative technologies with

limited operating experiences, the actual cost may be totally different

from the available cost information. However, information on the

economies of scale can be very useful in the planning stage to search

for potential attractive and cost-effective alternatives and should not

be ignored.
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