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ABSTRACT

This paper applies the concept of Collective Utility to a case study of

alternative water resource utilization. Collective Utility is a theory that

provides a basis for comparing alternative uses of resources from the point of

view of aggregate welfare. It compares alternative natural resource systems

that are marginally different by means of calculating a change of Collective

Utility. In order to demonstrate the usefulness of the Collective Utility

approach, data from a case study of water reuses scheme in Tucson, Arizona are

used. Two alternatives are considered, namely, the exchange of sewage efflu-

ent for groundwater that is presently used by the farmers as irrigation water

and the exchange of sewage effluent for groundwater that is presently used by

the mining companies as processing and milling water.

221



INTRODUCTION: THE CONCEPT OF COLLECTIVE UTILITY

The concept of collective utility has been imbedded in many economic

thoughts since the 18th century ( Duckstein and Dupnick, 1971). However, a

systematic presentation of collective utility theory had not been made until

1964 (Lesourne, 1964).

Primarily, collective utility theory considers an aggregated social well-

being, i.e. calculates a collective utility function under a set of well -

defined hypotheses. Consequently, with an initially optimal economic state,

any pertubation to this equilibrium will result in a change in collective

utility. The question is whether or not this change, which constitutes a

marginal transformation from an initial economic state (initially optimal) to

a transformed one (perturbed state), increases the well -being of the society.

If the answer is affirmative, then this marginal transformation is desirable

from the standpoint of collective utility. Therefore, a change of collective

utility, dU, should provide an objective index (subjective from Big Brother's

point of view) for decision -making in marginal transformations. This, in a

way, is a complement to the cost -effectiveness approach, which compares a set

of distinct alternative systems designed to satisfy certain goals (English,

1968; Ko and Duckstein, 1972).

CASE PROBLEM

Due to the lack of perennially flowing streams in Southern Arizona, the

diminishing groundwater resource is regarded as a scarce natural resource.

The crisis of future water shortage, the increasing pumping costs, the waste-

ful dumping of treated effluent, a valuable resource, in the Santa Cruz river

and the resulting potential pollution of the nearby groundwater have received
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considerable attention in recent years. Several possible schemes to alleviate

the problem have been proposed, four of which are described below.

System I. The sewage effluent is exchanged for the groundwater that is

presently used for irrigation in the Avra -Marana Valley area. Several advan-

tages can be associated with this exchange scheme:

1. The plant nutrient value that exists in the secondary effluent can

be utilized, which saves fertilizer expense for the farmers.

2. The solid waste resulting from the sewage treatment process can be

applied to the farmland as a soil conditioner. Currently, this

solid waste is transported to various city parks to be used as soil

conditioner. The transportation cost for Randolph Park alone is

$33,000 annually.

3. The potential of polluting the groundwater in the receiving ground

can be avoided. dluff et al. (1971) reported that in recent years

the nitrate content of the groundwater in the area receiving

secondary effluent discharge had increased. Should this effluent

be applied to the farmlands, the nitrates and phosphates will be

assimilated by the plants. As a matter of fact, 'a court suit has

been filed against the City of Tucson for high nitrate content in

the groundwater because it allegedly endangers public health.

However, the following disadvantages can also be associated with the

exchange scheme:

1. There is no assurance the City can pump whatever it needs from the

groundwater under the farmlands. In other words, the risk of water

supply shortage is three -fold:
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a. The City is upper bounded by a contract,

b. There is no guarantee that a contract will be signed after

the present contract will have expired, and

c. The exchange price for a diminishing resource will increase

indefinitely.

2. There is no safeguard against mismanagement of water by farmers.

System II. The sewage effluent is exchanged for the groundwater that is

presently used as mining and milling water in the Sahuarita area. In this

system, only advantage (3) listed under System I applies. However, one addi-

tional advantage can be listed for this system: there is almost no discharge

from the mines; therefore, the danger of groundwater pollution is avoided.

Furthermore, the water demand is constant, i.e., there is no seasonal fluctu-

ation as in System I. On the other hand, there are many disadvantages:

1. As the extent of water shortage increases, the mines become potential

competitors in buying the farmlands to ensure their own future water

supply; certainly, the mines have the capital to do so.

2. Due to the mining process, the water quality requirements are higher

than those of secondary effluent. Consequently, additional treatment

is needed.

System III. The City of Tucson purchases the farmlands in the Avra Valley

area and lease it back to farmers. Here the City can dispose of the effluent

optimally and has assured water supply in the future. In this exchange system,

the advantages listed under System I can still be listed and at the same time

the disadvantages listed for System I are eliminated. However, considerable

negotiations and strategic planning are needed in order to implement this
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scheme, which is described in greater detail in the cost -effectiveness study by

Ko and Duckstein (1972).

System IV. The used water is recycled after advanced treatments. The

efficiency of water use is maximum; so is thJ cost. Anyway, unless additional

sources are available in the future, the available groundwater resource will

_sooner or later become depleted.

There are obviously many other alternatives, such as a dual distribution

system, one for potable and one for nonpotable water, or any combination of the

above systems. For the purpose of illustrating the technique of Collective

Utility, it will be assumed that System I and System II are to be compared. and

that the transition from one system to the other is marginal, i.e., does not

cause a radical change in the economy of the region under consideration. The

latter hypothesis is certainly reasonable in terms of the foreseably moderate

impact of exchange Scheme I versus Scheme II upon the Tucson Basin economy.

DEFINITION OF THE PROBLEM

The economic state for each exchange system will be compared to the initial

state obtained if the current operational scheme is continued, i.e., no exchange

scheme is implemented. The economic agents under consideration include: (1)

the City of Tucson, (2) the farmers in Avra Valley, and (3) the mines in the

Sahuarita area. The goods involved are: (1) groundwater, (2) secondary sewage

effluent, and (3) other goods.

The following hypotheses are necessary in order to formulate our mathemat-

ical model (Lesourne, 1964; Duckstein and Kisiel, 1971; Metier and Duckstein,

1971):
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Hypothesis I. In the initial state, the distribution of income is optimal,

everybody knows what he wants and maximizes his satisfaction function.

Hypothesis II. A fair market exists for the exchange of goods and services:

each firm pays the same price for the same goods or service.

Hypothesis III. Each firm is a price taker instead of a price maker, there

are no quantity discounts.

Hypothesis IV. No additional water can be imported into the economic area

under consideration: the economy is closed, with partial utilization of natural

resources (because the possibility of saving groundwater is included in our

model).

FORMULATION OF THE MODEL

Under the above hypotheses, the proposed single- period deterministic model

will be formulated using the folowing economic criteria:

1. Latent benefits.

2. Latent costs.

3. The environmental impact due to the use of effluent.

4. The amount of water saved due to exchange.

All these items will first be defined, then quantified whenever possible.

Items which are not quantifiable will be lumped under a symbol G so that a

mathematical expression can be obtained and the value of G which causes a

decision reversal, i.e., a sign change of the collective utility dU, can be

calculated.

Latent Benefit. The latent benefit is defined as the difference between

the benefit provided by the current supply system and the benefit provided by

the future exchange system under the set of hypotheses defined earlier. In
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other words, the benefits provided by the present farming water supply scheme

and the present mining water supply scheme will not be considered; only the

benefits resulting from the change of economic state will be taken into account.

The latent benefit can include items such as: (a) plant nutrient value for

the farm, (b) agricultural utilization of the solid waste, and (c) better water

quality.

The plant nutrient value corresponds to the fact that nitrogen and phos-

phorus which are regular ingredients of the secondary effluent would be pur-

chased anyway by the farmers in the form of fertilizers. Therefore, this

additional (latent) benefit stems from the difference in fertilizer cost between

the initial and the transformed economic state. Next, the solid waste, which is

a by- product of sewage treatment, can be used as soil conditioner; saving on its

transportation costs provides futher latent benefits.

Latent Costs. Latent costs are defined similarly to latent benefits under

the same set of hypotheses and include the following items: (a) change of

pumping cost between the two economic states, (b) additional costs of convey-

ance systems, (c) differential operation and maintenance costs, (d) change of

treatment cost, and (e) added cost of storage of excess effluent, if any.

Environmental Impact. The environmental impact due to reuse of the

effluent can constitute either a negative or a positive contribution to col-

lective utility. 'For instance, use of the effluent to irrigate farmland may

improve the permeability of the soil on one hand and increase its salinity on

the other. Furthermore, some of the impact cannot be quantified, such as, for

instance, the unpleasant odor created by the use of solid waste, which lowers

the quality of living of nearby residents and of the farmers themselves; thus,

this reduction in quality of living varies from individual to individual.
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Amount of Water Saved. Assume that in the initial state (i.e., no ex-

change), the City pumps X a.f. of water each year. In the transformed state

(i.e., with exchange), the City will pump Y a.f. per year, with X > Y. The

amount of water exchanged will be (X -Y). Let the amount of reclaimable water

be K% of the water transported (due to losses during the transportation); then

the amount of water saved will be

n

Q= (X - Y) y K3

j=0

(1)

where n is the horizon of the study. We shall assume that n = m to simplify

calculations. Since each system has a different transportation method, the

value of K will be different.

MARGINAL CHANGE OF COLLECTIVE UTILITY

Definitions and Basic Expression for du. The following symbols will be

used in this analysis:

Index

i Goods or services. Let i = 1 for groundwater, i = 2, for

sewage effluent, and i = 3 for others.

h Firms that produce or consume goods or services. Let h = I

for the City of Tucson, h = 2 for the farmers and h = 3 for

the mines.

Quantities

B (i , h)

CC (i ,h)

Latent benefit produced by h due to the consumption of good i.

Latent construction cost required by h due to the consumption

of good i.
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CM(i,h) Latent cost of operation and maintenance.

CT(i,h) Latent treatment cost.

CM(i,h) Latent storage cost.

S(i,h) Amount of water saved.

Q(i,h) Quantity of water consumed or exchanged.

G Unquantifiable factors, especially the reduction in quality of

living due to the odor of solid waste for the farming exchange

system.

E(i,h) Environmental impact, such as saving on tertiary treatment costs.

Based upon the previous set of hypotheses and the above symbols, the change

of collective utility dU is

dU = E [p(i)dQ(i,h)] - G
i

= E [B(i,h) - CC(i,h) - CM(i,h) - CT(i,h) - CS(i,h) (2)

i

+ E(i,h)] dQ(i,h) - G

Transformation for the Farming Exchange System

The total demand for the agricultural irrigation was projected by the City

of Tucson at 45,000 a.f. per year. Therefore dQ(1) = dQ(2) = 45,000 a.f. /yr.

Latent Benefits. Latent benefits for the farming system will be the added

plant nutrient value and the saving on the solid waste transportation; the plant

nutrient value was reported to be $4 to $5 per a.f. (fluff et al., 1971). An

updated value of $7 per a.f. will be used. The savings on transporting the

solid waste is estimated from the transportation cost to Randolph Park at $2

per a.f.
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Latent Costs. Latent costs consist of pumping construction, operation and

maintenance costs. The amount reported by Cluff et al. (1971) was updated at

$198,000 per year for 13,000 acres of irrigatable farmland.

Environmental Impact. Analysis of this item may be divided as follows:

(a) Change of Groundwater Quality. As indicated earlier, if the

sewage effluent is discharged directly into the Santa Cruz River,

there is the potential of polluting the nearby groundwater due to

the nitrate and phosphorus content of the effluent. In order to

avoid such hazard, additional advanced treatments should be applied

to the secondary effluent before it can be discharged into the river.

On the other hand, if the exchange scheme is implemented, this

hazard can be avoided. Advanced treatment costs were given by Smith

(1969); an updated value of such advanced treatment is estimated at

$11.50 per a.f. for a 45 mgd plant.

(b) Change of the Quality of Living. As said earlier, this factor

cannot be assigned a monetary value and will be represented by G.

(c) Change of Soil Quality. The increase of soil salinity is a nega-

tive contribution to the change of collective utility dU and the

increase of soil permeability is a positive contribution to dU. It

is assumed that these effects are secondary and nullify each other.

Amount of Water Saved. The percentage of reclaimable water can be estimated

from the ratio of total annual groundwater pumped to total annual sewage treated,

which is equal to 50 %. If the transportation losses are assumed to be 10% of the

total water transported, then, using equation 1 the amount of water saved is:

1.7 dQ(1,2).
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Assume the effluent is sold at $1:00 per a.f. Then the total amount of

water saved is equal to $1.7 dQ(1,2) per year.

Now it is possible to calculate dU for the farming exchange system.

dU = [S(2,2) - CC(2,2) - CM(2,2) - CS(2,2)

+ E(2,2) + S(2,2)1 dQ(2,2) - G

= [$9.0 - $4.4 + $11.5 + $1.7] x 45,000 - G

= + $800,500- G

Transformation for the Mining Exchange System

Latent Benefits. Should the mining exchange system not be implemented,

then the effluent has to be discharged into the Santa Cruz River, and a

potential danger of polluting the groundwater exists. If the exchange system

is implemented, this hazard can be avoided. Consequently, the latent unit

benefit is equivalent to the cost of treating the effluent. This cost is the

same as in the farming exchange system.

Latent Cost. According to the City, the total cost for constructing the

exchange system is estimated at $264,000 per year. In addition to this cost,

the mines require a certain water quality standard so that treatment beyond

the secondary treatment is needed. While no definite quality specifications

are available at this time, estimations are based on Smith (1969) for a 45 mgd

treatment plant.

Environmental Impact. We expect this element to be negligible for the

system considered.

Amount of Water Saved. Assume there is no loss during the transportation

through the pipe line. Then, using equation 1, the amount of water saved is:
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(0.5)3 dQ(1,3) .

j=0

Over a sufficiently large horizon n, at an effluent cost of $1.00 per acre -foot,

the total water saved is worth $2.00 x dQ(1,3) per year.

It is now possible to calculate the change of collective utility for the

mining exchange system

dU = [B(2,3) - CC(2,3) - CM(2,3) - CT(2,3) + S(2,3)] dQ(2,3)

= [$11.5 - $5.9 - $11.5.+ $2.0] x 45,000

= - $175,000

CONCLUSIONS

The change in collective utility for the farming exchange and the mining

exchange systems are respectively:

dUI = 800,500 - G

dU - 175,000

Comparing the two systems, it appears that System I is more desirable than

System II. However, the cost of lowering the quality of social living is not

defined at this point. If G = $975,500 per year, then System I is equivalent

to System II. If G > $975,500 per year, then the mining system is more desir-

able. On the other hand, the solid waste is to be spread over an area of low

population density (so far). Therefore, it is unlikely that G would have a

magnitude of the order of $1 million per year.
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It is hoped that this case study shows the applicability of the concept of

Collective Utility to compare natural resources systems that are marginally

different. The method clearly defines the interrelationship among variables and

prevents double- counting through the use of a mathematical expression that was

derived under a set of well- defined hypotheses.

ACKNOWLEDGMENT

This study was made possible through a grant from the Engineering Experiment

Station of The University of Arizona, Tucson, Arizona. The help of Brent Cluff

and Jim DeCook, both at the Water Resources Research Center of The University of

Arizona is also gratefully acknowledged; their indispensible collaboration was

accomplished through support from the Office of Water Resources Research, U. S.

Department of the Interior.

233



REFERENCES

Cluff, C. B., DeCook, K. J. and Matlock, W. G., Technical and Institutional
Aspects of Sewage Effluent - Irrigation Water Exchange, Tucson Region,
Water Resources Bull. 7, (4), 1971.

DeCook, K. J., Economic Feasibility of Selective Adjustments in the Use of
Salvageable Waters in the Tucson Region, Doctoral Dissertation, University
of Arizona, 1970.

Duckstein, L. and Dupnick, E., Collective Utility and Cost -Effectiveness in
Natural Resources Management, paper presented at the 40th Nat. Meeting of
the Oper. Res. Soc. of Amer., Anaheim, Calif., Oct. 1971.

Duckstein, L. and Kisiel, C. C., Collective Utility: A Systems Approach to
Water Pricing Policy, Proc. Int. Symp. on Mathem. Models in Hydr., Int.
Assoc. for Scient. Hydr., Warsaw, Poland, 1971.

English, J., Cost -Effectiveness: The Economic Evaluation of Engineering
Systems, John Wiley, New York, 1968.

Ko, S. C. and Duckstein, L., A Case of Cost -Effectiveness Analysis of Various
Uses of Reclaimed Water, paper presented at the 41st Nat. Meeting of the
Oper. Res. Soc. of Amer., New Orleans, La., April 1972.

Lesourne, Jacques, Le Calcul Economique, Dunod, Paris, 1964.

Metler, B. and Duckstein, L., A Systems Approach to a Change in Water Pricing
Structure, paper presented at the 40th Nat. Meeting of the Oper. Res. Soc.
of Amer., Anaheim, Calif., Oct. 1972.

Smith, R. and McMichael, W. F., Cost and Performance Estimate
Wastewater Treating Processes, Fed. Poll. Control Admin.
TWRC -9, Robert A. Taft Water Research Center, Cincinatti

Tucson, Annual Report, Water & Sewage Systems, City of Tucson
Water & Sewers, 1969 -1970, City of Tucson, Arizona, 1971

for Tertiary
Report No.

, Ohio, 1969.

, Department of

Turner, B., Mines Could Increase Tucson's Water Supply, Tucson Daily Star,
October 8, 1971.

234


