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Storage of water for water quality control is one of the alter- 

native means of achieving water quality objectives. Authorities in 

the field of water quality management disagree regarding the use of 

precious water for the dilution of wastes. 

The costs of achieving water quality objectives by treatment 

of wastes at their source or by a combination of waste treatment 

and storage of water for waste dilution are investigated. Water 

quality objectives studied are dissolved oxygen and coliform bacteria. 

Different levels of water quality and fluctuating flows of the 

Willamette River in Oregon during the 1963 summer low flow period 

are examined. 

To ascertain the minimum cost of achieving a water quality 

objective in a complex river basin, an analytical model is developed 

to examine the costs of waste treatment and the response of the 

receiving waters to the wastes discharged. A minimum cost solution 
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to achieve a water quality objective is obtained employing non- 

linear programming techniques which analyze the assimilative 

capacity of the receiving waters and the economics of waste treat- 

ment. The response of the receiving waters is indicated by 

systems analysis methods. Final results include the degree of 

treatment required of each discharger. 

Regulated flows under full development of the Willamette 

River Basin System of the Corps of Engineers do not follow typical 

statistical distributions. Distribution free or nonparametric 

methods are employed to determine the quantities of water required 

for low flow augmentation. Costs of storage are calculated on the 

basis of analysis of the costs of the three remaining authorized 

reservoirs in the Willamette Valley that are not under construction 

at this time. 

Conditions under which the storage of water for dilution is 

favorable, in lieu of waste treatment, are summarized. Generally 

water can be stored for water quality control in the Willamette 

River Basin to achieve high levels of quality by augmenting low flow 

levels of a short duration. 

Methods for selecting optimal water quality objectives and 

design periods for the storage of water for water quality control 

are presented in graphical form and expressed mathematically, 

These methods are based on the assumption that it is possible to 



measure the reduction in costs to society resulting from water 

quality management programs. This dissertation does not attempt 

to measure the reduction in damage costs because the data are not 

readily available at this time. 

An analytical model is used to illustrate the impact of dif- 

ferent water quality management alternatives on the economy of a 

river basin in terms of waste treatment costs. This model produces 

some interesting results under different management policies to 

achieve the same water quality objective. The response of the re- 

ceiving waters and the economic impact of stream standards and 

effluent standards are revealed by the model. Examination of the 

costs of different discharge policies indicates to the administrator 

the consequences of alternative policies. Computed results can be 

compared with the costs of administering and enforcing different 

water quality management policies. 

Recommendations for implementation of the model are 

offered. These recommendations contain provisions for future 

growth and expansion, including the entrance of new firms into the 

basin, and a program based on industrial cooperation to achieve 

water quality objectives at a minimum cost to the industries 

situated in a particular basin. 

The methods developed and the results obtained should prove 

helpful to persons planning or administering water quality 



management programs. They furnish a strong justification for an 

adequate stream sampling program and indicate areas requiring 

additional research. 
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AN INVESTIGATION OF ALTERNATIVE MEANS 

OF ACHIEVING WATER QUALITY OBJECTIVES 

I. INTRODUCTION 

Statement of the Problem 

Man initially conveyed his wastes to the nearest body of water 

through storm drains. When the forces of natural self -purification 

became overtaxed in the receiving waters, waste water treatment 

facilities were constructed to reduce the discomfort and danger to 

persons living downstream. Today the costs for adequate waste 

treatment are increasing because of increasing amounts of wastes 

produced and the concomitant requirements of higher degrees of 

treatment. The storage of water for water quality control during 

low flow periods is receiving intensive consideration by water quality 

management authorities as an alternative to higher degrees of waste 

treatment. 

"The waters of the State of Oregon are too valuable for pol- 

lution abatement, " is the belief of the Oregon State Water Resources 

Board (21, p. 107). In 1961 the U. S. Congress amended the Water 

Pollution Control Act to require water management agencies to con- 

sider the inclusion of storage for water quality control (43, p. 204). 

From these two conflicting policy statements evolved the original 

hypothesis of this dissertation: 
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"The Waters of the State of Oregon Are Too 
Valuable to be Used for Pollution Abatement. " 

To test this hypothesis the methods alternative to providing 

dilution water from storage must be investigated. The most common 

mode of pollution abatement is by the reduction of objectionable con- 

stituents of wastes at their source by waste water treatment proc- 

esses. Other methods include lagooning of wastes, barging of con- 

centrated wastes, and reduction of industrial production during 

periods of critical low flows. More sophisticated alternatives are 

stream reaeration and relocation of industrial plants. 

Water is stored for pollution abatement to improve the quality 

of receiving waters by diluting wastes during low flow periods. The 

beneficial uses of water are determined to a considerable extent by 

its quality. Low quality waters can be used for navigation and power 

production, but a higher quality of water is essential for fisheries and 

water contact sports, Before dilution and its alternatives can be 

scrutinized for pollution abatement, water quality objectives for 

receiving waters must be established. History indicates these ob- 

jectives have been selected on the basis of field observations, 

laboratory investigations, or in some cases by the arbitrary judge- 

ment of a regulatory agency required to recommend a number. The 

value of water is a function of its quality. 

How is the value of water ascertained? Is it the price the 



3 

consumer pays for water delivered to his tap in his home, or his 

industry, or is it the price he is willing to pay? What is the value 

of clean water to swimmers, fishermen, picnickers along the banks 

of a body of water, or the passing motorists ? An industry searching 

for a new location considers the quality and quantity of available 

water. Can this value be measured? Unfortunately all the answers 

to these intriguing questions are not readily available at this time. 

This inability to measure accurately the value of water 

prevents a rigorous test of the original hypothesis. Consequently 

the hypothesis was reformulated as follows: 

"The Waters of the Willamette River Basin 
(Figure 1) Are Too Costly for Pollution Abatement." 

The word costly referring to the costs of providing dilution water 

to achieve water quality objectives. 

Objective and Scope 

The objective of this dissertation is to test the above stated 

hypothesis. The procedure is to determine the minimum cost of 

achieving or maintaining water quality objectives by the treatment 

of waste waters at their source and to determine the minimum cost 

of a combination of waste water treatment at its source and the 

storage of water for dilution purposes during critical low flow 

periods. If the minimum cost of achieving the water quality 
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objectives is by waste water treatment, the hypothesis is accepted. 

The water quality objectives are dissolved oxygen levels 

of four, five and seven mg /1 and coliform bacteria MPNs of 240, 

1000, 2400, and 5000 per 100 ml. These objectives were selected 

because they represent the range usually recommended or con- 

sidered desirable. This range of values will indicate minimum 

abatement cost trends for different combinations of water quality 

objectives. 

The costs of waste treatment are estimated by calculating 

the costs of waste treatment facilities capable of handling the waste 

load generated during the summer of 1963. This time period was 

selected because data were readily available, thereby permitting a 

more realistic approach than working with a hypothetical condition 

for some future date. The costs of additional storage for dilution 

purposes are estimated using the average costs of storage of the 

three remaining authorized, but not budgeted reservoirs in the 

Willamette River Basin System of the Corps of Engineers. 

The costs of both municipal and industrial waste treatment 

are analyzed utilizing an interest rate of 3 -1/8 percent and an 

assumed life expectancy of treatment facilities of 20 years. Land 

costs are converted to annual costs using the same interest rate, 

but a period of 100 years. The annual costs of storage reservoirs 

are calculated using an interest rate of 3 -1/8 percent and an 
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economic life of 100 years. The interest rate is the value employed 

by the Corps of Engineers at the time of this analysis. 

The application of the same interest rate to both municipal 

and industrial treatment costs, as well as storage reservoir costs, 

is essential in any economic study which compares alternative 

methods. This procedure establishes the time value of money on 

the same base for all institutions (municipal, industrial or federal), 

thereby permitting an unbiased comparison. If institutional costs 

were utilized, the industrial waste dischargers would be favored 

because they must borrow money at higher interest rates and their 

bookkeeping procedures employ a shorter facility life, which results 

in higher annual costs. 1 The method employed in determining the 

minimum cost of achieving or maintaining a water quality objective 

would favor industry by reducing the degree of industrial treatment 

required because the marginal cost of treatment would tend to be 

greater than that of the municipalities or the marginal costs of 

storage for dilution. In other words, an economic comparison should 

consider the water pollution abatement costs to society (social costs), 

rather than the costs to individual institutions (institutional 

1Institutional costs refer to costs actually incurred by the 
institution (municipal, industrial, or federal). 
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costs). 1 

The critical location for the dissolved oxygen objectives is 

generally found to be in the lowest reach in the Willamette River. 

To ascertain the degree of waste treatment required of all the up- 

stream discharges, a cost matrix is developed and the minimum 

cost determined using nonlinear programming techniques. To 

achieve or maintain coliform bacteria MPN objectives, the critical 

reach is below each outfall and the costs are determined from an 

analysis of each individual outfall. In regions of numerous dis- 

charges, the cost matrix must be utilized. 

The flows in the Willamette River are regulated by releases 

from a system of reservoirs. The frequency distribution of the 

minimum controlled flows does not follow typical statistical distri- 

butions. The minimum flows and amounts of storage required for 

dilution during different design periods are estimated by distribu- 

tion free or nonparametric methods. 

The relationships between the reduction in damages to 

beneficial water uses resulting from improved water pollution abate- 

ment practices are illustrated graphically and described 

1The techniques of determining a "social" cost of public in- 
vestment are such that a determination cannot be made with absolute 
accuracy. It is not argued here that 3 -1/8 percent is an absolute 
measure of such a cost, but rather that a single interest cost does 
need to be used for both public and private investment and that the 
public rate is closer to the "social" cost than is the private rate. 



mathematically. An understanding of these relationships is 

essential for the selection of optimal water quality objectives. 

They reveal areas where additional research is needed and indicate 

the values that must be ascertained. This development should prove 

helpful to persons administering water quality management programs. 

To encourage continued industrial growth and development, 

the costs of waste treatment to achieve and /or maintain water quality 

objectives must be minimized. An administrative procedure, 

based on industrial cooperation, is suggested using the cost matrix 

developed for the dissolved oxygen analysis. Provisions are in- 

cluded for the entrance of new firms into a basin and the expansion 

of existing ones. 

Limitations 

The hypothesis is tested using two water quality objectives, 

dissolved oxygen and coliform bacteria. They were selected be- 

cause existing conditions in certain reaches in the Willamette 

River are below the objectives of the State of Oregon. In general, 

other water quality criteria in the Willamette River are acceptable. 

These other criteria include salinity, turbidity, suspended matter, 

color, pH, toxicity, and temperature. It was assumed the dissolved 

oxygen and coliform bacteria objectives would require sufficient 

treatment to achieve desirable turbidity and suspended matter 

8 



objectives. Toxic substances from industrial wastes were 

assumed to be removed prior to or during treatment for dissolved 

oxygen objectives. 

The greater the number of unacceptable water quality levels, 

the greater the pollution abatement costs. For example, if a 

criterion such as salinity was unacceptable (resulting from irriga- 

tion drainage), pollution abatement methods investigated could in- 

clude storage for dilution, the collecting of the drainage water and 

transporting it to a region of sufficient dilution or reduced objec- 

tive, or removing the salinity by suitable treatment. Storage for 

dilution purposes for salinity control also improves other criteria, 

including dissolved oxygen and coliform bacteria. Therefore, 

dilution is capable of improving other water quality objectives in 

addition to the two investigated in the test of the hypothesis. 

Interpretation of the results must be made in light of the 

numerous variables involved. The volume and strength of the 

wastes generated in the basin is continually changing, the effective- 

ness of the treatment processes shifts with loadings, the cost of 

pollution abatement methods varies, and the assimilative capacity 

and flow of the Willamette River fluctuates. 

9 
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II. DISSOLVED OXYGEN 

The dissolved oxygen concentration in natural waters is con- 

sidered one of the most important water quality criteria. Dissolved 

oxygen must be present in order that biological changes can occur 

under aerobic conditions, rather than under anaerobic conditions 

which often produce obnoxious end products. Adequate concentra- 

tions are necessary for the development and perpetuation of a 

normal fish population. 

The Oregon State Sanitary Authority has designated a dis- 

solved oxygen level of five mg /1 as the minimum allowable concen- 

tration for maintenance of a fishery and establishment of the fall 

runs of chinook salmon, summer steelhead, and possibly sockeye 

salmon in the Willamette River (28, p. 39). Dissolved oxygen 

levels of four and seven mg/ 1 were also investigated in this 

analysis. These levels were selected because they are above and 

below the designated dissolved oxygen objective and would give an 

indication of the cost trends with changes in water quality objectives. 

The minimum measured dissolved oxygen concentration in the 

Willamette River during the 1963 critical period was 2. 0 mg/ 1 

(28, p. 70). 

A minimum flow objective of 6, 000 cfs at Salem has been 

established by the Corps of Engineers when full development for the 
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Willamette River Basin System is accomplished, The Corps 

established this flow for navigational purposes, but recognizes that 

power production, pollution abatement, and fisheries will also 

benefit (38, p. 18). The other flow levels investigated were 4600 cfs, 

5000 cfs, and 6500 cfs at Salem. The flow of 4600 cfs is the mini- 

mum mean monthly flow during the period of analysis and is deter- 

mined in the storage analysis (Chapter IV). The 5000 cfs and 

6500 cfs flow levels were selected because they are above and below 

the flow objective and the DO profile in the Willamette River could 

be easily estimated by utilizing previous work by Burgess and 

Worley (6). The trends in the treatment costs to society for 

fluctuating flow levels can be observed from these different flow 

levels. A minimum daily flow of 5060 cfs and a minimum mean 

monthly flow of 6167 cfs at Salem were measured during 1963 (28, 

p. 72). 

The objective of the dissolved oxygen analysis is to deter- 

mine the minimum treatment cost to society for achieving the dis- 

solved oxygen objectives at the various flow levels. 

Input Data 

Municipal Cost Curves 

To analyze pollution abatement costs, the costs of municipal 
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and industrial waste treatment must be estimated. The dissolved 

oxygen cost matrix of the analytical model, in the next section, 

analyzes the costs and the effectiveness of waste treatment and the 

response of the receiving waters to the wastes discharged, The 

costs and effectiveness of waste treatment for each individual waste 

discharger are determined from theoretical cost curves developed 

on the basis of construction, maintenance and operation costs and 

treatment effectiveness of actual facilities. 

Basic cost data were obtained primarily from an economic 

analysis of municipal treatment facilities by Logan et al. (22, 

p. 860 -882). These data were supplemented by research reported 

by Culp (8, p. 799 -806), Neale's advanced waste treatment research 

sponsored by the U. S. Public Health Service (25, p. 1 -55), and in- 

formation supplied by Mr. Ralph Stowell of Dewante and Stowell, 

Sacramento, California, and Mr. Ralph Roderick of Cornell, 

Howland, Hayes, and Merryfield of Corvallis, Oregon. 

The results obtained by Logan et al. (22, p. 860 -882) in- 

cluded tables of construction costs for individual unit processes, 

overall plant construction costs for different standard plants, and 

maintenance and operation costs for waste water flows ranging 

from 0.25 to 10.0 MGD. The overall construction costs were 

developed for a theoretical treatment plant located in St. Louis, 

Missouri, during January, 1960. These values were converted to 
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equivalent costs in the Willamette Valley during August, 1963, 

using the PHS -STP index (1957 -59 = 100). The annual maintenance 

and operation costs were not adjusted for regional or time differ- 

ences, because they appeared as representative as could be obtained. 

The construction costs and the maintenance and operation 

costs were reduced by the amount of costs for chlorination, because 

the model is attempting to achieve a dissolved oxygen objective and 

chlorination is practiced primarily for disinfection purposes. If 

municipal costs of chlorination were included, this would increase 

the costs of municipal treatment and tend to require greater treat- 

ment of industrial wastes because of lower incremental costs. 

The adjusted construction costs were converted to annual 

costs using an interest rate of 3 -1/8 percent and a20 life for 

the facility. The maintenance and operation costs were added to 

the annual construction costs to furnish a total annual cost for each 

standard plant, which included engineering and contingencies, but 

not chlorination or land. 

Logan et al. (22, p. 876 -878) added to the annual cost to the 

taxpayer a value of 50 percent of the amortization cost for coverage. 

The amortization cost was based on 20 -year scientific serial bonds 

bearing four percent interest. Coverage was defined as "the amount 

depending on the size of the bond issue and the financial history and 

condition of the municipality issuing the bonds. " 
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Discussion of the use and application of "coverage" with 

Mr. Ralph Roderick revealed that it is used with revenue bond type 

of financing and is required by the money lenders to insure payment 

of the debt during poor years or if some of the users fail to pay their 

bills. It is essentially a reserve fund and can be utilized for other 

purposes if not needed. In some instances, if a substantial reserve 

is established, it is no longer necessary to collect these excess 

funds, Therefore, the coverage item was not included in the total 

annual costs, The costs calculated represent the actual estimated 

costs. 

The supplemental information was utilized to extend the 

treatment cost curves into the regions of tertiary treatment and 

complete or ultimate treatment (100 percent removal of the oxygen 

consuming components of a waste). Stowell provided information 

regarding the construction of rapid sand filtration units as a means 

of tertiary treatment. Culp (8, p. 799 -806) and Roderick developed 

separation beds (similar to rapid sand filtration) and activated 

carbon columns for tertiary treatment operations. Advanced waste 

treatment consisted of a distillation process which achieved 100 per- 

cent removal of the oxygen consuming wastes (25, p. 1 -55). 

The efficiencies of biochemical oxygen demand (BOD) re- 

moval of the standard plants of Logan et al. (22, p. 860 -882) were 

calculated using the design criteria of the plants. When additional 
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design criteria were necessary to calculate treatment efficiencies, 

assumptions were made in accordance with criteria commonly 

employed in practice. 

For design flows of O. 25, 0. 50, 1. 0, 5. 0, and 10. MGD 

the total annual cost was plotted against percent BOD removed. 

The plotted values for all flows are listed in Appendix I, Typical 

results are shown in Figure 2 for a design flow of 5, 0 MGD. The 

plotted points were connected by a straight line in the range of 

primary treatment (20 to 40 percent BOD removal) and in the range 

of secondary treatment (65 to 90 percent BOD removal), The 

secondary line was extended back to 41 percent into a zone termed 

intermediate treatment. The jump in the curve from 40 percent to 

41 percent BOD removal signifies the construction of additional 

treatment units beyond primary clarification. The basic data for 

the municipal cost curves to remove BOD are summarized in 

Table 1. 

Table 1. Summary of BOD removal cost curves. 

Annual Social Costs in $1, 000 (Less Land) 
Percent 

BOD 
Removed 

Design Flow, MGD 
0.25 0.50 1.0 5.0 10.0 

0 0 0 0 0 0 

20 10.3 19.0 33.0 100 193 
40 10.6 19.7 34.8 107 210 
41 11.8 20.5 37.3 123 213 
90 15.3 28.0 51.0 183 335 

100 32.0 64.0 128.0 640 1280 

'U 
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To examine the accuracy of the basic cost curves, the cost 

for a treatment plant equivalent to the recently completed Salem, 

Oregon, plant was determined and compared as shown in Table 2. 

Table 2. Comparison of annual costs of theoretical plant with actual 
Salem plant - costs in $1, 000. 

Item 

Theoretical 
(With Chlorination) 

(1) 

Actual Salem 
(2) 

Comparison 
(3) =[(2)- (1)] /1 

Design Flow 
Percent BOD 

10. 6 MGD 10. 6 MGD 

Removal 85% 85% 
Amortization 230.3 232 0. 7% 

Maintenance and 
Operation 134 145 8.2% 

TOTAL 364.3 377 3.5% 

The comparison column indicates the theoretical values are 

accurate estimates of actual costs encountered in the design of 

treatment facilities in the Willamette Valley. Logan et al. (22, 

p. 869) emphasize that costs of theoretical plants could be low be- 

cause they are for ideal conditions. 

Oxidation ponds were not considered because of high land 

costs in flat regions or hilly terrain in low cost areas, Logan et al. 

(22, p, 876) indicated that when land costs are in excess of $1, 500 

per acre, other methods of treatment may be more economical. 
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Industrial Cost Curves 

The principal industrial oxygen consuming waste dischargers 

in the Willamette Valley are the pulp mills. In addition to depleting 

the dissolved oxygen, these wastes can be toxic to fish and can 

cause unsightly floating matter. Only the costs of removal of the 

oxygen depleting constituents of these wastes are considered in the 

BOD removal cost curves; however, the removal of oxygen con- 

suming constituents frequently alleviates other problems, 

Kraft Pulp Mill. Treatment of the oxygen consuming wastes 

from a kraft pulp mill, following the removal of the potentially toxic 

substances, differs from the treatment of municipal waste waters 

mainly because of a lack of nitrogen and phosphorus nutrients. 

These nutrients must be added to the mill effluent to render it 

amenable to biological treatment processes. 

The cost curves for the treatment of oxygen depleting kraft 

mill wastes were developed by appropriate adjustments to the cost 

curves for municipal waste treatment facilities. Primary treatment 

was assumed to remove 10 to 15 percent of the oxygen consuming 

constituents, rather than 20 to 40 percent. Higher primary effi- 

ciencies have been reported (7, p. 94; 4, p. 47), but some of these 

clarifiers treated only concentrated waste streams and the values 
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employed were assumed to be more representative for the total mill 

effluent. Sludge disposal costs were allocated by comparison with 

municipal digestion and sludge drying beds. It was suspected that 

incineration processes would be constructed in lieu of digestion 

facilities because of land requirements for drying and other problems 

resulting from the handling of enormous volumes of sludge. Cost 

data for incineration was not readily available and it was assumed 

that if incineration was more economical, the difference in the total 

annual costs would not introduce significant results in the final 

analysis. 

The activated sludge process, with nutrients added, was 

presumed to be capable of effectively removing from 16 to 90 percent 

of the oxygen consuming components of the waste water, rather than 

the 41 to 90 percent used for municipal conditions. The costs of 

activated sludge treatment were determined by increasing the munic- 

ipal annual plant costs (exclusive of land) of 41 percent and 90 per- 

cent removals of BOD by 25 percent for the addition of nutrients 

(7, p. 93). The increasing of the annual costs should adequately 

include additional costs for equipment and maintenance and operation 

of the equipment. Costs for 100 percent removal of the oxygen 

consuming constituents were assumed comparable to municipal costs. 

These costs might be reduced because of the size of the pulp mill 

operation, but scaling problems were considered to offset any savings. 
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Sulfite Pulp Mill. Amberg and Cormack (2, p. 570 -576) in 

1957 conducted research at Oregon State University on aerobic 

fermentation processes for treatment of spent sulfite liquor. They 

developed a process capable of reducing the BOD of the waste 80 

percent and estimated the cost would be from five to eight dollars 

per ton of pulp produced, It was concluded that the BOD could be 

reduced up to 90 percent and the costs could be reduced with the 

development of a by- product high protein animal feed. 

The cost curves for the sulfite mills were developed using 

methods and assumptions similar to the curves for the kraft mills. 

Using Amberg and Cormack's aerobic fermentation process, a cost 

of eight dollars per ton of pulp produced, and 80 percent BOD re- 

moval, the cost was approximately 135 percent of conventional 

municipal biological treatment processes. Thus, the municipal 

costs of 41 percent and 90 percent BOD removal were increased 135 

percent. This is a good comparison with the kraft cost curves (125 

percent), the additional ten percent of the plant cost contributing to 

the neutralization of the spent sulfite liquor. The aerobic fermenta- 

tion process was assumed capable of effectively removing from 16 

to 90 percent of the oxygen consuming components of spent sulfite 

liquor. The other treatment processes were the same as the ones 

employed to treat the kraft mill effluents. 
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Food Processing. Food processors in the Willamette Valley 

have found the most economical solution to the successful disposal of 

their high BOD wastes is in cooperation with municipal waste treat- 

ment facilities. Treatment costs for adequate facilities at each 

cannery would have been prohibitive, but service charges based on 

quantity and strength of wastes have encouraged "good housekeeping" 

and have not placed unbearable economic burdens on the industry. 

Waste Discharges 

The amount of waste generated at each point of discharge was 

determined from Oregon State Sanitary Authority data for 1963 (30, 

p. 22, 27 -31). This information was in terms of populations 

served or in population equivalents, if significant industrial wastes 

were treated. The oxygen consuming organic matter generated 

was derived by converting population equivalents using 0. 167 pounds 

of five -day BOD per capita per day. The quantities of wastes pro- 

duced by the pulp mills were in pounds per day, based on August 

data submitted by the mills. 

The costs of removing the wastes were deduced from the 

basic cost curves on the basis of the design flow capacity of the 

treatment facility. The size of the facility was selected to serve 

the observed 1963 waste loads, in order to maintain all factors on 
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an equal basis. This allows for a comparison of the alternative 

methods of achieving water quality objectives at the minimum cost to 

society. Consequently in some cases, a superior design might have 

incorporated provisions for expansion. 

Design flows were determined by examining the size of 

existing facilities, the year constructed, and the apparent design 

criteria. The sizes of pulp mill treatment facilities were selected 

to treat measured flows (6). Knowing the design flow, the cost curve 

for waste treatment of each discharge was obtained by linear inter- 

polation between basic cost curve flows and the design flow for the 

discharge. 

Land Costs 

The land costs per acre at some treatment plant sites were 

obtained from recent land purchases at the plant site for new con- 

struction or expansion. At other locations, the costs were estimated 

from the use of land surrounding the plant and its purchase cost. 

Land classifications included nonusable (brush covered or rocky), 

pasture, crops, various residential classes, commercial, and light 

and heavy industry. Local engineers, planners, and regulatory 

officials were consulted regarding land uses and estimated purchase 

prices. In some instances, it was suspected that excessive land and 

acquisition prices could force relocation of some treatment facilities. 
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Palladino (31, p. 268) cites cases of sludge pumped 2000 to 5000 

feet to treatment facilities. It was assumed that economic analysis 

of possible alternatives would not yield a solution that would produce 

significant changes in the final results. 

The area required was obtained by sizing the treatment 

facilities, arranging them in proper locations to each other, and 

providing a 200 foot buffer zone. Land costs were converted to 

annual costs using an interest rate of 3 -1/8 percent and a period of 

100 years and added to the cost curve for each discharge. 

Assimilative Powers 

The input data employed in this portion of the analysis 

originated from numerous sources, but was obtained in summarized 

form from unpublished work by Burgess and Worley (6). The 

deoxygenation coefficients were measured by a survey conducted by 

the U. S. Public Health Service during the summer of 1961 (40, 

p. 1 -24). Velocities were determined from cross -section data and 

flow measurements by the U. S. Army Corps of Engineers. The 

reaeration coefficient, was was calculated using a method proposed 

by D. J. O'Conner (27, p. 35 -36), which includes the coefficient of 

diffusion of oxygen in water, the depth of water and either the 

velocity of forward flow or the slope of the channel, depending on 

whether the stream is relatively shallow or deep. The temperatures 

K2, 
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were observed measurements provided by the Oregon State Sanitary 

Authority with a maximum of 22° C (6). 

Analytical Model 

The analytical model consists of two digital computer pro- 

grams which (1) determine the minimum cost for removal of a 

definite quantity of oxygen consuming wastes through a critical 

reach in a river and (2) predict the response of the dissolved oxygen 

concentration in the river to the waste discharges resulting from the 

minimum cost solution. The minimum cost solution is obtained 

from a dissolved oxygen cost of treatment matrix solved by non- 

linear programming techniques. This solution is inserted in the 

Streeter- Phelps oxygen sag equation for a prediction of the dis- 

solved oxygen profile of the river being studied. 

DO Cost Matrix 

The dissolved oxygen cost matrix contains the amount of 

oxygen consuming wastes passing through a critical reach from each 

waste discharger, the amount of waste removed by different degrees 

of treatment, and the cost of each degree of treatment for each dis- 

charger. This matrix is similar to one illustrated in Maass et al. 

(23, p. 505) for the optimum development of a river basin system 

consisting of two reservoir sites, an irrigation project, and a 



25 

run -of- the -river power plant. The DO cost matrix is summarized 

in Table 3. 

The first row of the DO cost matrix represents the amount of 

waste which must be removed by the dischargers from a critical 

reach to achieve the desired DO objective. This row is developed 

from the following equations which can be expanded to the equation 

in the matrix. 

rearranging 

or 

P = 

i=1 

n 

i=1 

X-bX)a 

n 

aX-P = > abX 

i=1 

Amount Removed = 

(1) 

abX (2) 

i =1 

P is the allowable amount of waste that can pass through the 

critical reach without preventing achievement of the DO objective. 

The symbol (a) is a function of the assimilative powers of the re- - 
ceiving waters. It represents the percent of waste remaining at 

the critical reach due to a particular upstream discharge and can 

be obtained by subtracting the percent removed by the receiving 

waters from 100 percent. The percent removed by a treatment 

process is (b), (X) is the amount of raw waste generated at a 

particular point of discharge, and (n) is the number of points of 

discharge. 

- 

n` 



Table 3. Summary of dissolved oxygen cost matrix. 

Waste Row 
Discharge No. Constant 

1 alb 1X1 + a1b2X1 + a1b3X1 + a1b4X1 + a1b5X1 + a2b1X2 + a2b2X2 + + anb5Xn - 1 = Amount 
Removed 

1 2 b1X1 + b2X1 + b3X1 + b4X1 + b5X1 1 = Xi 

2 3 + b1X2 + b2X2 + 1 = X2 

n n+l + b5Xn 1 = Xn 

1 n+2 1 +1 +1 +1 +1 1 =1 

2 n+3 1 +1 + 1 =1 

n 2n+1 +1 1 =1 

Cost Cil -C12 C13 -C14 
-C15 

-C21 -C22 - -Cn5 
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Equation (1) states that the allowable amount of waste (P) is 

equal to the amount remaining at the critical reach from each point 

of discharge. The amount remaining at the critical reach is the 

quantity discharged (amount generated less amount removed by 

treatment) reduced by the assimilative powers of the river. The 

second equation indicates the amount of wastes which must be re- 

moved by the treatment processes, considering the assimilative 

powers of the receiving waters, to achieve the DO water quality 

objective. 

Use of equation (2) can best be illustrated by a hypothetical 

example. Suppose a municipality is discharging wastes above the 

critical reach. The assimilative powers of the river reduce the 

oxygen consuming portion of the wastes discharged from the point of 

discharge to the critical reach by an estimated 60 percent; therefore, 

the percent of waste discharged that remains in the river at the 

critical reach will be 40 percent (a). This municipality's treatment 

plant removes 80 percent (b) of the BOD from the wastes generated 

and the amount of waste generated (X) is 1000 pounds BOD per day. 

Thus, the plant removes 800 pounds BOD per day (bX) from the 

river at the point of discharge, but only 320 pounds BOD per day 

(abX) from the critical reach because of the assimilative powers of 

the river between the point of discharge and the critical reach. The 

effectiveness, in the critical reach, of an upstream treatment plant 
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is reduced by the assimilative powers of the river and the distance 

between the treatment plant and the critical reach. 

From Figure 2, the points of change in the cost curve were 

20, 40, 41, 90 and 100 percent (b) removal of BOD; therefore, the 

percent remaining (a) times the percent removed by treatment (b) 

times the amount of raw waste generated (X) furnishes five values 

for the first row of the matrix for each point of discharge. Recall 

the value, abX, represents the amount of oxygen consuming waste 

removed from a critical reach by (b) degree of treatment at the point 

of discharge. The row is completed by the insertion of a slack 

variable to insure that the constraint is satisfied. The final column 

contains the estimated amount of waste which must be removed 

from the critical reach. The slack variable serves numerous pur- 

poses in linear programming. In the first row, the negative slack 

variable forces the resulting solution to contain a combination of 

values in row 1 which equal the amount which must be removed. 

The actual value of the slack variable in the final solution is zero, 

because if it were greater, the final combination of values in row 1 

would be greater than the amount which should be removed from the 

critical reach. Expansion of equation (2) yields: 

Row 1 a1b1X1 + a1b2X1 + a1b3X1 + a1b4X1 + a1b5X1 + a2b1X2 + 

abX b X + X + X +a b X + - - 
2 3 2 2 4 2 2 5 2 3 1 3 

- - + a b Xn 
n 4 

+ a b Xn 
n 5 

- Slack = Amount Removed 
2 2 

- n n 

-- 

- 
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Subsequent rows contain only the amount of waste removed 

(bX) at each point of waste discharge by each definite treatment 

process, the slack variable, and the amount generated at each point 

of discharge. The slack variable in these rows is the amount the 

discharger is allowed to release to the receiving waters. This 

slack variable creates a solution which requires that the amount re- 

moved (bX) plus the amount discharged (Slack) equals the amount 

generated. 

Row 2 b1X1 + b2X1 + bX + b4X1 + bX + Slack = X Amount 
Generated 

Row 3 b X 
1 2 

+b 
2 

X 
2 

+ b3X2 +b 
4 

X 
2 

+ b5X2 + Slack = X2 

Row n +1 

The next rows are inserted to guarantee that proper inter- 

polation is preserved in the cost curves. The columns in the 

matrix (Table 3) represent points of intersection of the lines of the 

cost curve, These rows cause only one point on each cost curve to 

be in the final solution, but not necessarily the intersection point. 

In the final solution, the sum of each row will be one. This value 

of one can be obtained from a single column or by a combination of 

two adjacent columns. For example, if a discharger were required 

to remove 90 percent BOD, then a value of one would be in the 

fourth column. If 30 percent BOD removal were required, then a 

value of 0. 5 would be in both column 1 and 2 (0. 5 x 20% + 0. 5 x 40% 

1, 

_ 

1 
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30 %). The slack variable in these examples would be zero. In these 

rows the slack variable serves as the point of zero waste removal 

in the cost curves and assumes a value of one only if the discharger 

is not required to treat his wastes. 

Row n +2 1+1 1+ +1 = 1 

2n +1 

The last row contains the cost of each definite degree of 

treatment for each waste discharger. These cost values are re- 

quired by the computer program to arrive at an optimum solution. 

The signs are negative because the solution will be one of minimum 

cost. 

Cost Row -C11- C12- C13 14 15 21 22 23 24 25 -C- C- C- C- C- C- C-C31 
- - -Cn4 -c n5 

This matrix is solved using IBM's Basic Linear Programming 

System, Program Code 1410 -CO -01X. The results include the 

optimum solution in terms of the total cost to the dischargers and the 

amount of waste, in pounds of five -day BOD, that each discharger is 

allocated to discharge into the receiving waters and still achieve or 

maintain the dissolved oxygen objective. 

Two problems can arise from the optimum solution. First, 

the computer may not interpolate between two adjacent points on the 

cost curve. Frequently it will interpolate between 90 percent re- 

moval and zero percent removal (actually the slack), rather than 

- - 
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between 90 percent and 41 percent removal in the cost curve of the 

discharger with the critical marginal cost, This can be corrected 

by removal of the slack from the row of ones in the matrix, if the 

interpolated value indicates the solution is near the 90 percent re- 

moval point on the cost curve. Whenever incorrect interpolation 

between points on the cost curve occurs, examination of the in- 

correctly interpolated results and the cost curve will indicate which 

portion of the cost curve (column in the matrix) should be removed 

from the matrix to force an acceptable solution. Fortunately the 

shape of the cost curve lends itself to simple adjustments. 

The second problem that arises is that the estimated amount 

which must be removed may be too high or too low. The allowable 

amounts of waste discharged are inserted in the dissolved oxygen 

sag program and the predicted oxygen concentration is obtained. 

If the concentration is below the desirable objective, more wastes 

must be removed, This is accomplished by increasing the esti- 

mated amount of wastes which must be removed from the critical 

reach. If the predicted dissolved oxygen concentration is higher 

than the desired objective, treatment requirements of the dis- 

chargers can be relaxed. 

The DO cost matrix for the Willamette River consisted of 

all waste discharges on the main stem. The new Tryon Creek 

treatment plant was included because it replaced the Lake Oswego 



32 

plant and was considered a portion of the solution to alleviate the 

problems in the Portland Harbor area. Wastes normally being 

discharged into Portland Harbor were assumed to be collected and 

pumped to the Columbia Boulevard plant for primary treatment and 

discharged to the Columbia River in accordance with the Portland 

Sewerage Study 1964, by Stevens and Thompson, Inc. (34, p. 1 -71), 

The costs of treating these wastes were obtained from this report 

and assumed to vary linearly from no cost for zero percent removal 

to total cost for 100 percent removal. There is probably a slight 

hyperbolic variation in costs, but this was not considered because 

of lack of information. Numerous unaccounted for small waste 

discharges exist in the Portland Harbor area which were not 

considered. 

The oxygen consuming waste discharges from most of the 

tributaries were eliminated from the DO cost matrix because 

tributary restrictions would govern the amount of wastes discharged. 

These wastes were included in the dissolved oxygen sag calculations 

in order to obtain an accurate indication of the influence of the 

total waste load in the basin. The Tualatin River and its tributaries 

were omitted because the Tualatin actually serves as a large lagoon 

during the summer and the BOD discharged to the Willamette River 

is insignificant. 

The tributary waste discharges from the kraft pulp mill at 
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at Springfield, the sulfite pulp mill at Lebanon, and the City of 

McMinnville were included in the DO matrix to illustrate the method 

of inclusion of tributary discharges and additional tributary con- 

straints (DO > 5 ppm and > 7 ppm). They were also included in case 

the constraints on the Willamette River might take precedence over 

tributary constraints. Table 4 indicates the dischargers included 

in the DO cost matrix. 

DO Profile 

The response of the dissolved oxygen concentration in the 

Willamette River to waste discharges was determined using a 

systems analysis approach developed by Worley (47, p. 1 -137). 

Details are available from the Columbia River Basin Project, U. S. 

Public Health Service, Portland, Oregon, or the Department of 

Civil Engineering, Oregon State University, Corvallis, Oregon. 

Sources of Errors 

Errors from numerous sources can influence the results 

from the model. The volume and character of wastes generated 

fluctuates. The effectiveness of the treatment process can change 

as loadings on the treatment facility vary. Construction problems 

alter the cost of treatment curves. Many conditions influencing the 

DO profile vary, such as the deoxygenation and reaeration 
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Table 4. Dischargers in DO cost matrix. 

Discharger 
River 
Mile 

Design 
Flow 
MGD 

Wastes Generated 
1000 lb 5 -Day 

BOD /Day 

Springfield 185.0 6.9 8.0 
Eugene 178, 3 12, 5 13, 5 

Kraft mill, Springfield 171. 8 -10. 5 6, 6 8.65 
Junction City 164.3 0. 60 0. 275 
Harrisburg 161.2 0. 15 0, 150 

Corvallis 131.0 4,50 8.70 
Albany 119.0 3, 63 2.75 
Kraft mill, Albany 117.5 4, 2 6. 09 

Sulfite mill, Lebanon 109. 0 -29 7. 0 60. 0 

Independence 96.0 0.90 0.750 
Sulfite mill, Salem 85.1 7. 4 48. 0 

Salem 81.5 10.6 53.8 
McMinnville 54.9 -14 1, 50 1. 335 
Newberg 50, 1 1,00 1, 02 

Sulfite mill, Newberg 50.0 3. 1 108.0 
Canby 34.0 0.30 0.334 
West Linn - Will. 27.7 0. 30 0.250 
Sulfite mill, Oregon City 26.5 11. 0 81.0 
Sulfite mill, West Linn 26.5 23.2 172.0 
Oregon City 25.3 1.80 2.05 
West Linn Bolton 24.3 0. 60 0, 500 
Marylhurst 22.5 0, 30 0.365 
Oak Lodge 20.7 2.00 2. 175 
Tryon Creek 20.3 3.75 4, 16 

Milwaukie 18, 5 2.00 1.67 
Portland Harbor - East 10.5 16, 0 18. 7 

Portland Harbor - West 10.5 30, 0 35. 0 

- 
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coefficients, temperature, and flow rate. Interpretation of results 

from the model must be made in light of these sources of errors. 

Cost Analysis 

The analytical model determined the minimum treatment cost 

to society for dissolved oxygen levels of four, five, and seven mg /1 

at flow levels of 5000 cfs, 6000 cfs, and 6500 cfs at Salem for 

conditions with no constraints and a constraint of all municipalities 

providing primary waste treatment. The constraint of all munici- 

palities providing secondary treatment was examined only at a 

dissolved oxygen level of five mg /l. To test the hypothesis of this 

dissertation (the water is too costly for pollution abatement), all 

municipalities must provide at least primary treatment; therefore 

only this pertinent information is presented in this section. In 

Chapter VII, Implementation of Analytical Model, the consequences 

of the various constraints are examined. The results not presented 

in this section are summarized in Appendix II. 

To ascertain the degree of treatment for the minimum 

monthly average flow of 4600 cfs at Salem, the design flows and the 

travel times within each reach were determined by interpolation 

between the base flows of 4000 cfs and 5000 cfs at Salem. These 

flows were developed by Burgess and Worley (6) from estimates 

provided by the Corps of Engineers. The quantity of BOD removed 
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from the critical reach to achieve different dissolved oxygen ob- 

jectives was found by extrapolation of values to 4600 using flow ob- 

jectives of 5000, 6000 and 6500 cfs at Salem. Figure 3 shows that 

the amount of BOD removed from the critical reach for a dissolved 

oxygen objective of four mg /1 increases as the design flow de- 

creases, the amount of BOD removed is almost constant for a DO 

objective of five mg /1, and the quantity of BOD removed from the 

critical reach decreases as the flow decreases for a DO objective 

of seven mg /l. This phenomenon was recognized by Kneese (20, 

p. 28) when he indicated "flow augmentation could actually increase 

pollution in lakes and estuaries by carrying greater quantities of 

partially assimilated wastes into these bodies. " 

The reason the amounts of BOD decrease as flow decreases 

for a dissolved oxygen objective of seven mg /1 can be explained by 

adscititious examination of Figure 3. The total oxygen consuming 

wastes generated by the dischargers in the DO cost matrix was 

639.22 thousand pounds of five -day BOD. If all of these wastes were 

discharged into the receiving waters, the amount that would pass 

through the critical reach, as a result of the assimilative capacity 

of the river, is shown by the top line in Figure 3. This also re- 

presents the amount which would be removed from the critical 

reach if each waste discharge received 100 percent treatment at its 

source. This amount decreases as the flow decreases, because the 
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increased travel time permits a longer duration for the BOD to be 

exerted. However, the amount of waste that is allowed to pass 

through the critical reach (distance between 100 percent treatment 

line and DO 7 line) increases with increasing flows because of a 

greater quantity of water available for dilution, a reduced travel 

time for the BOD to be exerted, and an increase in the reaeration 

constant, K2, resulting from the greater flows. 

At high levels of quality, such as a dissolved oxygen ob- 

jective of seven mg /1, the minimum cost solution requires almost 

complete removal of all the oxygen consuming wastes normally 

discharged into the critical lower reach. At lower quality levels 

(four mg /1 of DO), considerable amounts of these wastes can be 

released into the lower reaches and the dissolved oxygen objective 

can still be achieved. The quantities of these wastes removed from 

the critical reach increase as the flow decreases because of the re- 

duction in volume of flow available for dilution. At low quality 

levels, some oxygen consuming wastes can be discharged in the 

lower reaches, but the allowable amount is sensitive to flow changes. 

The dissolved oxygen analysis by the cost matrix for a flow 

level of 4600 cfs at Salem was not performed because of difficulties 

involved and time required to prepare the input data for the dis- 

solved oxygen profile and the high cost of computer analysis. The 

total cost of waste treatment for the dissolved oxygen objectives at 
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a flow level of 4600 cfs was determined in the same fashion as the 

other flow levels. Extrapolation of amounts of BOD removed from 

the critical reach (Figure 3) appears to be less sensitive to a reduc- 

tion in flow level than the extrapolation of cost curves (Figure 4). 

The results of the dissolved oxygen analysis are plotted in 

Figure 4 and summarized in Table 5. They indicate the costs of 

treatment to society of dissolved oxygen objectives increase as the 

flows decrease. Costs also increase with increasing levels of quality 

and as the number of constraints increase. The steepness of dis- 

solved oxygen objective of seven mg /1 at the lowest flow results 

from the high marginal costs of treatment involved in treating the 

last increments of wastes necessary to achieve the objective, 

Table 5. Summary of dissolved oxygen analysis. 
treatment costs in $1000. 

Annual social 

Flow 
Salem, 

at Dissolved Oxygen, mg /1 
cfs 4 5 7 

4600 $3, 904 $4, 223 $5, 403 

5000 3, 887 4, 103 4, 944 

6000 3, 852 3, 954 4, 748 

6500 3, 821 3, 931 4, 677 
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Figure 4. Summary of dissolved oxygen analysis. Annual social 
treatment costs in million dollars. 
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III. COLIFORM BACTERIA 

The coliform group of bacteria is used to indicate the poten- 

tial presence of pathogenic bacteria. This degree of potentiality is 

reflected by the measurement of the most probable number (MPN) of 

coliform bacteria in a body of water. Safe levels of coliform bacteria 

densities in open waters for beneficial uses such as water contact 

sports, recreation, and sources of water supplies generally have not 

been determined by extensive epidemiological studies. Levels have 

originally been established arbitrarily on the basis of esthetic con- 

siderations and ability of compliance (24, p. 119) and frequently 

adopted by others (3, p. 78 -89). 

The four levels of coliform bacteria concentrations selected 

for analysis in this investigation were not selected for specific 

beneficial uses, but to include concentrations frequently employed. 

The Pollution Control Council of the Pacific Northwest recommends 

a most probable number of coliform bacteria of 240 per 100 ml for 

bathing and swimming waters and allows 1000 per 100 ml for re- 

creational purposes such as fishing and boating (33, p. 19). Several 

states have established 2400 coliforms per 100 ml as an allowable 

level for recreational purposes (3, p. 78 -89). The value of 5000 

coliforms per 100 ml is the maximum value recommended by the 

U. S. Public Health Service for water supplies requiring complete 
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rapid sand filtration, or its equivalent, together with continuous 

postchlorination (24, p. 466). The costs of achieving or maintaining 

these coliform bacteria objectives are determined at the same flows 

utilized in the dissolved oxygen analysis - -4600, 5000, 6000, and 

6500 cfs at Salem. 

Considerable dissatisfaction exists today with the coliform 

bacteria test as a criterion for recreational standards because the 

test is indicative, rather than specific. Other objections include 

the fact that it also measures coliform bacteria from nonfecal 

sources, the results are frequently difficult to reproduce within an 

apparent desired accuracy, and it is often difficult to obtain a re- 

presentative sample. Future research will probably produce ex- 

aminations which are superior to the coliform bacteria test as an 

indication of the presence of disease, equally as easy to perform, 

and as inexpensive. When these advances occur, they can easily 

replace the results of the coliform bacteria examinations in the 

model developed in this Chapter. 

The objective of the coliform bacteria analysis is to deter- 

mine the waste water treatment costs to society for the coliform 

bacteria objectives at the design flow levels. 
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Bacterial Self- Purification 

Objective 

The purpose of this section is to develop coliform bacterial 

self -purification curves for the Willamette River using data re- 

corded during the dry weather flow period of 1963. 

Data Collection 

Data utilized to analyze the bacterial self- purification powers 

of the Willamette River were obtained from unpublished information 

collected by the Oregon State Sanitary Authority (29) and the City 

of Corvallis. The OSSA sampled weekly from June 18 through 

October 15 (18 sampling days) at ten stations from Independence 

(river mile 96, 1) to the SP & S railroad bridge in Portland (river 

mile 7. 0) and monthly from June 18 through September 17 at seven 

stations from Springfield (river mile 185. 3) to the Buena Vista 

Ferry (river mile 106. 4). The OSSA determined the MPN per 100 

ml using three tubes and three dilutions. Three coliform bacteria 

densities were recorded by the City of Corvallis at its water supply 

intake. 
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Methods of Averaging Data 

Four possible methods of averaging the coliform bacteria 

data were examined. The method most commonly employed is the 

simple arithmetic average. Kittrell and Furfari (19, p. 1377) in- 

dicate the median or the logarithmic mean may be the method of 

choice if a limited number of values is available, especially if the 

data contain a single large measurement. Thomas (36, p. 212 -222) 

has proposed the arithmetic mean density to adjust for the bias in- 

herent in the MPN method. As the number of samples increase, the 

differences between the methods of averaging decrease. Kittrell 

and Furfari (19, p. 1377) recommend 20 to 25 MPN values obtained 

at each sampling station during the periods of dry weather flow are 

sufficient to create insignificant differences between the values ob- 

tained by the different methods. 

Average values of the measured MPN values were calculated 

using these four methods and plotted in Figure 5, Thomas' 

arithmetic mean density was consistently above the median and log 

mean, but only slightly. The median and log mean frequently coin- 

cide fairly close to each other. In the middle reach (from the con- 

fluence with the Santiam River to Newberg --18 samples) Thomas' 

arithmetic mean density was closer, but still above the simple 

arithmetic average, 
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Figure 5. Comparison of results from four methods of cal- 
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The coliform frequency distributions are markedly skewed, 

resulting from an occasional extremely high density. The arithmetic 

average, unlike the median or geometric mean, reflects these high 

densities, which are important from the viewpoint of possible health 

hazards. Most coliform bacteria objectives are based on arithmetic 

averages and the operating records of treatment facilities normally 

report monthly arithmetic averages. Thus, the arithmetic average 

was selected to ascertain the values to be plotted for the coliform 

bacteria growth rate and die -away rate determinations. 

Regression Analysis of Environmental Variables 

Numerous environmental factors influence the coliform 

bacteria densities. During the sampling period the flow, pH, and 

water temperature fluctuated. These variables were plotted against 

the measured MPN values at the Salem sampling station. Visual 

examination of these graphs revealed no apparent relationship be- 

tween the variables and the MPN values. 

In order to determine statistically what variable, if any, 

influenced the coliform bacteria densities significantly in the 

Willamette River, a single regression analysis was performed using 

the available data at the Salem sampling station. The analysis 

indicated no statistically significant relationship existed during the 

sampling period between the MPN values and the flow, pH, and 
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temperature as shown in Table 6. 

Table 6. Results of single regression analysis of MPN measure- 
ments at Salem. 

Flow, X pH, X Temp. , X 

F 0. 0693 0, 245 0. 000529 

r 0. 0657 0. 122 0. 00575 

b 0. 589 12, 057 46. 069 

Range 5, 060 to 6. 7 to 16 to 

of x 10, 900 cfs 7. 4 22° C 

Range 
600 to 70, 000 MPN per 100 ml 

of y 

To test the hypothesis b is equal to zero, an F test is 

performed where F = Reg. SS /s2. The level of significance is 

F = 4. 4513 with 1 and 17 degrees of freedom at the five percent 

point. 

To further ascertain if a relationship exists at the Salem 

sampling station, during the sampling period, between MPN and flow, 

pH, or temperature, a multiple regression analysis was also per- 

formed. The correlation matrix in Table 7 indicates there is no 

closeness of fit between MPN and flow, pH, or temperature. The 

correlation is 1, 00000 between each variable (MPN and MPN) as 

expected. Flow and temperature produce a correlation which is 
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fairly close indicating that when the flow decreases, the tempera- 

ture of the Willamette River at Salem will increase. 

Table 7. Correlation matrix, r, from multiple regression analysis 
at Salem. 

Flow pH Temperature MPN 

Flow 1.00000 0.495796 -0.844926 -0.0657028 

pH 1, 00000 -0, 112332 0, 121668 

Temperature 1.00000 0.00573921 

MPN 1. 00000 

Table 8 is the analysis of variance from the multiple regres- 

sion analysis of the data from the sampling station at Salem. The 

level of significance is F = 3. 34 with three and 14 degrees of freedom 

at the five percent point. This multiple regression analysis indi- 

cates that no statistically significant relationship existed, during the 

sampling period, between the MPN measurements and the flow, pH, 

and temperature at the Salem sampling station. 

Table 8. Analysis of variance from multiple regression analysis at 
Salem. 

Source of Sum of Mean 
Variation D. F. Squares Square F-Ratio 

Regression 3 86, 510, 000 28, 838, 000 0. 089 

Residual 14 4, 534, 130, 000 32, 386, 600 

Total 17 4, 620, 640, 000 
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The absence of a statistically significant relationship between 

MPN and temperature during the sampling period concurs with the 

findings of other workers. Phelps (32, p. 205) concluded that for all 

practical purposes the temperature effect is so masked by other 

variations as to be hardly distinguishable even in a broad classifica- 

tion. Kittrell and Furfari (19, p. 1368) decided that there is in- 

sufficient investigation of the temperature effect to permit develop- 

ment of a coefficient to adjust stream coliform bacteria data for the 

effects of moderate changes in temperature. 

Time of Peak 

Coliform bacteria in a stream below an outfall exhibit first 

an increasing growth phase and then a decreasing phase. The 

travel time below an outfall for the maximum coliform density to 

occur has been reported in the literature as follows: 

1. Fair and Geyer (9, p. 832) 

2. Frost and Streeter (12, p. 297) 

3. Hoskins (18, p. 1366) 

4. Kittrell and Furfari (19, p. 1363) 

10 to 12 hours 

10 to 15 hours 

10 to 30 hours 

10 to 15 hours 

Hoskins found the peak occurring farthest downstream during the 

winter. 

The MPNdata were plotted against time. Examination of the 

data and the locations of waste treatment facilities revealed definite 
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reaches of the river in which no additional wastes were discharged. 

These reaches displayed the characteristic increase and decrease 

in coliform bacteria growth rates. Unfortunately sampling stations 

were not situated at the proper locations to pinpoint exactly when or 

where peak coliform concentrations occurred in the Willamette 

River. Apparently all peaks occurred within the usual range (10 to 

15 hours below the outfall); therefore, the peak coliform bacteria 

density was assumed to be located 12 hours below the point of dis- 

charge for all outfalls. 

Coliform Bacteria Die -Away Rate 

The determination of the die -away rate of coliform bacteria 

in the Willamette River utilizing available data is complicated be- 

cause sampling stations are not ideally located and the spacing of 

the outfalls is such that frequently when the coliform bacteria 

densities are decreasing from one outfall, they are increasing from 

another one. To estimate the coliform bacteria die -away rate 

curves, regions between sampling stations that exhibited a typical 

decrease in coliform density and where the outfalls were inexistent 

or relatively inexistent were selected for examination. 

The reaches suitable for analysis were: 



51 

1, Harrisburg to Corvallis 

2, Conser Road to Buena Vista Ferry 

3, Canby Ferry to Marina Mart 

4. Lake Oswego to Steel Bridge 

The percent reduction in coliform bacteria was determined using the 

average MPN values for the dry weather flow period from June 18 

to September 17, 1963. During this period the average flow at Salem 

was 8, 280 cfs. The time of travel between sampling stations for this 

flow was not available, but calculations indicated that using travel 

times for a flow of 6500 cfs at Salem would not produce significant 

differences. The percent decrease in coliform density and travel 

time between sampling stations are indicated in Table 9. 

Table 9. Decrease in coliform bacteria density and travel time 
between sampling stations. 

Travel Time Percent Maximum 
Reach Day MPN Value 

Harrisburg to Corvallis 0. 180 33. 5 

Conser Road to Buena Vista Ferry 0. 575 0. 95 

Canby Ferry to Marina Mart 0. 598 55. 0 

Lake Oswego to Steel Bridge 1. 972 13. 6 

It must be emphasized that these sampling stations are not located 

at the point of peak coliform density below a specific outfall and 

there can also be intervening or interfering outfalls. These die -away 
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rates are actually a composite of several discharges, in some cases, 

and are used primarily for comparison purposes with other cities 

where an individual discharge was studied. In some instances the 

die -away rate is dominated by one discharge and should approximate 

the rates of a single discharge. 

The values measured in the Willamette River were plotted 

with values observed in other streams (19, p. 1365, 1370, and 1375), 

These plotted values are shown in Figure 6. The two values from the 

upper reaches and the two from the lower reaches of the Willamette 

River created lines of coliform bacteria die -away rates which en- 

veloped most of the observations in other streams, These curves 

were employed to calculate conditions in the Willamette River and 

fair agreement was obtained between the calculations and actual 

measurements with the exception of the reaches from the confluence 

with the Santiam to Newberg. Consequently a middle reach was 

arbitrarily drawn which better describes conditions in this region 

than either the upper or lower reach die -away curves. 

The curves indicating the coliform bacteria decrease for the 

upper and lower reaches are similar to the shapes of coliform de- 

crease curves presented by Kittrell and Furfari (19, p. 1370) for a 

large stream and a small stream. They attribute these differences 

to the effects of channel characteristics, The upper reach in the 

Willamette River differs from the middle reach in depth, flow, and 
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type of bottom material. Shallow streams with rocky bottoms reduce 

the number of coliform bacteria in a fashion similar to trickling 

filters. The lower reach differs from the middle reach for the same 

reasons, but also by a significant change in velocity. The change in 

average stream velocity at Newberg is from 1.4 fps to 0.3 fps. 

Velocities in the middle and upper reaches usually range from 1.2 

to 2.1 fps, while velocities in the lower reaches range from O. 1 to 

O. 5 fps. These velocities are based on a flow of 6000 cfs at Salem. 

The low velocities and lack of riffle area prevent frequent contact of 

the flowing water with attached biological masses, causing purifica- 

tion to be dependent on scattered suspended biota. 

Examination of the coliform die -away curves of the upper, 

middle, and lower reaches of the Willamette River discloses that 

they can be described by the Frost -Streeter formula (12, p. 304): 

y = a (10-bx) + c (10-dx) 

where y = coliform density remaining after time x. 

a = the fraction of the coliform density at the peak of the 

curve that decreases at the rate defined by the constant b. 

c = the fraction of the coliform density at the peak of the 

curve that decreases at the rate defined by the constant d. 

Visual inspection of the decreases in the coliform bacteria 

curves indicates a major portion of both curves are composed of two 
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straight lines (the fraction decreasing by rate b and the fraction de- 

creasing by rate d). The significance of the two segments is that a 

type or portion of the coliforms form a resistant minority. This 

resistant minority is a fairly common observation of bacterial decay 

or death rates. 

Phelps (32, p. 212) recognizes the possibility of a resistant 

minority, but also offers several explanations for the lingering 

presence of coliform bacteria. He notes the problem is to explain 

the presence of small concentrations (two or three organisms per 

milliliter). This amount could be easily discharged from boats or 

surface drainage. Two or more distinct strains of organisms could 

be present which exhibit different death rate characteristics. The 

differences could also be attributed to the possibility that the death 

rate is a function of the concentration of the bacteria, Kittrell and 

Furfari (19, p. 1365) show that initial rates of decrease can vary 

with the initial concentration, if the range of variation is large 

(10, 000 to 7, 500, 000 coliforms as MPN per 100 ml). 

The constants in the Frost -Streeter formula for the 

Willamette River are tabulated in Table 10 and compared with values 

for the Ohio River (12, p. 311). 

It is interesting to note that the Frost -Streeter coliform 

bacteria die -away formula was developed at the same time as the 

well known Streeter -Phelps equation for the prediction of the 
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Table 10. Summary and comparison of constants for Frost - 
Streeter formula. 

a b c d 

Willamette River 

Upper Reach 98. 9 3. 24 1. 1 0. 1851 
Middle Reach 95. 6 0. 724 4. 4 0. 1855 
Lower Reach 86. 5 0. 510 13. 5 0. 1863 

Ohio River 99. 51 0. 468 0. 49 0. 0581 

dissolved oxygen sag curve, but it has never been widely used by 

engineers. This probably results from the lack of knowledge of the 

formula, the lack of concern of the action of coliform bacteria in 

streams, and the reluctance to use the coliform test because of its 

inherent disadvantages. 

Streeter (35, p. 220 -223) further expanded the original 

Frost -Streeter formula to include the increasing phase. Kittrell 

and Furfari (19, p. 1367) contend that the more complex equation 

to indicate the increasing phase is unnecessary, because the peak 

coliform density is found at the critical point and can be estimated 

simply but adequately for most purposes. 

Number of Coliforms Generated 

To facilitate the calculations to determine the degree of 

treatment required to maintain coliform bacteria objectives, the 
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contribution from each point of discharge of coliform bacteria per 

capita at the point of maximum density must be estimated. The 

number employed in this investigation was 400 billion coliforms per 

person per day (18, p. 1367), This value was determined from the 

average peak coliform bacteria concentration (range 231 to 585 

billion per day per cap) during the summer from four cities dis- 

charging untreated sewage into the Ohio and Illinois Rivers. 

To check this number, the coliform bacteria contributions 

from Springfield, Eugene, Corvallis, and Albany were estimated 

utilizing measured values in the Willamette River and estimating 

the effectiveness of the waste removal process and chlorination. 

The estimated average was 600 billion coliform bacteria per person 

per day with a range from 360 to 850. These results indicate the 

order of magnitude of the contribution is similar, The high results 

could have occurred from an overestimation of the effectiveness of 

chlorination because of the high chlorine demand from cannery 

wastes treated by some of the cities or a high contribution of coli- 

forms from nonfecal origins. The value of 400 billion per person 

per day was utilized rather than the value estimated for the cities 

in the Willamette Valley because of the limitations involved in the 

estimate. 
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Cost of Coliform Bacteria Treatment 

The cost of removing coliform bacteria from waste waters 

was determined from the costs of treating wastes and the effective- 

ness of the treatment processes in removing or killing the coliform 

bacteria. The percent of bacteria removed by treatment processes 

was obtained from a table in Fair and Geyer of relative efficiencies 

of sewage treatment operations and processes (9, p, 582). The 

effectiveness of chlorination, with respect to the satisfaction of the 

chlorine demand, was obtained from the Federation of Sewage and 

Industrial Wastes Association's (now Water Pollution Control 

Federation) Manual of Practice No. 4 (10, p. 52). Frankel (11, 

p. 10) established a linear relationship between chlorine demand 

and the BOD present in waste water, which permitted an estimation 

of the cost of chlorine. 

Construction costs of waste water treatment facilities were 

determined from data developed by Logan et al. (22, p. 869 -870) for 

treatment plant sizes of O. 25, 0. 50, 1. 0, 5. 0, and 10. MGD. These 

costs were converted to costs in the Willamette Valley during the 

summer of 1963 using the PHS -STP index as indicated in Chapter II, 

They were converted to annual costs employing an interest rate of 

3-1/8 percent and a facility life of 20 years. The annual maintenance 

and operation costs developed by Logan et al. (22, p. 877) were not 
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adjusted for time or regional differences because they appeared as 

representative as could be obtained with the exception of chlorine 

costs. Costs of chlorine were calculated from estimated prevailing 

costs at the plant site during the summer of 1963. Chlorine costs 

employed were based on treatment plant size as follows: 

0. 25 - 0. 50 MGD 1.44 per pound 

1. 0 MGD 9 per pound 

5. 0 MGD 8 per pound 

10. 0 MGD 70 per pound 

Standard waste water treatment plants with flows of 0.25, 

0. 50, 1. 0, 5. 0, and 10. MGD were designed to remove coliform 

bacteria from the waste water. The effectiveness of coliform 

bacteria removal of these plants was examined at 20, 40, 90, and 95 

percent BOD removals. The values of 20, 40, and 90 percent were 

selected because this degree of BOD removal frequently entered the 

optimum solution in the DO cost matrix and facilitated a cost 

analysis containing both DO and coliform bacteria. The value of 95 

percent BOD removal was selected as necessary to insure 100 per- 

cent coliform bacteria removal. Data provided by Stowell indicated 

a coliform range of a most probable number from zero to 2. 3 per 

100 ml at 90 percent BOD removal and Culp reported that at 95 per- 

cent BOD removal, the effluent can be rendered free of coliform 

bacteria with proper chlorination (8, p. 803). 
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The percent removal of coliform bacteria was obtained for 

definite degrees of BOD removal (9, p. 582). Knowing the BOD re- 

maining, the chlorine demand of the waste water was estimated from 

research by Frankel (11, p. 10). Frankel established a linear re- 

lationship between BOD and a chlorine demand which was "reported 

in mg /1 chlorine required to produce a total residual of 0. 4 mg 

C12/1 almost instantaneously. " 

The FSIWA's Manual of Practice No. 4 (10, p. 52) presented 

unreferenced laboratory data indicating a percent reduction in 

coliform bacteria of 60 and 90 percent, for 25 and 50 percent satis- 

faction of the chlorine demand, The times of contact were not re- 

ported. Logan et al. (22, p. 871) designed their chlorination 

facilities with a 15 minute contact period and Fair and Geyer (9, 

p. 813) indicate 15 minutes appears to be a safe value. 

Costs of waste water treatment facilities with 20, 40, 90, 

and 95 percent BOD removals were determined for different degrees 

of coliform bacteria removal. The cost of chlorine was calculated 

on a six month basis because the plants on the Willamette River 

currently only chlorinate during the low flow and coinciding high 

recreational use period from May through October, The values 

were plotted for each design flow and lines of minimum cost for 

achieving coliform bacteria reduction in the waste water were drawn. 

Figure 7 illustrates the method for a flow of 1. 0 MGD. The data 
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used in generating similar curves for the other design flows are 

tabulated in Appendix III. The costs of the theoretical plants (with- 

out land costs) were used to determine costs at each point of dis- 

charge for the coliform bacteria cost matrix. These values are 

summarized in Table 11. 

Table 11. Summary of coliform bacteria removal cost curves. 
Annual social treatment cost in $1000. 

Percent Coliform Flow, ` MGD 
Removal 0.25 0. 50 1. 0 5. 0 10. 0 

0 0 0 0 0 0 

25 10,3 19.0 33.0 

26 33.7 101.4 195.0 

75 10.6 19,7 34.4 

76 11.0 20.2 34.4 

92.5 34.6 105.5 202.2 

99.25 35.6 109.6 209.4 

99.75 11.5 20.3 36.6 114.5 222.7 

100 24,2 46.7 90.4 414.4 810.0 

Treatment costs for each municipality were determined by 

interpolation between the theoretical costs on the basis of the design 

flow of the plant as determined in Chapter II. The cost of chlorine 

was increased where necessary to account for the additional chlorine 
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demand in those plants that treat industrial wastes (cannery). The 

land costs were the same as those estimated in the dissolved oxygen 

analysis in Chapter II. The population contributing coliform 

bacteria to the receiving waters was obtained from Oregon State 

Sanitary Authority data (30, p. 27 -31). 

Cost Analysis 

Procedure 

The flows available for dilution at critical points in the 

Willamette River were obtained from unpublished work by Burgess 

and Worley (6) which was based on information provided by the 

Corps of Engineers. The number of coliform bacteria allowed to 

pass through a critical reach was calculated from the flow available 

at the critical reach for various design flows at Salem and different 

coliform objectives. 

The degree of treatment for each discharger to remove 

coliforms was determined in many cases by analysis of the dis- 

charge from the individual outfall, rather than examination of a 

number of combinations of several outfalls, This differs from the 

critical reach for dissolved oxygen concentrations which frequently 

occurs in the last reach and usually requires an analysis of all 

discharges. 
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In the Willamette River, where no intervening outfalls were 

located between a point of discharge and the critical reach, the 

degree of treatment can usually be determined by considering the 

remainder from other upstream discharges and disregarding dis- 

charges below the outfall. Upstream discharges were seldom signi- 

ficant in the determination of the degree of treatment required be- 

cause of the rapid die -away of the coliform bacteria in the river and 

the travel time between points of discharge. The Springfield - 

Eugene and Corvallis- Albany discharges were analyzed considering 

both the upstream and downstream discharger to determine the 

minimum treatment cost to both cities to achieve the coliform 

bacteria objectives. 

A coliform bacteria cost matrix was developed to examine 

the situation for the eight cities discharging into the reach from 

Canby to Milwaukie. All of these cities, with the exception of Canby, 

discharge below the critical location for the discharges from Canby. 

Because the outfalls of the seven other cities are located so closely 

below Canby's critical reach, significant coliform bacteria concen- 

trations from Canby are carried into the critical reaches of these 

cities. The minimum degree of treatment by Canby was calculated 

to satisfy the critical reach below its outfall and this constraint was 

entered in the matrix. In some alternatives the upstream constraint 

prevailed and in others, it was advantageous to require a higher 
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degree of treatment at Canby to achieve the coliform objective at the 

minimum cost to the cities. 

The Portland Harbor was analyzed similar to the dissolved 

oxygen problem. The costs were determined from the Portland 

Sewerage Study 1964 by Stevens and Thompson, Inc. (34, p, 71). 

Removal of coliform bacteria was assumed to be from zero to 100 

percent and the costs were also assumed to vary linearly. To 

achieve any of the coliform bacteria objectives, at least 99.6 per- 

cent of the coliforms generated in the Portland Harbor region must 

not be allowed to enter the Willamette River in the Portland Harbor. 

Any attempt to improve the coliform bacteria concentrations 

in the Portland Harbor area should reduce or eliminate the contri- 

bution from house boats, pleasure craft, and other vessels. 

Table 12 compares coliform bacteria objectives with the number of 

persons whose untreated wastes equal the allowable number of 

coliform bacteria in the critical reach in the Portland Harbor. 

Table 12. Number of persons whose untreated wastes equal allow- 
able number of coliform bacteria in Portland Harbor. 
Q = 6000 cfs at Salem. 

Coliform Objective, MPN/ 100 ml 
240 1000 2400 5000 

Number of Persons 110 450 1100 2200 
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Sources of Errors 

The coliform bacteria indicator organism is found in the 

intestinal tract of warm blooded animals. Numerous sources of 

coliform bacteria from animals and untreated or partially treated 

human sources such as individual household disposal systems exist 

in the Willamette Valley. A study conducted by the Portland Office 

of the U. S. Public Health Service during August and September of 

1962 found that of the total number of coliform bacteria present in 

the Willamette River, approximately 30 percent were of the fecal 

type (41). 

The number of coliform bacteria contributed per person in 

the reach of peak concentration vary from season to season (18, 

p. 1376), the time below the outfall for the peak to occur fluctuates, 

the coliform bacteria die -away rates change for different reaches, 

the effectiveness of the treatment processes, including chlorination, 

can vary with different loadings on the treatment facilities, and 

variations in flow available for dilution can all influence the actual 

coliform bacteria concentrations in the river. All of the factors 

must be recognized as capable of influencing the results. 

Results 

The results of the coliform bacteria analysis are summarized 
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in Table 13 and illustrated in Figure 8. They indicate the treatment 

costs to society increase for decreasing flow levels and for ascending 

water quality objectives. Figure 8 shows that at high flows and low 

levels of quality, the change in costs is merely an alteration in the 

cost for the chlorine dosage. The marginal costs of treatment in- 

crease for high coliform bacteria quality levels with low flow levels 

because these objectives require a high degree of treatment. 

Table 13. Summary of coliform bacteria analysis. Annual social 
treatment costs in $1000. 

Flow at Coliform Bacteria Density, MPN/100 ml 
Salem, cfs 240 1000 2400 5000 

4600 4, 076 3, 208 2, 452 2, 393 

5000 3, 866 2, 567 2, 445 2, 387 

6000 3, 589 2, 490 2, 443 2, 383 

6500 3, 523 2, 489 2, 442 2, 381 

Discussion 

A more realistic approach to achieve coliform bacteria ob- 

jectives in the Willamette River might be to attempt to maintain 

lower coliform bacteria levels (higher quality) in the upper reaches 

for water contact sports and allow higher levels in the lower reaches 

for boating. This could create problems of posting different reaches 

for different uses. In Berlin, Germany, some waters are posted 
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according to risk (coliform bacteria density) and bathers are con- 

fronted with acceptable, doubtful, and prohibited swimming regions 

(15, p. 100). 
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IV. STORAGE 

Water quality objectives can be achieved or maintained by 

waste treatment and /or regulation of the discharge of wastes ac- 

cording to stream flow or by providing flow augmentation during 

periods of naturally low flow (44, p, 95). To examine these alter- 

natives, the storage analysis for low flow augmentation must as- 

certain (1) the frequency and magnitude of the low flow periods, (2) 

the amount of storage required for dilution, and (3) the annual cost 

of storage. The Portland Office of the Corps of Engineers graciously 

allowed the author to examine published and unpublished records 

essential to this analysis. 

The Corps of Engineers routed 30 years (1926 -1955) of runoff 

records through its authorized Willamette River Basin System and 

has predicted the regulated flows in the river under reservoir 

operating conditions for full development (39). These flows were 

developed considering actual runoff during this period. Allowances 

were made for irrigation consumption and reservoir and river 

evaporation. The objective was to maintain a minimum flow of 6000 

cfs at Salem (38, p. 18). These results were analyzed to determine 

additional storage required to maintain various flow levels for 

dilution and assimilation purposes during different design drought 

periods. 
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Additional storage was assumed to be available by increasing 

the heights of the three remaining authorized (Holley, Gate Creek, 

and Cascadia), but not budgeted, reservoirs in the Willamette 

River Basin System. An examination of predicted winter releases 

from these authorized sites during the driest year (1926) indicated 

large quantities of water were discharged to maintain storage 

capacity for flood control. If adequate storage had been available, 

then these winter releases would have been sufficient to supply the 

low flow augmentation requirements. Drought flows resulted from 

inadequate runoff during the reservoir filling period which corn- 

mences after February 1, The storage in the reservoirs is regulated 

according to an operating "guide curve" or "rule curve. " 

Analysis of benefits from the storage and release of water 

for low flow augmentation purposes is not attempted, but all non- 

consumptive users will benefit. The beneficial effects of increased 

flow include decreases in coliform bacteria, turbidity, suspended 

matter, color, silica, and biochemical oxygen demand (24, p. 15). 

Evaporation, seepage, and other losses resulting from storage and 

release have been considered in the authorized facilities and the 

additional storage and release are assumed to not cause significant 

additional losses. 
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Method of Analysis 

The volume of water must be ascertained which should be 

stored to maintain definite levels of flow for dilution and assimila- 

tion during design drought periods. Minimum flows of 5000 cfs, 

6000 cfs (Corps objective), and 6500 cfs at Salem and design drought 

periods of most probable, 5, 10, 15, and 30 years were selected 

for examination. The flow levels of 5000 cfs and 6500 cfs were 

selected because they are above and below the flow objective and 

will provide an indication of the trends in the costs of storage. The 

flow level of 5000 cfs is above 4600 cfs, the minimum estimated 

mean monthly flow during the 30 year period. It is also the flow 

level for the combinations of waste treatment and storage for dilu- 

tion that is used in the test of the hypothesis for the 10, 15, and 30 

year design periods. 

Velz (45, p. 13 -28) uses drought periods in the Willamette 

River of most probable, five and ten years. O'Connor (26, p. 182- 

184) indicates most pollution control agencies consider five or ten 

percent drought probabilities (10 or 20 year design period) as 

minimum values. The 15 and 30 year design periods were selected 

because they can be obtained easily from the available data by distri- 

bution free or nonparametric methods. 
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Review of Literature 

Gumbel developed methods of determining the frequency and 

magnitude of floods and droughts using the theory of extreme values. 

In his analysis of floods, he plotted the magnitude of the floods using 

an arithmetic ordinate on extremal probability paper (13, p. 833- 

837). For drought studies, a logarithmic ordinate was substituted 

for the arithmetic ordinate because drought flows approach zero, 

but cannot have a negative magnitude (14, p. 1-19). Gumbel ob- 

served that unregulated drought flows plotted on logarithmic ex- 

tremal probability paper, do not always form a straight line. 

Sometimes two lines must be drawn to connect these points, one 

line describing moderate droughts and the other line indicating 

severe drought conditions (14, p. 1). 

Velz and Gannon employed Gumbel's method to analyze 

drought flows in Michigan (46, p. 572 -602). He observed that some 

flows apparently were the result of a combination of a constant 

factor and a variable and cited examples, such as streams fed by 

regulated reservoirs, ground water, lakes, or swamps. The flow 

records of these streams occasionally produced distorted distribu- 

tions when plotted.. This distortion was corrected by estimating a 

base flow and separating it from the variable flow. The variable 

flow was plotted, analyzed, and corrected according to the base flow. 
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Velz and Gannon gave preference to graphical methods rather than a 

rigid application of the analytical procedures of the theory of extreme 

values. The advantages of graphical methods include a visual pre- 

sentation of the data, the opportunity to exercise professional judg- 

ment, and greater weight can be given to severe conditions which 

may give a more accurate description of the actual drought charac- 

teristics of a basin (46, p. 586). 

O'Connor analyzed uncontrolled drought flows in New York 

(26, p, 180 -185). He compared (1) logarithmic normal, (2) Pearson 

Type III, and (3) Gumbel probability distributions with his data. The 

differences in the three methods was significant only at the extreme 

ends of the distributions. O'Connor indicated that in most instances 

a line of best fit by eye would probably produce a sufficiently 

reliable distribution, In conclusion, he suggested the use of the 

logarithmic normal distribution for analysis of unregulated drought 

flows because well established statistical methods, based on the 

normal distribution, may be applied. 

Methods Attempted 

Regulated monthly flows and storage requirements calculated 

from the controlled flows were plotted on probability and extremal 

probability paper possessing both arithmetic and logarithmic ordi- 

nates. Difficulties were encountered because one straight line could 
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not be drawn close to all points. Although 30 years of record 

were available, this many points could not be plotted on the storage 

curves. Frequently storage was not required, but this negative 

storage value could not be measured and hence, not plotted. 

Gumbel's method (14, p. 1 -19) of analysis of drought flows 

was tried in an attempt to obtain a theoretical distribution which 

could describe the regulated flows in the river. An extreme lower 

limit flow greater than zero was assumed and the regulated flows 

were analyzed. The results were unacceptable because several 

observations were less than the calculated lower limit (this lower 

limit is smaller than the theoretical 100 year drought), This 

phenomenon was also observed by Velz on streams regulated for 

power production (46, p. 586). 

One reason Gumbel's method and probability paper produced 

questionable results is because of original assumptions of normality. 

A cause for failure by the attempted methods is that the flows are 

regulated in an attempt to maintain a flow of 6000 cfs at Salem. 

This regulation creates a high frequency of flows at the 6000 cfs 

level which tends to pull the tails of the frequency distribution to- 

ward 6000 cfs, whereas extreme droughts can create flows 

significantly below 6000 cfs. 

Velz (45, p. 13 -28) studied essentially unregulated flows in 

the Willamette River from 1926 to 1945. He cautioned the use of 
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monthly flows from probability studies because during one season, 

a low monthly flow could occur in June and a high flow in August. 

The results of the graphical analysis (drawing lines of best fit) of 

both the flows and the storage required, indicated little difference 

in the storage required to maintain desired flow levels for different 

design periods. As expected, the storage requirements calculated 

from the probable monthly flows were slightly greater than the 

values determined by direct analysis of storage requirements, 

In the final analysis of storage requirements by graphical 

methods, it was decided to compare the methods successfully used 

by O'Connor (26, p, 180 -185) and Velz (46, p. 572 -602). The annual 

storage required was plotted, rather than mean monthly flow, in 

order to account for monthly variations within the low flow season. 

Using O'Connor's method, the annual storage requirements were 

plotted on logarithmic probability paper. Velz's method was 

altered by changing the ordinate from a logarithmic scale to an 

arithmetic scale on extremal probability paper. This was done 

because extreme storage values increase in magnitude, similar to 

flood analysis which utilizes an arithmetic ordinate, rather than 

approach zero. When extreme values approach zero, a logarithmic 

ordinate is employed to prevent unrealistic negative values. The 

plotted points for both methods were connected successfully by two 

straight lines in the range of design droughts investigated. 
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According to Gumbel (14, p. 1) these lines indicate moderate and 

severe drought conditions. 

Distribution free or nonparametric methods are capable of 

estimating storage requirements and conforming to statistical theory. 

These methods have been developed for use when the population 

distribution function is unknown or when the assumption of normality 

is significantly violated. The design storage requirements were 

determined by distribution free methods because the results are 

easily duplicated by others and are not subject to an individual's 

judgment regarding the location of a "line of best fit. " Table 14 

compares distribution free methods with the methods described 

previously. 

The percent confidence of the estimation of storage required 

for different design periods by distribution free methods is shown 

in Table 15. The main disadvantage of this method is that storages 

required for design periods greater than the period of record are 

indeterminate. To estimate these values, one could extrapolate 

plotted points on probability paper. 

An alternative to storing additional water for dilution is the 

sacrificing of the least profitable beneficial use. A comparison of 

the marginal costs and marginal benefits of reservoirs authorized 

in the Willamette Valley reveals that the benefits exceed the costs. 

This indicates that it is more economical to build additional storage 
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Table 14. Comparison of storage requirements (SFD). 

Method 

Log Normal Extremal 
Distribution 

Free* 

5000 cfs 

Most Probable 0 0 0 

5 years 1, 110 0 0 

10 years 18, 000 12, 500 20, 894 

15 years 24, 500 25, 500 23, 963 

30 years 35, 000 35, 500 36, 800 

6000 cfs 

Most Probable 0 0 0 

5 years 4, 500 500 3,225 

10 years 85, 000 85, 000 85, 963 

15 years 101, 000 105, 000 97, 894 

30 years 132, 000 137, 000 136, 870 

6500 cfs 

Most Probable 29, 000 29, 000 29, 800 

5 years 44, 000 45, 000 46, 000 

10 years 128, 000 129, 000 137, 447 

15 years 150, 000 155, 000 143, 894 

30 years 196, 000 195, 000 197, 870 

*Values by distribution free method used in all subsequent analyses. 
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P 

Table 15. One -sided nonparametric confidence percents. 
pn =1 -y n =30 

Dry Year Percent Confidence, y 

30 0. 967 63. 8 

15 0. 933 87. 4 

10 0. 900 95. 8 

5 0. 800 99. 88 

Most Probable 0. 500 99. 99+ 

than to attempt to sacrifice a beneficial use. This result is not 

surprising because the benefit -cost ratio must exceed unity and 

increments of storage can be added to a reservoir only if the in- 

cremental benefits exceed the incremental costs. 

The storage of water for low flow augmentation can create 

interrelationships between complementary and competitive uses. 

For example, it can be both complementary and competitive with 

power production and flood control. These problems should be 

studied when considering the sacrificing or "trading off" of one 

beneficial use for another. 

Cost of Storage 

The estimation of the annual cost of storage in dollars per 

acre -foot is very difficult and uncertain when attempted by 
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comparison with other projects, in lieu of actually designing a 

specific project or projects. In general, storage costs per acre - 

foot decrease with an increase in active storage (5, p. III-15; 16, 

p. 767; 42, p. 3 ). The Interior and Insular Affairs Committee of 

the House of Representatives notes from past records a general 

upward trend in the cost per acre -foot of storage (37, p. 77). This 

trend is attributed to increased construction costs, poorer sites, 

and an increase in the complexity of reservoir design to meet 

multiple purpose uses. Costs in 1952 ranged from $6 to $90 per 

acre -foot. The Committee concluded that "it is not possible to 

evaluate the future cost of reservoir storage." The comparison of 

the storage costs of the Committee with the costs of others 

(5; 16; 42) was not attempted because of unknown interest rates and 

project design periods. 

Additional storage was considered possible only to the three 

reservoirs in the Willamette Basin that are authorized, but not 

under construction at this time. The annual cost of storage per 

acre -foot of these reservoirs as presently conceived is as follows: 

Reservoir Annual Cost per Acre -Foot 

Holley $ 5.63 

Cascadia 10. 92 

Gate Creek 18. 10 

The annual cost of storage for reservoirs completed (four) 
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and reservoirs under construction (three) was examined, in antici- 

pation of uncovering some significant trend, A plot of annual 

dollars per acre -foot vs. active storage was made using costs from 

all ten reservoirs, Examination of the graph failed to reveal any 

apparent trends. A regression analysis of the data produced the 

following results: 

Regression Coefficient, b _ 0, 00865 

Correlation Coefficient, r = 0. 288 

F Test (p = 0), Reg. SS /s2 = 0. 72 

F = 5. 12 with one and nine degrees of freedom at the five 

percent point. 

If the cost of storage is increasing, because good sites are 

no longer available and construction costs are increasing, then a 

plot of cost vs, date of completion should indicate this trend. This 

plot appeared inconclusive and a regression analysis of the data 

produced the following results: 

Regression Coefficient, b = 0. 149 

Correlation Coefficient, r = 0. 31 

F Test (ß = 0), Reg. SS /s2 = 0. 89 

F = 5, 12 with one and nine degrees of freedom at the five 

percent point, 

The Columbia River Basin Project report (42, p. 3) contained 

cost data per acre -foot of active storage for 150 dams and reservoirs 
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in Washington, Idaho, Western Montana and Oregon, Only 15 of the 

dams were west of the Cascade Mountains, The active storage 

ranged from 1, 000 acre -feet to 5, 000, 000 acre -feet. The plotted 

data reveal a typical curve, with the cost per acre -foot decreasing 

as the active storage increases. A statistical analysis of the data 

in the active storage range from 15, 000 acre -feet to 5, 000, 000 acre - 

feet indicated that a statistically significant trend existed between 

cost per acre -foot and storage. The regression coefficient indicates 

a reduction in the cost of storage per acre -foot of $0, 0218 per 1000 

acre -foot increase in storage. 

Regression Coefficient, B = -0, 0218 

Correlation Coefficient, r = -0. 454 

F Test (ß = 0), Reg. SS /s2 = 19.01 

F = 3. 78 with 1 and 73 degrees of freedom at the five percent 

point. 

The regression coefficient B, has a 90 percent confidence interval 

from -0. 0135 per 1000 acre -feet to -0. 0301 per 1000 acre -feet. 

A regression analysis of the preceding data within the 

limits of the storage range of Holley, Cascadia, and Gate Creek 

Reservoirs (50, 000 to 148, 000 acre -feet) yielded the following 

results. 
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Regression Coefficient, b = -O. 017 

Correlation Coefficient, r = -0. 012 

F Test (p = 0), Reg. SS /s2 = 0. 002 

F = 4. 60 with 1 and 14 degrees of freedom at the five percent 

point. 

This indicates the value of b is not statistically significant, in spite 

of the fact that it is within the confidence limits of B, in the pre- 

ceding regression analysis. The reason is the low r value, which 

indicates a regression line of poor fit which results from the paucity 

of data within the range investigated. 

Apparently the only rational assumption remaining was that 

the average annual cost of storage per acre -foot for an individual 

reservoir would be valid for an additional increment of storage. 

Fortunately Holley Dam is being restudied and the cost data is 

available for an increase in storage. 

Holley Dam Original Restudy 

Active Storage, acre -feet 90, 000 160, 000 

Annual Storage Cost, $ /ac -ft $5. 63 $4. 40 

From the data for Holley and a knowledge of the other reservoirs, 

the assumption will produce satisfactory results up to the storage 

capacity of the reservoir site. 

When the Willamette River Basin System was initially de- 

signed in 1947, the costs of storage for a range of storage volumes 
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or reservoir heights was calculated. Unfortunately this data was 

not available. 

It was concluded that the average cost per acre -foot for each 

individual reservoir was the best value for costs of additional 

storage. The Columbia River Basin Project report's (42, p, 3) 

data was based on reservoirs designed by an economic analysis. 

The data indicated the average annual cost of storage decreased as 

the volume of active storage increased; however, if the capacity of 

any of these reservoirs was increased beyond the design volume, 

the average cost would probably not be reduced because of increased 

construction costs resulting from natural site limitations. 

Cost Analysis 

To ascertain the annual costs of additional storage for 

various levels of low flow augmentation during the different design 

years, the amounts of storage required were allocated between the 

three remaining proposed reservoirs. The method of allocation was 

based on the largest storage volume required for this investigation. 

The volume of flow released in excess of the minimum flow 

requirements during the driest year (1926) at the three sites was 

calculated. The quantity released was considerably in excess of the 

amount required to maintain a flow of 6500 cfs at Salem during the 

entire 30 year drought period. This indicates it was not necessary 
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to consider the consequences of one dry year following another. 

Increased storage at each site was allocated proportionally according 

to the volume available for storage at the site and total storage 

needed for this investigation. The storage allocations and the costs 

of storage are summarized in Table 16. 

Table 16, Summary of storage volumes and annual costs. 

Volume 
Available 

For Storage 

Adjusted 
Storage 
198/248 

Annual 
Cost Storage 

Total 
Cost 

Reservoir sfd sfd $ /ac -ft ac -ft $1000 /yr 

Holley 77, 510 61, 952 $ 5, 63 123, 904 $ 698 

Cascadia 134, 160 107, 231 10, 92 214, 462 2, 342 

Gate Creek 35, 891 28, 687 18. 10 57, 374 1, 038 

247, 561 197, 870 $4, 078 

Storage costs for dilution were calculated by utilizing storage 

first in Holley, then Cascadia, and finally Gate Creek to meet the 

volume of storage required for the flow level and the design period 

indicated in Table 14. The results are summarized in Table 17 and 

illustrated in Figure 9. They indicate the costs of storage increase 

with increasing flow levels and for longer design periods. 

- 
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Table 17. Annual costs of additional storage in $1000. 

Design Drought 
Flow at Salem, cfs 

5000 6000 6500 

Most Probable 0 0 $ 336 

5 year 0 36 518 

10 year $235 1, 222 2,346 

15 year 270 1, 482 2,487 

30 year 414 2, 334 4, 078 

$ 
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V. TEST OF HYPOTHESIS 

Analysis of Results 

To test the hypothesis that the water in the Willamette River 

Basin is too costly for pollution abatement, the results of the dis- 

solved oxygen and coliform bacteria investigations are combined, 

These results indicate whether or not pollution abatement by waste 

treatment or treatment and additional storage for dilution purposes 

will achieve or maintain water quality objectives at the lowest pollu- 

tion abatement costs to society. If the water quality objectives can 

be obtained at a lower cost by a combination of waste treatment and 

storage of water for dilution purposes, the hypothesis is rejected 

and this indicates that the water is not too costly for pollution 

abatement. 

The constraints on the individual outfalls for the dissolved 

oxygen and coliform bacteria objectives are examined before the 

objectives are combined. The coliform bacteria analysis places 

constraints on each discharger, but the dissolved oxygen analysis 

employs constraints only on those dischargers located on the tri- 

butaries. Therefore, the results from the coliform bacteria analysis 

are selected to serve as the base or constraint for the dissolved 

oxygen objectives, provided the dissolved oxygen constraints are 
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also satisfied. 

The percent removal of BOD required of each discharger for 

all flow levels and coliform bacteria levels is determined. Fre- 

quently the degree of BOD removal for a waste discharger is the 

same for each coliform bacteria objective. This degree of treat- 

ment is entered in the dissolved oxygen analysis as a minimum con- 

straint and the additional waste treatment necessary for different 

dissolved oxygen objectives is ascertained. The municipal dis- 

chargers who are required to improve their percent BOD removal 

realize a reduction in chlorine costs because the increased BOD 

removal reduces the number of coliform bacteria and also the 

chlorine demand. 

The costs of treatment for the water quality objectives for 

each flow level is determined by calculation of the additional cost 

of the dissolved oxygen objective above the coliform bacteria ob- 

jective and then lowering this value by the reduced chlorine costs. 

The cost of waste treatment increases with decreasing flow levels 

for any combination of water quality objectives. 

Design flows at Salem were determined by distribution free 

methods by the same techniques utilized in the storage analysis. 

These flows were as follows: 

Design Dry Year Most Probable 5 10 15 30 

Flow at Salem, cfs 6000 5900 4600 4600 4600 
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Waste treatment costs for the 5900 cfs at Salem for the different 

combinations of water quality objectives of dissolved oxygen and 

coliform bacteria levels are determined by interpolation between flow 

objectives of 5000 cfs and 6000 cfs. 

Costs of waste water treatment for the combinations of dis- 

solved oxygen and coliform bacteria water quality objectives at the 

various flow levels are summarized in Table 18. 

To test the hypothesis that the water is too costly for pollu- 

tion abatement, the costs of maintaining or achieving the various 

combinations of dissolved oxygen and coliform bacteria objectives 

at the flow level for the design dry year are compared with the costs 

of the objective at higher flow levels. The costs at higher flow 

levels consist of the costs of treatment at the higher flow level and 

the cost of storage to maintain the level during the design dry year. 

Those water quality objectives whose cost of treatment is less than 

a combination of treatment and storage, indicate it costs less to 

provide adequate treatment than to provide additional storage capac- 

ity for dilution purposes (Figure 10). The water quality objectives 

that can be accomplished by a combination of treatment and storage 

(Figure 11), indicate the water is not too costly for pollution abate- 

ment, because by dilution, the water quality objective can be 

achieved at a lower pollution abatement cost to society than can 

waste treatment alone. 
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Table 18, Summary of annual waste treatment costs in $1000 for 
different flow levels at Salem. 

Flow at Salem, 
cfs 

DO Coliform Bacteria, MPN/100 ml 
m g/1 240 1000 2400 5000 

4600 4 5658 4817 4064 4020 

5 5772 5069 4338 4315 

7 6785 6135 5477 5433 

5000 4 5430 4161 4042 3992 

5 5498 4340 4236 4207 

7 6292 5254 5180 5142 

5900 

(Interpolated) 

4 5146 4059 4021 3963 

5 5239 4156 4129 4080 

7 5802 4888 4871 4821 

6000 4 5113 4049 4017 3961 

5 5205 4147 4119 4066 

7 5749 4849 4838 4787 

6500 4 5018 4017 3986 3927 

5 5127 4126 4095 4036 

7 5659 4808 4777 4731 
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The minimum annual costs of waste treatment and treatment 

plus storage costs are illustrated for different combinations of coli- 

form bacteria and dissolved oxygen objectives in Figures 12, 13, 14, 

and 15. The solid lines represent the costs of treatment alone and 

the dashed lines indicate the cost of a combination of treatment and 

dilution. The areas where the dashed line is below the solid line 

indicate regions where the water is not too costly for pollution abate- 

ment. 

The test of the hypothesis, 

"The Waters of the Willamette River Basin Are 
Too Costly for Pollution Abatement." 

is best illustrated in Figures 16 through 20. These figures show 

isocost lines for different water quality objective combinations for 

the various design dry years. The regions are indicated in which 

the hypothesis is rejected. The results are summarized in 

Table 19. 



b. 0 

95 

- Treatment and Dilution 
Treatment Only 

3.0 I 
i 

240 1000 2400 

Conform Bacteria, MPN/100 ml 

5000 

Figure 12. Test of hypothesis for most probable dry year, 

\ \ 
\\ 

DO = 7 

\\ DO 7 

\ 
\ 
\ 
\ \ DO 5 

DO=4 

DO = 

DO = 



m
i
l
l
i
o
n
 
d
o
l
l
a
r
s
 

5.0 

o 
V 

4. 0 

96 

6. 0 

3. 0 

240 1000 2400 

Coliform Bacteria, MPN/100 ml 

Figure 13. Test of hypothesis for one in five year drought. 

- - Treatment and Dilution 
Treatment Only 

DO = 

DO=5 

-- -- ---- 
DO = 4 

5000 

I I - 

\ \ 

7 



m
i
l
l
i
o
n
 d
o
l
l
a
r
s
 

7. 0 

6. 0 

97 

- -- Treatment and Dilution 
Treatment Only 

4. 0 
240 

DO = 

DO = 5 

DO = 5 

DO=4 
DO = 4 

1000 2400 
Coliform Bacteria, MPN/100 ml 

Figure 14. Test of hypothesis for one in ten year drought. 

5000 

25.0 

\ 
\ 

I - 

\ 
\ 

\ \ 
\\ \\ \ ._ 

\ L 7 

I 
f 

E 

o 
O 



m
i
l
l
i
o
n
 d
o
l
l
a
r
s
 

A
n
n
u
a
l
 
C
o
s
t
,
 

7, 0 

6. 0 

4. 0 

98 

\ 
\ 

\ \ 
\\ 
\\ 
\\ \ 

\ 
\ 

DO = 7 
1 in 30 year --- -- - ---_ DO 7 

----- Treatment and Dilution 
Treatment Only 

DO = 7 

DO = 5 

DO = 

DO=4 

DO = 4 

240 1000 2400 
Coliform Bacteria, MPN/100 ml 

Figure 15. Test of hypothesis for 1 in 15 year drought, 

5000 

- 

\ 
\ 



240 

99 

5000 

5 

Dissolved Oxygen, mg /1 
7 

Figure 16. Isocost lines. Annual costs in $1000 for most probable 
dry year. 

4 

b- 
Pi 

2400 

ó 
O 



240 

Z 1000 
C14 

cu 

U 
cd 

cc) 

2400 
o 
., 
.--i 
o 

U 

100 

$5500 
YP ot h eSZ 

B, 
Mini 

Cpst 
a chi to zth Qlui 

5000 

4 5 

Dissolved Oxygen, mg/ 1 

Figure 17. Isocost lines. Annual costs in $1000 for one in 
five year drought, 

7 

eet 

$4000 

I 



240 

o o 

z 
a 1000 

., 

U 
cd 

4° 2400 .r., 

73 

5000 

101 

$5000 

$4500 

Reject 
hypothesis. 

Minimum cost 
achieved with ai 

f dilution. 

4 5 

Dissolved Oxygen, mg /1 

Figure 18. Isocost lines. Annual costs in $1000 for one in ten 
year drought. 

7 



240 

0 

1000 
a 

.. 

U 
cd 

PA 

2400 
0 

4-4 
.r., 

7:;1 

5000 

102 

$6000 $650\ 

4 

$5000 

$4500 

Reject hypothesis. Minimum cost 
achieved with ai 
. f .ilution. 

5 

Dissolved Oxygen, mg /1 

Figure 19. Isocost lines. Annual costs in $1000 for 1 in 15 

year drought, 

7 

$5500 



240 

0 
o 

z 
OA 1000 

., 
F-+ 

a) 

U 
cd 

H 

2400 

5000 

103 

Reject hypothesis. 
Minimum cost 

achieved with aid 
of dilution. 

5 

Dissolved Oxygen, mg /1 

Figure 20. Isocost lines. Annual costs in $1000 for 1 in 30 
year drought. 

7 4 



104 

Table 19, Test of hypothesis. 

Design Dry Year 
DO 

mg /1 
Coliform Bacteria, MPN/ 100 ml 
240 1000 2400 5000 

Most Probable 4 Accept A A A 

5 A A A A 

7 A A A A 

1 in 5 4 A A A A 

5 A A A A 

7 Reject R A A 

l in 10 4 R R A A 

5 R R A A 

7 R R R 

1in15 4 R R A A 

5 R A A 

7 R R R 

1in30 4 A A 

R 

R 

17 

R A 

5 A R A A 

7 R R A A 
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Interpretation of Test of Hypothesis 

Examination of the minimum costs of water quality objectives 

in the most probable design year (Figures 12 and 16) reveal that all 

objectives considered can be accomplished by waste water treatment 

facilities, The ultimate storage facilities to maintain flows at 

Salem for navigation purposes are adequate to insure sufficient flows 

for dilution during the most probable dry year. Treatment costs 

could be reduced if additional flows were available, but the costs 

of providing additional storage to maintain higher flows for dilution 

purposes exceed the reduction in treatment costs, 

The one in five year figures (Figures 13 and 17) indicate that 

dilution is feasible for a dissolved oxygen objective of seven mg /1 

and a coliform bacteria MPN of 1000 per 100 ml or a higher quality. 

As the marginal costs of treatment increase with increasing quality, 

it approaches and then exceeds the marginal costs of storage. When 

this occurs, the water is not too costly for pollution abatement, 

The 1 in 10 and also the 1 in 15 dry year Figures 14, 15, 18, 

and 19 indicate that dilution is favorable at a dissolved oxygen level 

of seven mg /1 and all investigated quality levels of coliform bacteria. 

At dissolved oxygen levels of four and five mg /1, dilution is econom- 

ical at a coliform bacteria level of 1000 per 100 ml or a higher 

quality. The original investigation indicated that at dissolved oxygen 
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levels of four and five mg /1, a coliform bacteria MPN objective of 

240 per 100 ml could be achieved at a lower cost by waste treatment 

alone, rather than by a combination of treatment and dilution. 

These results were obtained by a comparison of flow levels of 4600 

cfs and 5000 cfs at Salem, Additional investigation reveals flow 

levels in between (4650 to 4700 cfs) provide the lowest combination 

of treatment and dilution to achieve a coliform bacteria MPN ob- 

jective of 240 per 100 ml at dissolved oxygen objectives of four and 

five mg /1. These new flow levels can be calculated by equating the 

marginal costs of treatment and of storage for dilution. Whether 

the examination of costs for treatment and storage for flow incre- 

ments of 100 cfs in the lowest cost region justify the expenses for 

the calculations and analysis is questionable, because the percent 

difference in the results is small. 

An interesting anomaly appears in the 1 in 30 year isocost 

curves (Figure 20). Dilution is feasible at dissolved oxygen levels 

of four and five mg /1 and a coliform bacteria MPN level of 1000 per 

100 ml, but not at 240 per 100 ml: Intuitively one would expect a 

combination of dilution and treatment to provide the lowest cost of 

achieving an objective as the quality increases. Examination of the 

marginal costs of treatment and storage for dilution reveals why 

this is not correct in this particular case. The incremental or 

marginal cost of treatment from a flow level of 5000 cfs to 4600 cfs 
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at Salem is much greater at the coliform bacteria MPN level of 

1000 per 100 ml than 240 per 100 ml. The marginal cost of storage 

for dilution is less than the marginal cost of treatment at the coli- 

form bacteria MPN level of 1000 per 100 ml (dilution is feasible), 

but greater than the marginal cost of treatment at the coliform 

bacteria MPN level of 240 per 100 ml. 

Usually a combination of dilution flow and waste treatment 

between the investigated flow levels of 4600 and 5000 cfs at Salem 

will achieve the higher water quality objectives at a lower pollution 

abatement cost. The 1 in 30 dry year period exhibited a prolonged 

low flow period when the average monthly flow for June, July, and 

August was 4600 cfs. Normally the lowest flow only lasts for one 

month and a small amount of storage could have increased the 

minimum average monthly flow considerably. This particularly dry 

period emphasizes the need for a thorough investigation of each par- 

ticular case. 

Examination of the isocost curves (Figures 16, 17, 18, 19, 

and 20) reveals interesting information. The marginal costs of 

treatment alone are relatively low for low water quality levels. 

When the water quality levels increase above a coliform bacteria 

MPN of 1000 per 100 ml or approach a minimum dissolved oxygen 

objective of seven mg /1, the marginal cost of waste treatment in- 

creases sharply. If the marginal cost of treatment becomes greater 
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than the marginal cost of storage for dilution, then dilution combined 

with treatment can accomplish the water quality objectives at a 

lower cost than only treatment of the wastes. 

The isocost figures illustrate water quality combinations 

for the same cost. They also identify water quality regions with low 

marginal costs, where quality could be improved at low pollution 

abatement costs to society. 

Discussion of Storage for Pollution Abatement 

A minimum flow objective of 6000 cfs at Salem has been 

established by the Corps of Engineers when full development ap- 

proved for the Willamette River Basin System is accomplished (38, 

p. 18). To examine the adequacy of the System, 30 years of runoff 

records, from 1926 to 1955, were routed through the ultimate system 

by the Corps. This level of 6000 cfs could be maintained during the 

most probable dry year, but the minimum monthly average flow 

would drop to 5900 cfs during the 1 in 5 dry year period. The mini- 

mum monthly average flow level estimated for the 1 in 10, 15, and 

30 dry year periods was 4580 cfs, but 4600 cfs was used for ease of 

computation (39). 

Storage for dilution for pollution abatement was considered 

to be in addition to the ultimate development of the authorized 

facilities of the Corps. This additional stored water would be 
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released for pollution abatement when minimum flows occurred and 

would also help maintain a higher flow for navigation. 

The longer the design period, the more water must be stored 

for the occurrence of a dry year. Apparently this high cost of 

storage would cause one to accept the hypothesis that the water is 

too costly for pollution abatement. This is not necessarily true. 

The hypothesis was tested by comparing the costs of waste treatment 

at the lowest estimated flow level during the design period and the 

costs of treatment and dilution at higher flow levels. It was shown 

that an intermediate flow level could provide the minimum cost for 

achieving or maintaining desirable high water quality objectives. 

This intermediate flow level can be determined by equating the mar- 

ginal costs of waste treatment and storage for dilution. An exception 

did occur however, resulting from the abnormally prolonged low 

flow period of the 1 in 30 dry year. 

The results indicate that the hypothesis is generally accepted 

(the water is too costly for pollution abatement) for low levels of 

water quality and rejected for high levels of quality. If the cost of 

water for pollution abatement had been examined prior to the 

development of the Willamette Basin System and without the mainte- 

nance of flow levels for navigation, dilution probably would have 

been feasible for most levels of water quality. 

The storage analysis discusses the possibility of substituting 
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water from another beneficial use for pollution abatement. This 

water would be diverted from the beneficial use with the lowest 

marginal value product (MVP), if the MVP of pollution abatement 

were greater. This possibility was rejected because water can be 

stored for beneficial uses only if the benefits exceed the costs. 

Thus, the marginal value of the water is greater than the costs and 

water can be stored for dilution if the cost of storage is less than 

alternative pollution abatement costs. 

It is recognized that an increment of stored water might 

produce greater benefits for a water use other than pollution abate- 

ment. The possibility was not studied because this investigation 

examined the use of stored water only as an alternative to achieve 

the lowest cost of pollution abatement. 

Water stored for the dilution of coliform bacteria reduces 

coliform treatment costs at the first municipality below the re- 

servoir outlet and at all downstream discharges throughout the en- 

tire length of the river, including the Portland Harbor area. A 

considerable reduction in coliform bacteria treatment costs for the 

cities of Springfield and Eugene could be realized by release of 

additional flows during the low flow period. The possibility of using 

waters stored in Lookout Point, Hills Creek, Fall Creek, and 

Dorena Reservoirs for dilution of coliform bacteria and building 

additional storage in Holley, Gate Creek, and /or Cascadia for 
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beneficial uses sacrificed for pollution abatement should be 

considered. 

Coliform bacteria treatment costs at Springfield and Eugene 

could be reduced by additional releases during the critical low flow 

period for navigation, power, and also irrigation, if the waters for 

irrigation were removed from the Willamette River below its con- 

fluence with the McKenzie River. Waters released specifically 

for dilution of coliform bacteria can also serve other beneficial 

uses as indicated above. The important point is -- the farther 

upstream water is released for pollution abatement, the greater the 

reduction in pollution abatement costs. Therefore, if possible, 

water released for consumptive uses such as irrigation and water 

supply, should be released from reservoirs on tributaries which 

flow into the lower reaches, if the consumptive use occurs in the 

lower reaches. 

An interesting side light to the coliform bacteria treatment 

problems in the Springfield- Eugene area is the fact that the re- 

gional planning agency does not propose swimming in the Willamette 

River. At the present time there is essentially no swimming in the 

river because it is fairly inaccessible to the general public by 

automobile, the channel is shallow and shifting, and extensive gravel 

operations are conducted in the area. The planning agency proposes 

swimming in specially constructed side channels in parks located 
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above the Eugene Sewage Treatment Plant. The bacterial quality 

of the water in the swimming channels could be regulated by chlorin- 

ation of a controlled inflow. 

Limitations of Hypothesis Test 

This dissertation tested the hypothesis under two water 

quality criteria, the concentration of dissolved oxygen and the most 

probable number of coliform bacteria per 100 ml. The dissolved 

oxygen and coliform bacteria objectives are the two water quality 

criteria which are considered unacceptable at this time. If other 

criteria, such as excessive nutrients or persistent pollutants were 

found in the waters, then storage for dilution could cost less than 

treatment costs to remove these objectionable materials from the 

water. The greater number of water quality criteria considered, 

the greater the costs of treating these wastes; however, the cost of 

storage for dilution to maintain flow levels remains constant until it 

enters the solution, Therefore, the lowest cost of pollution abate- 

ment is more apt to include storage for dilution when the number of 

water quality criteria increase. 

In the future, as more wastes are produced, the required 

degree of treatment of wastes will be increased. This will cause 

an increase in the marginal cost of treatment, When this marginal 

cost exceeds the marginal cost of storage for dilution, then 

. 
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dilution will become feasible. This approach to water quality control 

will create a situation where treatment and then storage for dilution 

will alternately provide the minimum cost for pollution abatement to 

achieve or maintain water quality objectives. Waste treatment costs 

and storage costs will change with advances in technology, but 

marginal costs will probably increase with increasing degrees of 

treatment and the reduction in the number of desirable reservoir 

sites. This fact is emphasized by the annual costs of storage for 

the three remaining authorized, but not constructed reservoirs in 

the Willamette Valley -- Holley, $5. 63 per acre -foot; Cascadia, 

$10. 92 per acre -foot; and Gate Creek, $18. 10 per acre -foot, 
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VI. DETERMINATION OF OPTIMAL CONDITIONS 

Selection of the Amount of Storage 

Frequently action agencies must design and construct 

facilities on the basis of limited data. This dissertation indicates 

that certain water quality objectives can be achieved at a lower 

pollution abatement cost to society by waste treatment and storage 

for dilution than by waste treatment alone, under ultimate develop- 

ment of the authorized Willamette River Basin System. Holley 

Reservoir has an authorized storage capacity of 97, 000 acre -feet 

and an increase in storage capacity to 167, 000 acre -feet is being 

reviewed by the Corps of Engineers. Water stored in this additional 

capacity for release during critical low flow periods could assist 

the achievement and maintenance of water quality objectives at a 

lower pollution abatement cost to society than by the construction 

and operation of adequate waste water treatment facilities without 

the aid of additional dilution. Other nonconsumptive beneficial uses 

such as navigation, power production, and fisheries would also 

benefit from releases for water quality control (pollution abatement) 

during critical low flow periods. 

The question now arises - -how much should be stored in 

Holley reservoir for pollution abatement? This question can be 



115 

answered by the action agency if it designates the water quality 

objectives it wishes to achieve and selects a design period. General- 

ly, the longer the design period and the higher the water quality ob- 

jectives, the greater the amount of water that can be stored for dilu- 

tion purposes. 

To accurately determine the amount of water which should 

be stored for pollution abatement, the water quality objectives and 

the design period should not be selected on an arbitrary basis, but 

determined from an optimal economic analysis. An optimal analysis 

can either maximize net benefits or minimize the costs to society. 

Maass et al. (23, p. 101) maximized net benefits for the design of 

water resource systems which usually require benefit -cost ratios 

greater than unity. Kneese (20, p. 52) "prefers the cost minimiza- 

tion (for optimal water quality objectives) terminology because it 

calls attention to the fact that pollution abatement is primarily a 

matter of avoiding costs. " The objective of the following suggested 

methods of analysis is to minimize the costs to society by minimizing 

the pollution abatement costs and the damages to beneficial uses 

resulting from the discharge of treated waste waters into receiving 

waters. 
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Graphical Analysis 

This dissertation has developed methods which can determine 

the minimum cost of pollution abatement to achieve a single or 

numerous water quality objectives (Figure 21), This minimum cost 

is determined for a series of design periods. For each design period 

and each combination of waste treatment and water stored for dilu- 

tion (if necessary), the reduction in damages resulting from improved 

water quality is ascertained, The reduction in damages is an ex- 

pected value calculated by probability analysis. It considers the 

probability of occurrence of different flow levels and the losses or 

o 
U 

Cost of Pollution 
Abatement 

Quality 

Figure 21. Costs of pollution abatement and damages for a 
specific design period. 



117 

damages resulting from inadequate waste treatment and storage for 

dilution. A probability cannot be assigned to a construction facility, 

i, e. , a reservoir or waste treatment plant can't be available during 

half of the design period, it must be constructed and available the 

entire design period. Step or phase construction is feasible for 

expanding communities or industries and this aspect will be in- 

dicated later. 

Combining the pollution abatement and damage cost curves 

of Figure 21 produces a curve which illustrates the minimum cost 

to society and the optimum level of water quality objectives for a 

definite design period (Figure 22), The point of minimum cost 

indicates the quality level where the increasing marginal costs of 

pollution abatement are equal to the decreasing marginal reductions 

in damages. 

This procedure is repeated for each design period. The 

results produce the cost curve shown in Figure 23. The point of 

minimum cost to society indicates the design period. This design 

period reveals the optimal water quality objectives (Figure 22). 

Figure 23 also could be obtained by combining the curves of pollu- 

tion abatement costs and damages in Figure 24. 

Following the selection of the design period and the optimal 

water quality objectives, the minimum waste treatment costs to 

society and the amount of water which should be stored for pollution 
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Quality 

Figure 22, Minimum cost to society and optimum level of 
water quality objectives for a definite design 
period. 

o 
U 

Design Period 

Figure 23, Determination of minimum cost of pollution abate- 
ment to society and optimum design period. 
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o 
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Cost of Pollution 
Abatement 

Damages 

Design Period 

Figure 24. Costs of pollution abatement and damages, 

abatement can be calculated by methods developed in this disserta- 

tion. 

The different design periods should be considered over the 

same time base. For example, if the longest design period studied 

were 30 years, then the treatment facilities should be adequate for 

the thirtieth year and resulting or reduced damages for conditions 

encountered during this year should be estimated. The analysis of 

shorter design periods (most probable, 5, 10, and 15 year) must 

consider treatment facilities during the entire 30 year time span. 

This approach is essential because it is impractical to build a small 

reservoir every other year for the most probable design period and 

phase construction can receive proper consideration. The time 



120 

value of money must be considered and all values carefully con- 

verted to annual costs. Maass et al. (23, p. 95) recognizes the 

difficulties of predicting future damages or benefits and suggests 

detailed planning for the first five years with modifications for longer 

design periods. This attitude can allow for desirable flexibility 

when conditions change in the future. 

This dissertation did not attempt to establish the reduction 

in damages resulting from improved levels of water quality. At 

this time the values are not readily available and are difficult to 

ascertain. More research is needed in this area to accurately 

evaluate the reduction in damages in order that design periods, water 

quality objectives, and optimal combinations of waste treatment 

facilities and storage facilities for dilution can be selected. 

Mathematical Derivation 

The descriptive illustrations of the determination of the op- 

timal design period and water quality objectives show a graphical 

method of analysis. This mathematical derivation provides a math- 

ematical description of the relationships between water quality ob- 

jectives and methods of pollution abatement under optimal conditions. 

It is developed analogous to production theory, the inputs being the 

methods of pollution abatement and the output is the quality of the 

receiving waters. The derivations indicate (1) the marginal costs 
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of all relevant methods of pollution abatement must be equalized 

to attain the minimum cost of achieving or maintaining a water 

quality objective; (2) at the optimal water quality levels, the mar- 

ginal costs of all methods of pollution abatement are equal to the 

summation of the marginal reductions in damage costs; and (3) the 

necessary or first -order conditions for a water quality management 

plan which minimizes the costs to society. 

1. Minimum Cost of Pollution Abatement 

The pollutional load on receiving waters can be reduced by 

treatment processes which treat waste waters prior to discharge 

or the wastes discharged can be diluted by waters released from 

storage. Alternative methods include lagooning of wastes during 

critical low flow periods for subsequent release during high flows, 

reduction in industrial plant output, production process adjustments, 

or even a change in plant location. These methods of pollution 

abatement or waste treatment can be considered analogous to the in- 

puts of a production function. The inputs can be denoted by the 

vector notation T = (T T2, , T), the methods of pollution 

abatement being T1, , T. The output of the pollution abate- 

ment methods is the water quality produced in the receiving waters. 

The outputs are indicated by the vector Q = (Q1, Q2' Qn), 

the water quality objectives being Q1, , Qn. These water 
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quality objectives could represent concentrations of dissolved 

oxygen, coliform bacteria, salinity, or any other water quality 

criteria. 

To determine the minimum cost of pollution abatement, the 

total cost of the inputs 

TC = r 1T +r2T2 + + rmTm (1) 

is minimized subject to the production function 

Q = f(T 1, T2, Tm) (2) 

using the technique of Lagrange multipliers. In these equations r 

is the cost per unit of T and the production function states that the 

quality of the receiving waters is a function of the methods of pollu- 

tion abatement. Equations (1) and (2) are combined to form the 

function 

Z = r 1T + r2T2 + + rmTm + X[ Q -f(T 1, T2, 

, Tm) ] (3) 

where X is the undetermined Lagrange multiplier and Z is a 

function of T1' T2, Tm, and X , Z is the minimum cost for 

those values of T1' T2, Tm which satisfy the production or 

quality constraint Q = f(T 1, T2, Tm). 

To minimize Z, the necessary or first -order conditions 

require that the partial derivatives of Z with respect to the variables 

must vanish. This condition gives (rn + 1) equations in (m + 1) 

variable s 
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(4. 1) 

(4. 2) 

(4. m) 

( 4. m + 1) 

The last equation ensures that the constraint is satisfied. 

The necessary or first -order conditions can be stated in a 

number of informative equivalent forms. Rearranging equations 

(4. 1) and (4. 2) yields 

rl = Xf1 (5. 1) 

r2 = X f2 (5. 2) 

and by division 

r1 f1 MPP1 
r2 f2 MPP2 

= RTS. 

These equations can be rewritten in the general form 

r. f. MPPi 

rh fh MPPh 
RTS 

(5.3) 

(5. 4) 

where i and h = 1, , m. The term f is the marginal physical 

product. This is the rate of incremental change in the quality of the 

receiving waters (product) with respect to an increment of pollution 

abatement (input). Equation (5.4) states that at optimal conditions 

r 
1 1 

ax 

- 
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for the lowest pollution abatement cost, the rate at which one 

pollution abatement method can be substituted or "traded off" for 

another and still maintain a desired level of water quality is equal 

to the ratio of their respective costs per unit of input or treatment. 

This ratio is the rate of technical (pollution abatement) substitution 

(RTS) or sometimes redundantly referred to in the literature as the 

marginal rate of substitution (MRS) (17, p. 11). 

The necessary conditions (Equation 4) can also be written 

as 

or 

and 

X = 
rl 

(6.1) fl 

X = r? (6.2) 
f2 

ri rh 

f i fh 

MCi = MCh = X 

(6. 3) 

(6.4) 

The marginal cost, MC, is the cost of an incremental unit of pollu- 

tion abatement. This indicates the cost for improving water quality 

by a small increment by one method of pollution abatement is equal 

to the marginal cost of increasing it by the same increment by using 

more of any other method of pollution abatement, Therefore, in 

order to minimize the costs of pollution abatement for any level of 

quality, the marginal costs of all relevant abatement methods 

. 
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(inputs) must be equalized. 

The Lagrangian multiplier, X, indicates the marginal cost 

of the constraint in terms of the objective. In linear programming 

the "dual" indicates the marginal cost of the constraint. The 

analytical model presented in Chapter II equated marginal costs by 

nonlinear programming techniques to find the minimum cost. 

The necessary or first -order conditions do not guarantee 

that the results represent the minimum cost solution, To ensure 

that the desired results are obtained, sufficient or second -order 

conditions must also be satisfied. Sufficient conditions are satis- 

fied if the second partial derivatives are positive. This indicates a 

cost curve concave upward and the minimum cost solution occurring 

at the minimum cost point on the curve. An informal method of 

checking the results is to ascertain whether small variations in the 

methods of pollution abatement (inputs) increase the costs. 

2. Optimal Water Quality Objectives 

The optimal water quality objectives of receiving waters are 

assumed to be the quality levels where the costs to society are 

minimized. Costs to society are incurred by damages to the 

beneficial uses of water resulting from the discharge of wastes into 

receiving waters and the costs of water pollution abatement. The 

damages are reduced by an improvement in quality, but this 
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improvement is accompanied by an increase in the cost of pollution 

abatement (Figure 25). 

Total Cost of Pollution 
Abatement (Step 1) 

Damages to Beneficial 
Uses 

Quality of Receiving Waters 

Figure 25. Relationship between abatement costs, damages, and 
water quality. 

Optimal water quality conditions can be represented math- 

ematically by expressing the total cost of pollution abatement and 

the damages to beneficial uses as functions of the quality of the 

receiving waters. Recall that the quality, Q, can be a function of 

a single water quality criterion or several quality criteria, such as 

dissolved oxygen, coliform bacteria, and salinity. The damages to 

the beneficial uses expressed as a function of quality are 

m 
o 
U 
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The total cost of pollution abatement expressed as a function of 

quality is 
fTC 

TC r 
fTC (Q) fn+1 aaQ ' °' (8) 

The cost to society, V, is the sum of equation (7) and (8). 

V = D1 +D2 + +Dn+TC 

= fD1 (Q) + fD2 (Q) + + fDn (Q) + f,TC (Q) (9) 

Minimizing V, with respect to Q, produces the minimum cost to 

society and the optimal water quality objectives. The necessary 

or first -order conditions are 

dV 
dQ fi (Q) + f2 (Q) + + fn (Q) + fn+1 (Q) = 0 

and the sufficient or second -order conditions are 

d2V 
2V 

dQ2 

(10. 1) 

> O. (10.2) 
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This indicates the curve representing the costs to society is con- 

cave upward and the optimal water quality objectives in the re- 

ceiving waters coincide with the point of minimum cost to society. 

The terms f f2, f 
n 

in equation (7) are the marginal 

D1 

= 

f 

= 
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costs of the damages and are negative for improving water quality 

conditions, i.e., damages are reduced when the quality improves. 

Equation (8) indicates the marginal cost of pollution abatement is 

positive for improving water quality conditions. To satisfy the 

necessary conditions (equation 10. 1) the summation of the marginal 

costs of the damages must equal the marginal cost of pollution 

abatement. Thus, similar to the results of section 1, marginal 

costs are equated at optimal conditions. 

3. Necessary or First -Order Conditions 

The necessary conditions indicate the relationships between 

the marginal costs of pollution abatement and marginal costs of 

damages at optimal conditions. The production function is used to 

develop the optimal levels of water quality determined in section 2. 

The results also verify the conditions for the minimum cost of 

pollution abatement (section 1) and indicate the rate of quality 

(product) transformation (RQT). 

The inputs to the production function are the methods of 

pollution abatement and are expressed using the following vector 

notation 

Inputs = f(T), where T = 1, m. (11) 

The outputs or products are water quality objectives in the re- 

ceiving water and are written in vector form as follows, 
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Products = f(Q), where Q = 1, n. (12) 

The production function is stated in the implicit form as 

H(Q, T) = O. (13) 

The minimum cost to society is expressed by the cost function 

U(Q, T). The production function and the cost function are combined 

to produce water quality objectives at the minimum cost to society. 

Algebraically the cost function is minimized subject to the con- 

straint that the results are on the production function locus. The 

problem is solved by differentiating the following Lagrangian func- 

tion 

J (Q, T) = U (Q, T) + X H (Q, T) (14) 

where X is the undetermined Lagrange multiplier. 

To minimize the cost function U (Q, T), subject to the 

constraint, the necessary or first -order conditions require that the 

first partial derivatives of J (Q, T) with respect to the variables 

(Q, T) must vanish. The necessary conditions are 

and 

aU XaH 
+ = o (i _ 1, , n) 

aQi aQi 

au 
aT. + aT. o (j = 1, , m) 

J j 
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aTj 
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for some value of X.. From these it can be deduced by division 

and 

aU/aQi aH/aQi 
aU/aTj aH/aT 

áQ 

aU/aQi aH/aQi 
au/aQh aH/aQh 

au/aTj aH/aT 
aU/aTk aH/aTk 

(16. 1) 

(16.2) 

(16.3) 

where i and h = 1, , n and j and k = 1, , m, provided 

that the derivatives in the denominators do not vanish. From the 

production function constraint, H(Q, T) = 0, 

or 

aH aQ + aH aT = 0, 
8Q 8T 

aH/aQ 
aH/aT 

aT 
aQ 

aH 
aT 

8T 

(17.0) 
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Equation (17. 0) written in terms of the subscripts of equation (16) 

gives 

aH/aQi 
aH/aTj 

aH/aQi aQh 
aH/aQh - 

and aH /aTj aTk 

aH /aTk aTj 

(17. 1) 

(17.2) 

(17.3) 

aQ = - 

aTj 
- , 

aQi , 

' 

' 

8Ri 
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Substituting equation (17) into equation (16) yields the necessary 

conditions for optimal water quality objectives. 

aU/aTj 
aU/aQi 

aU/aQi 
au/aQh 

au/aTj 
aU/aTk 

aQi 

aTj 

aQh 

aQi 

aTk 

aTj 

(18. 1) 

(18,2) 

(18.3) 

The terms of these equations are interpreted as follows: 

aU /aTj is the incremental change in U, the cost function, 

with respect to an incremental change in the method of pollu- 

tion abatement or input. This is the marginal cost of the 

jth waste treatment process or method and can be designated 

MCj. If waste treatment is increased, then the cost is also 

increasing, 

au /aQi is the incremental change in the cost function with 

respect to an incremental change in water quality or output. 

This is the marginal cost of damages of the ith quality ob- 

jective or MDi. If water quality is increasing, then damages 

are being reduced and the sign of this term is negative. 

The partials, au/aTk and aU /aQh, are analogous to aU /aT. 
J 

and aU /aQi, respectively. 

- - 
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8Qi /8Tj is the rate of change in quality with respect to 

methods of pollution abatement. This rate of incremental 

change of quality (either an increase or decrease of the 

product) resulting from an incremental change of treatment 

(either an increase or decrease of output) is called the 

marginal physical product, MPP... 

8Qh /8Qi is the rate at which the hth quality must be decreased 

per unit increase in the ith quality, all quality levels and 

pollution abatement methods remaining fixed. This term is 

designated the rate of quality (product) transformation, or 

RQThi, and is sometimes referred to in the literature as the 

marginal rate of transformation (MRT). 

8Tk /8Tj is the rate at which the kth method of pollution 

abatement can be reduced, resulting from an increase in 

the jth method, with all other levels of quality and methods 

of pollution abatement unchanged. This term is the rate of 

technical substitution, or RTSk 
J 

, and is sometimes referred 

to in the literature as the marginal rate of substitution 

(MRS). 

From the above interpretations, the necessary conditions for 

optimal water quality objectives can be written from equation (18). 



MC. /MD = MPP 
J i ij 

MDi/MDh = RQThi 

MCj /MCk = RTSkj 
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Satisfaction of the necessary conditions does not guarantee 

that optimal conditions have been ascertained. Sufficient or 

second -order conditions require that the second partial derivatives 

be positive. This can be accomplished informally by determining 

whether small variations in the methods of pollution abatement or 

water quality objectives increase the minimum cost to society. 

Another limitation which must be considered results from any im- 

posed boundary conditions. Optimal conditions can be determined 

by a corner solution and necessary conditions will not be fulfilled. 

An illustration of a corner solution is the example where a large 

quantity of stored water which is supplied for navigation is available 

for dilution purposes. The incremental costs for improving the 

water quality of the receiving waters by waste treatment can be 

relatively low compared to the incremental costs of storing addi- 

tional water for dilution. Figure 10 represents a corner solution. 

The necessary conditions require that the marginal costs 

of pollution abatement and damages be equated. The objective is to 

ascertain the optimal water quality objectives at the minimum cost 

to society. The necessary conditions state that at optimal conditions, 

the costs to society are increased if 

(19, 1) 

(19.2) 

(19. 3) 
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1. the increased incremental cost of improving any 

pollution abatement method exceeds the incremental 

decreased damage costs from the resulting improve- 

ment in quality, or 

2. the increased incremental damage cost from a 

reduction in quality exceeds the decreased incre- 

mental cost from the resulting reduction in a 

pollution abatement method. 
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VII. IMPLEMENTATION OF ANALYTICAL MODEL 

Objective and Scope 

The purpose of every water pollution control program is to 

achieve or maintain water quality objectives which permit beneficial 

uses of the water. It is important that this goal be achieved in a 

fashion that will encourage continued growth and development by not 

setting excessive treatment requirements. This Chapter suggests 

uses of the analytical model developed in Chapter II to produce the 

minimum cost of achieving a water quality objective by analyzing 

the costs of treating waste discharges and the natural purification 

capacity of the receiving waters. 

In order to illustrate the uses of the model, the consequences 

of different water quality management policies are investigated at 

the flow level for the most probable dry year of 6000 cfs at Salem. 

The test of the hypothesis in Chapter V revealed that during the most 

probable dry year, the use of additional dilution water is not 

economical. Therefore, the water quality management alternatives 

examine only the effect of changes in discharge requirements on 

waste treatment costs. The examples presented in this Chapter are 

investigated on the basis of a dissolved oxygen objective of five mg /1. 

The model provides for future expansion or development by 
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either of two possible methods, One method would reserve a 

portion of the assimilative capacity of the river for future use. 

Another choice, recommended in this dissertation, is an annual ad- 

justment of a pivotal discharger. This discharger is determined by 

the model and is the discharger with the critical marginal cost of 

treatment. The advantages of regulating a pivotal discharger include 

provisions for adjustment of waste discharges during wet or dry 

years. 

Alternatives to Achieve DO Objective 

Economic Analysis 

A comparison of the costs of attaining the dissolved oxygen 

objective by differentpolicy or discharge constraints reveals sur- 

prising cost differences. 

The initial analysis, with no constraints, reveals the ob- 

jective could be achieved by the elimination of wastes discharged 

into the Portland Harbor area and by 90 percent removal of the 

oxygen consuming wastes discharged by the four sulfite pulp mills 

located on the river from Salem to Oregon City. This could be 

achieved at an annual social treatment cost of $2, 999, 000. 

This startling result indicates that the municipalities, with 

the exception of Portland, would not have to treat their wastes and 
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the dissolved oxygen objective of five mg /1 could be achieved at 

the minimum treatment cost to society! The reason the sulfite pulp 

mills enter the optimum solution can be observed from the cost 

curves and the proximity of the mills to the critical reach (the 

lowest reach), The mills produce large volumes of oxygen con- 

suming wastes and the cost per pound of BOD removed at 90 percent 

removal is considerably less than if this amount were to be re- 

moved by several smaller municipal plants since the larger the 

treatment facility, the cheaper the cost per pound of BOD removal. 

Another important factor is that the deoxygenation coefficient K1, 

is low in the lower reaches. Thus, the cost of removal of oxygen 

depleting wastes in the critical reach is essentially reflected by 

the removal of the wastes at their source, for dischargers in the 

lower reaches. 

This solution is obviously unacceptable since the water in the 

upper reaches is used for water supply and recreation, and benefi- 

cial uses with other water quality criteria are more important than 

the dissolved oxygen objective in Portland Harbor. To improve the 

water quality conditions in the upper reaches and maintain a DO ob- 

jective of five mg /1, the constraint that all municipalities provide 

primary treatment (20 percent BOD removal) was entered in the 

DO cost matrix. 

These objectives can be achieved at an annual treatment cost 
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to society of $3, 954, 000, or almost twice the minimum cost solu- 

tion to achieve the original dissolved oxygen objective: This places 

the value of other water quality criteria in the upper reaches of the 

Willamette River at a social treatment cost of approximately 

$2, 000, 000 per year. The high cost results from the large expenses 

of constructing and operating waste treatment facilities at every 

point of discharge throughout the entire length of the main stem of 

the river necessary to achieve other water quality objectives. If 

the other water quality criteria were superior objectives, the 

annual cost of primary treatment by the municipalities would be 

$2, 266, 000 and the additional cost to achieve the dissolved oxygen 

objective would be $1, 688, 000. 

The change in constraints allows the sulfite mill at Salem to 

cease treatment of its wastes, but requires the sulfite pulp mill at 

Lebanon to increase its percent BOD removal from 59 percent to 

71 percent. In this instance, the main stem constraint governed, 

rather than the tributary constraint. The municipality of Salem, 

and the cities downstream with the exception of Newberg, were re- 

quired to remove 40 percent of their BOD. This results from the 

flatness of the cost curve from 20 percent to 40 percent BOD re- 

moval, i. e. , the additional cost per pound of BOD removed from 20 

percent to 40 percent is very low, 

At its regular meeting on March 19, 1964, the Oregon State 
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Sanitary Authority adopted the general policy of requiring as a mini- 

mum, secondary or equivalent treatment for all effluents discharged 

within the basin. It also required that approved secondary treatment 

works (at least 85 percent removal of BOD and suspended solids plus 

effluent chlorination) be installed not later than December 1, 1966 

(28, p. 11). The requirement of 85 percent removal of BOD is 

aimed not only at improving the dissolved oxygen concentration, but 

it is also highly desirable for effective chlorination for disinfection 

purposes. Apparently, the municipalities will conform to this 

policy, but the sulfite pulp mills will experience some difficulty. 

Applying the constraint of 90 percent BOD removal for the 

municipal waste discharges in the DO cost matrix, an optimum 

solution for the sulfite pulp mills in terms of pounds of BOD re- 

moved from the critical reach can be examined. This solution 

changes only slightly from the previous one with the municipalities 

required to provide primary treatment. The tributary constraint 

governs the pulp mill at Lebanon and the pulp mill at West Linn is 

allowed to reduce its percent removal of BOD from 90 percent to 

68 percent. This solution results in an annual treatment cost to 

society of $4, 648, 000. The municipalities were required to remove 

90 percent BOD, instead of 85 percent, because in the economic 

solution the shape of the cost curve indicates the additional cost per 

pound of BOD removed from 85 percent to 90 percent is small. 
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Effluent standards are construed to require every discharger 

to remove the same percent of oxygen consuming wastes. If every 

waste discharger in the DO cost matrix accomplished 85 percent re- 

moval, the DO computer program predicts a minimum dissolved 

oxygen concentration of 6, 5 mg /1 can be accomplished at an annual 

social treatment cost of $5, 164, 000. The dissolved oxygen objective 

can be achieved if every discharger removes 74 percent of his 

oxygen depleting wastes at a cost of $4, 733, 000 per year. If the 

municipalities remove 85 percent of their oxygen consuming wastes, 

the objective of five mg /1 of dissolved oxygen could be achieved if 

the sulfite pulp mills removed 72 percent of their oxygen depleting 

wastes. The annual social treatment cost of this discharge policy 

would be $4, 784, 000. 

Comparison of Management Alternatives 

The annual social treatment costs for different management 

alternatives to achieve a minimum dissolved oxygen concentration 

of five mg /1 in the Willamette River are summarized in Table 20. 

The economic analysis, employing the principles of stream stand- 

ards, accomplishes the objective at a much lower annual social 

treatment cost than the other alternatives. As other water quality 

objectives are incorporated in the management program and dis- 

charge policy changes, the costs vary. Examination of the costs of 
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Table 20. Comparison of management alternatives to achieve dis - 
solved oxygen objectives. 

Alternative 

Annual Social 
Treatment 

Costs - $1000 

1. Minimum cost solution with no constraints 

2. Minimum cost solution with constraint of all 
municipalities employing primary treatment 
(20 percent BOD removal) 

3. Minimum cost solution with constraint of all 
municipalities employing secondary treatment 
(90 percent BOD removal) 

$ 2, 999 

3, 954 

4, 648 

4. All dischargers removing the same percent 
BOD (74 percent) 4, 733 

5. All municipalities removing 85 percent of 
the BOD and the sulfite pulp mills all re- 
moving 72 percent of the BOD 4, 784 

different discharge policies reveals to the administrator the treat- 

ment costs incurred by society resulting from the policy he selects 

to achieve the dissolved oxygen water quality objective. These 

costs can be compared with the costs of administering and enforcing 

different water quality management policies. 

If institutional treatment costs were employed rather than social 

treatment costs, the cost of waste treatment by pulp mills could be 

calculated using an interest rate of six percent and a period of ten 

years, rather than 3 -1/8 percent and 20 years. Using institutional 

costs to achieve the original dissolved oxygen objective and no 
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discharge constraints, resulted in the change of only three discharge 

requirements. The sulfite pulp mill at Salem would be allowed to 

discharge all of its wastes rather than remove 90 percent of its 

oxygen consuming wastes, but the sulfite pulp mill at Lebanon would 

be required to improve its treatment from 59 percent removal (trib- 

utary constraint) to 90 percent removal and the city of Salem would 

be required to remove 56 percent of its oxygen consuming wastes, 

rather than not providing treatment. As emphasized previously, for 

a fair comparison of treatment alternatives to achieve water quality 

objectives, the interest rate and time period should be identical. 

Figure 26 indicates the influence of the different alternatives 

on the dissolved oxygen profile of the river. The maximum deviation 

above Salem is 0.2 mg /1, indicating a high assimilative capacity in 

the upper reaches of the river. The dissolved oxygen concentration 

in the upper reaches is evidently unaffected by alternative discharge 

policies. 

A maximum predicted deviation of one mg /1 would be ob- 

served from the end of the Newberg Pool (above Willamette Falls) to 

the confluence with the Clackamus River. The higher dissolved oxy- 

gen concentrations result from effluent discharge standards, be- 

cause smaller amounts of wastes are discharged into the upper 

reaches. 
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Suggested Use of Model 

Industrial Cooperation 
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The costs to the pulp and paper industry for adequate waste 

treatment are large. Table 20 indicates the total cost to the entire 

industry could be reduced if an administrative policy could be 

adopted which would allow pulp mill discharges based on an economic 

analysis using the proposed model. This probably could be accom- 

plished if the entire industry could develop and support a water pollu- 

tion control program capable of achieving the water quality objectives 

and allocating costs throughout the industry in an equitable fashion. 

If the total putrescible organic load (including tributaries) on 

the river could be ascertained, the sulfite pulp mill industry could 

examine the reduction in their discharges to achieve the desired 

water quality objective. The annual cost curves (all mills using the 

same interest rate and time period) of waste treatment of each in- 

dividual mill should be determined. These curves will consist of the 

cost of present treatment and will be extended using costs to improve 

present treatment facilities. With accurate cost curves, the mini- 

mum cost to the entire industry to remove a definite amount of 

waste from the critical reach can be obtained. This minimum cost 

can be compared with the costs of meeting present or proposed 
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discharge requirements. 

If the industry can realize a significant savings by employing 

the proposed model, in lieu of effluent standards, then it should be 

capable of developing a formula where the mills benefiting from re- 

duced treatment expenses could compensate the mills being required 

to improve their waste treatment. A comparison of the costs (in- 

stitutional costs) to the industry using the economic model to achieve 

the dissolved oxygen objective with the municipalities employing 

secondary treatment and with all dischargers, including the mills, 

achieving 85 percent BOD removal indicates an annual cost difference 

to the industry of $482, 000. If the industry employs the economic 

model and the municipalities remove 85 percent of their BOD and 

the sulfite pulp mills remove 72 percent to achieve the dissolved 

oxygen objective, the annual cost difference to the industry is 

$164, 000. 

The cost differences could be adjusted on the basis of a 

proportional deviation from a specific base, such as a base cost of 

meeting effluent standards. A method utilizing the deviation from 

effluent standards is illustrated in Table 21. The adjusted column 

is the effluent cost column reduced by 2, 179/2, 661. Total cost to 

the industry remains the same, but the waste treatment expenses of 

each discharger are considerably below the costs incurred if effluent 

standards were enforced. 



Table 21. Proposed method of allocation of waste treatment costs. 

Percent Removal Required Annual Institutional Costs, $1, 000 
Effluent Economic 

Discharger Standards Solution 
Effluent 

Standards 
Economic 
Solution Adjusted Deviation 

Lebanon 85 59* 

Salem 85 0 

Newberg 85 90 

Oregon City 85 90 

West Linn 85 71 

354 

375 

182 

568 

1, 182 

310 

- 

186 

581 

1, 102 

290 

307 

149 

465 

968 

+ 20 

-307 

+ 37 

+116 

+134 

Total Institutional Costs, $1, 000 2, 661 2, 179 2, 179 

*Tributary Constraint 
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This proposed method of allocation of waste treatment costs 

is similar to German practice (20, p. 160 -187). The dischargers 

pay an association on the basis of wastes generated (adjusted cost 

column) and receive payment (economic solution cost column) from 

the association according to the degree of treatment (economic 

solution percent removal) provided. In this example, the mill at 

Salem would pay the other mills to provide treatment in order that 

it could discharge its waste without treatment. 

Ironically, the mill at Salem is capable of 93.7 percent re- 

moval of its effluent BOD (30, p. 22) by summer lagooning (28, 

p. 20). If actual treatment cost curves were incorporated in the 

model, rather than theoretical cost curves, this degree of treatment 

would undoubtedly enter into the solution of the problem and the 

range of flexibility of the pivot mill at West Linn would probably be 

increased. 

If the sulfite pulp mills implemented a program employing 

the proposed model, they might form an association or cooperative 

designated to treat their wastes at the lowest cost to the partici- 

pating mills. This would result in a pooling of waste treatment 

resources. Cost curves for each mill could be developed by un- 

biased methods, with annual costs of present treatment equipment 

and new facilities assured of being considered on the same basis. 

In the example (Table 21), an administrative charge would have to 
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be added to the total cost in the economic column. The adjusted 

column would be obtained in the same manner and the mills would 

pay the association the fee in the adjusted column. 

The removal of oxygen consuming wastes were assumed to 

alleviate complaints regarding the presence of slimes and sludge 

deposits resulting from the discharge of pulp mill wastes. If these 

problems arise from a mill allowed by the model to discharge its 

wastes untreated, then a constraint would have to be inserted in the 

model to prevent undesirable situations. 

Under present conditions, the kraft mills at Albany and 

Springfield did not enter into the economic solution because of their 

upstream location which results in a very small quantity of their 

oxygen consuming wastes reaching the critical reach of the river. 

The principal problem of treating kraft mill effluent is the reduction 

of its toxicity; therefore, BOD removal costs are calculated after 

treatment for toxicity. If these mills reduced the dissolved oxygen 

below an acceptable level in a tributary or the main stem of the 

river, constraints can be incorporated in the model to rectify the 

situation. If they were required to achieve 85 percent BOD re- 

moval, the savings resulting from an industrial approach would ex- 

ceed those shown in Table 21. 
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Alternatives to Pulp Mills 

The development of the annual cost of treatment curves should 

consider alternatives to waste treatment processes. The high de- 

gree of treatment required of some mills may produce a treated 

waste water of a quality superior to its present source of water or 

produce water cheaper than the available supply. Operational 

costs could be reduced by re -use or recycling of this water. 

The treatment processes might produce a small volume of 

highly concentrated wastes which could be barged to an area 

(Columbia River) with a high dilution capacity or stored until the 

critical period is gone and high flows are available for dilution. 

These methods are practiced at the present time by some of the 

mills (28, p. 20). 

Stringent discharge requirements will cause pulp mill 

production processes to shift to recovery type operations. Re- 

covery can reduce discharge treatment costs and recovered prod- 

ucts can be re -used in the pulping processes or developed for sale 

as by- products. 
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Dynamic Conditions 

Municipal and Industrial Expansion 

Examination of the proposed model reveals its flexibility to 

adjust to changing conditions in the future. The adoption of a policy 

of 85 percent BOD removal by the State Sanitary Authority was 

deemed essential to allow for increases in population and the expan- 

sion and development of industry in the Willamette basin (28, p. 56). 

If the municipalities remove 85 percent of the BOD from 

their waste discharges, the economic analysis reveals the sulfite 

pulp mill at West Linn will be required to remove 71 percent of its 

oxygen depleting wastes. As the amount of putrescible organic 

wastes allowed to pass through the critical reach is adjusted to 

change the dissolved oxygen level in the river, the only discharge 

requirement that changes is the degree of waste treatment required 

of the mill at West Linn. The treatment requirements of the other 

sulfite pulp mills remain unchanged. If the degree of treatment 

required of the mill at West Linn is increased to 90 percent removal 

of oxygen depleting material, the estimated minimum dissolved 

oxygen concentration will be 6.0 mg /l. This significant variation in 

dissolved oxygen concentration results from large amounts of oxygen 

consuming wastes generated at this pulp mill. 
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Realizing that this particular mill is the pivot mill in the 

optimum economic solution to achieve a dissolved oxygen water 

quality objective, the treatment cost curve for the pivot mill can in- 

corporate the necessary flexibility. If the administrative agency 

decides the sulfite pulp mill industry is not removing sufficient oxy- 

gen consuming material only one mill will have to improve its degree 

of treatment, rather than all mills, provided the other mills are 

accomplishing their original assigned treatment requirements. The 

discharge requirements of the pivot mill could be adjusted annually, 

monthly, or even weekly, reflecting changing conditions in the 

river. By taking full advantage of the assimilative capacity of the 

river, savings can be realized in costs of chemicals for neutraliza- 

tion and nutrients, as well as other operating costs. This pivot mill 

currently lagoons its wastes during the critical low flow summer 

period and daily adjustments in lagooning rates may be made de- 

pending on the dissolved oxygen concentration in the critical reach 

(1, p. 232). This flexibility could prove very advantageous during 

periods of adverse conditions, such as extremely low flows or high 

water temperatures in the river. 

In the future, as municipalities and industry expand, the 

amount of waste removal required of the pulp mills can be achieved 

by the improvement of the degree of treatment of only one mill, the 

pivot mill. When this mill reaches the present apparent economic 
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optimum degree of treatment of 90 percent removal of putrescible 

organic matter, the cost curves can be re- examined and either the 

mill at Salem or Lebanon could become the pivot mill. 

Entrance of a New Industry 

To ascertain the consequences of the location of a new 

industry or of the substantial expansion of an existing industry in the 

basin which discharges oxygen consuming wastes into the river, the 

analytical model is utilized. The association or cooperative of the 

previous section is assumed to be operative and the relationships 

between the costs of waste treatment of the existing industries and 

a new industry are examined. 

The industries in the association are operating under the 

conditions shown in Table 21. These operations and the municipal 

discharges consume the entire assimilative capacity of the river, 

i. e. , discharges from the pivot mill are regulated to maintain the 

minimum dissolved oxygen objective. The association operates 

under an agreement with the responsible regulatory agency which 

requires the regulation of a pivotal discharger as municipalities and 

industries expand. New industries locating in the basin are pre- 

sented with the following option: 

1. Conform with the current regulatory effluent standard 

which is now set at 85 percent BOD removal, or 
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2. Join the association. This implies that the association 

will treat the new industry's wastes according to the 

economic solution and the new industry will pay the 

association according to the adjusted cost column as 

illustrated in Table 21, The new industry will also pay 

the association any increases in the adjusted cost column 

of the existing industries. Kneese indicates this method 

is similar to German practice (20, p. 172, 181). 

This option allows new firms to make the decision of joining or being 

dissociated from the association, The new industry will probably 

join the association if its share of the association's treatment costs 

plus the additional costs to the other members of the association 

emanating from the increased treatment costs caused by the dis- 

charges of the new industry are less than the costs of meeting the 

regulatory effluent requirement. 

To investigate the possible actions of a new industry and 

the resulting consequences to the existing industries, a group of 

hypothetical firms are examined. These firms are compared with 

the pivotal discharger and vary in size, location of discharge, and 

marginal cost of waste treatment. The relationships between the 

costs of treatment and the effectiveness of treatment processes are 

assumed similar for all firms. 

The pertinent information regarding the existing industries 
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is summarized in Table 22. The hypothetical firms are assumed to 

generate 10 and 100 (X, size) thousand pounds of five -day BOD per 

day and be located downstream from the pivot industry (a = 0. 60) and 

upstream from the pivot industry (a = 0. 20) and their marginal cost 

of treatment at 90 percent BOD removal is greater than the pivot 

industry (2. 5 /pound BOD removed) and less than the pivot industry 

(2. (4/pound BOD removed). 

Table 22. Characteristics of existing firms. 

Industry 1 2 3 4 5* 

Size 
1000 lb 
Gen /day 60 48 108 81 172 

MC of 90% 
removal at 
site, /lb 1.92 2.54 0.55 2.28 2.24 

Effective MC 
at critical 
reach, /lb 

a, % remain 
at critical 
reach 

25.5 

0.075 

20.2 

0. 13 

3.2 

0, 17 

5.14 

0.44 

5,07 

0.44 

*Pivot industrial discharger - because of size it is more flexible 
than 4. 

p 

/ 
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The amount of BOD allowed to pass through the critical 

reach and maintain the dissolved oxygen objective is known. The 

BOD allocation in the critical reach to the existing industries in the 

association is determined by the minimum cost solution from the 

analytical model. The treatment requirements of the existing 

industries and the hypothetical firms are examined by conforming 

with the BOD allocation in the critical reach and calculating the 

degree of treatment required of each industry on the basis of the 

effective marginal cost of treatment in the critical reach. It is 

assumed that if a pound of BOD in the critical reach is removed 

from the lower reach, an equivalent pound in the critical reach could 

be added in an upper reach or vice versa. This is not entirely 

accurate because of the complex interrelationships between dissolved 

oxygen concentration, deoxygenation by wastes, and reaeration. 

The differences are assumed to be insignificant because the actual 

changes in the total amounts of BOD in any reach resulting from 

different discharge conditions are small. 

The results of this analysis are summarized in Table 23. 

In most cases investigated the new industry would join the associa- 

tion. The negative signs in the last column indicate circumstances 

under which the new industry would decide not to join the association. 

An upstream firm generating a large amount of oxygen consuming 

wastes would find the costs of meeting the regulatory effluent 
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Table 23. Results of analysis of influence of new firm on waste treatment costs, $1000 per year. 

Economic 
Percent 

BOD Out of 
Industry Removal Association Association 

New Firm Costs if 
In 

Total Cost 
Savings to 

Existing Firms Costs with New Firm 
Change if It Joins 

Out of In in Association 
Association Association Costs $1000 /Year 

New Firm 

X = 100, a = 0. 60, MC= 2.5 
New 90 770 676 94 6 

Pivot 79 68 156 -88 

X = 100, a = 0.60, MC = 2.0 
New 90 616 536 80 9 

Pivot 79 68 139 -71 

X = 100_, a = 0.20, MC = 2.5 
New 90 770 670 100 -10 
Pivot 74 22 132 -110 

X =100, a =0.20, MC =2.0 
New 90 616 530 86 - 7 

Pivot 74 22 115 -93 

X = 10, a = 0.60, MC =2..5 
New 90 77 64 13 1 

Pivot 72 7 19 -12 

X =10 a =0.60 MC =2.0 
New 90 62 51 11 2 

Pivot 72 7 16 -9 

X = 10, a = 0.20, MC = 2.5 
New 0 77 62 15 15 

Pivot 74 2 -47 49 

X =10, a =0.20, MC =2.0 
New 0 62 50 12 12 

Pivot 74 2 -35 37 
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standard less than the costs incurred from joining the association 

and paying the increased treatment costs of the firms in the associa- 

tion. The decision hinges on the assimilative capacity of the re- 

ceiving waters. It results from the wastes the upstream firm is 

allowed to discharge creating an increase in the treatment costs of 

the pivotal discharger which exceed the cost savings from joining 

the association. 

A small industry locating in the upper reaches discovers it 

does not have to treat its wastes if it joins the association under the 

circumstances investigated. It must pay the association because its 

discharge requires an increase in treatment by the pivot industry, 

The charge on this small industry is greater than the increased 

treatment costs and the adjusted costs of waste treatment to the 

industries in the association is reduced. This reduction in costs 

is reflected to the existing industries, rather than to the new 

industry. 

This example indicates the new industry would remove 90 

percent of its BOD if it located below the pivot industry; if it located 

above the pivot industry it would remove 85 percent of its BOD if it 

were a large industry and zero percent of it were a small industry. 

Under circumstances not encountered by the hypothetical firms, 

another result is possible. If the entrance of the new industry causes 

the percent BOD removal by the pivot industry to increase to 90 
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percent, then the new industry or one of the existing industries 

could become the pivot industry. The possibility of firms leaving 

the association was not investigated. This decision could result 

from changes in regulatory policies. 

Another problem is created when the costs from the economic 

solution equal the costs of the effluent standard, resulting from ex- 

tensive expansion and entrance of new firms. The costs can be 

allocated above the effluent standard or the effluent standard can be 

increased. In either case, the previously outlined procedure is still 

valid. When all dischargers are removing 90 percent BOD, the 

economic solution will indicate one discharger should increase its 

percent BOD removal above 90 percent (rather than below 90 per- 

cent) and this industry becomes the pivot discharger. The proce- 

dures outlined are repeated for each new industry that enters the 

basin. 

Industries smaller than the hypothetical firms investigated 

will probably continue to connect to municipal facilities and pay 

user fees according to the strength and volume of their discharges. 

This arrangement realizes economics of scale and the resulting 

costs to the small industries are less than if each industry attempted 

to construct and operate a facility capable of adequate treatment of 

its wastes. 

The feasibility of municipalities joining the association should 
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be investigated. The advantages gained by treating municipal 

wastes include economies of scale, the presence of nutrients and 

waste reducing bacteria frequently absent from some industrial 

wastes, and a waste water normally having a high buffer capacity. 

Tektronix, in Portland, is an example of the successful combining 

and treatment of municipal wastes with industrial wastes. The 

municipal wastes help maintain a healthy biological environment 

during weekends and have resulted in the mutual benefit to both the 

industry and the municipal waste dischargers. 

The association may discover it profitable to collect con- 

centrated wastes or practice stream reaeration during critical low 

flow periods. These and other sophisticated methods of pollution 

abatement could be considered as part of the flexibility of the pivot 

industry. 

The area encompassed by the association is not examined. 

Kneese indicates the appropriate size can only be determined by 

experimentation (20, p. 201). The example contains industries 

located on the main stem and a tributary. Critical reaches existed 

in the tributary and in the lowest reach of the main stem. The 

model is capable of handling any number of critical reaches located 

on tributaries or on the main stem. The procedure is to analyze the 

dischargers above the highest critical reach. The results from this 

examination are entered as constraints in the analysis of the next 
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downstream critical reach. Each critical reach is studied in this 

fashion until the entire basin or area encompassed by an association 

has been considered. As indicated in the examples, in some in- 

stances the upstream constraint governs and in other cases the down- 

stream constraint controls, depending on flow levels and water 

quality objectives. 

This analysis emphasizes the advantages of an association 

or cooperative formed by industries interested in reducing their 

pollution abatement costs and maintaining desirable water quality 

objectives in receiving waters. It indicates each discharge should 

be studied separately and its relationship to other dischargers and 

the receiving waters should also be investigated. This proposed 

method could be an effective means of encouraging industries to 

locate in desirable regions from the standpoint of water quality 

control. 
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VIII. SUMMARY AND CONCLUSIONS 

This dissertation tested the hypothesis: 

"The Waters of the Willamette River Basin Are 
Too Costly for Pollution Abatement." 

Final results are summarized in Table 19. This hypothesis is 

accepted or rejected contingent on the water quality objectives and 

the design period. For example, if the water quality objectives in 

the Willamette River are five mg /1 of dissolved oxygen and a coliform 

bacteria MPN of 240 per 100 ml, the hypothesis is accepted for the 

most probable, 5, and 30 year design periods and rejected for the 

10 and 15 year design periods. The acceptance of the hypothesis 

for the 1 in 30 year drought resulted from a three month prolonged 

low flow period. 

The hypothesis is usually accepted for low levels of water 

quality objectives and short duration design periods. This results 

from water provided for navigation purposes being available for 

dilution. Generally the hypothesis is rejected for extreme low flow 

periods of short duration. Two water quality objectives, dissolved 

oxygen and coliform bacteria, are used to test the hypothesis. If 

the number of objectives is increased, then the marginal costs of 

pollution abatement rise. This increase in marginal costs can ex- 

ceed the marginal costs of storage for dilution and cause the 
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hypothesis to be rejected. In the future, the quantities of waste 

produced will increase and create a concomitant increase in the 

marginal cost of waste treatment. This increase could also exceed 

the marginal cost of storage for pollution abatement. 

To select the volume of storage in a reservoir for design and 

construction purposes, the optimal water quality objectives should 

be ascertained by an economic analysis. Graphical and mathematical 

methods of analysis are derived to assist with the selection of water 

quality objectives. The objective of both methods is the minimiza- 

tion of the costs to society resulting from a reduction in the damage 

costs to beneficial uses and in the costs of pollution abatement. 

Implementation of these derivations indicate the paucity of data and 

techniques available to adequately measure the reduction in damage 

costs to beneficial uses. 

An analytical model is presented to determine the minimum 

cost of achieving water quality objectives in a region with a large 

number of waste dischargers. This model arrives at the minimum 

cost solution by analyzing the nonlinear cost functions of each waste 

discharger and the assimilative powers of the receiving waters 

utilizing a high speed digital computer. Final results include the 

degree of treatment required of each discharger. 

Applications of the analytical model include: 

1. Regulatory agencies can examine discharge requirements 
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utilizing economic analysis. Costs to dischargers 

and administrative expenses of different water quality 

management policies can be compared. 

2. Industries confronted by effluent standards can compare 

the costs of this type of discharge requirement with the 

costs of requirements based on the principles of stream 

standards and economic analysis. Alternative discharge 

policies can be suggested if savings to the industries are 

substantial. 

3. The influence of the entrance of a new industry into the 

basin on the receiving waters and the cost of waste treat- 

ment of existing waste dischargers can be examined. 

The graphical and mathematical derivations for the selection 

of optimal water quality objectives and the analytical model for the 

examination of water quality control policies should prove helpful 

to persons planning or administering water quality management 

programs. 

Areas needing further research indicated by this dissertation 

are numerous. The search should continue for tests superior to the 

coliform bacteria examination. In the meantime, the safe levels of 

coliform bacteria objectives for different beneficial uses should be 

determined by thoroughly conducted epidemiological studies. A 
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better understanding is desirable of the natural self -purification 

action of a river. More economical treatment processes are needed 

for removing high degrees of municipal and industrial wastes from 

waste waters. 

Methodology is needed for measuring the reduction in damages 

to beneficial uses resulting from improved levels of water quality. 

An interesting region of study is the problems created by the forma- 

tion of an industrial association whose purpose is to maintain water 

quality. Investigation is required to ascertain the hydrologic, 

economic, or political area encompassed by the association, its 

relationship to other associations and to regulatory agencies, and 

its internal administrative structure. These examples indicate the 

many areas where fruitful research can be conducted in the field of 

water quality management. 
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APPENDIX I 

Values plotted in the development of the cost curves for BOD removal.. 

Process 

Percent 
BOD Total Annual Pounds BOD 

Removed Cost in $1000 Removed 

Flow Q = 0.25 MGD e No chlorination. 

Primary 1 hr 24 10. 34 100 
2 hr 35 10.54 146 

2,5hr 38 10.57 158 
3 hr 40 10, 59 167 

High rate filter 30 MGAD 67.5 13. 73 282 
30 MGAD 77.3 14.69 322 
10 MGAD 84.4 14.97 352 

Standard filter 4 MGAD 87.6 15. 08 364 
2 MGAD 91.6 17.41 381 

Distillation 100 32. 00 417 
Stowell 10 MGAD & Sand 90 15,22 375 
Culp 95 33.28 396 

Q = 0. 50 MGD - No chlorination. 

Primary 1 hr 24 19. 05 200 
2 hr 35 19. 44 292 

2.5 hr 38 19.57 317 
3 hr 40 19. 69 334 

High rate filter 30 MGAD 67.5 24. 68 562 
30 MGAD 74.7 25.64 623 
30 MGAD 77.3 26.54 644 
10 MGAD 84.4 27.23 704 

Standard filter 4 MGAD 87.6 27.72 730 
2 MGAD 91.6 32. 72 764 

Distillation 100 64.0 834 
Stowell 10 MGAD & Sand 90 27.73 750 
Culp 95 52.69 792 
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Process 

Percent 
BOD 

Removed 
Total Annual 
Cost in $1000 

Pounds BOD 
Removed 

Flow Q = 1. 0 MGD - No chlorination. 

Primary 1 hr 24 33.28 400 
2 hr 35 34.26 584 

2. 5 hr 38 34. 65 634 
3 hr 40 35.03 667 

High rate filter 30 MGAD 67.5 44.93 1125 
30 MGAD 74.7 46.75 1245 
10 MGAD 84.4 49.84 1406 

Standard filter 4 MGAD 87.6 50. 14 1460 
2 MGAD 91.6 59, 60 1529 

Activated sludge 3 hr 87.4 55. 10 1455 
5 hr 89.6 58. 50 1490 

7.5 hr 90.9 61.39 1515 
Distillation 100 128.0 1668 
Stowell 10 MGAD & Sand 90 50. 84 1500 
Culp 95 90.45 1584 

Q = 5 MGD - No chlorination. 

Primary 1 hr 24 100. 68 2000 
2 hr 35 104.33 2920 

2.5 hr 38 106. 12 3170 
3 hr 40 107. 98 3340 

High rate filter 30 MGAD 67.5 156. 63 5630 
30 MGAD 74.7 164. 40 6230 
10 MGAD 84,4 177.34 7030 

Standard filter 4 MGAD 87.6 184.60 7300 
2 MGAD 91.6 229.25 7640 

Activated sludge 3 hr 87.4 190. 87 7280 
5 hr 89.6 204. 90 7470 

7.5 hr 90.9 214.47 7580 
Distillation 100 640 8340 
Stowell 10 MGAD & Sand 90 182. 34 7500 
Culp 95 358.35 7920 
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Process 

Percent 
BOD 

Removed 
Total Annual 
Cost in $1000 

Pounds BOD 
Removed 

Flow Q = 10 MGD - No chlorination. 

Primary 1 hr 24 198. 97 4000 
2 hr 35 205. 55 5840 

2.5 hr 38 209.36 6340 
3 hr 40 213.16 6670 

High rate filter 30 MGAD 67.5 277.41 11250 
30 MGAD 74. 7 292.37 12450 
10 MGAD 84.4 326. 32 14060 

Standard filter 4 MGAD 87.6 344.38 14600 
2 MGAD 91.6 435.54 15280 

Activated sludge 3 hr 87.4 335.89 14550 
5 hr 89.6 360. 49 14900 

7.5 hr 90.9 377.82 15150 
Distillation 100 1280 16680 
Stowell 10 MGAD & Sand 90 336. 32 15000 
Culp 95 656.7 15840 
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Additional results from DO analysis 

No constraints 

174 

Q = 5000 cfs 

BVAL 176 180 185 200 

DO, mg /1 4.67 5.56 6.25 7.37 

Annual social costs, $1000 3, 002 3, 282 3, 619 5, 892 

Q = 6000 cfs 

BVAL 166 175 185 195 

DO, mg /1 4.05 4.41 6. 12 6.97 

Annual social costs, $1000 2, 546 2, 764 3, 362 4, 215 

Q = 6500 cfs 

BVAL 160 178 183 193 

DO, mg /1 4.21 5.27 5.55 6.72 

Annual social costs, $1000 2, 374 2, 937 3, 155 3, 732 

All municipalities remove 90 percent BOD 

Flow, cfs 5000 6000 6000 6500 

BVAL 180 175 180 176 

DO, mg /1 5.29 5.20 5.47 5.36 

Annual social costs, $1000 4, 711 4, 664 4, 691 4, 660 
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APPENDIX III 

Values plotted in the development of the cost curves for coliform 
bacteria removal. 

Flow, MGD 
Percent BOD Percent Bacteria Annual Costs 

Removal Removal $1000 

0.25 20 25 
26 
70 
92. 5 

10,30 
10. 70 
10. 88 
11, 06 

99.25 11.42 

40 

90 

75 
76 
90 
97.5 
99.75 

98 
99.2 
99.8 

10. 60 
11.00 
11. 13 
11. 26 
11. 53 

15.70 
15.73 
15.76 

99.998 15.82 

95 100 24. 18 

0. 50 20 25 19. 00 
26 19. 50 
70 19. 86 
92. 5 20. 22 
99. 25 20, 94 

40 75 19. 70 
76 20.20 
90 20. 47 
97. 5 20. 74 
99. 75 21. 27 
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Flow, MGD 
Percent BOD 

Removal 
Percent Bacteria 

Removal 
Annual Costs 

$1000 

90 98 28. 00 

99. 2 28. 56 

99.8 28. 62 

99. 998 28. 74 

95 100 46.67 

1.0 20 25 33.00 

26 33.71 

70 34. 18 

92. 5 34, 64 
99.25 35.56 

40 75 34.80 
76 35. 51 

90 35.86 
97.5 36.20 
99.75 36.88 

90 98 51.00 

99.2 51.79 

99.8 51.87 
99. 998 52. 03 

95 100 90. 43 

5.0 20 25 100.00 

26 101.43 
70 103.48 
92. 5 105. 54 
99.25 109.65 

40 75 107.00 

76 108.43 

90 109.95 

97.5 111. 43 

99.75 114.51 
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Flow, MGD 
Percent BOD 

Removal 
Percent Bacteria 

Removal 
Annual Costs 

$1000 

10.0 

90 

95 

20 

40 

90 

95 

98 
99,2 
99. 8 

99. 998 

100 

25 
26 
70 
92. 5 

99.25 

75 
76 
90 
97. 5 

99. 75 

98 
99. 2 

99.8 
99. 998 

100 

183.00 
184. 78 
185. 13 

185. 83 

414.40 

193.00 
195, 05 
198. 65 
202. 25 
209.45 

210. 00 
212. 05 
214. 72 
217. 38 
222. 71 

335. 00 
337. 66 
338.27 
339. 50 

811.75 


