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ABSTRACT

Arizona agriculture is a major consumer of energy. The use of 

solar power to pump groundwater would free Arizona farmers from reliance 

on uncertain energy supplies. Using a representative farm model, the 

economically feasible upper limit for initial investment in solar equip­

ment is derived for alternative pumping situations on a Pinal County 

farm. A typical value for this figure is $404,000. Solar-powered ir­

rigation systems are estimated to cost about $1.6 million in the repre­

sentative farm application, four times their justified level to the 

farm. A surrogate price for solar electricity can be derived from the 

system cost estimate; this turns out to be 50 mills/kwh in 1976 dollars. 

The representative farm is currently able to purchase electricity at the 

low rate of 12 mills/kwh. It is estimated that at best it will take 

about 40 years for the price of conventional electrical energy to rise 

enough relative to the general economy to justify the farm paying this 
price.

x



CHAPTER I

INTRODUCTION AND BACKGROUND

Arizona’s farmers stand in unique relationship to water and 

energy among the nation’s farmers. The employment of large quantities 

of water and energy is both the source of their Herculean productivity 

and their Achilles heel. This study will examine through a representa­

tive farm feasibility approach the possibility of improving the long-term 

Arizona crop industry outlook in the face of increasing energy scarcity 

by using solar energy as the power source for irrigation wells.

Arizona Agriculture —  Water and Energy

Table 1 summarizes the relationship of Arizona production to 

U. S. production for cotton, wheat, and alfalfa.^ While Arizona is not 

a large producing state, it is a most productive state in terms of crop 

yields per acre. In wheat production in 1974, Arizona outproduced the 

next closest state by 14 bushels to the acre; in cotton production in 

1974, it stood 200 pounds to the acre above its next closest rival; and 

in hay production, outdistanced all other state productions by 1.3 tons 

per acre (U. S. Department of Agriculture, 1976, Tables 6, 75, 377). These 

are not small differences; at 1974 seasonal average prices these yields 

amounted to gross competitive advantages for these three crops of

1. These three crops account for 58% of cash receipts from 
marketing of Arizona crops. The other big contributor to Arizona cash 
receipts is vegetables (18%).

1
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Table 1. Comparison of U. S. and Arizona Crop Production.

Crop
Thousands of 

Acres Harvested Yield Per Acre

1972 1973 1974 1972 1973 1974

WHEAT

Arizona 170 216 235 67.0 bu/ac 70.0 66.0

U. S. 47,284 53,869 65,459 32.7 bu/ac 31.7 27.4

COTTON

Arizona 271 276 392 1,067 Ib/ac 1,063 1,218

U. S. 12,888 11,887 12,464 507 Ib/ac 521 441

HAY

Arizona 259 260 255 5.30 tn/ac 5.84 5.93

U. S. 59,821 62,099 60,546 2.15 tn/ac 2.17 2.10

Source: U. S. Department of Agriculture, 1976.
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$43.00, $88.00, and $72.80 per acre, respectively, over the next best 

state in productivity.

There are two major reasons Arizona farmers produce at such pro­

digious levels. First, the large solar flux the state receives promotes 

rapid plant growth, and second, practically all Arizona's crops are pro­

duced completely under irrigation. Because of the extensive use of ir­

rigation, satisfaction of the biological water needs of Arizona crops is 

assured. Arizona farmland under irrigation doubled from 0.6 million 

acres in 1939 to 1.2 million acres in 1959 and has remained at about 1.2 

to 1.4 million acres for the past twenty years (U. S. Department of 

Agriculture, 1976, Table 590). In 1969, there were roughly 2,800 ir­

rigated farms in Arizona, 1,500 farms with 1,000 or more irrigated acres. 

Over half of the total irrigated acreage is on farms that contain 1,000 

acres or more; the average number of irrigated acres on these large farms 

is 2,150 acres (U. S. Department of Commerce, 1973, Table 5).

Arizona's income from crop production in 1974 was $613 million 

(preliminary figure, U. S. Department of Agriculture, 1976, Table 590). 

This gave the Arizona crop production industry about the same level of 

importance as tourism as a component of state income. Direct employment 

in Arizona agriculture in 1974 was estimated at 32,000 persons of which 

about 26,000 are in the hired labor category (U. S. Department of Agri­

culture, 1976, Table 590).

Rainfall in Arizona's crop growing regions, roughly the south­

western half of the state, typically ranges close to 10 inches per year. 

Most of this rain falls during the summer in intense, highly localized 

monsoon storms. Evapotranspiration, the combination of evaporation and



plant transpiration, is some four or more times the typical rainfall 

levels.

Groundwater Use

According to the Arizona Bureau of Mines (1969, p. 592) and the 

Arizona Water Commission (1975, p. 16), Arizona has a gross water use of 

about 7.2 million acre-feet (MAP) annually of which about 6.4 to 6.8 MAE 

is consumed in agriculture. Roughly one-third of Arizona's gross water 

use is supplied by surface water; the remaining 5 MAE of water is sup­

plied by groundwater pumpage of which about 2.2 to 2.5 MAE represents 

overdraft. Of the 5 MAE of groundwater pumpage, about 4.7 MAE is for 

irrigation. Of this 4.7 MAE, perhaps as much as 3.6 MAE is supplied by 

on-farm wells. The Arizona Water Commission (1975) estimates that through 

1973, 150 MAE of groundwater had been mined in Arizona with most of the 

pumping taking place since 1940.

Energy Use

The amount of energy used for pumping groundwater in Arizona an­

nually is of some interest. It can be roughly estimated as follows.

The amount of water pumped and the amount of energy used in 

pumping that water can be related to one another by a simple physical 

constant. Energy is generally thought of as the ability of a substance 

to perform work and is measured most basically as force exerted over 

distance. Here we will use as the basic unit of energy the force needed 

to lift an acre-foot of water (a volumetric measurement that can be 

easily converted to weight) one foot in height, that is, the



acre-foot-foot. Expressed in units of killowatt-hours (to measure 

electrical energy) one acre-foot-foot is equivalent to 1.024 kwh.

Because of efficiency losses in the motor and pump section of a 

well more than the ideal 1.024 kwh of energy is required to perform an 

acre-foot-foot of useful work. Overall pumping efficiencies for electric- 

powered wells in Arizona typically vary quite widely but a typical figure 

might be about .57. At this efficiency, 2 kwh of energy must be input 

to output 1 acre-foot-foot of water (2 kwh = 1.024 kwh/.57).

Table 2 shows the estimated 1975 total groundwater pumpage by 

region, approximate mean depths-to-water in each region, and the resul­

tant potential energy. From these figures, the total acre-foot-feet of

electrical energy equivalent Arizona pumpage can be computed, viz., 1.11 
9x 10 acre-foot-feet of energy were expended in Arizona in 1975 in pump-

9ing groundwater. About 90% of this quantity (1.0 x 10 acre-foot-feet) 

is used for irrigation, the balance going for municipal and industrial 

uses. If the pumpage average efficiency in Arizona is in fact .57, the
9electrical energy equivalent of one million acre-foot-feet is 2 x 10 kwh.

Frank (1975) estimates Arizona's total electrical energy use at about 
922 x 10 kwh. Thus, if Arizona's farmers were pumping groundwater with 

only electric powered pumps, they would account for an electrical energy 

use equal to from 8% to 10% of the total state electrical usage.

It is very important to note that this figure is the total energy 

used in pumping groundwater expressed in electrical energy unit equiva­

lents. Actually only about two-thirds of Arizona's wells are electric 

powered. Because efficiencies connected with pumping with other forms 

of energy are lower, the actual total energy used on-the-farm in

5
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Table 2. Energy Used in Pumping Groundwater in Arizona.3

Region
Pumpage 

(thousands of 
acre-feet)

Approximate 
Mean Depth 
(1975)(feet)

Potential Energy of 
Pumping (acre-feet- 

feet X lO^)

Duncan 25 50 1,250
Safford 130 50 6,500
San Simon 100 200 20,000
Willcox 300 250 75,000
Douglas 90 150 13,500
San Pedro 90 100 9,000
Upper Santa Cruz 250 175 43,750
Avra 150 325 48,750
Lower Santa Cruz 800 325 260,000
Salt River Valley 1,800 250 450,000
Waterman 60 350 21,000
Gila Bend Basin 240 150 36,000
Harquahala 110 375 41,250
McMullen 110 300 33,000
Gila River, 
Painted Rock 130 100 13,000

Ranegras Plain 20 125 2,500
Wellton-Mohawk 200 25 5,000
Yuma 260 75 19,500
Colorado River, 

Davis-Imperial 20 75 1,500
Sacramento Valley 5 500 2,500
Big Chino Valley 5 300 1,500
Little Chino Valley 10 100 1,000
Williamson Valley 10 200 2,000
Others 100 100 10,000
TOTAL 5,015 1,109,500

a. The statewide typical lift is 220 feet. These estimates were com­
piled by Morin (1976).
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groundwater pumping would be higher, but at the same time one would have 

to consider the energy efficiency electrical utilities are able to achieve 

in generating the electricity in the first place to get a true picture 

of total energy consumed in pumping groundwater in Arizona. The above 

figure, then, is only a rough estimate, but does serve to indicate the 

potential impact of the widespread use of solar power for irrigation 

pumping to Arizona and the close tie between the Arizona crop production 

industry and the state's energy demand.

Statement of Problem

United States research and development efforts aimed at using 

the radiation of the sun as a source of inexhaustible energy are not far 

advanced for applications other than space and water heating. This is 

so despite the wide currency in the U. S. of solar power concepts and 

national concerns about energy supply. Arizona farms would seem to make 

a logical place for early application of power-generating solar systems. 

Because of their need to pump irrigation water, they require fairly large 

amounts of power, they generally have sufficient land to support a solar 

installation, and they enjoy an abundance of sunshine. Presently, how­

ever, there are no solar-powered systems that could generate energy in 

sufficient quantity for the irrigation wells of the sizes found in 

Arizona. Such systems are not even at the design stage although this 

work is ongoing. Solar systems for electrical power generation exist 

mainly as simple conceptual block diagrams showing major subsystem com­

ponent arrangements. Component development and testing, however, is
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underway at a number of institutions across the country, including The 

University of Houston.

Objective

The major objective of this thesis is to estimate the economic 

investment limits on solar power systems applied to pumping groundwater 

for crop irrigation. These limits will be derived for a representative 

Arizona farm. The amount the representative farm could afford to invest, 

ceterus paribus, in a solar system that freed it from dependency on power 

purchases will be computed. These economically justifiable limits are 

presented in Chapter III. While computing these limits other parameters 

useful in judging solar system designs will be derived. It is hoped that 

the more clearly defined economic bounds on solar system design developed 

here will contribute to more purposeful solar system engineering effort.

Another objective of this thesis is to estimate the feasibility 

of solar-powered pumping in the light of current electricity prices. 

Projected increases in the price of electricity will be examined to form 

an estimate of when solar-powered pumping might become economically 

feasible. Both of these estimates will be made using the preliminary 

solar system concepts and cost estimates available in the summer of 1976. 

Some alternative solar and irrigation system adaptations will be dis­

cussed but not analyzed. From this presentation a better understanding 

of the close relationship among water, energy, production and revenues

of Arizona farms should be attained.
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Procedure

Pinal County Background

This study will assess the feasibility of using solar power to 

pump groundwater based on "representative" farm budgets. To derive 

specific parameters needed to characterize this farm, it was necessary 

to imagine it as being in a specific region. The region chosen is Pinal 

County. The Pinal County agricultural region, viz., the western half 

of the county, is located along a line between Phoenix and Tucson. It 

predominantly grows field crops. In 1975, 283,300 acres of crops were 

harvested, roughly 20% of the Arizona total. Cash receipts to crop 

enterprises came to $105 million, 17% of the Arizona total (Arizona 

Crop and Livestock Reporting Service, 1976).

The agricultural producing region in Pinal County is in the 

Lower Santa Cruz groundwater basin. The Arizona State Water Commission 

in their Phase I report estimates 48.8 MAE to be in storage in this 

basin to a depth of 700 feet (Arizona Water Commission, 1975). Annual 

depletion of this stock due to agricultural use is 748,000 acre-feet, and 

total annual depletion is 763,000 acre-feet. Total agricultural with­

drawal is estimated by the Water Commission at 1.1 MAP. Estimated total 

pumpage in Pinal since 1915 is 35.5 MAP. Pumping depths have been 

falling at greatly varying rates across the county; the Arizona Water 

Commission puts the average annual decline at 8.1 feet/year. There are 

more than 1,000 irrigation wells in the region.
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Conventional Energy Sources Used in Pumping

Four conventional energy sources are used to power irrigation 

wells in Arizona: natural gas, diesel fuel, LP gas, and electricity.

Hathom (1976) has examined the economics of using each of these energy 

sources in Pinal County. He concluded that in general when total 

pumping costs per acre-foot of water are ranked in ascending order of 

magnitude, natural gas is the most economical energy source, followed in 

order by electricity, diesel and LP gas. Natural gas and electricity 

appear to be quite close competitors for best conventional energy source 

(see Figure 1).

For this study it was decided to pick one conventional energy 

source as a defender against which solar power would be compared. The 

energy source-selected as the best conventional energy competition for 

solar systems was electricity supplied from off the farm. Natural gas 

was rejected because of the great likelihood that in the near future its 

price will undergo rapid increases due to complete or partial deregula­

tion by the Federal Power Commission as well as to rapidly depleting 

supplies. These price rises would make it uneconomic compared with 

electricity. Further, if natural gas is not deregulated, some method 

of rationing the gas other than the marketplace will certainly be found, 

making its availability to farms very uncertain. On the other hand, 

owing to increasing reliance on coal and nuclear power, electricity sup­

plied by large utilities seems likely to become even more predominant 

as the energy source for stationary uses for the next half century. Most 

pumping in Pinal is done with electric powered pumps, but precise



Natural Gas ($.11198/therm) • 

Electricity ($.012/kwhr)* 

Diesel ($.4030/gallon)

Figure

• * • * LP Gas ($.3848/gallon)

1 . 1 , 1
500 600 700

Pumping Lift in Feet

1. Total Cost (Fixed Plus Variable) of Pumping One Acre-foot of 
Water by Source of Energy for Selected Pumping Lifts, Eloy 
Area, Pinal County, 1976 (from Hathom, 1976).
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estimates of the proportion of wells powered by each conventional energy 

type are not available.

Analysis

Deciding on the economically justifiable level of investment in 

solar equipment poses the classic problem of balancing a large and im­

mediate capital investment against a stream of less costly but longer 

lasting outlays. In particular, in this case the investment needed for 

a solar plant must be balanced against a stream of unending electricity 

bills. There are two ways to approach the problem of making these two 

cost situations comparable. Both are based on the well-known concept 

that economic value of a payment declines the farther into the future 

it is realized, i.e., on discounting techniques. The two approaches are 

either to convert the capital cost of the solar plant to a stream of 

annual payments and compare these to electricity bills or to convert the 

stream of electricity bills to a present worth that represents the 

justified level of investment in the capital equipment. Both approaches 

are conceptually the same but do result in different points-of-view 

toward the problem, the former approach emphasizing the annualized costs 

of the system and the latter the investment cost.

Because both discounting approaches are useful, they are both 

used in this thesis. The emphasis, however, is on delineating the 

justified level of investment in the solar plant. There are two reasons 

for this emphasis. The first has to do with the quality of the data 

available for the respective computations. Stated simply, one can place 

much more confidence in the precision of the estimates derived here for
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the representative-farm electricity bills than in the later estimates of 

the investment costs involved in a solar plant. Thus, one has more 

confidence in the estimates of justified level of investment (derived 

in Chapter III) than in the estimates of electricity price rises (elec­

tric bills) that must occur in order for solar power to be feasible (as 

given in Chapter IV).

The second reason for emphasizing justified level of solar plant 

cost over annualized cost is, in line with the thesis objective, to make 

the results of the thesis as useful as possible to those currently in­

volved in designing actual solar-energy hardware for irrigation pumping 

systems. There is currently, as will be clear after reading this thesis, 

no single accepted way of doing the solar pumping job. With parameter­

ized levels of permitted investment in solar equipment, the solar system 

designer is given useful key economic information that does not become 

inapplicable if he should conceive of a way other than that assumed here 

to accomplish the basic task of ending the purchases of off-the-farm 

electricity. All he must do is accomplish this task within the invest­

ment ceilings derived. To derive an annualized cost, on the other hand, 

one must first assume a certain solar pumping system configuration.

Price information seems most useful to the task of predicting when 

solar pumping might be feasible, a question of interest not so much to 

solar system designers as to development managers.

The justifiable investment for an operating solar power system 

will, then, be uncovered through use of the representative farm budgeting 

technique. The main economic effect of pumping groundwater with a solar 

power system is to reduce the amount the farm pays for power by the
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amount needed to pay for the electricity that will now be produced on the 

farm. In the first step in this process, then, the amount of potential 

savings possible in electricity bills will be isolated. The representa­

tive farm model will be intentionally structured to picture the direction 

in which Pinal farm crop patterns and technology seem to be evolving 

rather than their current (static) position.

In Chapter III, the electricity cost savings will be used to 

derive the actual investment levels permitted for different values of 

pumping efficiency, amount of pumping lift, and discount rates. ’ This 

will be done by finding the present worth of the stream of electricity 

bills, which is equivalent to the justified investment level. The fix­

ing of capital limits on solar investment is somewhat complicated be­

cause part of the solar system equipment, the part that gathers and con­

centrates the incoming solar energy, called the collector, will have a 

definitely shorter operating life than the other, electrical generating, 

solar system components. The justified investment must be apportioned 

between these two sections over the entire planning period, the 30-year 

life of the generating equipment. This is, again, accomplished through 

the use of discounting procedures.

In Chapter IV, a basic solar system design will be used to form 

a cost estimate for the system that would be needed to accomplish the 

representative farm pumping job. Price estimates will be derived from 

this cost estimate through the process of finding an annualized cost of 

electricity and then isolating out electricity prices. Various elements 

in the operating environment of the representative farm affecting the



15

pumping power demand will be considered to ascertain their effect on the 

conclusions reached.

Assumptions

Any study that attempts to look into the future necessarily makes 

numerous assumptions. Generally, one must assume that the socioeconomic 

environment in the future will remain as it currently exists and that 

there will be no technological surprises. This means that, for example, 

there will be no major changes to Arizona groundwater law, that no major 

new crops or improved plant strains will be introduced in Pinal County, 

that the position of Arizona farmers in national product markets will 

neither improve nor grow worse, and so on. Obviously, then, except 

through sheer good luck the picture of the future given here will not 

be the one that will in actuality occur. The basis for the predictions 

have been made sufficiently flexible and broad in this thesis to apply 

to a great range of situations. It would not be of much use to attempt 

to catalog here the numerous assumptions that go into a study such as 

this. The reader is urged to treat these results with the same caution 

he would treat the results of any similar study that attempts to outline 

the shape of the future. The most important assumptions to these results 

will be pointed out as they enter the study.

For now, three points should be made. The first is that the only 

comparison made in this thesis is that of solar power to conventional 

electricity. The possibility of an intervening energy technology, for 

example, that of fuel cells, entering the investment decision picture is 

ignored. The second point is that it is not clear that the price of
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energy can rise without directly affecting all other prices in the econ­

omy over the long run. Such an independent energy price rise is neces­

sary for solar to be feasible unless there is a major technological 

breakthrough in solar power. Discovery of a greatly cheaper means of 

applying solar energy is extremely unlikely. There are energy inputs 

to all processes in the economy; if the price of energy rises, it would 

seem not unreasonable to expect that the price of all other outputs 

would rise correspondingly sooner or later. Of particular concern is 

the elasticity of the price of the materials that are used in construct­

ing solar equipment with respect to the price of energy. Finally, there 

is inherent in this thesis with regard to assumptions an unavoidable 

contradiction. To model the representative farms and form permissible 

investment estimates socioeconomic constancy is assumed; then, in judging 

whether solar-power is feasible, major rises in the price of energy are 

assumed under which socioeconomic constancy is not possible. Despite 

these limitations, the estimates formed herein should be worthwhile and 

informative to solar-power designers and managers.



CHAPTER II

DESCRIPTION AND BUDGETING OF 
THE REPRESENTATIVE FARM

In selecting the parameters which describe the representative 

farm developed in this study, the following guidelines were used:

1. Farm characteristics should be as close as possible to median 

characteristics for Pinal County farms.

2. Where time trends in parameter values seem apparent these 

trends should be incorporated in the values chosen, that is, it should 

be assumed that the farmer is fairly quick to adapt to new situations.

3. The farmer is a rational and capable manager and grower de­

siring to maximize profits over the short run and the net worth of his 

investment over the long run.

4. In parameterizing the representative farm unnecessary detail 

should be avoided.

Farm Size

Some of the basic data that went into selecting the farm size 

were given in Chapter I. In particular it should be recalled that just 

less than 50% of Arizona irrigated acreage on farms earning $2,500 or 

more is on farms with 1,000 or more irrigated acres.^ Thus, 1,000 

irrigated and cropped acres were chosen as the size for solar farm.

1. According to U. S. Department of Commerce (1973) , of the 1.13 
million acres irrigated in Arizona in 1969, 540,353 acres were on farms 
with 1,000 or more irrigated acres (Table 5).

17
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(For simplicity the tern "solar farm" is used to mean the representative 

Pinal County farm with potential for converting to solar-pumped irriga­

tion.)

Unpublished data collected from the Eloy area of Pinal County 

by Firch (1974) show a representative farm as having 1,637 gross acres 

of which 670 were undeveloped for cropping. Of the 967 acres with poten­

tial for immediate production, 637 were actually cropped. Thus, solar 

farm is somewhat larger than Firch's 1974 representative farm. The 

reasons for selecting a somewhat larger operation are that the trend in 

Arizona is to larger, corporation-type farms and that larger farms are 

also more likely to have the financial assets behind them necessary to 

obtain the loans for large capital investments such as would be needed 

for the solar pumping system.

It should be noted that Firch's data indicate that land is most 

definitely not a constraint on the quantity of crops grown nor would it 

be a problem for a solar installation. A solar installation of the type 

that will be described later requires about a 15-acre site. In fact, 

since some land on solar farm is unemployed, it might be argued that 

there should be no cost assigned to siting the solar plant since there is 

no opportunity cost involved in using the land for a solar plant.

Representative Crop Mix

Two main questions must be answered to characterize solar farm 

with respect to crop patterns. After these questions are answered most 

of the other farm parameters are simply derivative values. The questions 

are: Which crops are likely to be grown and in what proportion?
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The major crops planted and harvested in Pinal County and their 

average percentage of total acres harvested over the last eight years are 

shown in Table 3 and Figure 2.
A definite trend appears to be underway in Pinal from feed grains 

to food grains. Grain sorghum competes with cotton for water and land 

during the summer months and does not cover its assignable fixed costs.

Hathorn et al. (1976) computes the likely 1976 per acre loss on sorghum 

at $68.23. Over the long term then, the grain sorghum crop will likely 

dwindle to unimportance. Barley competes directly for resources with 

wheat on several dimensions. It requires slightly more water than wheat 

to satisfy its consumptive needs, but, in its favor, needs this water 

earlier in the year. Both crops entail basically the same input costs.

It is the opinion of Hathorn that wheat will replace barley in Pinal 

fields because of the greater yield potential of wheat; also, wheat 

revenues per acre are currently growing much faster than barley's (17.5% 

vs. 10%) (Arizona Crop and Livestock Reporting Service, 1976). For the 

solar farm, wheat will be allowed to supplant barley, bearing in mind the 

two crops are quite similar from the viewpoint of water and other inputs. 

It was decided that the small acreages of safflower and sugar beets indi­

cated by county statistics would not affect the solar farm results, con­

sequently these crops were not included.

The resulting crop mix chosen for the entire solar farm study is: 

Upland Cotton 441 acres

American-Pima Cotton 36 acres

Wheat 416 acres

107 acresAlfalfa
TOTAL 1,000 acres



20

Table 3. Pinal County Cropping Pattern, Field Crops.

Crop Percent of 
Total Acres

Planting
Trend

Upland Cotton 44.1 Steady

Pima Cotton 3.6 Steady

Barley 17.5 Down

Wheat 16.4 Up

Sorghum 7.7 Down

Alfalfa 7.6 Steady

Safflower 1.1 Erratic

Sugar Beets 2.0 Steady

Source: Arizona Crop and Livestock Reporting Service (1976).
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Note that wheat was given all the acreages freed by dropping barley and 

grain sorghum from consideration, while alfalfa picked up the safflower 

and sugar beet acreages. A possibility exists for double-cropping wheat 

and cotton, but presently this practice extracts an excessive penalty 

from the yield of one or the other crop. No double cropping is carried 

out on solar farm.

Solar Farm Irrigation System

According to classic marginalist economic thinking, the quantity 

of water applied to a crop should be determined by that point on the 

water production function where the marginal value product created by 

applying water equals the price of the marginal unit of water. In 

reality, the economists idealized water production functions, really 

n-dimensional models of plant growth and maturation, do not now and 

probably never will exist.

The location of a few points in the water production n-dimensional 

space are roughly known. One might derive from these points something 

resembling the water production curves that production economics theory 

requires and from these curves derive the amount of water to be used by 

solar farms at various water prices. For this study the decision is 

made, however, that it is more realistic to accept the water application 

rates that Pinal County farmers are using on different crops as given and 

fixed. The underlying assumption here, viz., a linear relationship be­

tween water applied and acres of crop grown, is necessitated by the lack 

of complete data and the unreliability of such data as do exist.
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The total water requirement of solar farm was determined using 

coefficients that linked acres of crops grown to specific amounts of 

water applied. Two sources of such coefficients exist. The first source 

is Arizona Agriculture Experiment Station (1968) which gives plant con­

sumptive need by semimonthly period. These figures establish useful 

minimums for allocating water by semimonthly periods; however, lacking 

knowledge of farm water application efficiency, i.e., the percentage of 

irrigation water delivered from the well that is stored in the soil for 

consumptive use by crops after allowing for irrigation losses, they are 

of little value for determining total solar farm pumpage.

In order to determine solar farm pumpage, data from Hathom et al. 

(1976) were used. This report is one product of an extensive farm manage­

ment information system (MIS) that has been developed at The University of 

Arizona. This MIS is based on data collected from farmers, extension 

agents, and other experts in the industry infrastructure. The informa­

tion is updated yearly. One type of information collected from the 

Pinal budgets is how much water farmers pump for crops and when. It was 

this information, refined by plant consumptive use data, that was used 

as the basic water demands on which this report is based.

Tables 4 and 5 show the per acre and total water applications for 

each of the four crops used in this study for every semimonthly period. 

Alfalfa production requires 729 acre-feet, cotton 2,396 acre-feet and 

wheat 1,317 acre-feet annually. The total pumpage required on the solar 

farm is 4,450 acre-feet. The highest monthly total pumpage is 609 acre- 

feet in April and the highest semimonthly total is 335 acre-feet in late 

May. Satisfaction of the semimonthly pumpage requires the greatest
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Table 4. Solar Farm Crop Water Application Pattern —  Water Used per 
Acre in Acre-inches.

Semi-
Monthly
Period

Alfalfa
Establishment Alfalfa Upland

Cotton
Pima
Cotton Wheat

January
Early — — 12(4) — —

Late — — — — 8(.5)
February

Early — 5 12(.15) — —

Late — — 12( .15) 12 —

March
Early — 5 12(.3) — —

Late — — — — 7.5C
April

Early — 5 — — 7.5
Late — 5 — — 7.5

May.
Early — 5 — — 6
Late — 5 6 6 1.5

June
Early — 6 6 6 —

Late — 6 6 6 —

July
Early — 6 6 6 — —

Late — — 6 6 6 —

August
Early — 6 6 6 —

Late — — 6 6 —

September
Early — 5 6 6 — —

Late 12(,5)/4(.5) — 6 6 —

October
Early 12(.5) 5 — — 6 — —

Late 4(.5) — — — — —

November
Early 4( .5) 5 — — — —

Late — — — — —

December
Early 4(.5) — — — — — — — —

Late — — — — 8(.5)
TOTALS 20.0 75.0 60.0 66.0 38.0
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Table A. (continued)

a. Alfalfa is a three-year crop; one-third of stand establishment has 
been charged to each year.

b . "(.X)" indicates proportion of crop irrigated during period.

c. Wheat irrigation shifted toward first half of growing season. No 
stress of plant should result.
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Table 5. Solar Farm Crop Water Application Pattern —  Total Water Used 
in Acre-feet.

Semi-
Monthly
Period

Alfalfa 
Establishment 
(35.7 acre)

Alfalfa 
(107 acre)

Upland 
Cotton 
(441 acre)

Pima 
Cotton 
(36 acre)

Wheat 
(416 acre)

January
Early — — 176.4 — —

Late — — — — 138.7
February
Early — 44.6 66.15 — —
Late -. — 66.15* 36 —

March
Early — 44.6 132.3* — —
Late — — — — 260.0

April
Early „ 44.6 260.0
Late — 44.6 — — 260.0

Ma^
Early — 44.6 — " 208.0
Late — 44.6 220.5 18 52.0

June
Early — 53.5 220.5 18 —
Late —— 53.5 220.5 18 —

July
Early _ _ 53.5 220.5 18
Late — 53.5 220.5 18 —

August
Early — 53.5 220.5 18 —
Late — “ 220.5 18 —

September
Early — 44.7 220.5 18 ——
Late 17.8/6.0 — — 18 —

October
Early 17.8 44.6 — — —
Late 6.0 — — — ——

November
Early 6.0 44.6 — • —— ——
Late — — — —— —

December
Early 6.0 — — — —
Late — — — — 138.7

TOTALS^ 59.6 669.0 2205.0 198 1317.4
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Table 5. (continued)

a. Upland cotton pre-irrigation has been scheduled from early January 
to early March so as to smooth pump demand.

b. The annual total pumpage for the entire farm is 4,449 acre-feet; 
the highest monthly pumpage is 609 acre-feet for April and highest 
semi-monthly pumpage is 335 acre-feet in the late May period.



amount of pumping, and so, determines the total well capacity needed on 

solar farm.

A word of explanation is in order concerning the reason the 

monthly maximum pumpage occurs in April. The current situation on most 

Pinal County farms is, of course, that irrigation demand is the highest 

in the summer since the maximum cotton irrigating requirements occur 

during this season. Cotton is the major Pinal County crop. For solar 

farm, however, cotton and wheat production will be, as noted earlier, of 

about equal importance. Cotton and wheat both require irrigation in 

late May, and it would be very expensive to build a system to satisfy 

the Hathom irrigation schedule for both crops. Fortunately, this prob­

lem can be lessened by shifting the wheat irrigation schedule so that 

this crop is watered more heavily earlier in the year than is the current 

practice. In fact, judged in terms of satisfying the consumptive need 

of wheat for water, such a shift from current practice improves the ir­

rigation schedule (see Table 6). Table 6 shows the changes in irrigation 

schedule made for this study. Since wheat still receives in total as 

much water as called for by the existing schedule, this adjustment should 

be costless, and since reducing late May irrigation permits the farmer to 

get by on a lower well-field capacity, he will be motivated to make such 

a shift to reduce fixed costs. In the case of solar farm this simple ad­

justment allows two 1,200 gpm wells to be removed from the farm structure 

at a saving in capital investment of about $150,000.

Knowing plant water consumptive demands and water supplied, it is 

possible to derive the irrigation efficiencies implicit in the Hathom 

budget (see Table 7). The efficiencies shown in Table 7 for cotton or

28
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Table 6. Revised Irrigation Schedule for Wheat.

March
Late

April
Early

April
Early

May
Early

May
Late

Wheat Consumptive
Need (acre-in) 3.52 5.25 5.85 4.20 .72

Pinal Existing
Budget (acre-in) 6.00 6.00 6.00 6.00 6.00

Solar Revised 
Budget (acre-in) 7.50 7.50 7.50 6.00 1.50

Table 7. Solar Farm Implicit Irrigation Efficiencies.

Crop Consumption Supplied (acre- 
inches per acre)

Irrigation
Efficiency

Upland Cotton 41.2 60 .69

Pima Cotton 41.2 66 .62

Wheat 22.9 38 .60

Alfalfa 74.3 95 .78
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wheat are about at the level that would be expected under careful manage­

ment of losses for furrow irrigation; a present typical level is perhaps 

.55 (Ozsabuncuoglu, 1976). The high efficiency for alfalfa reflects the 

fact that the typical Pinal farmer stresses his alfalfa crop during the 

summer when it competes with cotton for water. This practice results in 

reduced alfalfa yields.

With the amount and timing of irrigation known, it is possible 

to work back to the number of wells on the farm. Both Nelson and Busch 

(1967) in a study of Central Arizona irrigation pumping and the more 

recent Hathorn (1976) MIS data indicate 1,200 gallons per minute is a 

typical capacity for Pinal agricultural wells. We assume that the solar 

farm has sufficient capacity to support the crop plan. The basic crop 

plan requires a peak load capacity of 335.1 acre-feet of water during 

the late-May period. There are 16 days in late May, so the wells must be 

capable of supplying (335.1/16) 20.9 acre-feet/day. To convert acre- 

feet/ day to gallons per minute the conversion factor used is 226.3 gpm/ 

acre-feet/day; 20.9 acre-feet/day represents an irrigation system capac­

ity of 4,730 gallons per minute. Thus, solar farm may use four 1,200 

gpm wells to satisfy its crop plan.

Recall from Table 5 that the total water pumped on solar farms 

annually is 4,449 acre-feet (1.45 billion gallons). Four wells operating 

continuously for a year at 1,200 gpm can supply 2.52 billion gallons. 

Thus, the duty factor of the solar farm well system is (1.45/2.52) .575. 

The duty factor represents the percentage of time the system is operated 

during the year. It serves as a good index of how erratic equipment use 

is through the year; that is, the more peaks occurring in a year, the



more equipment must be available just to handle peak load and the lower 

the duty factor. For instance, before the wheat irrigation schedule ad­

justment referred to earlier in this chapter and consequent reduction 

in the number of wells was made, the duty factor of the solar farm irri­

gation system was .383.

The duty factor level conveys additional vital information when 

considering solar applications. Because a solar power unit is limited by 

the availability of sunlight, solar equipment is inherently limited to a 

duty factor of less than a .5 average over the entire year. - If 

the equipment to be operated using solar energy has a duty factor higher 

than .5, some form of auxiliary energy must be provided or some means of 

storing the solar energy must be provided. In lieu of either of these 

alternatives, the amount of equipment must be increased so that the job 

can be finished during daylight but with a less satisfactory overall 

usage rate on the equipment. The .575 duty factor for solar farm's wells 

indicates one of these options must indeed be added to the basic, all 

solar plant. This matter will be covered in detail in Chapter IV.

All solar farm wells were assumed typically to be working at a 

460 foot pumping lift. Typical depths seen in Pinal County farming areas 

are as follows (Hathom, 1976) :

Coolidge 

Casa Grande 

Eloy

Stanfield

Average Lift 

395 feet 

555 feet 

605 feet 

610 feet

Maricopa 480 feet
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Pumping lift is, of course, one of the most important parameters in this 

study; it will come in for much consideration later. Here it should be 

noted that to a good first order approximation, i.e., ignoring local 

geology, pumping cost and energy expended increase linearly with lift.

Economic Environment for Solar Farm

Prices

We have now derived the necessary physical information about the 

solar farm, but before we can move on to derive investment levels for 

solar equipment, we must examine solar fanris basic costs and returns. 

Before computing the costs and returns for solar farm, the topic of what 

prices to use in this study must be considered. It will be the general 

assumption here that the relative.price of inputs, save energy inputs, 

and of outputs will hold a constant relationship to one another into the 

future. This means that if upland cotton brings, say, half as much as 

American-Pima cotton in the base period, it will continue to bring half 

as much as American-Pima throughout the study period. Table 8 presents 

American-Pima, wheat, and alfalfa season-average prices in Arizona markets 

for the past five years divided by the price of upland cotton. The 

ratio values are for pounds of American-Pima and tons of wheat and 

alfalfa cubes. The ratios appear to be reasonably steady except for 

American-Pima cotton in 1973 and wheat in 1974.

The position taken here is that the few years in which particular 

crops have exceptional prices are unimportant for long-term capital 

analysis. Specific prices and crop yields will be taken from the farm 

HIS data. The crop yields in the MIS file are 7 tons per acre for
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Table 8. Relative Price Ratios for Solar Farm Crops.3

Year American-
Pima Wheat Cubed Alfalfa Upland Cotton 

($/lb)

1971 1.46 190 130 .2995

1972 1.41 187 144 .2930

1973 2.24 200 123 .4330

1974 1.42 237 143 .4410

1975 1.45 203 132 .5150

BASE VALUE 1.44 203 134

a. Figures shown are price of crop divided by price of upland cotton.
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alfalfa, 1,050 pounds of lint (1,370 pounds of seed)per acre for upland, 

538 pounds of lint (877 pounds of seed)"*" per acre for American-Pima, and 

2.15 tons per acre for wheat.

Solar Farm Budget

A budget for the solar farm base case described in the preceding 

pages was prepared using the Arizona farm management information system.

Cost of Water. The first step in budgeting for solar farm is to 

breakdown the fixed and variable costs of the four wells. To ascertain 

the cost of carrying great well capacity just to satisfy a few demand 

periods in the year, the first well is assumed to be supplying as much of 

the total pumpage as it could, after which the second well would be 

brought on line, and so on (see Table 9). In this way, the fixed costs 

of the first well are spread over as much water as possible. The 

computer-generated budgets for the four wells are shown in Tables 10-13. 

Note that the assignable fixed cost of the water from the busiest well is 

$4.32 per acre-foot, rising to $13.24 for the least used well. The fixed 

cost of all four wells spread over the total amount of water pumped re­

sults in an average fixed cost charge of $6.29/acre-foot. The variable 

cost charge is $14.33/acre-foot, of which $10.87 is paid for energy and 

$3.46 for operation and maintenance of the well.

Combining the results of the budgets from all four wells gives 

the following expression for water cost per acre-foot:

Total Well Cost = Fixed Cost Charge of $6.29/acre-foot +

Energy Cost Charge of $10.87/acre-foot +

1. Taylor (1976) recommends seed-to-lint ratios of 1.59 for 
Upland and 1.63 for American-Pima.
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Table 9. Operating Schedule for Solar Farm Wells.a

Period Well #1 Well #2 Well #3 Well #4

January
Early 15 (100%) 15 (100%) 3.3 (21.9%) —
Late 16 (100%) 10.2 (63.6%) — —

February
Early 15 (100%) 5.9 (39.3%) — —
Late 13 (100%) 6.3 (48.3%) — —

March
Early 15 (100%) 15 (100%) 3.4 (22.5%) —
Late 16 (100%) 16 (100%) 16 (100%) 1.1 ( 6.6%)

April
Early 15 (100%) 15 .(100%) 15 (100%) 12.5 (83.1%)
Late 15 (100%) 15 (100%) 15 (100%) 12.5 (83.1%)

May,
Early 15 (100%) 15 (100%) 15 (100%) 2.7 (17.7%)
Late 16 (100%) 16 (100%) 16 (100%) 15.2 (95.2%)

June
Early 15 (100%) 15 (100%) 15 (100%) 10.1 (67.3%)
Late 15 (100%) 15 (100%) 15 (100%) 10.1 (67.3%)

July
Early 15 (100%) 15 (100%) 15 (100%) 10.1 (67.3%)
Late 16 (100%) 16 (100%) 16 (100%) 7.1 (44.4%)

August
Early 15 (100%) 15 (100%) 15 (100%) 10.1 (67.3%)
Late 16 (100%) 16 (100%) 13 (81.3%) —

September
Early 15 (100%) 15 (100%) 15 (100%) 8.4 (56.2%)
Late 7.9 (52.6%) — — —

October
Early 11.8 (78.4%) — — —
Late 1.1 (7.1%) — — —

November
Early 9.5 (63.6%) —— —— —
Late — — — —

December
Early 1.1 (7.5%) — — — —

Late 16 (100%) 10.2 (63.6%)

Total Days 
Operated 305.4 246.6 187.7 99.9
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Table 9. (continued)

Period Well #1 Well #2 Well #3 Well #4

Water Pumped 1,618.62 1,306.98 994.81 529.47

Duty Factor .837 .676 .514 .274

Percent of Total 
Water Provided 36.4 29.4 22.4 11.9

a. Figures shown are days operated during period to meet water require­
ment .
15- day capacity = 79.5 acre-feet/well
16- day capacity = 84.8 acre-feet/well 
365-day capacity = 1934.5 acre-feet/well 
1200 gpm wells supplying 5.3 acre-feet/day
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Table 10. Cost of Pumping Water in 1976, Well No. 1.

WELL NO 1
SOLAR FARM 3ASE CASE

ELECTRIC POWER
PINAL COUNT?

460 FOOT LIFT

A. SPECIFICATIONS AND ASSUMPTIONS
k3.
ii
J:
11#

VITH 16 LSCH CASINC ro 1500 FEET 
c1̂ ?  annually

0EPRECIATEFw ELLN25 YEARS'WITN^^O^PERCENT SALVAGE OEPRECIATe PUMP ASSEMBLY 25 YEARS WITH 3 PERCENT SALVAGE
W A l t i m  5838 8S1?e55sy§8S vr^ERh5lRlK!?A!lLVAGECOMPUTE INTEREST ON AVERAGE INVESTMENT AT 8.50 PERCENT COMPUTE TAXES ON 18.00 PERCENT OF AVERAGE INVESTMENT USING A TAX RATE OF 510.21 PER $100 ASSESSED VALUATION

3. PRICE QUOTATIONS (INCLUDING 4.0 PERCENT SALES T A X ) --  02/31/76
1.
i:4.5.6.
7.

r a § sf35fci h! m 8d?iu"“'POWER UNIT--  250 HP MOTORSTARTER VITH HAND COMPENSATOR ANDi«fS£?S?{85 ESbSS SVITCH
C.

0.

TOTAL COST OF WELL 
ANNUAL FIXED COSTS

^ I i S ATriQNTAXESFIRE AND LIGHTNING INSURANCE 
TOTAL

WATER COST PER ACRE FOOT 
1. FIXED COST

VARIABLE COST

24000.15251.19009.3536.
5 30 2*
1313.

74547.

2.
7002./1619. 

♦ 460(1.02414.33
AF
*

lit?:695 • 154.
7002.

■ 4.32
.01200)/.520

WHERE 1.024
460.01200.520.007512

+ .007512 ♦ 460 
AT 100

POWER COST PER KWH INCLUDING SALES TAX OVERALL EFFICIENCY STATED AS A DECIMAL FRACTION COST OF PLANT REPAIRS, MAINTENANCE, LUBRICATION AND ATTENDANCE PER FOOT OF LIFT

E.
3.
KWH

TOTAL COST » 18.65
OF ELECTRICITY USED TO PUMP 1 AF 905.85 1619 AF * 1466565.
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Table 11. Cost of Pumping Water in 1976, Well No. 2.

WELL NO 2 ELECTRIC POViER
_SOLAR_FARM 3a 3E CASE PINAL COUNTY

SPECIFICATIONS AND ASSUMPTIONS

460 FOOT LIFT

1.2.3.4.5.
*:9.xS:11.

>/ElL IS DRILLED AND CASED WITH 16 INCH CASING TO 1500 FEET 90<LS ARE SET AT 500 FcET

DEPRECIATE W E L L E S  YEARs'°IT4*^0*PERCENT SALVAGE DEPRECIATE PUMP ASSEMBLY 25 YEARS WITH 3 PERCENT SALVAGE
oIprIciat! m  T P E R & s M ^ r ^COMPUTE INTEREST ON AVERAGE INVESTMENT AT 8.50 PERCENT COMPUTE TAXES ON 13.00 PERCENT OF AVERAGE INVESTMENT USING A TAX RATE OF $10.21 PER $100 ASSESSED VALUATION

PRICE QUOTATIONS (INCLUDING 4.0 PERCENT SALES TAX) --  02/31/76
1:3.4.5.6.

& i 5 M ! N rilL,T,0S!S"5»)Ssi8:t5 !u WSSeSfi"'"'POWER UNIT--  250 HP MOTORSTARTER «ITH HAND COMPENSATOR ANDtNSfS£S!?!85 ISSSS SU,TCH

0.

TOTAL COST OF WELL
ANNUAL FIXED COSTS

DEPRECIATION 2940.INTEREST 3213.TAXES 695.FIRE ANO LIGHTNING INSURANCE 154.
TOTAL 7002.

WATER COST PER ACRE FOOT
1. FIXED COST « 7002./1307.
2. VARIABLE COST » (1.024 * 460

AF ■ 5.36
* .01200)/.520• 14.33

24000.15251.19009.3536.6136.5302.
1313.

74547.

♦ .007512 + 460

UMERE 1-°60 ! “";%EJfIoiEi4iSFÊ I?hJc5OOT AT100
♦ 01200 » POWER C O S T N E R  KWH INCLUDING SALES TAX.520 » OVERALL EFFICIENCY STATED AS A DECIMAL FRACTION .007512 ■ COST OF PLANT REPAIRS# MAINTENANCE, LUBRICATIONANO ATTENDANCE PER FOOT OF LIFT

3. TOTAL COST - 14.69
E. KWH OF ELECTRICITY USED TO PUMP 1 AF • 905.35 1307 AF • 1183941.
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Table 12. Cost of Pumping Water in 1976, Well No. 3.

WELL MO 3
SOLAR FARM BASE CASE

ELECTRIC POWER
PINAL COUNTY

460 FOOT LIFT

A. SPECIFICATIONS ANO ASSUMPTIONS
1. WELL IS DRILLED AND CASED WITH 16 INCH CASING TO 1500 FEET2. BOWLS ARE SET AT 500 FEET3. WELL PUMPS 1200 GPM AND 995 ACRE FEET ANNUALLY4. ELECTRICTY COST IS 12.00 MILLS PER KWH5. OVERALL EFFICIENCY IS 52.0 PERCENT6. DEPRECIATE WELL 25 YEARS WITH 0 PERCENT SALVAGE7. DEPRECIATE PUMP ASSEMBLY 25 YEARS WITH 3 PERCENT SALVAGE9. DEPRECIATE POwER UNIT 25 YEARS WITH 3 PERCENT SALVAGE8. DEPRECIATE BOWLS 25 YEARS WITH 3 PERCENT SALVAGE10. COMPUTE INTEREST ON AVERAGE INVESTMENT AT 8.50 PERCENT11. COMPUTE TAXES ON 18.00 PERCENT OF AVERAGE INVESTMENT USINGA TAX RATE OF $10.21 PER $100 ASSESSED VALUATION

a. PRICE QUOTATIONS «INCLUDING 4.0 PERCENT SALES TAX) --  02/31/76
«l!S§Ai3S«LL1Tlra1.2.3.3:6.

7.

PUMP ASSEMBLY ( 3 INCH COLUMN)12 INCH BOWLS (11 STAGES)POWER UNIT--  250 HP MOTORSTARTER WITH HAND COMPENSATOR ANDSECONDARY POWER STATION WITH SAFETY SWITCH INSTALLATION LABOR AND SITE COSTS
TOTAL COST OF WELL

ANNUAL FIXED COSTS
DEPRECIATIONINTERESTTAXESFIRE AND LIGHTNING INSURANCE 

TOTAL
WATER COST PER ACRE FOOT

24000.15251.19009.3536.6136.5302.
1313.

74547.

ISiS:695.154.
7002.

1.
2.

FIXED COST 
VARIABLE COST

7002./ 995. AF « 7.04
(1.024 ♦ 460 * .01200)/.52014.33

WHERE 1.024
460.01200.520.007512

+ .007512 * 460
100KWH TO LIFT 1 AF OF WATER 1 FOOT AT

FEET OF LIFTVERALL EFFICIENCY
POWER COST PER KWH INCLUDING SALES TAX OVERALL EFFICIENCY STATED AS A DECIMAL FRACTION COST Oh PLANT REPAIRS, MAINTENANCE, LUBRICATION AND ATTENDANCE PER FOOT OF LIFT

E.
3. TOTAL COST • 21.37
KWH OF ELECTRICITY USED TO PUMP 1 AF * 905.85 995 AF ■ 901317.
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Table 13. Cost of Pumping Water in 1976, Well No. 4.

WELL NO 4 ELECTRIC POWER
__ SOUR_FARM BASE CASE PINAL COUNTY
A . SPECIFIC A H  0NS~AN0~AS SUMPTIONS

460 FOOT LIFT

1.
2.3.
t:
b7\
a9:
H:

E.

SSits'hi’ikV'S/SSo'Hi?11 "" CASIHS T" 1510 fEET l E S r H S ' T M i S ?  3f?L5c5!.Fl55 ‘•'"( U 1 U Y
0EPRE^ATErWELLN 25 YEARs'wiTH*^O^PERCENT SALVAGE
W?llcch\l" ---  25 YEARS WITH 3 PERCENT SALVAGEON AVERAGE INVESTMENT AT 8.50 PERCENT 18.00 PERCENT OF AVERAGE INVESTMENT USING $10.21 PER 1100 ASSESSED VALUATION
DEPRECIATE BOWLS COMPUTE INTEREST COMPUTE TAXES ON A TAX RATE OF

8. PRICE QUOTATIONS (INCLUDING 4.0 PERCENT SALES TAX) --  02/31/76
1.
2 .3.
t:6.
7.

PUMP ASSEMBLY ( 8 INCH COLUMN)12 INCH BOWLS (11 STAGES)POWER UNIT--  250 HP MOTORSTARTER WITH HAND COMPENSATOR AND
i«?I£SI?i35 ESiSSS !Mrs!TEwcasTi1FElr SUITCH

TOTAL COST OF WELL 
ANNUAL FIXED COSTS

24000.15251.19009.3536.6136.5302.
1313.

74547.

TAXESFIRE AND LIGHTNING INSURANCE
2940
3lhl154

t o t a l 7002
WATER COST PER ACRE FOOT
1. FIXED COST - 7002./ 529. AF » 13.
2. VARIABLE COST 1 (1.024 * 46014.33 * .01200)/ + .007512 * 460

100WHERE u ;6z; ; ; ; % % ^ E ^ L r E F ^ i c E!Eic?ooT AT
.01200 * POWER COST PER KWH INCLUDING SALES TAX

3. TOTAL COST * 27.57
KWH Or ELECTRICITY USED TO PUMP 1 AF » 905.85 529 AF - 479193.



Well operation and maintenance charge of 

$3.46/acre-foot.

Total Well cost = $20.62/acre-foot.

Having derived this unit charge rate and knowing the quantities of water 

used on each crop (Table 5), water costs may be assigned to each crop.

For example, the water used on alfalfa costs solar farm $13,795 (669 

acre-foot x $20.62/acre-foot = $13,795). More importantly, we can now 

estimate the electric power bill paid by solar farm for irrigation pump­

ing, which was a key objective of this chapter; this power bill is 4,449 

acre-feet x $10.87 = $48,360. The assumptions regarding pumping effi­

ciency, pumping lift, and electricity price that lie behind this cost 

are noted on the computer printout.

Materials and Machinery Costs. The next step in budgeting for 

solar farm is to determine the machinery complement and materials needed 

to produce the solar farm crops and their costs. This process is rather 

tedious and is best handled with the assistance of a computer. The in­

formation needed to perform these computations, i.e., the basic technical 

coefficients and price information, are maintained in the Arizona Farm 

Management Office MIS (for the specific coefficients used in this study 

see Hathorn et al., 1976 and Hathom and Wright, 1976). The resulting 

schedules of materials and machinery for solar farm are provided in the 

Appendix to this thesis and the associated costs of these materials and 

machinery are summarized in Table 14, which presents the financial re­
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The solar farm described here earns a net return of $37,955 or 

$37.95 per cropped acre after management fees and taxes and $75.73 per 

cropped acre before these whole-farm costs are netted out. There is in­

sufficient information to compute a rate-of-return on investment. Al­

falfa returns $156/cropped acre, wheat $82/cropped acre and cotton $55/ 

cropped acre. Irrigation related costs, which include not only the cost 

of the water but also that of the labor in setting up for each irrigation 

run are proportionately higher for alfalfa than cotton or wheat; that is, 

the ratio of irrigation costs to all assignable costs is higher for al­

falfa (.39) than for either wheat (.27) or cotton (.22). This ratio 

could be used as an index of the sensitivity of each crop to rising water 

prices. Irrigation-related costs, however, do not dominate the farm 

balance sheet. They are an important decision variable for the farm, 

but not the only decision variable. This point is important to remember 

when predicting farm adjustments to rising well level water prices, which 

are, themselves, only a subset of irrigation costs.

The high level of returns on alfalfa may be caused by the assump­

tion that on solar farm the alfalfa crop is watered sufficiently to ob­

tain maximum physical yield. This assumption results from using the Farm 

Management MIS budgets. According to the Arizona Farm Management Office, 

Arizona farmers quite often stress alfalfa by cutting off water to it 

during those summer months when it is competing with cotton for water.

The effect of this practice is reflected in the fact that the solar 

farm's yield on alfalfa per year is 7 tons/acre (Hathorn et al., 1976) 
while in 1975 the Pinal County average yield was 6 tons/acre (Arizona



Crop and Livestock Reporting Service, 1976). At 6 tons/acre the alfalfa 

return per acre would drop from $156 to $77, which is in line with the 

returns on wheat and cotton. See Table 14 for solar farm summaries.
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Table 14. Solar Farm Costs and Returns Summary.

Cubed Alfalfa 
(107 acres)3 Cotton*1 Wheat

(416 acres) Totals

Gross Revenue 59,920.00 286,678.90 120,744.00 467,342.09
Nonwater Variable Cost 24,648.33 161,775.23 43,628.50 230,052.06
Returns After Nonwater 

Variable Cost 35,272.00 124,903.90 77,115.50 237,290.50
Water Variable Cost 12,530.92 41,807.61 22,921.86 77,260.39
Returns After Water 

Variable Cost 22,741.08 83,096.29 54,193.64 160,030.11
Machinery Fixed Cost 1,633.13° 43,358.06 11,573.47 56,564.66
Well Fixed Cost 4,332.97 15,114.87 8,286.45 27,734.29

Farms Returns After 
Assignable Fixed Costs 16,774.98 24,623.36 34,333.72 75,732.06

($156/acre) ($55/acre) ($82/acre) $75.73/acre)

5% Management Fee 23,367.15
General Farm Maintenance 12,000.00
Returns Before Taxes 40,364.91
Property Taxes (Realty) 2,410.00
Net Farm Return 37,954.91
Farm Return Per Acre 37.95

a. Loaded with one-third of alfalfa stand establishment costs.
b. Consists of 441 acres of upland cotton and 36 acres of Pima cotton
c. Low fixed cost because of use of custom harvesting. -O



CHAPTER III

DETERMINATION OF ECONOMICALLY JUSTIFIABLE 
INITIAL COST OF SOLAR SYSTEM

In this chapter, the total initial cost of a solar-thermal genera­

tion plant economically justified by changes in solar farm annual oper­

ating costs will be determined. It will be assumed throughout that all 

energy for pumping groundwater will be supplied by the solar plant. If 

for whatever reason this assumption does not hold, the justified initial 

cost of the solar plant must be reduced in proportion to the share of 

total groundwater pumping energy that is supplied by the solar equipment.

Computational Approach

Basically, the computational procedure followed in this chapter 

will be to isolate the cost of electrical energy for irrigation pumping 

out of total farm cost and to convert this constant annual cost stream 

to its present value equivalent. This present value figure represents 

for solar farm the maximum justifiable investment in solar equipment that 

frees solar farm from the need to purchase electricity. Note that "jus­

tified investment" is not the same as "justified initial cost"; this dis­

tinction will become clear shortly. At the present stage in the develop­

ment of solar power, it is felt to be purposeless to consider the effect 

of such changeable policy items as accelerated depreciation rules and 

special investment credits on the solar investment decision. To some ex­

tent the effect of policy variables are represented by including differ­

ent discount rates. To give the following results as broad an
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applicability as possible, investment levels will be computed over a 

wide range of pumping lifts and pumping efficiencies.

A basic solar thermal plant will be described in Chapter IV. At 

this stage of the analysis, however, some idea of how a solar plant oper­

ates must be introduced. A solar thermal electric plant has two major 

sections. The first section, termed the collector, gathers the diffuse 

incoming radiant energy of sunlight and concentrates it to the high levels 

needed for generating electricity efficiently. At the present time there 

are several ways that seem possible for doing this energy collection job; 

the one we have assumed for this study is called a central-tower collector. 

In the central tower collector, special mirrors focus solar energy onto a 

central tower through which a fluid is passed. This fluid collects the 

focused solar energy in the form of heat. Collector technology for 

thermal-electric plants is mostly unproven. We will assume an operational 

life of 15 years for this section of the solar-thermal plant.

The second section of the solar-thermal plant generates the elec­

tricity from the heated fluid. The technology for doing this job is well 

understood; the main questions revolve around the method for generating 

the electricity most efficiently at the relatively low working fluid 

enthalpies expected. Electrical generation equipment is commonly assumed 

to have an operational life of 30 years.

Because the two sections of the solar plant have distinctly dif­

ferent operational lives, some scheme must be derived for dividing the 

justified investment between the collector section and the generating sec­

tion. The planning horizon of the solar plant will be taken at 30 years. 

During this time, the solar farm must purchase one generating section and

46



47

two collector sections; one collector is purchased at year zero and one 

at year 15. The purchases must be made while staying within the justi­

fied investment bound. The purchase cost of the generating section and 

the first collector section will, then, be the justified initial cost 

for the solar-thermal generating plant. This basic design parameter will 

be presented for several different future situations as characterized by 

pumping lift and pumping efficiencies and by prevailing interest rates.

Justifiable Investment in Solar System

The dollar cost of the electrical energy (C^) needed to pump one 

acre-foot of water is given by:

C = 1.024 (lift, foot) (P )/OPE e e
where lift is the pumping lift of the well, P^ is the electricity rate 

paid in dollars per kwh, and OPE is the overall pumping efficiency.

Each of these three cost-controlling variables for solar farm will be 

examined in turn.

Pumping Lifts

Pumping lifts in Pinal County are highly variable but on the 

whole fairly large. Hathorn's pump water budgets (Hathorn, 1976) show 

average lifts from 395 feet in the area of Coolidge to 610 feet in the 

area of Stanfield. Morin (1976) estimates the typical pumping lift at 

325 feet (see Table 2). For the solar farm budget of Chapter II, a 

typical case value for pumping lift of 460 feet was used.

Note that in choosing the proper solar plant size, the engineer 

will have to consider in his design the possibility of changes in pumping 

lifts over the life of the plant. Here, however, pumping lifts will be
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looked at as holding constant for solar farm over the entire operating 

life of the solar plant. Grant and Ireson (1970, p. 42) show that a 

gradient, i.e., arithmetic, series of constant increases, G, over n years 

can be converted to an equivalent constant annual figure, A, by the 

expression:

A = G
i

nG
i (1 + i)n - 1

where i is the discount rate. For example, say pumping lift is increasing 

at 8.1 feet/year, which according to the Arizona Water Commission (1975) 

is the typical annual fall in the water table in Pinal County. For a 

discount rate of 8.5% and a planning horizon of 30 years, A is given by

a = (8.1) _ 30 (8.1)
.085 .085

.085
(1.085)30 - 1

= 72.3 feet

Thus, a 460 foot constant lift for 30 years would be economically equiva­

lent to a situation where the lift in the first year was 387.7 feet, 

rising in 8.1 foot increments to 626.6 feet by the thirtieth year.

Electricity Prices

The price of electrical energy at various locations in Pinal 

County given in the Hathom budgets (Hathom, 1976) is as follows:

Coolidge 12 mills/kwh

Casa Grande 12 mills/kwh

Eloy 11 mills/kwh

Stanfield 26.3 mills/kwh

Maricopa 13.5 mi11s/kwh



For the solar farm base case a typical energy price of 12 mills/kwh was 

chosen.

Pinal County electricity prices are unusual in two respects. The 

first respect in which the prices are unusual is that the electric dis­

tricts^ serving Pinal County farmers charge one flat rate no matter how 

much electricity is consumed. More typically in Arizona a declining 

block rate pricing schedule is used. Fuel adjustments and taxes are 

overlain on this schedule. For example, the two largest utilities in 

the state, Arizona Public Service and Tucson Gas and Electric, both use 

the declining block rate method. Also, both weight the block prices by 

the peak potential demand of the well as measured by the size of the 
electric motor being served.

The second respect in which Pinal County electricity prices are 

unusual is that relative to other prices for similar service, they are 

very low. Nationwide the cost of electricity generation is typically 

20 to 25 mills/kwh (Conn and Kulcinski, 1976). No other area of Arizona 

enjoys prices as low as those seen in Pinal County. The highest elec­

tricity price for irrigation service at the time of the writing of this 

thesis is the 40.15 mills/kwh Tucson Gas and Electric charges for its 

first block. Typical Arizona 1975 electricity prices in other counties 

work out to flat rate equivalents of from 23.0 to 27.7 mills/kwh (Hathom, 

1976). Pinal County electricity prices are low seemingly because the 

electric districts were able to obtain long tern contracts for large 

amounts of cheap hydroelectric power. According to Hathorn, these sup­

ply contracts will typically remain in force for another decade.

1. Electrical districts are electrical retailing cooperatives 
run in the interest of local agricultural and other users.
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Overall Pumping Efficiency

The overall pumping efficiency parameter measures how well the 

motor and pump are doing their work. OPE, like pumping lift, shows a 

wide range of values in the field. To a certain extent, the OPE level 

is under the control of the farmer through maintenance and replacement.

For the solar farm base case the typical OPE was set at .54. This value 

will probably become lower than typical as energy prices move up; how­

ever, the leeway in optimizing pumping efficiency is not great enough to 

counteract very large electricity price rises or pumping lift increases. 

The theoretical maximum OPE is about .75 (Nelson and Busch, 1967).

Electricity Cost Computation

Electricity costs for solar farm are computed in Table 15 for the 

base case and some variational cases. The high OPE of .66 used in the 

table was picked as the highest OPE level that could be maintained on an 

irrigation well for a year. Note from the table that the farmer could 

maintain the same level of electricity costs up to a depth of 560 feet 

by adjusting the OPE but that beyond this depth the electricity bill will 

begin to rise. The typical case figure of $46,580 represents about 11% 

of the total solar farm costs.

It should be noted here that solar plants may have another effect 

than just merely ending the annual stream of farm electricity purchases. 

It seems fairly certain that additional annual operation and maintenance 

charges will result for the solar farm. There is even some likelihood 

that solar plants will require fulltime attendance. Whatever these addi­

tional O&M charges may be, the potential annual cost savings from using
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Table 15. Annual Costs of Electricity to Solar Farm.3,

O v e r a l l ________________ Pumping Lift (feet)
Pumping
Efficiency

Very Shallow 
(200)

Shallow
(360)

Typical
(460)

Deep
(560)

Low (.42) $26,038 $46,869 $59,889 $72,908

Typical (.54) $20,252 $36,454 $46,580 $56,707

High (.66) $16,570 $29,826 $38,111 $46,397

a. 4,450 acre-feet annual pumpage; price of electricity is 12 mills/kwh.
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solar power would have to be adjusted downward for them. The same cau­

tion also applies to the results shown in the following two tables. For 

example, if the additional farm O&M from a solar plant is $16,700 per 

year, for an efficient well with a 200-foot pumping lift, there are an­

nual disbenefits of $130 ($16,570 - $16,700) to using solar power on the 

farm (see Table 15). Estimates of how much O&M will cost for solar 

plants at this point in the development of solar power are purely guess­

work, but it will clearly be seen during the development of this chapter 

how vital it is to the feasibility of using solar power for irrigation 

pumping that this parameter be kept as low as possible.

Present Worth Computation

The present worth factor for determining the present value of an 

annual series of payments (P/A) is derived in most beginning engineering 

economics texts (see, for example, Grant and Ireson, 1970). It is:

(P/A)
(1 -f i)n - 1 
i (1 + i)n

Here i represents an assumed constant interest, or discount, rate and n 

represents the number of interest periods. The number of interest peri­

ods will be taken to be the number of years in the operational life of 

the solar-thermal plant, 30 years.

The i variable in this equation is the long-term opportunity 

price of money to the farmer. If society undertakes to encourage solar- 

energy use for extra economic reasons, the opportunity price of money 

used to purchase solar equipment seen by the farmer might be quite low, 

say about 4%. On the other hand, without loan guarantee programs,
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farmers may have a difficult time arranging the financing needed for the 

new, unproven solar technology from risk averse investors and might have 

to pay a risk premium, raising i up to, say, 13%. The solar farm will be 

assumed to be able to obtain funds for the solar equipment at 8.5%. (The 

Farm Administration (U. S. Department of Agriculture, 1975) states that 

interest rates on agricultural loans stood at between 8.5% and 9% on 

June 30, 1975).

Table 16 shows the justified investment levels for discount rates 

of i = .04, .085, and .13. The values are computed by multiplying the 

present worth factor by the annual costs of electricity computed in Table 

15. For the typical case (lift = 460 feet, OPE = .54, i = .085) the 

justified investment is about one-half million dollars over the 30-year 

project period.

Justifiable Solar System Initial Cost 

The justified initial cost for the solar plant is estimated by 

apportioning the justified investment derived in the previous section be­

tween the collector and generating sections of the solar plant. This 

must be done so that, first, sufficient investment "funds" are retained 

after the initial purchase to purchase a second collector section at 15 

years, and that secondly the ratio between the capital costs of the col­

lector and the generating section is maintained at 3:1. (This estimate 

or cost proportions is based on discussions with Larson (1976) and Sands 

(1976) . The "justified initial cost" is the delivered and operating 

costs for a solar plant at year zero. It does not include the cost of 

the later collector. It should include adjustment for the additional
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Table 16. Justified Investment in Solar Equipment for Various Values of 
Pumping Lift, Pumping Efficiency, and Discount Rates (1976 
dollars).

Overall _______________ Pumping Lift______________________
Pumping Very Shallow Shallow Typical Deep
Efficiency (200 feet) (360 feet) (460 feet) (560 feet)

Low i = .040
(.42) i = .085

i = .130

Typical i = .040
(.54) i = .085

i = .130

High i = .040
(.66) i = .085

i = .130

450,197 810,460
279,826 503,694
195,172 351,314

350,198 630,364
217,645 391,765
151,802 273,246

286,529 515,752
178,075 320,535
124,203 223,565

1,035,602 1,260,727
643,618 783,531
448,907 546,493

805,463 980,579
500,588 609,421
349,148 425,056

659,016 802,298
409,573 498,621
285,567 347,775
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operation and maintenance annual cost streams that are introduced on the 

farm by the solar plant.

Justifiable Cost before O&M Charges

As we have noted earlier, fixed electrical generation equipment 

typically is expected to have an operational life of around 30 years.

On the other hand, the solar collector section of solar-thermal genera­

tion plant, which both requires untried technology and which will neces­

sarily be subjected to a somewhat severe physical environment, has been 

assumed to have an operational life only half that of the generating sec­

tion. Accurate estimates of operating life prepared in advance of actual 

experience with the collector equipment are very difficult to make.

To satisfy the electrical demands of farms similar to the solar 

farm described in Chapter II, farms ranging in size from roughly 200 to 

2,000 irrigated acres requires solar-thermal plants of from 1 to 10 1OT . 

("MW^" means megawatts-thermal and refers to the maximum rate heat is 

generated within the solar plant; this parameter can be used to charac­

terize the plant capacity as can "kw^," or kilowatts-electric, which 

refers to the power output of the plant.) For such plants it is esti­

mated that three-fourths of the initial capital costs will be spent on 

the shorter-lived collector section.

The basic present value problem is somewhat complicated here by 

the fact that the collector section of the solar suite only operates for 

15 years. If solar farm were to spend all its justified investment from 

Table 16 immediately, the solar plant would operate for only 15 years. 

After the 15 years were up, solar farm would be left with an inoperable
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collector hooked up to a still operable electrical generation system. No 

further investment could be justified for replacing the solar collector. 

So, the problem is to determine how much of the total justified invest­

ment capital can be invested in a generator and collector, that is in a 

solar plant, at the start of the project and how much of it should be 

conserved for purchase of a second solar collector 15 years into the 

project.

Looked at from a different point of view, solar farm may not use 

all of the justified investment at the start of the project because if it 

did it would again be faced with paying for off-the-farm electricity be­

tween the fifteenth and thirtieth year of the project. This would vio­

late the assumption under which justified investment was computed. Since 

it may not "invest" all of the stream of electricity costs in solar 

equipment initially, it in effect has a stream of savings for the first 

fifteen years, and it then invests this money (principal and interest) at 

the fifteenth year in the second collector section.

Let Cc be the justified initial cost for the collector section 

and Cg be that of the generating section of the solar plant. The total 

justified initial cost for the solar plant is:

C = C + Ct e g
From the present worth factor and the constant annual solar farm elec­

tricity costs over 30 years the upper bound on current solar investment 

has been computed; call this is the maximum amount of capital

solar farm can justifiably commit to the purchase of a solar system over 

the 30-year project and still leave its financial position unchanged.



It is assumed that solar farm will pay the same amount at the 

start of the project for a collector as it pays in the fifteenth year, 

that is, that the cost of the collector does not change with time. The 

amount of the justified investment not spent at the start of the project 

(It - C^), that is, the amount conserved for purchase of the second col­

lector, together with its compounded interest, is made to equal the 

justified cost of the collector section at the fifteenth year, that is:

cc = (it - ct) (i + i)15 = (it - [cc + cg]) (i + i)15
It was estimated that the ratio between the initial cost of the collector

section and of the generating section is 3:1, or C = 1/3 C ; substituting8 c
this expression into the above equation results in:

Cc = (It - [4/3] Cc) (I + i)15,
and, solving for C^:

Cc + (4/3) Cc (1 + i)15 - Ic (1 + i)13 

Cc = It (1 + i)15 / (1 + [4/3] [1 + i]15)

Since 1^ is known from Table 16, may be computed. With known the

values of Cg and quickly follow. The results of this computation are 

shown in Table "17.

The figures in Table 17 estimate the level of initial cost the 

solar system designer will have to meet to compete with conventional 

energy pumping systems for farms operated similarly to solar farm. The 

most likely "future states" lie along the diagonal running from the 

upper left to the lower right of the table. As expected, the results 

show the following: the more efficient the farm wells, the less the

justified initial cost level for solar; the higher the interest rate, the 

less the initial cost; and the greater the pumping lift the greater the
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Table 17. Justified Initial Costs for Collector Section, Generator Section, and Total Solar Power 
Plant for Solar Farm Financial Breakeven in Thousands of 1976 Dollars.a

Pumping Lift
Shallow (200 feet) Moderate (360 feet)

Collector
Section

Generator
Section

Total Solar 
Power Plant

Collector
Section

Generator
Section

Total Solar 
Power Plant

Low i = .040 211 70 281 429 143 572
OPE i .085 170 56 226 306 101 407
(.42) i .130 131 43 174 234 78 312
Typical i = .040 185 62 247 334 111 445
OPE i .085 132 44 176 238 79 317
(.54) i .130 100 34 134 161 50 212
High i .040 151 51 202 273 91 364
OPE i .085 109 36 145 195 65 260
(.66) i .130 82 27 109 148 50 198

Typical (460 feet) Deep (560 feet)

Low i .040 549 182 731 667 223 890
OPE i .085 389 130 519 474 158 632
(.42) i .130 299 100 399 364 122 486
Typical i .040 426 143 568 519 173 692
OPE i = .085 303 101 404 368 122 490
(.54) i .130 234 78 312 283 95 378
High 1 .040 349 116 465 424 142 566
OPE i = .085 247 82 329 300 100 400
(.66) i = .130 190 63 253 232 77 309

a. Costs exclude downward adjustment for additional O&M added to farm budget because of presence of 
solar plant.
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initial cost. For the typical OPE and lift at the typical interest rate, 

a $404,000 investment in the solar suite is justified even at the low 

electricity prices currently existing in Pinal County. (Note the figures 

in the table can be used for rough estimates of the per acre amount of 

justified initial cost; that is, in the typical case the result might be 

read as $404 of initial solar plant cost per acre of irrigated crop on 

solar-farm type farms.) Doubling the price of electricity, which would 

about bring it in line with the going rate elsewhere in the state, will 

double the justified initial cost of the solar plant. Recall, however, 

in return for this investment in solar equipment it was assumed at the 

beginning of this chapter that all conventional energy requirements are 

obviated. As was mentioned in Chapter II in discussing the duty factor, 

there are technical reasons why this may not be a practicable approach.

A discussion of solar system alternative suites will be taken up in the 

latter part of the next chapter.

Justifiable Cost after O&M Charges

It should also be noted again that in computing Table 17, the 

effect of the additional solar farm O&M charges caused by the solar plant 

have not been included. As an example of the possible magnitude of the 

effect of additional O&M on the results, if, for the typical case, $16,700 

is in fact required per year to maintain and operate the solar plant, the 

annual effect of the solar system on the solar farm budget is a savings 

of $29,880 rather than $46,580, 36% less. As a result, the justified 

level of solar system cost would likewise be reduced by 36% of its Table 

17 level, that is, from $404,000 to $259,000. Under the same assumed
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level of 0&M, $16,700, the largest justified initial cost (for OPE = .42, 

lift = 560 feet, i = .04) falls from $890,000 to $686,000, while at the 

lowest level of justified initial cost (OPE = .66, lift = 200 feet, i =

.13) the investment is not worthwhile for any solar plant cost. Some 

other drops in initial cost with $16,700 of annual O&M are from $400,000 

to $256,000 at OPE = .66, lift = 560 feet, i = .085; from $317,000 to 

$172,000 at OPE = .54, lift ■ 360 feet, i = .085; and from $226,000 to 

$81,000 at OPE = .42, lift = 200 feet, i = .085.

These examples of the effect of O&M charges on the justified 

initial cost of a solar plant should be sufficient to show the dramatic 

sensitivity of initial justified costs of the solar plant to the assump­

tions regarding 0&M levels. The $16,700 estimate is based on one man- 

year of skilled labor plus about $4,000 for tools and materials. Fur­

ther development of these compensated initial cost estimates is un­

warranted because of the perforce low quality of the estimate of 0&M 
charges.

Other Factors Affecting Justifiable Cost

By comparing Tables 16 and 17, some idea of the effect of the 

length of the operating life on the justified initial cost of the col­

lector section can be gained. Again for the typical case, for collector 

operating life of 30 years rather than 15 years, the initial collector 

cost rises from $303,000 to $375,000. Comparing the figures from Tables 

16 and 17 should give the solar designer some idea of what an extra 15 

years of life is worth and of how much can be spent for the extra fabrica­

tion care and the more endurable materials. Along the same lines, if the
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proportion of total initial costs going into the shorter-lived solar col­

lector could be reduced from 3/4 to 1/2 in the typical case, the total 

justified initial solar system cost would rise from $404,000 to $436,000. 

Using the same approach as above, it can be shown that if the collector 

operating life happens to be 10 years rather than 15 years, initial cost 

as a percentage of justified initial cost falls from 80% to about 70% of 

justified total investment.

This concludes the derivation of the justified initial cost of a 

solar-thermal electrical generation plant for solar farm. Awareness of 

the method used here is as important as the results. Consideration of 

such questions as how solar farm could carry the extra several hundred 

thousand dollars of financing needed is important but beyond the scope of 

this thesis. In Chapter IV, estimates of the actual initial cost of a 

solar plant will be derived and the entire question of feasibility will 

be recast into a framework of electrical power prices.



CHAPTER IV

DESCRIPTION AND ASSESSMENT OF BASIC 
SOLAR SYSTEM AND ALTERNATIVES

The basic solar system envisioned for use on Pinal County farms 

for irrigation pumping is built around a central, solar-electric power 

station. This station supplies electricity through existing power lines 

to all remote well sites. Such an arrangement is attractive since it 

allows the farmer to locate the solar plant in an area of the farm that 

is not cropped. The solar plant should have no effect on existing wells. 

There should be no difference in irrigation operations between operating 

with electricity from a central solar plant or with electricity supplied 

from off the farm except in the limited hours of availability of solar 

electricity. Transforming solar energy to electricity also makes it pos­

sible to perform farm jobs other than irrigation with solar electric 

power and to sell or trade excess electric capacity to electrical util­

ities. There is generally a high-level of flexibility possible in the 

central plant arrangement. Considerations regarding alternative system 

arrangements will be discussed toward the end of this chapter.

Basic Solar System Plant

Figure 3 shows the arrangement of major components in a basic 

solar-thermal electrical generating plant such as might be built on a 
heavily irrigated Arizona farm.
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Figure 3. Basic Arrangement of Components for Solar System.
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Physical Description

The solar-thermal electricity plant consists of two main sections: 

a solar-collector section and a generator section. The solar collecting 

section comprises the collector itself, an auxiliary energy storage or 

heat generation component, and a means of transferring this heat to the 

generating section. The generating section comprises a turbine, the 

generator itself, associated switching and supporting gear, and a 

condenser.

The solar collector expected to be used for the thermal-electric 

solar plant is of the central-tower type. In a central-tower collector 

the radiant energy from the sun is focused by a large field of specially 

shaped mirrors onto an elevated collector pipe located centrally in the 

mirror field. A high heat capacity fluid passing through this pipe is 

heated to a high temperature and pressure by the solar energy.

After leaving the collector area, the fluid is conducted through 

a short-term thermal storage system. Here the heat gathered from the 

energy of the incoming sunlight can be stored possibly by heating rocks. 

The heat-storage system functions as an auxiliary energy source during 

short periods of a few hours or so when sunlight is reduced. It also 

serves to carry irrigation operations on into the evening hours. A 

small, conventionally fueled boiler might also be introduced into the 

system here for the same purposes.

Following its passage through the heat storage component, the 

collector fluid enters a vapor generator, or heat exchanger. In the 

vapor generator the working fluid of the collector gives up its heat 

energy to a second fluid that is used to drive a turbine. The first
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fluid is then pumped back to the central tower. Two different fluids are 

used in the solar plant because of the two different types of jobs that 

must be done by them. The first fluid gathers and transports heat, and 

the second, after its conversion to a vapor, drives the turbine.

The turbine converts the heat energy carried in the second fluid 

vapor into mechanical energy in the rotating shaft of the turbine. In 

the basic solar plant, this rotating shaft is coupled to an electrical 

generator; alternatively, the shaft could be coupled directly to the well 

with no intermediate conversion of the energy to electricity. After 

leaving the generator and being transformed to the proper voltages and 

wave form for the electric motors, the electricity is switched into the 

existing power grid and transmitted to the individual wells. One or 

several of the wells might supply water to a reservoir. The water supply 

is used for condensing the spent fluid leaving the vapor turbine. One of 

the options to the basic design being described here is to store the 

water needed by the irrigation system temporarily in a gravity-feed 

reservoir, rather than pumping it directly to the fields. This may be 

necessary in some situations to match sunlight availability and crop ir­

rigation needs. This option and others will be considered toward the 

end of this chapter.

The estimated efficiency with which the energy conversions (from 

radiant-solar to heat to heat to mechanical to electrical) will be 

made is about .12. From the collector tower to the electricity output 

the plant efficiency is .16 (Sands, 1976). For an average coal-fired 

thermal-electric plant, the comparable efficiency level is about .33.
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Estimate of Basic Solar Plant Cost

Solar-thermal systems for generating electricity on the scale 

needed by large Arizona farms are not, as of 1976, advanced far past the 

conceptual, block diagram stage of development described previously.

Even less advanced are solar electric systems built around solar cells, 

i.e., devices for converting solar energy directly to electrical energy. 

Despite the existence of ongoing design development on solar collectors 

being carried out at several institutions in the United States, including 

the University of Houston, specific cost estimates for the collector and 

for entire solar-thermal electric generation systems are quite preliminary. 

In preparing cost estimates for the solar farm installation, the basic 

source of cost information used was data gathered by Strickland et al. 

(1976). The preparation of specific solar-plant cost estimates for 

solar farm was supervised by Sands (1976).

Before a cost estimate for the solar farm can be made, the size 

of the solar plant needed must be estimated. For this basic estimate 

the extra costs needed to match the solar plant availability with respect 

to sunlight hours to the solar farm crop irrigation schedule will be ig­

nored for the moment. This problem will be considered later. From the 

results of Chapter II for the typical case (460 foot lift, OPE of .54) 

the representative solar farm consumes 3,881,700 kwh (or 443 kw^ peak 

capacity) in raising 4,450 acre-feet of water. For the busiest month, 

April, the 609 acre-feet needed requires 531,230 kwh of electricity (or 

738 kwe peak), and for the highest semimonthly period, late May, 335 

acre-feet are pumped, requiring 292,220 kwh (761 kw^ peak capacity). The 

maximum possible electric demand by the four 1,200 gpm well system is
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800 kw^. Thus, for a solar-thermal to electrical transformation effi­

ciency of .16, the appropriate size of the solar plant for the repre­

sentative solar farm would be (800 kw/.16) 5.0 .

The estimates of initial costs for a 5-MN^ solar generating plant 

to supply all four wells of solar farm are (Sands, 1976):

central-tower collector $ 750,000

800-kWg turbine/generator 114,400

vapor generator 20,000

condenser 39,500

thermal-storage capability 90,000

plumbing 45,000

switching and controls 20,000

equipment subtotal $1,078,900
construction costs (administration) 50,000

buildings and improvements 50,000

TOTAL INITIAL COSTS $1,178,900

The thermal storage device assumed here possesses sufficient capacity to 

drive the turbine-generator for three hours on its own after being fully 

charged; however, the thermal storage component may be the least well 

understood item in the entire solar electric plant. An auxiliary, con­

ventionally fueled boiler and a large water reservoir are not included in 

this first basic estimate of generalized solar-thermal plant costs. It 

is also assumed that this estimate is for an operational plant and not 

for a prototype one. The cost of a prototype plant would probably be an 

order of magnitude greater than the cost total shown above.
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The $1.2 million estimate above exceeds all the earlier estimates 

of justified initial cost for a solar-thermal electrical generation system 

for solar farm even though the extra costs needed to match the solar in­

stallation to solar farm's irrigation schedules have not been added in as 

yet. Only the justified cost figures for an OPE of .54 and a pumping lift 

of 460 feet in Table 17 should be compared with the $1.2 million figure 

above since different physical situations will require different sizes 

of solar plant. For the typical solar farm case the estimated cost of 

the solar plant is three times its justified initial cost even when both 

are viewed under the most idealized and favorable of circumstances. If 

the price of financing the solar plant is subsidized in some fashion to 

lower the effective discount rate for solar farm to .04, the estimated 

cost of the solar plant is still twice that justified. The highest justi­

fied cost, viz., for a farm with a low OPE and a large lift and with 

access to subsidized funds is $890,000. A solar plant large enough for 

such a situation would cost roughly $1.9 million (scaling cost linearly 

with increasing energy output); in this case, again, the justified 

initial cost is still only half the estimated plant cost.

Solar Energy "Price"

Since the justified investment rises proportionally with energy 

price, the above results can also be stated in terms of price; the solar- 

thermal generation system would be feasible in its basic arrangement if 

the present price of electricity in Pinal County were to rise roughly 

three times above its present 12 mills/kwh level. A doubling of Pinal 

electricity prices seems probable when current long-term contracts for
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electricity from hydropower projects held by the various electric dis­

tricts expire. An eventual further 50% relative price rise beyond that 

level does not seem beyond reason given the increasing scarcity of fossil 

fuels. Because of the length of electric district contracts, Pinal County 

farmers will probably not be interested in considering solar power for 

pumping groundwater before about 1990 except possibly in a few individual 

situations.

These results might be more informative to some if cast directly 

in terms of price rather than investment levels. The farmer will carry 

a cost in his books representing the capital recovery charge for the in­

vestment he has in the solar equipment. If he amortizes the collector 

over 15 years and the other solar system components over 30 years, both 

at a discount rate of 8.5%, then, the annual sinking fund level will be 

$90,315 for the collector and $49,909 for the other system components for 

a total of $130,224. Expressed in terms of dollars per kilowatt-hour • 

based on the annual kilowatt-hours used on solar farm (3,881,700 kwh), 

the sinking fund level becomes a surrogate "price" for solar generated 

electricity. For solar farm this surrogate price is 33.5 mills/kwh,

2.8 times the present 12 mills/kwh rate.

The presence of the solar equipment adds to the operation and 

maintenance charges of the solar farm budget. The major share of these 

charges is due to the fact that the solar equipment is expected to re­

quire constant attendance when in operation (Sands, 1976). To cover 

additional O&M charges of $16,700, the basic 33.5 milIs/kwh price must 

be raised by 4.2 mills/kwh to 37.7 mills/kwh, 3.1 times the present Pinal
County electricity rate.
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Economists willing to predict future electricity prices are not 

very common. It is a difficult and uncertain business. Joskow and 

Baughman (1976) have made such estimates based on large-scale modeling 

of the U. S. economy in connection with their study of the future of the 

U. S. nuclear energy industry. They develop price results for nine future 

energy scenario cases. The most interesting of these cases are: Case 1,

a base case in which all prices remain at current levels but in which 

natural gas is unavailable to all but the most critical uses; Case 2, 

where high air pollution standards are placed on coal and oil-fired 

generating plants; Case 4, in which utility plant siting regulations and 

procedures are streamlined; Case 7, in which it is assumed that the cost 

of fuel for fission plants becomes quite high; and Case 8, in which the 

OPEC cartel breaks up. Table 18 shows the Joskow and Baughman results. 

Unfortunately, the Joskow and Baughman results are in nominal-dollar 

terms while the results of this study are in constant 1976 dollars. The 

numbers in parenthesis in Table 18 are Jaskow and Baughman’s results 

deflated for a long-term 4% inflation rate in the economy.

From Table 18, and if the assumption of a long-term inflation 

rate of 4% over the next 20 years is correct, the greatest "natural" 

rate of increase in the price of energy is 1.2% (Case 7) and the least 

.8% (Cases 1 and 2). If it could be presumed that the 1.2% rate of 

growth in energy prices would continue past 1995, it would require 38 

years, till about 2015, for solar to be equal to the price of electricity 

from conventional sources. On the other hand, the base case scenario 

indicates solar feasibility might be as far off as 100 years.
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Table 18. Electricity Price Projections.a

Year CclS 6 X Case 2 Case 4 Case 7 Case 8

1980 30.4
(25.0)

32.4
(26.6)

30.4
(25.0)

30.9
(25.4)

28.5
(23.4)

1985 37.6
(25.4)

38.5
(26.0)

37.0
(25.0)

38.5
(26.0)

36.7
(24.8)

1990 47.0
(26.1)

47.4
(26.3)

46.2
(25.6)

50.1
(27.8)

46.1
(25.6)

1995 60.9
(27.8)

60.9
(27.8)

64.8
(29.6)

65.9
(30.1)

65.1
(29.7)

a. Prices in mills/kwh.

Source: Joskow and Baughman (1976, p. 20).
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Conn and Kulcinski (1976) have recently estimated the price of 

electricity generation with various technologies in Science. They 

estimated the price of solar electricity at roughly three times the 37.7 

mills/kwh estimate here (expected value of 108.3 mills/kwh with a range 

of from 70 to 185 mills/kwh). The prices they report for various exist­

ing different technologies were from 20 to 27 mills/kwh for current coal- 

fired steam and light-water reactors and from 20 to 30.5 mills/kwh for 

oil-fired gas turbine generators. For near future technologies, geo­

thermal power is estimated at from 25.8 to 52 mills/kwh and fuel cells 

from 55.8 to 74.2 mills/kwh. For post-1990 technologies they estimate 

the fast-breeder reactor at from 30.8 to 49.2 mills/kwh, Tokamak-type 

fusion power at from 40 to 62.5 mills/kwh, and electricity from magneto­

hydrodynamic (MHD) technology at from 49.2 to 67.7 mills/kwh.

From the Conn and Kulcinski (1976) estimates it appears that 

solar-thermal electricity as estimated herein would be competitive with 

those future possible sources of power now seen as contributing to the 

national energy picture after 1990. Solar is roughly 50% more expensive 

than existing technologies for electrical generation. Present technol­

ogies for generating electricity, however, rely on fuels (fossil fuels 

and uranium) that are in increasingly short supply. The 37.7 mills/kwh 

price put on solar power here is probably at the lower end of the pos­

sible price range for solar-thermal power; still, solar power should be 

competitive in an age of fossil fuel depletion with the other technical 

alternatives in view.

Crude comparisons of the economic worth of different technologies 

for generating electricity can also be made on the basis of dollars
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invested per kilowatt of capacity built. For the 5-MŴ . plant considered 

earlier, this figure of merit is $l,475/kwe (1976 dollars). Other esti­

mates of capital-to-capacity ratios are presented in a recent publication 

by the Western Interstate Nuclear Board (1976). These estimates, all for 

solar plants, are $l,490/kwe by MITRE Corporation (1970 dollars), $930/ 

kwg by The University of Houston/McDonnell-Douglas Corporation, and, on 

the low end, $735/kw^ by the Federal Energy Administration "Project 

Independence" staff. These estimates are generally for larger plants 

than the one considered here. In contrast the investment ratio stands 

at $350/kwe for fossil fuel plants with modem technology, $480/kw^ for 

light-water fission reactors, and $555/kwe for the breeder reaction. 

(These latter values are from Manne, 1973 inflated to 1976 dollars).

Further Considerations

In the remaining portion of this chapter some alternatives to the 

basic solar plant will be given and the effect of varying some of the key 

operating parameters of solar farm on the study results will be assessed. 

Specifically, the effects of increasing pumping lift on costs, the as­

sumptions regarding overall pumping efficiency, and the effects of rising 

energy prices on farm returns will be described. The first order of 

business, however, is to explore the options open for matching the oper­

ating schedule of the basic general solar plants to the specific irriga­

tion schedule of a solar farm.



Options for Matching Basic Solar 
System to Farm Irrigation Schedule

Considering the specific solar farm irrigation schedule developed 

earlier and using only the basic solar plant configuration just described 

insufficient sunlight operating time is available to assure satisfaction 

of semimonthly farm water pumping needs. As was mentioned in Chapter II, 

some option must be built into the basic solar plant irrigation system 

to increase its capability to operate during the periods of most intense 

irrigation. These options are discussed in the following section. The 

parameter values used in this section of the study are not meant to be 

interpreted as anything other than broadly indicative of hopefully reason 

able estimates. This section, therefore, is meant to indicate what trade 

offs among options must be considered, but the tradeoffs cannot actually 

be made until engineering definition of the solar-thermal components and 

environment is further advanced. The main reason consideration of solar 

plant operation availability has been postponed to this section is the 

desire to avoid debilitating the earlier basic cost estimates by adding 

into them the less certain ones presented here.

By extrapolating some of the data from Chapter II, the duty 

factor needed to satisfy irrigation needs and the best available plant 

operational duty factor because of the length of day can be derived 

(Table 19). In deriving the solar plant duty factor it was assumed 

that the short-term energy storage component already included in the 

basic system is used only to counterbalance the hours of cloudiness ex­

perienced during the year and that the system was up to design-level 

power output for all but 5% of the daylight hours on either end of the

74
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Table 19. Matching of Irrigation Needs with Sunlight Available.

Period Duty Factor Needed Duty Factor Available

January
Early .33 .37
Late .41 .38

February
Early .35 .39
Late .37 .41

March
Early .56 .43
Late .77 .45

April
Early .96 .48
Late .96 .50

May
Early .80 .52
Late .99 .53

June
Early .92 .54
Late .92 .54

July
Early .92 .54
Late .86 .53

August
Early .92 .52
Late .70 .50

September
Early .89 .48
Late .13 .45

October
Early .20 .43
Late .02 .41

November
Early .16 .39
Late ” .38

December
Early .02 .37
Late .41 .37
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day, i.e., for 90% of the sunlight hours. The average duty factor maxi­

mum of the basic solar plant is .455. Over a year, then, the basic 

solar plant will because of the sunlight constraint be able to deliver 

only enough power to pump 3,520 acre-feet (365 days x 4 pumps x 5.3 

[acre-feet/pump/day] x .455). Thus, though the wells are sufficiently 

/ large to supply the 4,450 acre-foot requirement of solar farm, because

of the solar limit on operating time, the entire system under basic 

solar power falls short of need by 930 acre-feet.

The unmet water need can be countered with four basic options: 

the first is to add additional well capacity to the system; the second 

is to add energy storage capacity beyond the minimum level in the basic 

system; the third is to purchase the additional energy needed to operate 

at night from off the farm; and the fourth is to add a reservoir to the 

farm that would store water from slack pumping periods late in the year 

to supply it to crops the following spring and summer.

A reservoir could not be used to meet the solar farm irrigation 

need on its own; it would have to be used together with one of the first 

three options. This follows since the slack pumping time in the basic 

system, when the reservoir would be filled, is only sufficient to pump 

650 acre-feet. Selecting from among the four options above, then, would 

be a three-step process of first finding which of the four options is 

cheapest for supplying the first 650 acre-feet needed, then which of the 

three remaining options is best for satisfying the last 280 acre-feet 

needed, and finally, comparing the results from steps one and two to the 

possibility of using one of the first three options for supplying all 930 

acre-feet. The last step is only necessary where marginal investment
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costs in additional well capacity, added storage energy capacity, or ob­

taining supplemental energy from off the farm decrease with size.

Costs that would have to be considered for the reservoir system 

are the cost of excavation, the cost of anti-seepage and anti-evaporation 

measures, the cost of extra distribution system needed, and the present 

value of the extra pumping needed. Using cost figures supplied by Sands 

(1976), the cost of the reservoir alone for solar farm is estimated to 

be $320,000. This additional cost would raise the total solar system 

costs up to the neighborhood of $1.5 million. Sand's cost figures also 

show that, if the reservoir option is selected, the extra expense to 

control seepage and evaporation is worthwhile.

For the added well capacity option not only would the cost of the 

wells have to be considered, but also the cost of additional solar plant 

capacity to power the wells. These costs would add about $390,000 to the 

basic system estimate, raising it to around $1.6 million. Also, most 

Arizona farms face legal restraints on the well capacity they can use, 

limiting them to historical usage levels. These institutional hurdles 

would have to be cleared.

The thermal-storage option also requires additional collector 

capacity to supply the extra heat needed; further, the cost of the addi­

tional storage capacity is likely to increase faster than the proportional 

increase in heat storage capacity. Strickland et al. (1976) has analyzed 

the options being considered here for a solar plant of from 0.5 to 1.25 

MWt size (versus the 5+ MW^ plant used for solar farm). His conclusion 

is that the best choice is, generally, to select greater thermal-storage 

capacity. He prices 5.33 MWht of storage capacity at $32,000. If this



78

estimate is scaled up for a system to meet the solar farm needs (about 

60 MWht of storage capacity) about $2 million would be required for in­

vestment in the storage component of the system alone. Thus, this 

option does not seem acceptable.

Additional energy can be brought on to the farm by either pur­

chasing fuel for a boiler that is built into the solar plant or by 

purchasing electricity directly from a utility for supply to the well 

motors. Seemingly the latter option would be cheaper than the former 

since one would expect that the electric utility can generate electricity 

cheaper than the farm plant using conventional fuels. It seems quite 

likely that the solar farm and the local utility would be able to arrive 

at some working agreement beneficial to both parties. Under such an 

agreement, the farm solar plant would function as a substation during 

times when the utility faced peak demands in return for the utility's 

supplying electricity to. the farm during peak irrigation times.

There is not enough specific information to decide which of the 

options discussed above would be the actual one selected. The indication 

is, however, that the final solar plant irrigation system for the solar 

farm situation would cost a minimum of $1.6 million. Cast in terms of 

solar electricity "price" this would represent a minimum price of 50 

mills/kwh.

Direct Steam-driven Well Power Systems

There are several ways of designing a solar plant to accomplish 

the well pumping job other than that shown here though the one shown 

here is the most probably basic system (Strickland et al., 1976). For
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instance, it is possible to arrange the solar equipment so that the work 

of pumping is done directly by a turbine mechanically coupled to the pump 

shaft. Each well would then have its own individual solar collector 

system. The existing electric motors on the wells could be sold and 

replaced by the appropriate mechanical transmission system for connecting 

the turbine shaft to the well shaft.

Compared to an electrical system, this alternative seems to suf­

fer mostly from lack of system flexibility. Operating and maintaining 

several separate solar systems would likely be more expensive than it 

would be for one central system. Because of the lack of data, technical 

and economic, costs for a direct steam well power system for use on solar 

farm cannot be estimated. The break-even levels for the representative 

farm will be about those shown in Chapter III since the salvage value of 

the existing electric motors is not very great. For the typical solar 

farm case, then, around $100,000 initial investment would be justified 

per well.

Water Conservation Alternatives

The first reaction of farmers to higher prices of energy is 

likely to be to try every means possible to conserve water. The net 

effect of water conservation changes will be to make solar plant invest­

ment look less attractive than it would compared with relatively wasteful 

use of water. Among the most common means for avoiding water waste are 

improving the distribution used for delivering water from the wells to 

the field, better preparation of the field, and the use of irrigation 

systems that can satisfy plant consumption needs with less water. This
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study has assumed throughout, in fact, that solar farm has moved quite 

far in avoiding water losses in the irrigation system. The plant con­

sumptive need of the solar farm crop mix is about 3,100 acre-feet (Ari­

zona Agriculture Experiment Station, 1968); thus, the solar farm irriga­

tion system is operating at an overall water application efficiency of 

69%. This is closer to the water application efficiency expected for 

sprinkler irrigation systems than the historic level encountered with 

furrow irrigation systems, which encounter closer to 55% efficiency. At 

a 55% irrigation efficiency the amount of water that must be withdrawn 

from solar farm wells rises from 4,450 to 5,580 acre-feet, a 1,130 acre- 

feet increase. Justifiable solar plant initial costs would rise about 

25% because of the inefficiency induced pumping.

Effect of Increasing Pumping Lifts on Costs

Most of the attention in this thesis has been directed at rising 

energy prices as the reason for making the changeover from conventional 

to solar electricity. Another possible reason might be increasingly 

large pumping lifts. Greater lifts increase the energy demanded by the 

wells and thus the electric bill to the farm, and the higher the electric 

bill the more capital investment the farmer can justifiably put in a 

solar system.

The above reasoning, however, depends on the cost of providing 

additional solar power rising less quickly than does the quantity of 

electricity needed to operate at increasing pumping lifts, that is, on 

the existence of economies of scale in the solar plant. Scale economies 

are quite common in the electric utility industry for smaller utilities,



but, as it turns out, they seem to represent a rather weak effect in 

solar technology applications (Sands, 1976).

The weakness of scale economy effects has two major implications 

for the feasibility of on-farm generation of solar electricity. The 

first is that solar feasibility is almost indifferent to pumping depth. 

Greater pumping lifts will continue to penalize farm operations whether 

solar or conventional energy is employed. The second is that the weak­

ness of scale economies adds greater credence to the concept of generating 

electricity on the farm. If there were scale economies in solar elec­

tricity generation, it would be more reasonable to expect that solar 

electricity would be generated at a central electric-utility plant cap­

able of realizing these economies as is now the case for conventional 
energy systems.

For the representative farm and basic solar system, each addi­

tional 100 feet of lift requires 1.07 MW additional thermal capacity. 

Basic solar plants of 4- and 6-MW^ capacity were costed out (Sands,

1976). These plants should be sufficient to satisfy the representative 

farm power needs at 370 and 550 feet, respectively at an OPE of .54.

The 4-MWt plant (640 kw^) had a figure of merit of $l,484/kw^; the 6- 

MWt plant (960 kw^) had a similar figure of $l,463/kw^. The comparable 

figure for the base case was $1,475/%#^.

The solar plant fails to show important economies of scale be­

cause the collector, which constitutes well over 50% of the costs of 

the plant, is assumed to increase in cost proportionally with the amount 

of energy it must supply. This is so because the amount of energy sup­

plied by the collector is a direct function of collecting area, and most

81



of the costs of the collector are in its sunlight gathering section 

(mirrors). As further evidence of the weakness of the scale economies 

effect, going from 4- to 5- to 6-MW^ sized plants results in an average 

savings of .27 mills per kwh. (This figure was derived using the same 

computational procedure as for the previous solar energy "price" analy­

sis.) It is assumed that this one-quarter mill scale economy holds con­

stant as the size of the plant increases, even though the collector cost 

will become increasingly predominant as the size of plant increases and, 

hence, scale economies will vanish. For this constant scale economy, 

financial breakeven based on increasing pumping lift does not occur until 

irrigation wells have reached 4,800 foot lifts.

Effect of Overall Pumping Efficiency

The overall pumping efficiency (OPE) of the well is equal to the 

efficiency of the electric motor times the efficiency of the pump. It 

can be computed with the equation:

OPE = (discharge, gpm) • (lift, feet)/kw^ • 5306.4 

where kw^ is kilowatts input demanded. OPE's found in Arizona vary from 

under .30 to over .70 (Nelson and Busch, 1967). To some extent OPE's 

are beyond the control of the farmer since they depend on the design 

characteristics of the electric motor and the geologic formation from 

which the well draws water. To a surprising extent, however, OPE can be 

controlled by an active maintenance program. Under ideal conditions OPE 

can approach .75 (Nelson and Busch, 1967).

Hathom (1976) puts great emphasis on the importance of monitor­

ing OPE on the farm and of taking remedial action, i.e., replacing bowls,
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when the OPE falls below a certain economically critical level. Such an 

OPE-awareness program would certainly seem to be one of the first and 

highest priority energy conservation steps for the farmer to take with 

respect to reducing the energy used in irrigating crops. It would be 

expected that with rising energy prices investment in well durability 

and maintenance will increase and OPE's will trend upward.

The .54 typical OPE figure used for the solar farm is an average 

figure from the mid-1970's that should tend in the future to be charac­

teristic of only the less well managed farms. An electric plant sized 

to supply .54 OPE wells should operate with a comfortable capacity margin 

throughout its life. For example, raising the solar farm OPE to .60 

lowers the megawatt-thermal demand from 1.07 per 100 feet of lift to 

.93 MWfc per 100 feet of lift, reducing the needed size of the solar plant 

from 5 MWt to 4.3 MN^. If the OPE is raised to .68, megawatt-thermal 

demand per 100 feet of lift becomes .82, and the needed size of plant 

falls to 3.8 MŴ ,. Viewed from the other direction, OPE’s of .60 and .68 

would permit the base case 5-MW^ plant to supply the representative farm 

with lifts of 535 and 610 feet, respectively.

Effect of Rising Energy Price on 
Farm Financial Position

Elsewhere in this thesis it has been found that energy prices 

would have to rise three to four times relative to the price of other in­

puts and farm product prices to justify converting wells from electricity 

bought off the farm to electricity generated on the farm with solar 

power. Note that this is a relative rise in energy prices compared with 

other prices and not necessarily an absolute rise above current levels.
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Assuming electricity prices were to rise at an annual rate of 7%, other 

factor and product prices being fixed, then solar power would be expected 

to become feasible sometime between 1990 and 1998. Now assuming that 

other farm-related prices experience a 5% rate of rise and holding the 

rate of rise in the price of electricity at 7%, the relative rate of rise 

in electricity prices is 2%, and solar use becomes feasible on the Pinal 

farm sometime between 2020 and 2050. Recall this latter case is quite 

close to that obtained using the modeling results of Joskow and Baughman 

(1976).

In the brief analysis performed in this section, it is assumed 

that the relative rise in the price of energy needed to make solar power 

feasible does in fact occur. The question to be answered now is: What

effect does the higher price of energy have on solar farm net returns?

The concern is that the needed energy price rise for solar power to be­

come feasible will squeeze solar farm returns past the limits of profit­

ability. . Results such as are given here give only the grossest approxi­

mation of the future since the myriad of short-term adjustments to rising 

energy prices that will take place while moving from the present to the 

hypothesized future are ignored. In essence the results represent only 

the immediate effect of 250%, 350%, and 450% rises in the price of energy 

on the solar farm net returns assuming the rest of the economy remains 

unchanged.

To compute the effect of the energy price rise the representative 

farm budget is adjusted at two places; the cost of electricity for the 

wells and the cost of fuel for trucks, tractors and self-propelled
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machinery. Other highly energy dependent inputs such as nitrogen ferti­

lizer are not adjusted for the energy price rise.

Table 20 shows the effect of 250%, 350%, and 450% relative rises 

in the price of energy. The change in nonwater-related variable costs 

(NVC), water-related variable costs (WVC), the consequent revised net 

return to crops, net return per acre, and percentage decrease in net 

return per acre from the base case are computed. The results in Table 

20 show that solar farm could survive financially into the high-priced 

energy future, but at energy prices three times the current price the 

farm operation would be a marginal one. From the results in Table 20, 

it does not appear that rising energy prices will ruin Pinal County 

agriculture before solar electricity generated on the farm can become a 

feasible alternative; however, there will certainly be some major ad­

justments, and clearly some farms will become unprofitable.

These results also indicate that Pinal County farmers as typified 

by solar farm would tend to move into wheat and out of cotton if the 

prices of these two crops remains relatively stable. The strength of 

alfalfa in the face of rising energy prices as shown in Table 20 is il­

lusory because most of the nonwater-related variable costs (i.e., fuel 

costs) are hidden in the assumed custom harvesting and hauling services 

used for this crop (an artifact of using Hathorn's standard budgets). 

Cotton production is more sensitive to rising energy prices since not 

only does it require liberal amounts of water, but also liberal use of 

fuel consuming machinery. It is the most energy intensive crop of the 

two basic Pinal County crops examined in this study. Even SOc/lb. cot­

ton, however, remains marginally profitable up to about a 175% rise in
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Table 20. Effect of Rising Energy Prices on Solar Farm Net Returns.

Alfalfa Cotton Wheat

250% rise in energy price:
Change in nonwater related 
variable costs (NVC) 

Change in water related 
variable costs (WVC)

New net returns 
Net returns per acre 
Percentage decrease in net 

returns per acre

350% rise in energy price:
Change in nonwater related 
variable costs (NVC) 

Change in water related 
variable costs (WVC)

New net returns 
Net returns per acre 
Percentage decrease in net 

returns per acre

450% rise in energy price:
Change in nonwater related 
variable costs (NVC) 

Change in water related 
variable costs (WVC)

New net returns 
Net returns per acre 
Percentage decrease in net 

returns per acre

$12,552.66 $ 3,583.47$ 1,031.05

11,231.97
4,481.96

41.88

73%

1,718.42

18,719.95
(3,663.39)

(34.23)

122%

2,405.78

26,207.93
(11,838.00)

(110.65)

171%

39,180.92
(27,108.57)

(56.83)

203%

20,921.10

65,301.52
(61,599.16)

(129.14)

334%

29,829.54

91,422.13
(96,088.31)

(201.44)

466%

21,480.21
9,270.04

22.28

71%

5,972.45

35,800.35
(7,439.08)

(17.88)

122%

8,631.43

50,120.49
(24,148.20)

(58.05)

171%
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energy price and continues to cover variable costs to about a 350% rise 

in energy prices. Alfalfa at $80/ton ceases to cover variable costs at 

about a 400% rise in energy prices, while $135/ton wheat ceases to be of 

even short run interest at about a 450% relative rise in energy price.

Conclusion

All the further considerations discussed in the last part of this 

chapter have tended to argue against the possibility of using solar- 

powered wells for pumping groundwater on the representative farm. First 

it was shown that the operational limitations inherent in relying on sun­

light as an energy source are indeed critical to the satisfaction of 

crop irrigation needs and can only be overcome at considerable expense. 

Alternative arrangements such as directly steam-turbine driven wells do 

not have any apparent advantage over the basic solar system arrangement. 

It also appears that farms such as the representative farm would have 

considerable room for improving on the efficiency with which irrigation 

is carried out before having to resort to such drastic action as pur­

chasing a $1.6 million solar plant. Furthermore, it was shown that in­

creasing pumping depths have very little effect on the feasibility of 

solar pumping. Finally, the future price rises necessary to make solar 

pumping feasible also bring the viability of the entire farm operation 
into question.



CHAPTER V

DISCUSSION OF RESULTS AND CONCLUSIONS

Arizona farm operations have been successful up to the present 

because of plentiful supplies of both water from groundwater supplies 

and energy. Further, both of these key inputs to Arizona agricultural 

production have been available at relatively affordable levels. Ari­

zona's farm industry uses not only large amounts of water but concomi­

tantly large amounts of energy, something like 8%, of the State's elec­

trical power supply. How the Arizona farmer might adjust to rising 

energy prices is an important question for consideration by the State's 

agriculture infrastructure and its energy planners. This thesis has 

addressed one part of this larger question through an analysis of the 

feasibility of using solar power to pump groundwater in Pinal County.

Pinal County poses a severe test of solar feasibility because of the 

artificially low prevailing electricity rates. The 12 mill rate used 

in this report is only about half the normal rate level elsewhere.

One of the more glamorous technical options for adjusting to 

higher energy prices is the use of solar power to "free" the farm from 

expensive and uncertain fossil-fuel-based energy systems. Solar power 

could be used to generate electricity in a solar-thermal electrical gen­

erating plant located on the farm. Despite all the publicity this 

particular option has received in the popular press, not very much in the 

way of engineering or economic data have been forthcoming. Unfortunately,
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the data missing are those needed to perform a truly rigorous financial 

analysis of the feasibility of solar power.

The lack of firm data can probably only be overcome through 

building and monitoring the operations of a solar electric plant. The 

federal government is currently evaluating bids for a solar-thermal 

prototype plant, including a $100 million proposal from a consortium 

including Arizona Public Service, Tucson Gas and Electric, and the Salt 

River Project. A decision regarding these bid proposals is expected 

early in 1977. Important questions that need answering are:

1. What are the scale economies connected with solar-thermal 

plants; in particular, what are the economies associated with the col­

lector and heat storage components of the system?

2. What amount of operation and maintenance effort will be re­

quired for a solar plant? Can such a plant operate without fulltime 

supervision and without the care of someone with extensive special 

training?

3. What is the operating life of the collector section of the 

thermal-electric solar plant?

4. How and at what cost can solar energy be stored for later
use?

The paucity of data on solar power systems has made this study of 

the feasibility of using solar power to drive irrigation pumps on a 

representative Pinal County farm difficult. It has forced the study to 

be rather broad and general. Because of the data problem, it was de­

cided that the best approach to the question was to first construct a 

representative Pinal County farm to isolate out the needed parameters and
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then to compute the amount of initial investment that the farm could 

justify for a system that would free it from the need to purchase off- 

farm energy. This computation was made within a present-worth framework.

By using this approach, the question of solar system feasibility 

was answered with a minimum need for specific data concerning solar 

plant design and costs. It was answered indirectly in the form of a 

statement that if a solar system designer could create a system that 

met the justified initial costs based on the representative farm, he 

would likely find a market for his creation among typical Pinal County 

farms. For different areas with different electricity rates and lifts, 

the level of justified initial costs would have to be recomputed.

This upper bound on initial solar plant costs (actually it is a 

bound on almost any investment for a system of generating electricity on 

the farm) was presented in Chapter III for a broad range of parameters. 

For the typical case described there the maximum initial cost came to 

$404,000 before extracting any penalty for additional operation and 

maintenance and $259,000 after taking into account extra O&M costs of 

$16,700.

In Chapter IV, such data on solar-thermal electric generation 

plants as were available were used to form estimates of solar plant in­

vestment costs, the "price" of solar electricity, and the time that 

seemed most likely for introduction of an economically justifiable 

system. It was as much the aim of this chapter to indicate what types 

of analysis and considerations should" be included if better data on 

solar plants become available and what parameters of a solar plant are
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the most important to solar power feasibility as it was to promulgate the 

above mentioned estimates.

For the representative solar farm in the typical case, the esti­

mated cost of just a basic solar generating plant was found to be three 

times its economically justified upper bound ($1.2 million versus 

$400,000), and once the solar plant was integrated into a solar-powered 

irrigation system specifically for the representative farm, e.g., with 

the inclusion of some type of energy storage provision, the estimated 

cost of the solar plant was found to exceed the justified initial cost 

by four times. The price on a solar-power irrigation system for solar 

farm was estimated to be about $1.6 million.

The current selling price of farms in Pinal County, including 

machinery and improvements, was informally researched by reviewing the 

classified advertisement of farms for sale in a Pinal County newspaper, 

"The Tri-Valley Dispatch,!' from January to September, 1976. It appears 

from that review that a reasonable estimate of the selling price for 

the representative farm described in Chapter II is around $1.0 million, 

considerably less than the estimated $1.6 million cost of the solar 

plant.

Estimates of the "price" of solar electricity give similar re­

sults to those just described. The basic solar plant alone is estimated 

to supply electricity at a price of around 38 mills/kwh, and the entire 

solar-powered irrigation system for the representative solar farm car­

ries a "price" of about 50 mills/kwh. The current price of electricity 

to Pinal farms is 12 mills/kwh. Using estimates of the possible rates 

of rise in the price of electricity over the coming years gives an



estimated time for introduction of solar-powered pumping of around the 

year 2025.

It should be noted that the assumptions behind the above esti­

mates are generally favorable toward the solar irrigation concept. All 

these estimates should be looked at as being from the viewpoint of an 

advocate of solar power. With this in mind, the wide margin, viewed in 

terms of dollars or years, by which solar-thermal power misses being 

economically feasible for the representative Pinal County farm perhaps 

explains the difficulty encountered in locating any detailed data on 

solar systems for this study.

Despite the large amount of money Pinal farmers spend on elec­

tricity annually for pumping irrigation water and the likely increase in 

this cost over time, the use of solar power on Pinal County farms is im­

probable. It is possible, however, to conceive of a future course of 

events that could lead to the adaptation of solar power. Solar power 

cannot be ruled out for the application considered here for all time on 

economic grounds, but it faces a not very attractive future prospect.

Governmental agencies may want to intervene in the "natural" 

economic flow of events considered above on the side of solar power 

out of a desire to conserve energy from depletable resources, a desire 

to avoid the environmental costs of some competing energy alternatives, 

or a desire to preserve the productive Arizona agricultural industry. 

Also, solar power may be an attractive means of supplying the power 

needed to open up remote semiarid regions of the world to modern agri­

cultural production through the tapping of local groundwater supplies. 

Arizona farms would be convenient places to test out such concepts.
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The use of solar energy for pumping groundwater on Pinal farms would 

likely require fairly large governmental involvement both for technical 

development of the system and for financial incentives for its 

introduction.

There are many adaptations Arizona farmers can make to rising 

energy price before they must need to consider solar power. These 

adaptations are generally along the line of energy and water conservation 

on the farm. Water conservation practices can reduce farm water pumpages, 

and thus farm electric bills, by a considerable amount. Therefore, the 

time when solar power might be feasible for agricultural use in pumping 

groundwater seems so far off that only a very low level research and 

monitoring effort is currently warranted.
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APPENDIX

PRODUCTION BUDGETS FOR SOLAR FARM

The following charts present the detailed crop budgets con­

structed for the representative Pinal County farm described in Chapter 

II of this thesis.

94



95
Cotton Production Budget

Equipment Used: Annual Chargeable Related
Hours Fixed Nonfuel

Type of Use Costs Variable
Costs

70-hp tractor 910 $ 3,514.42 $ 844.54
100-hp tractor 969 5,179.75 1,063.96
half-ton truck 1,019 2,982.92 1,263.56
cotton picker 893 19,992.00 11,008.39
cultivator 406 453.00 432.82
disk offset 389 1,058.75 906.37
harrow 60 73.00 13.20
landplane 124 547.26 166.16
lister 7-bottom 86 337.00 86.86
moleboard plow 142 636.00 299.21
mulcher 142 427.00 200.83
planter 108 366.00 208.14
cotton trailers 1,678 4,408.00 520.18
rood 286 2,510.00 1,865.13
fertilizer spreader 18 105.00 13.32
rowbuck 32 176.76 8.32
stalk cutter 86 592.00 67.84

TOTALS $45,358.86 $19,009.83

Materials Used: Amount Variable Cost

Type

Fertilizer 16-20-0 44.1 tons $ 7,441.20
Herbicide (trefaln) 661.5 pints 2,322.94
Seed and PCNB 5,724.0 pounds 2,022.48
Insecticide (parathion) 2,712.0 pints 3,968.64
Insecticide (fundal) 1,005.75 pints 1,659.96
Insecticide (lannate) ‘ 3,882.0 pints 3,734.64
Herbicide 3.57 tons 2,752.29
Defoliant 1,908.0 gallons 1,588.41
Diesel fuel 14,691.6 gallons 5,692.99
Gasoline 5,137.2 gallons 2,675.45

TOTAL $39,821.51

2,403 acre-feet of Water: Cost
Electricity $26,120.60
Operation & maintenance 8,314.38
Fixed Cost Amortization 15,114.87

TOTAL $49,549.86



Cotton Production Budget —  Continued

Custom Work Used: Cost

Ginning
Other

TOTAL

$67,291.85
18,778.68
$86,071.23

Short-term credit 4,404.96

Labor Costs:

Related to Irrigation 
Other labor 

TOTAL

$ 7,372.62 
13,007.70 
$20,380.32

Cotton Production Cost Summary: Cost

Machinery-related chargeable fixed costs 
Well-related chargeable fixed costs 

TOTAL CHARGEABLE FIXED COSTS

$45,358.06
15,114.93
$58,472.93

(Nonwater related variable costs) 
Labor
Maintenance 
Credit 
Custom work 
Materials 

TOTAL

$. 13,007.70 
19,009.83 
4,404.96 

86,071.23 
39,821.51 

$161,775.23

(Water related variable costs) 
Electricity 
O&M 
Labor 

TOTAL

$ 26,120.61 
8,314.38 
7,372.62 

$ 41,807.61
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Equipment Used:

70-hp tractor 
100-hp tractor 
1/2-ton truck 
combine 
disk offset 
lister 5-bottom 
grain drill (14-ft) 
fertilizer spreader 
rowbuck 
. TOTALS

Materials Used:

fertilizer 16-20-0 
wheat seed 
61 lbs. NH3 
gasoline 
diesel 
TOTAL

Wheat Production Budget

Annual 
Hours 
of Use
118
326
420
124
228
98
94
14
10

Amount

41.6 tons 
31.2 tons 
50.75 tons 

2,080.0 gallons
3,369.6 gallon

Chargeable
Fixed
Costs

Related
Nonfuel
Variable
Costs

$ 455.72 $ 99.77
1,743.75 357.95
1,229.47 520.80
6,586.00 1,159.40
620.56 531.24
299.00 87.22
506.82 307.85
81.67 10.36
50.48 2.40

$11,573.47 $3,076.99

Variable Costs

$ 9,566.59 
11,681.28 
10,400.00 
1,083.26 
1,305.72 

$34,036.85

1317.4 acre-feet of water: Cost

electricity $14,320.14
operation and maintenance 4,558.20
fixed cost amortization 8,286.45

TOTAL $27,164.79

Custom Work Used:

hauling
short-term credit

$ 2,941.12 
1,576.74

Labor Costs:

Related to irrigation 
Other labor 

TOTAL
$ 4,043.52 

1,996.80 
$ 6,039.32



Wheat Production Budget —  Continued

Wheat Production Cost Summary: Cost
Machinery-related chargeable fixed costs 
Well-related chargeable fixed costs 

TOTAL CHARGEABLE FIXED COSTS

$11,573.47
8,286.45

$19,859.92

(Nonwater related variable costs) 
Labor
Maintenance 
Custom work 
Credit 
Materials 

TOTAL

1,996.80
3,076.99
2,941.12
1,576.74
34,036.85

$43,628.50
(Water related variable costs) 
Electricity 
O&M 
Labor 

TOTAL

$14,320.14
4,558.20
4,043.52

$22,921.86
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Alfalfa Production Budget

Equipment used:

Annual 
Hours 
of Use

Chargeable
Fixed
Costs

Related
Nonfuel

Variable
Costs

70-hp tractor 73 $ 281.92 $ 61.72
100-hp tractor 202 1,176.34 241.56
1/2 ton truck 252 737.68 312.48
chisel plow 64 178.00 33.92
disk offset 73 198.69 170.09
float 28 322.00 12.88
land plane 55 242.73 73.70
vibra-shank 26 277.00 21.58
grain drill 26 140.18 85.15
fertilizer spreader 4 23.33 2.96
scraper 5 212.00 1.20

TOTALS $3,762.67 $1,017.24

Materials used: Amount Variable Cost

Fertilizer 11-48-0 10.7 tons $2,086.50
Seed 29.9 cwt 2,990.00
Insecticide (thimet) 142.67 pts 352.03
Insecticide (furadan) 107.0 pts 472.94
Diesel fuel 1669.20 gal. 646.81
Gasoline 1251.90 gal 651.99

TOTAL $7,200.27

728.6 acre-feet of water: Cost

Electricity
O&M
Fixed cost amortization 

TOTAL

$ 7,919.68 
2,520.96 
4,582.89 

$12,754.63

Custom Work Used:

Cubing
Insecticide application 

TOTAL
Short-term credit

$18,725.00
385.20

$19,110.20
513.60
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Alfalfa Production Budget —  Continued

Labor Costs Cost

Related to irrigation 
Other labor 

TOTAL

$3,719.21
3,830.34

$7,549.55

Alfalfa Production Cost Summaryt
(Note that the following costs have been weighted to spread the cost 

of alfalfa stand establishment over three years.)

Machinery-related chargeable fixed costs $ 1,633.14
Well-related chargeable fixed costs 4,332.97

TOTAL CHARGEABLE FIXED COSTS $ 5,966.11

(Nonwater related variable costs)
Labor 1,286.09
Maintenance 479.36
Short-term credit 389.81
Custom work 19,110.20
Materials 3,383.20

TOTAL $24,648.33

(Water related variable costs)
Electricity 7,487.98

2,383.48
2,659.46

TOTAL $12,530.92
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