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ABSTRACT 

CONCEPTS AND TECHNIQUES FOR EVALUATION OF ENERGY-RELATED WATER PROBLEMS 

This report describes our research effort in applying the newly evolving 
theory and the classical operational research techniques (linear 
programming) towards a procedure of energy analysis that may serve 
the resource manager in decision making. The theory being investigated 
involves the concepts of net energy, energy quality, and energy 
amplifier value. Based on these concepts, an attempt has been made 
to estimate the energy value of water . The energy value of water is 
equal to the flow that it facilitates in a specific use. This is so 
because of its role as an amplifier that makes more energy avai lable 
in different systems when used as a limiting factor. The objective 
function in the linear programming analysis is structured in terms of 
net productivity of the subsystem measured at its boundary. Maximum 
power principle is chosen as a valid criteria rather than the more 
commonly used profit maximization criteria. Although the research 
effort should be further extended or modified to the development of 
practical procedure for application, a simple hypothetical mode l con
sidered representative of the major land-use subsystems is given to 
illustrate 'such application. Sensitivity analysis is performed for 
testing the stability of the model, and consequently, the stability 
of a resource plan should the results of the model be adopted as 
guidelines for such a plan. 

Wang, F.C., and Lehman, M.E. 
CONCEPTS AND TECHNIQUES FOR EVALUATION OF ENERGY RELATED WATER PROBLEMS 
Center for Wetlands, University of Florida, Gainesville, Florida 32611 
KEYWORDS: computer simulation/energy analysis/energy value/ l and-use 

planning/linear programming/water resource/water management 



ACKNOWLEDGEMENTS 

The research effort reported here was conducted by the project 

principal investigator, Flora Chu Wang. Some aspects of this study 

also constituted parts of the Ph.D. research study of co-author 

Melvin E. Lehman, a Graduate Research Assistant. 

The authors wish to thank Dr . Howard T. Odum, Director of the 

Center for Wetlands, for his special contribution on sections of energy 

value of water, and relationship of energy effort to energy cost; and his 

stimulating discussions. Thanks are also extended to Dr. Richard C. 

Fluck of the Agricultural Engineering Department for his comments and 

advice through a review of earlier progress reports; to George M. 

Gardner and Robert Costanza for their helpful suggestions; and to 

staff and graduate students for sharing their data and ideas with us. 

The work, upon which this report is based, was supported by funds 

provided by the United States Department of the Interior as authorized 

under the Water Resources Research Act of 1964, as amended, Grant No. 

14-34-0001-6326. 

The research was conducted under the Center for Wetlands, University 

of Florida. The assistance of Margaret K. Johnston in administering the 

fiscal aspects of this project is greatly appreciated . Appreciation 

also goes to Vicki Dudley for her care in typing this report. 

Without the help of these and others, this project could not have 

been accomplished on time . 

ii 



TABLE OF CONTENTS 

ABSTRACT 

ACKNOWLEDGEMENTS 

LIST OF FIGURES 

LIST OF TABLES 

CHAPTER 

I 

II 

III 

IV 

V 

INTRODUCTION 

Objective of the Study 
Scope of the Study 

ENERGY ANALYSIS 

Concept of Net Energy 
Concept of Energy Quality 
Concept of Energy Amplifier Value 

METI-lOD AND DATA SOURCES 

Simplified Closed Area Approach 
Regional Linked Area Approach 
General Areal Data Base 

TECHNIQUE AND PROBLEM FORMULATION 

Systems for Man and Nature 
Basis for Energy Maximization 
Linear Programming for Land Use Model 

MODEL SIMULATION AND DISCUSSION 

Results of Hypothetical Land Use Model 
Sensitivity Analysis and Conclusion 
Recommendation for Future Study 

REFERENCES 

APPENDICES 

iii 

i 

ii 

iv 

v 

1 

1 
2 

4 

4 
8 

14 

17 

17 
25 
26 

30 

30 
32 
34 

36 

38 
42 
43 

46 

49 



Figure 

1 

2 

3 

4 

5 

LIST OF FIGURES 

Input-output balance for an energy 
production sector 

Energy diagram for an energy production sector 

Energy quality factor in decreasing order 

Energy intensity coefficient in a single sector 
energy balance 

Seasonal changes in insolation at the campus of 
the University of Florida 

6 Corn yield and fuel energy input during different 

7 

8 

9 

10 

years 

Energy flow diagram for an agricultural system 
of a single corn crop 

Modern agricultural systems interact with 
natural, human, and fuel energies 

Corn yield and yield ratio as a function of 
fertilizer 

Energy flow diagram for a hypothetical land use 
model 

11 Land use Modell's formulation and its base 
solution 

12 Land use distribution due to changes in 
constraints 

iv 

5 

7 

9 

12 

18 

22 

24 

31 

33 

36 

40 

41 



Table 

1 

2 

3 

4 

5 

B-1 

B-2 

B-3 

LIST OF TABLES 

Energy quality factors and fossil fuel 
equivalents for typical energy sources 

Energy intensity coefficients for primary energy 
sectors 

Estimation of consumptive use of water for a 
single corn crop 

Sample computation of energy values based on 
regional Lee County input-output model 

Estimation of energy values of water and land 
for different production systems 

Appendix Tables 

Relationship between solar energy input and crop 
production 

Estimation of fossil fuel equivalents for major 
crops of south Florida 

Examples of economic expansion effects on 
productivity and resource use 

v 

10 

13 

20 

27 

28 

58 

59 

61 



Objective of the Study 

CHAPTER I 
INTRODUCTION 

The main objective of this study is to apply the newly evolving 

energetic theory and the classical operations research technique in 

arriving at decisions on use of regional land and water resources. 

However, additional research will be needed to examine the methodology 

in defining and estimating the erngy value of resources; to acquire a 

good areal data base in evaluating the input and output relations; and 

to extend the proposed method to practical procedures that would be 

applied to the river basin or regional resources planning. 

The theory being investigated involves the concepts of net energy, 

energy quality, and energy amplifier value. Odum and Odum (1976) define 

net energy to society as the amount of energy that remains for consumer 

use after the energy costs of finding, producing, upgrading, and deliver-

ing the energy have been subtracted. Energy quality concept implies that 

different energy sources have different attributes. Their concentrations, 

uses, and ability to do work differ. The concept of energy amplifier 

value (Odum, 1970) suggests that water, because of its ability as an 

amplifier to make more energy available in different systems when used as 

a limiting factor, has an energy value equal to the power flow that it 

1 
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facilitates in a specific use. Thus, the true value of water to 

society is that water use which maximizes the total flow of energy 

for useful purposes. 

The technique being used is the standard linear programming (Gass, 

1964), so analyses are made without recourse to sophisticated computer 

techniques. Unit model and input-output methods are used in estimating 

the coefficients of mathematical programming. The objective function is 

structures in terms of net productivity of the subsystem measured in 

energy units. The Lotka (1922) maximum power principle is chosen as 

a valid criterion which states that the system that maximizes its use

ful energy will be the one that prevails both energetically and 

economically. Parametric and sensitivity analyses are performed for 

testing the stability of the resource allocation model. The effects 

of water and energy limitations are studied so that the results of 

applying the proposed technique will be closer to the real world 

situation. 

Scope of the Study 

The scope of this study is reported in subsequent chapters. 

Chapter II discusses the newly developing energy analysis theory and 

its related concepts. In the chapter, a method of energy analysis will 

be briefly described. In order to transfer its utility, concepts of 

net energy, energy quality, and energy amplifier value are introduced. 

As for illustration, energy language symbols (Odum, 1971) are adopted 

in the study. 
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Chapter III covers the procedure and assumption for evaluating 

energy value. In the chapter, estimation of model parameters based 

on discrete system and linked system are presented. A sample computation 

is provided in that chapter, and the supporting data is included in 

the appendix. Some of the potential limitations of the parameters 

derived from data problems are discussed. 

Chapter IV presents the technique of formulating resources alloca

tion problems. The common base for man and nature is first described. 

Energy criterion is introduced as a measure of overall environmental 

quality (Butkovich and Heaney, 1975). Then land use management is 

translated into a standard linear programming problem. Land acreages 

of subsystems are formulated as decision variables in the land use 

model. 

Chapter V contains the results of the land use model and its base 

solution. Model simulations for constrained efficiency are also 

presented. Parametric and sensitivity analyses have provided insight to 

model stability as well as its implication. Future study is recommended. 

Sections written by Dr. Odum on the energy value of water and the 

relationship of energy effect to energy cost are also included. The 

report is concluded with a list of references and appendices . 



Concept of Net Energy 

CHAPTER II 
ENERGY ANALYSIS 

Energy is thought to be essential to all activity. Thus energy 

provides us a way to project and plan the future . Energy analysis, in 

some ways parallel to economic analysis, is a relatively new developing 

discipline. Currently researchers are using a variety of concepts to 

assess energy problems and rank alternatives. There are two remarkable 

teams of energy analysis: (1) Leach and Slesser, Herendeen and Bullard; 

(2) Odum 

Leach and Slesser (1973), and Herendeen and Bullard (1974) treat 

energy analysis as the determinations of energy resource sequestered in 

the process of making goods and services within a preset system boundary. 

They define net energy as the output of an energy production system 

determined by taking full account of the energy required for inputs to 

the process. Energy used both directly and indirectly are considered. 

Figure 1 shows the nature of all energy inputs i to and output from an 

energy production sector j. Since the sector's output is needed to 

provide the intermediate input to the process, feedback loop is accounted 

for in the diagram. A simple linear Leontief Input-Output model (1966) 

is chosen and expressed as: 

4 
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where: 

x. 
J 

E a .. X. ~ Y. 
i lJ J J 
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(1) 

X. ~ gross output of sector j, 
J 

a .. X. 
lJ J 

~ amount of output from sector i needed as an inter
mediate input by sector j and, 

Y. ~ portion delivered for final consumption considered as 
J the net output of sector j . 

It should be noted that the system of equations (1) are interpreted 

in purely physical terms, where all transactions are measured in physical 

units unique to each sector, and the linear nature of the input-output 

coefficients are assumed . 

Odum (1977), see Appendix A, postulates that the relationship of 

energy cost to energy effect may not be linear but may follow a 

limiting factor hyperbola curve. Thus, the yield of the production 

sector is proportional to the interaction function of the inflows. Odum, 

Kylstra, and Alexander, et al . (1976) define net energy as the difference 

between energy yield and energy feedback, since the energy feedback is 

the fraction of the economy that must be returned to the processing of 

energy. Figure 2 displays energy flows where a feedback F from the main 

economy interacts and facilitates an inflow of energy I from an external 

source E. The feedback F includes some of yield Y which has made the 

cycle through the economy and is returned. Net energy is expressed as: 

Net Energy ~ Y - F (2) 

and yield ratio, defined as the output from an energy source divided 

by the feedback energy required to produce it, is represented by: 

Yield Ratio ~ Y 
F (3) 
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It is noted that a good production sector is one which has a small 

return relative to yield, and that the relationship of yield to inflows 

is neither a simple nor a direct correlation. Also, for comparability, 

the terms in Equations (2) and (3) have to be reduced to equivalent 

forms of energy as conceptualized in the following section. 

Energy Quality Concept 

Bullard (1975) comments that several net energy analyses are not 

consistent due to differences in value judgements implied by the addition 

of qualitatively different energy resource inputs. Various kinds of 

energy sources differ in quality. Heat contents of different sources 

have different abilities to perform work. Odum and Odum (1976) provide 

one conceptual mechanism to accomodate these differences. They pos

tulate that there is an inherent thermodynamic minimum energy required 

as input, in order for one type of energy to be upgraded into another 

type of energy, with a necessary dispersal of used energy has heat. 

This degraded, dispersed heat cannot do any further work. 

By analyzing operating systems competing successfully in the 

real world, and by examining the energy cost of the processes necessary 

to convert one form of energy into another, the ratios of inflow of 

lower quality energy to outflow of upgraded energy have been approximately 

determined. These are termed energy quality factors (Odum and Odum, 

1976). Figure 3 shows a series of transformations from diluted sunlight 

to concentrated electricity. For example, it takes about 2,000 Calories 

of sunlight to generate 1 Cal of coal. Table 1 gives the coal equivalents 

(CE) of the type of energy listed, defined as the reciprocal of the energy 
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Table 1. Energy quality factors and coal equivalents for typical 
energy sources 

Type of Energy 

Heat from sun's rays, uncollected 

Sunlight 

Gross plant production 

Wood, collected 

Coal and oil, · delivered for use 

Energy in elevated water 

Electrici ty 

Money flow (1970) 

DATA SOURCE: Odum and Odum (1976). 

Calorie Cost 
(Calories of heat 
to make on CE Cal) 

10,000 

2,000 

20 

2 

1 

0.33 

0.25 

Coal Equivalents 

(CE Cal/Heat Cal) 

0.0001 

0.005 

0.05 

0.5 

1.0 

3 

4 

25,000 Cal/$ 
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quality factors. The dollar equivalents shown in the table are used 

to convert dollars of final demand, as measured by the gross national 

product, into the amount of energy consumed by the United States in 

generating the goods and services purchased by the final demand. In 

1970, the ratio used is 25,000 Cal of coal equivalents per dollar of 

Gross National Product . These concepts result in a qualitative comparison 

of the contributions of various systems. 

Herendeen and Bullard (1974) have employed the large data base 

of input-output economics to develop values for the fossil fuel embodied 

in the products of the U.S. economic sectors. Energy intensity is 

defined as the sequestered energy per unit of output. They assumed that 

energy embodied in inputs to one particular sector j, plus the energy 

consumed in that sector, is passed on as part of j's output. The basis 

for their concept of energy balance is diagrammed in Figure 4, and is 

expressed as: 

:;; E . X. 
J J 

(4 ) 

where: 

X .. ; the transaction from sector i to sector j; 
1J 

Eo the embodied energy intensity per unit of output Xj ; and 
J 

E. ; the energy extracted from the earth by sector j . 
] 

The total energy cost of the whole spectrum of consumer goods and 

services was computed and they obtained energy intensity coefficients 

for 357 sectors of the U.S . economy . Table 2 lists the energy intensity 

coefficients for the primary energy sectors for the years 1963 and 1967, 

respectively. It should be noted that the primary energy required to 

produce one BTU electricity is about 3.8 BTU, which is very close to 
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Table 2. Energy intensity coefficients for primary energy sectors 

Energy Sector ... Energy Intensity Coefficients 

(Primary BTU/Unit Energy Output BTU) 

1963 1967 

Coal 1.01 1.00 

Crude 1. 04 LOS 

Refined 1.20 1.20 

Electric 3.88 3 . 79 

Gas 1.16 1.10 

DATA SOURCE: Herendeen and Bullard (1974). 
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Odum's coal equivalent of electricity equal to 4; however, the natural 

renewable energy source, such as sunlight, has not been considered in 

Herendeen and Bullards' energy analysis . 

Concept of Energy Amplifier Value 

An amplifier is a structure with two or more energy inflows that 

interact to produce an energy output . Odum (1971) suggests that in 

work interaction the inflowing material has two energy values; one is 

the potential energy inflowing along its pathway; the second is its 

ability as an amplifier. For example, water has slight potential 

energy ~G due to its low elevation in Florida, and its magnitude is 

calculated as: 

~G = pgh (5) 

where: 

~G = the gravitational potential energy; 

the density of water = 1 gm/cm 3 
p = ; 

the acceleration of gravity = 980 cm/sec 2 and g = ; 

h = the average height of land in Florida = 6 meters above MSL. 

Substituting these values into Equation (5), it gives: 

~G = (1 gm/cm3) (980 cm/sec 2) (600 cm) (2.39 x 10-8 cal/erg) 

= 0.014 calories per gram of water (6) 

Water also has potential chemical energy due to its purity relative 

to the dissolved solids concentration of sea water. For example, the 

energy value of rain water as a reactant for cleaning can be estimated 

by the formula of: 



where: 

15 

(7) 

~F = the chemical potential energy due to dissolved solids 
concentration gradient ; 

n = the number of moles of solids at concentration C
1 

= 
1/35 mole; 

R = the gas constant = 1. 99 cal/oK-mole; 

T = the temperature in degree Kelvin = 300 oK; 

C
l 

= the dissolved solids concentration of sea water = 
35,000 ppm; and 

Cz = the dissolved so l ids concentration of rain water = 10 ppm. 

Substituting these numbers into Equation (8) , it shows that rain water 

has a chemical potential of: 

~F = (1/35 mOle) (1 . 99 cal/oK-mole) (300 0 K) in(10/35000) 

= 139 calories per gram of salt water (8) 

or : 

~F = (139 cal/grn) (0.035) (453 grn/lb) (8 . 33 lb/gal) 

= 18 Calories per gallon of water (9) 

The second kind of energy value of water is in its contribution 

to biological processes of forest or agriculture. For example, in the 

natural system, expression of water's potential as work is fully 

realized when the water is used to amplify and match the sunlight in 

the ratio of about ZOOO Cal of sunlight to 3 Cal of water (Odurn, 1975). 

When waters are used to irrigate a desert when sunlight is in excess, 

water becomes a limiting factor and thus the main source in that process . 

Its value is the power flow that it facilitates. Odurn (1977), see 

Appendix A, comments that the effect of water depends on its ratio as 

limiting factor. Using water for high effect involves using it in 
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interaction with coal-based activity, such as urban or industry. It 

is complicated when the water is part of solar energy transformation 

that attracts and interacts with the fuels. However, an attempt has 

been made to analyze and estimate the energy value of water. The 

following chapter presents the procedure and assumptions made. 



CHAPTER III 
METHOD AND DATA SOURCES 

Simplified Closed Area Approach 

There are several methods for evaluating the energy value of 

resources. A simplified closed area unit model for an agriculture 

subsystem is presented. In this simplified approach, three forms of 

energy inputs are considered to be important to the agricultural 

system; solar, water and fossil fuel energies. A single crop, corn 

which typifies the energy inputs for crops in general, is selected as 

a representative production unit. 

Modern agriculture is thought of as a partnership of solar energy 

and fossil fuel energy. Traditionally, the sun's energy is considered 

as a free energy and is commonly ignored in economic analysis. The 

solar energy incidence on U.S. cropland varies from a high of 5,200 

2 2 
Cal/m /day to a low of 3,000 Cal/m /day (Heichel, 1976). The seasonal 

change in insolation at the University of Florida campus measured by 

Dr. Farber's Solar Energy Center are shown in Figure 5. The total yearly 

6 2 solar energy is approximately 1.24 x 10 Cal/m. Using the quality 

factor 2000 to 1, the value of solar energy based on an equivalent form 

of fossil fuel energy becomes: 

Solar Energy 6 2 2 = (1.24 X 10 Cal/m /yr) (4050 m /acre) 

= 5022 x 106 Solar Cal/acre/year 

= 2.51 x 106 Coal Cal/acre/year (10) 

17 
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The solar energy incidence on cropland tends to be degraded into 

heat energy. It is estimated (Odum, E.P., 1971) that only 5% of 

solar energy (see Appendix B, Table B-1) is transformed into crop 

production, and the remaining 95% is dispersed into uncollected heat. 

In terms of CE, using the quality factor 10,000 to 1, the energy 

loss is: 

Energy Loss 6 = (5022 x 10 Cal/acre/year) (95%) 

= 4770 x 106 Cal/acre/year 

= 0.48 x 106 CE Cal/acre/year (11) 

Crop water needs are varied by plant, soil and environmental 

factors. These needs change with change in growth, such as leaf area 

and rooting characteristics. Soil modifiers include texture, structure, 

and fertility; and environmental factors such as rainfall, temperature, 

and humidity all influence crop water needs. An empirical formula 

developed by Blaney-Criddle (Criddle, 1958) is used to estimate the 

consumptive use for corn, and is expressed as: 

U = l:(ktp/lOO) (12) 

where: 

U = the consumptive water use in inches; 

k = the empirical monthly consumptive use coefficient; 

t = the average monthly temperature in of; and 

p = the monthly daytime hours as percent of the year. 

Table 3 shows the total consumptive use by corn is about 21.5 

inches per growing season. America Society of Civil Engineers (1973) esti-

mates that the fie ld irrigation requirement for corn is 27.4 inch/growing 

season. An average water need of about 2 feet per growing season is used 

in the unit model. 



Table 3. Estimation of consumptive use of water for a singl e corn crop 

Month Coefficient Temperatrlre Daytime Hours Consumptive Use 
k t P u 

of % inch 
(1) (2) (3) (4) 

May 0.47 54.4 10.39 2.66 

June 0.67 63.8 10.54 4.24 

July 0.78 70.8 10.64 5.88 

Aug . 0 .79 69.2 9.79 5.35 

Sept. 0 .70 57.5 8.42 3.39 

Consumptive Use U = 21.51 

DATA SOURCE: Chow (1964, Table 21-2 and Table 21-3, p. 21-7). 
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Modern agricultural production requires considerable quantities of 

fossil fuel inputs, whether directly in the form of petroleum fuel and 

electricity for tractors and harvesters, or indirectly to manufacture 

chemical fertilizers and pesticides. It is estimated (Heichel, 1976) 

that, in 1970, 500 x 10
6 

Cal fuel, or 2.6% of the total U.S. energy, is 

used in producing agricultural output, about half of this energy in 

direct usage, the other half in indirect usage. 

For the U.S. corn crop, Pimentel, et al. (1973) comments that corn 

yield has increased from about 34 to 81 bushels per acre from 1945 to 

1970, while the fossil fuel energy inputs has increased from 0.9 to 

2.9 x 106 Cal during the same period of time, as shown in Figure 6. 

This implies that corn production has been gained through large inputs 

of fossil fuel energy. A bushel of corn is considered to be 56 pounds, 

and each bushel of corn contains 1800 food Cal (Pimentel, et al., 1973), 

then the corn yield in 1970 was: 

Corn Yield = (81 bushels/acre/year) (56 lb/bushel) (1800 Cal/lb) 

6 = 8.16 x 10 Food Cal/acre/year (13) 

The conversion coefficient for food calorie of crop to fossil fuel 

equival ent has been studied by DeBellevue (1976). His listing of the CE 

of four major crops for South Florida are 0.02, 0.03, 0.34, and 1.25 for 

pasture, vegetables, citrus, and sugarcane, respectively (see Appendix B, 

Table B-2). In the corn unit model, if a conversion factor of 1 .25 is 

assumed, since corn and sugarcane both have similar food energy pro-

ductions per unit of fuel energy (Heichel, 1976), then the corn yield 

in terms of CE becomes: 
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Corn Yield = (8.16 x 10
6 

Food Cal/acre/year) (1.25) 

= 10.20 x 106 CE Cal/acre/year (14) 

It is further assumed that, in the unit model, there is not net 

loss or gain in energy flow during the growing season. This is a 

version of t he law of conservation of energy. Figure 7 displays the 

energy flow diagram for a single corn crop . In the diagram, if energy 

inflows balance outflows, as required by the first law of thermodynamics, 

and the energy transfer in respiration is accompanied by dispersion of 

energy into uncollected heat as s tated by second law, then the energy 

value of wat er inputs for a single corn crop may be obtained quantitatively 

from the energy balance based on fossil fuel equivalents: 

giving 

or 

Solar 
Energy 

2.51 

+ 

+ 

Energy Input = Energy Output 

Fuel 
Energy 

2.89 

+ 

+ 

Water 
Energy 

Water 
Energy 

= 
= 

Crop 
Yield 

+ 
Energy 
Loss (15) 

10 .20 + 0.48 (106 CE) 

Water Energy = 5.28 x 10
6 

CE Cal/acre/year 

Water Energy = 2.64 x 106 CE Cal/acre-ft 

On the basis of the above data for a simplified closed area unit 

model, it is estimated that the energy value of water for a single corn 

6 crop is about 2.6 x 10 CE Cal/acre-ft. In the study of Pimentel, et al. 

6 (1975), it is i ndicated that 2.1 x 10 Cal of fuel energy is required to 

irrigate an acre of corn with an acre-ft of water for one growing season. 

The value of water can be dramatized by giving the energy value its 

approximate dollar equivalent in the overall economy. Harrison (1975) 

estimates irrigation cost is about $85/acre-ft for citrus production in 

Florida. Converting this to calories of energy, using an energy-dollar 

ratio of 25,000 Cal/$, results in a value of 2.1 x 106 CE Cal/acre-ft. 
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Regional Linked Area Approach 

It is felt that energy value evaluated from the simplified closed 

area approach is experimental in nature. Problems may exist in the 

potential evaluation of the Coal equivalents of agricultural products. 

For instance, there is a question raised as to whether identical pro

ducts, produced by two different systems with different inputs, will 

have the same CEo The spacial energy effects on calculations of this 

type are not fully understood at this time; also, the respective energy 

value for an area is dependent on how the system boundary is defined. 

It is thought that the energy value resulting from manipulation of 

the large data base of input-output economics may be more appropriate 

for regional evaluations. A regional linked area model utilizing the 

procedure developed by Leontief (1966) is furnished. The basic identity 

of the input-output model is that total sales of a sector are the sum 

of intermediate sales to other sectors and sales to final demand. The 

interdependencies among various sectors are expressed as the result 

of chain reactions and are termed multiplier effects by economists. 

Data sources, from which energy values of water and land for the 

regional linked area are calculated, are based on the Lee County Input

Output model developed by Loehman and McElroy (1976). The economic and 

environmental mUltipliers derived from their studies are used to estimate 

the sector's production and resource needs. For example, the output 

multiplier expresses how much value of total output, of all sectors in 

the regional economy, will increase due to a change in output in a given 

production sector. The basic resources used as inputs into the production 

process include land, water, and energy. The resource multiplier indicates 
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how much demand for these resources will increase when economic expansion 

occurs. Table 4 typifies the effects of a one million dollar expansion 

in exports of agricultural crops (Sector 3) . Detailed computations are 

explained and included in Appendix B-3. Table 4 shows the 

average energy value of water for average crops, based on regional 

linked area approach, is 5 .8 x 106 CE Cal/acre or 2.1 x 106 CE 

Cal/acre-ft. 

Three other sectors: grain and sugar products (Sector 11), 

bottling and canning (Sector 12), and building construction (Sector 7) 

are also analyzed (see Appendix B. Table B-3). The energy value of 

water and land generated from these three sections is one to two orders 

of magnitude larger than from the agricultural crop sector . The con

tribution of solar energy as an input source to industry and the urban 

sector also is less significant than coal energy. 

General Areal Data Base 

The major limitations i n the regional linked area approach is the 

use of constant multipliers. This implies a fixed production technology 

with constant return to scale. An independent search of energy value of 

resources from general area i s attempted. Their values are obtained, or 

estimated directly from available literature, so a comparison is made of 

the differences in values generated by the closed and linked area 

approaches. Table 5 summarizes the results estimated from different 

methods. In general, the energy values of water and land are evaluated 

from the energy used in transformation within the sector and from the 

production yields. 
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Table 4. Sample computations of energy values based on regional Lee 
County input-output model 

Economic Account 

Increase in Export ($) 
Total Output ($) 
Import ($) 6 
Net Production ($ ... 10 CE Cal) 
Regional Product ($ ... 106 CE Cal) 

Environmental Account 

6 Increase in Land (acres ... 10 CE Cal/acre) 
Coal (tons ... 106 CE Cal) Increase in 

Increase in Fuel Oil (bbls ... 106 CE Cal) 
Gas (103 ft 3 ... 106 CE Cal) Increase in 

Increase in Electricity (103 kwh'" 106 CE 

Increase in 106 CE Fuel Inputs ( 
(106 CE Cal/acre) 

Increase in Waste Water (103 gal) 
Increase in Water Intake (103 gal) 
Increase in Public Intake (103) 

Water Inputs (103 gal) 
(ac-ft ... acre-ft/acre) 

Energy Balance 

6 Yield Energy (10 CE Cal/acre) 
Solar Energy (106 CE Cal/acre) 
Fuel Energy (106 CE Cal/acre) 

Water Energy (106 CE Cal/acre) 

Cal) 

Cal) 

Sector 3 

. Agricultural Crops 
(cotton , grains, etc.) 

1,000,000 
1,377,800 

259,100 
1,118,700 ... 27,967(1) 

740,900 ->- 18,522 

2,971 ... 
6 ... 

1,873 ... 
372 ... 

22 ... 

2,368,015(7) 
219,372 

108 

2,587,495 
7,961 ... 

9.41(1) 
26(2) 

2,997gj 
119(5) 

74 

3,216(6) 
1.08 

2.68 

9.41 
2.51 
1.08 
5.82 (8) 

DATA SOURCE: Loehman and McElroy (1976) (see Appendix B-3, for 
detailed computations). 



Table S. Estimation of energy values of water and land for different production systems 

., Energy InEuts Energy Value 
Production System Land Inputs Water Inputs Solar· Fuel Water Land Data Source 

(acres) (acre-ft7acre) (lOG CE Ca17ac) (loo CE CaI/aC) 

Agricultural 

Corn 62 2.0 2.5 2.9 5 .3 10.2 Pimentel et al., 1973 

Crops 2,971 2.7 2.5 1.1 5.8 9.4 Loehman & McElroy, 1976 

Citrus 150,000 1.5 2.5 7.2 2.1 11.1 Harrison, 1975 
DeBellevue, 1976 

Natura l 

Cypress Dome 2 . 7 ·' 2.4 2.5 6.5 9.0 Wang & Heimburg, 1976 

Marshes, Sloughs 386,900 2.5 5.5 8.0 DeBellevue, 1976 , 
and Pine lands c 

\ 

Industrial 

Grain and Sugar 453 5.7 2.5 12.0 l3.5 28.0 Appendix B, Table B-3 Products 

Bottling, Canning 410 5.2 2.5 9.4 24.7 36.6 Appendix B, Table B-3 

Urban 

Building (Residential 42 2.1 2.5 63 .2 302.8 ~68.5 Appendix B, Table B-3 and Nonresidential) 
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It is noted that no single energy value can be regarded as an 

exact magnitude. Also, not much reliance can be placed on the numerical 

values themselves because of the assumptions involved in computations; 

however, the range of energy values, as displayed in Table 5, can be 

used as a basis in relative comparisons for competing water and land 

uses. This leads to the problem of resources allocation, a subject for 

the following chapters. 



CHAPTER IV 
TECHNIQUE AND PROBLEM FORMULATION 

Systems for Man and Nature 

Man's activities are usually based on dollar evaluations, whereas 

the services of the natural systems are often excluded from cost evalua-

tions because the natural sectors of our society are silent trades where 

great services are not noticed until they are lost . For example, the 

ancient Egyptian decision makers had little concern for the effects of 

their actions on fish and wildlife, and other unquantifiable aspects of 

natural systems; but their modern counterparts must determine the con-

flicting demands of resource management, recycling, and conservation (Hall 

and Dracup, 1970). 

Energy is the source of all things; thus, it serves as a valve to 

control all activities of man and nature. Energy flow is used as the 

common base for nature and man (Odum and Odum, 1976). Energy analysis of 

the systems, based on energy flow, provides understanding into the inter-

dependency and linkage between man's coal-powered systems and the natural 

ecosystems. Figure 8 conceptualizes the interdependency of various com-

ponents for a modern agricultural system. The diagram shows that the 

production of a crop requires the steady interaction of inflows of natural 

energies, fuel energies, and inputs from human work using machinery. Each 

pathway represents a different kind of energy flow . Potential work comes 

30 
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from all resources, nature and man. Analysis of energy flow was recently 

advanced into an energy evaluation procedure, which serves as a basis 

to assess resource management alternatives (Bayley et al., 1976). 

Basis for Energy Maximization 

Resource availability is a large part of the balance-of-nature 

concept of natural theology (Mayr, 1977) . The competition for existence, 

a beneficial feedback device, functions to maintain the balance of 

nature. Lotka's maximum power principle (1922) elaborates that the 

system which maximizes its useful energy is the one that survives. This 

principle gives before-the-fact criteria which determines the surviving 

system (Kylstra, 1974). During times of growth, survival depends on 

maximizing growth; when growth has reached its saturation point, maximizing 

power means making more effective use of all energies. 

Figure 9 typifies a production function of corn yields. In an 

investigation of crop production, Munson and Doll (1959) applied various 

amounts of fertilizers to a cornfield . It appears that when nitro gens 

are increased from 150 to 200 pounds per acre, corn production is not 

nearly as efficient as when nitrogens are increased from 100 to 150 pounds 

per acre. In the same graph the ratio of food Calorie to coal Calorie 

input is also plotted (Pimentel et al., 1973). It reflects a maximum 

return of 3 Cal of food energy for each Cal of coal energy at 120 

pounds of nitrogen per acre. This phenomenon indicates that the maximum 

efficiency is achieved through the effective interaction of all energies 

under the best agricultural management practice. It further implies that, 

depending on energy inputs, at first power is maximized by growth, then 
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power is maximized by crops characteristic transitions, and finally, 

production declines and a steady state is reached. 

Linear Programming for Land Use Model 

Based on inference from production function, it is hypothesized 

that when external energy sources become constant, the energy flows to 

the system and the structure within the system also tend to be constant. 

Thus, for a long-range land use plan, the strategy for the steady state 

is implied. The land use management is formulated to an optimization 

problem (Day, 1973), and simulated as a linear programming model. The 

problem, or alternative, revolves around the question of balancing agri

cultural, urban, and industrial expansion with natural land . Each system 

is functioned under its best management practice . The planning objective 

for the selection of land is the utilization of an energy criteria rather 

than the more commonly used profit maximization criteria. 

The energy value of land is defined as the total work done, or the 

net productivity of the subsystem measured at its boundary. Productivity, 

in units of energy Cal/acre, serves as a measure of value of the useful 

work that each subsystem does for the whole . Energy provides a parameter 

for the assessment of the natural system, its productivity is a measure 

of the photosynthesis produced which eventually enters the foodchains of 

man and animal. For the urban and industrial sectors, productivity is 

measured as goods and services in terms of dollars and is converted to 

Calories of energy using an energy-dollar ratio. For the agricultural 

system, the productivity is measured by both the photosynthesis energy 

conversion, and goods and services of purchased energy dollar conversion. 
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In energy maximization, the coefficients thus delineate the total 

useful energy production per unit of land . Estimates of the energy value 

of land for different production systems are summariezed in Table 5. 

Evaluation of the data source and computational methods have led to the 

selection of those considered representative for use in the problem 

formulat i on. A hypothetical land use model is formed . The selective 

values for this model are diagrammed in Figure 10. 

Figure 10 offers an aggregate view of the relationship of the 

production sectors to major inputs and outputs. The diagram displays 

nonlinear processes within each system, which determine the coefficients 

of each pathway. Water, fuel, and sunlight coefficients are calculated 

from the unit model. Technical coefficients for land resources are set 

at a value of 1 . 0, indicating a one-to-one correspondence between resource 

input and production output . The pollutant contributor, nitrogen, is 

incorporated as a constraint and corresponding to the degradation of the 

environment, and their values are obtained from the study done by Loehr 

(1974) . 

The approximation of input-output interdependency for a linear 

assignment among all sectors lends to standard linear programming technique . 

The decision variables, X's, represent land acreage, and the objective 

is to maximize the total useful energy and is expressed as: 

Maximize: 

ROBJ = CAXA + CNXN + CIXr + CUXU (16) 

where: 

X
A 

= units of land allocated to agricultural sector, acres; 

XN 
= units of land allocated to natural sector, acr es; 

XI = units of land allocated to industrial sector, acres; and 

Xu = units of land allocated to urban sector, acres . 
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; the energy value of 
productivity of the 
Cal/acre. 

land as measured by the net 
corresponding sectors, CE 

Requirements are resources constraints or availabilities, and are 

written as: 

Land Constraint: ROWL ; 

Water Constraint: ROWW ; 

Fuel Constraint: ROWF ; 

Solar Constraint: ROIVS ; 

Pollutant: ROWP ; 

where: 

aLAXA + a LN\; + aLrXr + aLUXU ; bL 
(17) 

aWAXA + aWNXN + aWrX r + aWUXU ; bW 
(18) 

aFAXA + aFN\; + aFrXr + aFUXU 
; bF 

(19) 

aSAXA + aSN\; + aSrXr + aSUXU ; bS 
(20) 

apAXA + apNXN + aprXr + apUXU ; bp (21) 

; the availability of land, water, fuel, 
solar, and pollutant in acres, acre-ft, 
Cals, Cals, and kg per year respectively, 
and 

= the number of units of resources required 
for each sector. 



CHAPTER V 
MODEL SIMULATION AND DISCUSSION 

Results of Hypothetical Land Use Model 

The hypothetical model, formulated in the previous section, is 

used to allocate land to four sectors under a variety of changing 

conditions while satisfying certain constraints. Constraints are added 

or removed, and conditions are altered to approximate changes in energy 

limitation, water availability, and pollutant contributor. Simulations 

are done on an in-house IBM System 370/165 computer, using a Mathematical 

Programming Systems Extended Program - MPSX (IBM, 1971) written specifically 

for problems of this type. Data are entered into this program in matrix 

form. The decision variables are identified by columns of the matrix, and 

the rows of the matrix are used to identify the resource requirements and 

availabilities. 

First-run coefficients for the model are those calculated from the 

unit model. Preliminary model simulation yields knowledge through the 

use of parametric analysis (will be discussed under the section of 

sensitivity analysis) toward evaluating the first - run coefficients. 

Slight adjustment has been made as noted in Figure 10. A base solution 

is achieved which allocates land to four sectors expressed as percentages 

of total land (Figure 11). The results are within the range of Lee County 

land use distribution (Brown, 1976) . Figure 11 displays both the land use 

modell's formulation and its base solution. Computer program control 

38 
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statement and matrix input data for land use model I are given in 

Appendices C-l and C-2. 

The base condition of water-use in land-use model I approximates 

that an area has a minimum water requirement which continues to increase as 

long as there is no upper limit imposed to the water available. This 

condition yields a base solution of land-use distribution of 15%, 62%, 

15%, and 8% to agricultural, natural, industrial, and urban areas 

respectively, and contributes a total useful work of 41 x 109 Cal 

from approximately 1000 acres of land. 

The effect of changing fuel condition is also examined. Generally, 

decreased fuel availability brings about reduction in the urban sector, 

which has the largest fuel requirement. Figure 12(a) delineates the land-

use distribution for four sectors due to 20% of fuel reduction, and the 

total energy productivity has decreased 19%, from 41 x 109 to 33 x 109 Cal. 

Changes in water resources reveal that rather small reductions 

bring about significant changes in land use. The industrial sector, which 

has the highest water needs, shows the greatest changes among other 

sectors. For example, as shown in Figure 12(b), when water is decreased 

to 12% of the base condition, the industry activity is completely ruled 

out. However, the total work done by the remaining sectors contributes 

9 to 45 x 10 Cal, and increase of 9% compared to base solution. 

It is likely that pollution control laws may be relaxed in the near 

future. To simulate this situation, pollutant restriction has been 

loosened 33% . Figure 12(c) shows the response of the model to change in 

the pollutant constraint . The largest pollutant contributor, nitrogen, 

comes from the agricultural sector, and the subsequent changes in the 

constraint have the greatest effect on this sector. But, the total work 
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Land Use Type: ~; units of natural land Lee County 

XA 
; units of agricultural land Natural 58- 67% 

XI ; units of industrial land Agricultural 15-16% 

Xu ; units of urban land Urban & Indus. 17-27% 

Problem Formulation: 

Objective: Maximize l2.0XA + 8.0XN + 36.6XI + 368 . 5XU 

Constrain: Land X
A 

+ X
N 

+ XI + Xu ; 1000 acre 

Water 2.7X
A 

+ 2.4~ + 5.2X
I 

+ 4.1XU .::. 3000 ac-ft 

Fuel 1. 1XA + + 9 . 4X
I 

+ 63.2Xu .::. 6500 Cal 

Sun 2.5X
A 

+ 2.5~ + 2.5X
I 

+ 2.5~ .::. 2500 Cal 

Pollutant 5.47X
A

+ 2. 43XN+ 3.04XI + 3. 24 Xu.::. 3040 Kg 

Solution: (XA, X
N

, XI' XU) ; (149.6, 621.5 , 151.0, 77 .8) acre 

Energy Productivity ; 40958 x 106 Cal 

75r------ ----.-.--

50 -

25 -

XA 15 % XI 15% 

o l..---J'~_-----'-L.' L_ .. __ ~~~rZm: 
Figure 11. Land use Modell's formulation and its base solution 
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done has increased slightly to 41 x 10
9

8al plus, 0.3% l arger than the 

base solution. 

Sensitivity Analysis and Conclusion 

Intuitivity, energy production values calculated from the unit 

model may change as new assignments of land activity are added. This 

interdependency among land use activities implies that each object row 

coefficient is a function of the set of variables that influences the 

productivity of land; many of these variables are relat ed to the quality 

of other land uses. Thus, in reality, the land resource allocation 

problem is nonlinear . 

In order to test the interaction and the stability of the problem 

solutions, the parametric linear programming technique (Gass, 1964) was 

used. Sensitivity analysis deals with the changes in solutions due to 

changes in data. The range through which values of the energy production 

coefficient can be varied for the solution to remain optimal and feasible 

were investigated. 

For example, the base condition of water-use in land-use model II 

simulates that water resource is the limiting factor in the area. The 

base condition differs in formulation from that of the land-use model I 

only in the objective row coefficients assigned to the productivities of 

the agricultural and industrial sectors. In the land-use model I, pro

ductivities of agricultural and industrial sectors are 12 x 106 and 36.6 

x 10
6 

Cal/acre, respectively (see Figure 11), while sensitivity analysis 

shows the number necessary for a base solution under the criteria of 
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6 
limited water resources (ROWW 2 3000 ac-ft) are 14.3 x 10 and 61.7 x 

6 10 Cal/acre, respectively. Appendix C-3 lists land-use model II's 

formulation and its base solution . The results are similar to that of 

land-use model I. Since solar constraint is binding, it becomes 

intuitive that solar constraint is redundant to land constraint. Effects 

of changes in fuel, water, and pollutant constraints also show similar 

results to model I. 

For the purpose of determing if land allocations would change when 

water constraint changes from a physical unit (acre-ft/acre) to one 

using energy values of water (Cal/acre) estimated for each sector from 

the unit model, the land-use model I is reformulated by changing only 

the water requirement. In this simulation, no land is allocated to the 

urban sector. It appears that the energy value of water used in the 

urban sector is much higher than other sectors; thus, the urban sector 

is not able to compete with other sectors. This suggests that further 

evaluation on the energy value of water is needed, and some recommenda-

tions follow. 

Recommendation for Future Study 

It has been stated in the beginning of this report that the present 

study is to investigate the energetic theory and its related concept; and 

to develop .an analytic technique to aid in decisions on use of regional 

land and water resources. Further research is therefore needed on the 

application of the proposed procedure to practical problems, and on the 

modification of the scheme as a result of the future applied research. 
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The immediate extension of the study on energetic theory would be 

the need of a uniform definition and evaluation on energy value. 

Currently, researchers are using a variety of concepts to assess energy 

problems and rank alternatives. There are some controversies over 

methodologies. The relationship between energy value of water and the 

marginal product value of water needs to be studied. The hypothesis 

which states that energy and economic analyses would yield similar 

results if inputs are priced according to their energy content alone 

needs t o be tested. If this is so, then energy and economic technology 

may be transferable and complement one another to the advantage of both. 

For the utilization of the procedures developed in this study, a 

good areal data base in evaluating the resource input and production out

put relationship would be required. Adequate algorithms should be 

developed by including natural energies, such as solar and water, into 

the data base to obtain input-output coefficients for optimization. 

Energy quality factor and coal equivalent factor could be generated by 

the conventional matrix inversion procedure of input-output economics. 

The results should be compared numerically with energy intensities derived 

by other researchers to see whether accounting for natural energies would 

introduce any significant changes in resource allocations. 

The direct application of linear programming technology in resources 

management is limited by constant assignment among competing demands. This 

implies a fixed production technology with constant return to scale. The 

assumption is valid in the short-run close to the time period in which 

coefficients are measured. This problem would be overcome with frequent 

data collection efforts. Thus, the dynamic impact resulting from 

temporal effects would be reflected in new objective function coefficients 
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for the relevant time intervals. A recursive linear programming approach, 

which separates linear programming problems for each of a sequence of 

short planning periods, could be employed to the management aspect of 

the spatial and temporal resources allocation. 

The above recommendations and suggestions are made in the realization 

that this study, within the time and financial budget limitations, does 

not permit investigation of all the possible improvements and extensions 

that could be made to the proposed approach and its application to real 

situations. A realistic model for water should have it contributing to 

attract outside investment from urban and industrial systems as an inter

action with basic production in agricultural and natural systems. 

The principle conclusion at this stage of the research is that it 

is possible to construct an operational resource allocation model based 

on energy analysis theory. Coupling of nonlinear energetic models with 

linear resource allocation models would allow one to look forward when 

analog computers programmed with unit models generate coefficients that 

could be sent to digital partners that simulate resource allocation 

problems . 
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ENERGY VALUE OF WATER 

H.T. Odum 
May 1977 

The flow of water carries several forms of energy including thermal 

energy of its heat content, potential energy of its elevation against 

gravity, potential chemical energy of its purity relative to a state 

full of salts. These are evaluated in heat equivalents. Energy of water 

also includes the energy costs and effects of special dissolved or sus-

pended substances. The energy effect of these can be estimated from 

their amplifier action, positive or negative, on production processes 

of known quality. 

Potential energies of water are generated by the solar heat engines 

in the main processes of the biosphere. From energy analysis of this 

system, energy cost of these processes are estimated. Human efforts to 

duplicate the proces s are systems such as desalination, water pumping 

into elevated storages, and heating of water. The energy costs of storing 

water energies, from data looked at so far, are higher with human 

devices than with solar energy. This may turn out to be a general 

characteristic of our times, having a high ratio of high quality foss i l 

fuels interacting with renewable process, as compared with times before 

fossil fuels were used very much. The human system, by using fuel 

storages fast, gains more speed and power in exchange for loss of 

efficiency. Power is maximized. The human system gains control at the 

expense of good conversion. Thus, the energy replacement cost in 

human porcesses may be higher than the energy cost of the natural process. 

so 
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It may be reasoned that energy uses should feedback with ampl ifier 

action equivalent to their cost or potential effects are lost. If, 

however, there is a generally high ratio of fuel-based investments to 

solar processes, then the ratio of feedback to effect obtained may be 

less and still be competitive, since higher ratios go with winning 

competition under times of greater investments from storage (greater 

power flow). 

The effect of water depends on its ratio as a limiting factor, and 

when fairly limiting it can have an effect equal to cost or at least an 

effect which is in ratio to cost, as is the investment ratio. 

Using water so it has a high effect involves using it in inter

action with energy of lesser quality, which includes use of water with 

fossil fuel-based activity or organic production. The situation is more 

complicated when the water is part of solar energy transformation that 

attracts and interacts with the fuels. A unit of water seems to amplify 

fuel-based economic activity more, but only if the economic activity has 

already been attracted. Thus, some water must go rural to attract and 

some must go to facilitate the fuel attracted. See model in Figure 1. 

A model for water should have it contributing to attracting outside 

investment as an interaction with basic production in agriculture and 

natural systems. The model should have water being adjusted so as to 

maximize the attraction of external energy investment and also supplying 

this investment with enough water so as not to limit the attraction's 

need for water in direct use (pathway 3). 

Linear programming model should use this relation of renewable and 

purchased energy rather than a single adding on the assumption that the 

purchased energy is automatically there. See examples and regions given 

in Colorado Basin paper by Odum (1975). 
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RELATIONSHIP OF ENERGY EFFECT TO ENERGY COST 
WHEN HIGH QUALITY ENERGY IS IN EXCESS 

H.T. Odum 
May 1977 

A general graph of effect in terms of energy cost may be used 

based on the principle that effect will be a limiting factor hyperbole. 

As more B is added as from fossil fuels, cost on both arms (1 and 1 in 

Figure 1) where the high quality arm can be generated as a by-product of 

the process as a feedback. The graph (Figure 2) shows the point where 

the investment ratio of high quality excess is 2.S to 1. Finally, an 

asymptote is reached beyond which one cannot go. 

For controlling a renewable flow the pumping is also proportional 

to the intersection function (i.e., in this example: k AB). 
o 

Thus, the 

addition of external B in excess in competition with self-generated B 

(upper diagram) takes energy from the looped process. 

In Figure 3 the action of controls Fl and F2 are to compete for 

renewable flow J , and each draws in proportion to its high quality o 

effect. The effect produced, however, is not linear but follows a 

limiting factor hyperbola curve as given in Figure 2. Fl draws more, 

but has proportionately less effect. Therefore, the ratio of energy 

diverted into the process dominated by excess high quality energy is in 

ratio as Fl and F2 , a ratio of the cost equivalents of the energy used; 

the productions, however, PI and P2 are in lesser ratio since P2 is 

less effective than PI' because it is not matching its arms of interaction. 

The relationships in the tropical ecology paper (Odum, 1976) deal 

with use of solar energy according to Fl and F2 but the energy effect of 

S3 
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the production processes was taken as proportional to solar cost 

equivalents used. Actually, the output of PI is somewhat greater than 

that fraction of solar energy diverted at J
l

. 
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cost equivalents 

F2 = P 2 in 

cost equivalents 

--
Fig. 3. Division of energy according to effect of self developed 

control and external controls in excess. 
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Table B-1. Relationship between solar energy input and crop production 

Crop 

Sugarcane (Hawaii) 

Irrigated Maize (Israel) 

Sugar Beets (England) 

Solar Radiation 

cal/m2/day 

4000 

6000 

2650 

Gross Production 
2 Cal/m /day % = Gross/Solar 

306 7.6 

405 6.8 

202 7.7 

DATA SOURCE: Odum, E.P. (1971, Table 2-4, p. 45) . 

Net Production 
2 

Cal/m /day % = Net/Solar 

190 4.8 

190 3.2 

144 5.4 

U1 
00 



Table B-2. Estimation of fossil fuel equivalents for major crops of south Florida 

Solar Energy Fossil Fuel 
Crop. Fuel Energy CE CroE Yiela Energy Quality Equivalence 

106 Cal/ac/yr 106 Cal/ac/yr 106 Cal/ac/yr Factor Factor 
(1) (2) (3) (4) = [(1) + (2)]/(3) (5) - 1/(4) 

Vegetables 
32.3 1.0 1.1 29.4 0.03 

Tomato 
Cucumber 
Bell Pepper 
Watermelon 

'" Citrus 7.2 4.1 3.8 2.9 0.34 <D 

\ 
Orange 
Grapefruit 
Tan gerine 
Lemon 
Lime 

Sugarcane 7.3 4.1 14.0 0.8 1. 25 

Molasses 

Pasture 1.2 4.1 0.1 53.0 0.02 

Beef 

DATA SOURCE: DeBellevue, E.B. (1976, Table 7, p. 67; and Table 8, p. 69). 
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B-3. Notes and computations for Table 4 

1 A $1,000,000 increase in exports will require 2971 acres of land, 
and will yield a sector's net produCtion of $1,118,700 = 27,967 x 106 
Cal (energy money ratio, 25,000 CaliS is used, Odum & Odum, 1976), the 
energy value of land for agricultural crops is about (27,967 x 106 Cal) 
/2971 acres = 9.41 x 106 Cal/acre. 

2 
One pound of coal = 8,500 BTU = 2125 Cal (Bureau of Mines, 1972), 

6 tons of coal = (6 tons) (2000 Ibs/ton) (2125 Cal/lb) = 26 x 106 Cal. 

3 One barrel of fue~ oil = 1.6 x 106 Cal (leach, 1975), 1873 bbls 
of fuel oil = (1873 bbls) (1.6 x 106 Cal/bbl) = 2997 x 106 Cal. 

4 One cubic feet of gas = 275 Cal, and the energy intensity of 
natural gas = 1.16 BTU/BTU (Herendeen & Bullard, 1974), 372 x 103 cubic 
feet = (372 x 103 ft 3) (275 Cal/ft3) (1.16) = 119 x 106 Cal. 

5 One Kwh of electricity = 860 Cal, and the energy intensity of 
electricity = 3.89 BTU/BTU (Herendeen & Bullard, 1974), 22 x 103 Kwh = 
(22 x 103 Kwh) (860 Cal/Kwh) (860 Cal/Kwh) (3.89) = 74 x 106 Cal. 

6 Total fossil fuel energy = coal + fuel oil + gas + electricity 
= 3216 x 106 Cal CE = (3216 x 106 Cal)/(2971 acres) = 1.08 x 106 Cal/acre. 

7 Assuming 50% of waste water is reCYCled, the total water consumed 
is the sum of waste water, water intake, and public intake: 

3 3 3 3 2,368,015 x 10 gal + 219,372 x 10 gal + 108 x 10 gal = 2,587,495 x 10 gal 

= (2,587,495 x 103 gal)/(3.25 x 105 gal/acre-ft) = 7961 acre-ft 

= (7961 acre-ft)/(2971 acres) = 2.68 acre-ft/acre. 

8 Solar energy is estimated as 2.51 x 106 CE Cal/acre; energy value 
of water is computed from the energy balance based on fossil fuel 
equivalents: 
Water energy = yield energy - solar 

= (9.41 - 2.51 1.08) 

energy - fuel energy 
6 x 10 Cal/acre = 5.82 6 

x 10 Cal/acre. 



Table B-3. Examples of economic expansion effects on productivity nnd resource use 

Economic Account 

Increase in Export ($) 
Total Output ($) 
Import ($) 
Regional Product (~) 

(106 Cal) 

Environment Account 

Increase in Land (acres ~ 106 Cal/ac) 
Increase in Coal (tons ~ 106 Cal) 
Increase in Fue l Oi! (bbls ~ 106 Cal) 
Increase in Gas (10 ft 3 + !06 Cal) 
Increas e in Electricity (10 kwh + 106 Cal) 
Increase in Fuel Inputs ( 106 Cnl) 

(106 Cal/acro) 

lnCreD-S6 in Waste Water (103 gal) 
Increase in Water Intake (l03 3ga1) 
Increase in Public Intake (10 gal) 

Water Inputs (103 gal) 
(ae-ft .... nC-ft/acrc) 

Energy Balanco 

Yield Energy (106 Cal/acre) 
Solar Energy (106 Cal/aere) 
Fuel Energy (106 Cal/acro) 
Water Energy (106 Cal/acre) 

DATA SOURCE; Lochman and McElroy (1976) , 

Sector 11 
G~ain & Sugar Products 
(flour, cereal, sugar) 

1,000,000 
1,418,400 

493,000 
507,000 

12,675 

453'" 27.98 
246 ~ 1,045 
570... 512 

10,914 ... J,481 
116... 388 

5,426 
II. 98 

89,330 
4,510 

745,669 
833 ,s09 

2,565 + 5.66 

27.98 
2.51 

11.98 
13.49 

Sector 12 
Bottling 8 Canning 

(beverages, etc) 

1,000,000 
1,435,300 

398,900 , 
601,100 
,15,028 

410... 36.65 
106... 451 
482... 771 

5,174 + 1,650 
293... 980 

3,852 · 
9.40 

634,353 
51,846 

7,433 
693,632 

2,134+ " 5.21 

36.65 
2.51 
9 . 40 

24.74 

~ 

Sector 7 
Building Construction 
(Residential & .Non-res.) 

1,000,000 
1,367,500 

380,900 
619,100 

15 ,4 75 , 

42 ... 368;50 
84 ... 357 

145 .... 232 
4,320'" 1,378 

205 .... 686 
2,6'53 

16,498 
10,722 

998 
"28,'21'8 

86.8 + 

63.20 

2. 07 

368.50 
2.51 

63.20 
302.79 

a-
>-' 



APPENDIX C 
COMPUTER PROGRAM INPUT INFORMATION 

AND ADDITIONAL RESULTS 



Appendix C-l: Computer Program Control Statement 

The computer system control cards for executing MPSX program 
... 

are listed as follows: 

IIENERGY JOB (1006, 0010, 1, 1, 0), 'WANG/LEH}IA.'l', CLASS=S 

I*PASSWORD 001, WATER 

II EXEC MPS 
I 

IICONTROL. SYSIN DD * 

PROGRAM 

INITIALZ 

MOVE (XDATA, 'RESOURCEALLOCATIONl ') 

MOVE (XPBNAME, 'PBFILE') 

CONVERT (' SUMMARY' ) 

SETUP 

PICTURE 

MOVE (XOBJ, 'ROBJ') 

MOVE (XRHS, 'RHSl') 

PRIMAL 

SOLUTION 

RANGE 

EXIT 

PEND 

1* 

IIPROBLEM.SYSIN DD * 
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Appendix C- 2: Input Data of Land-Use Model I 

The following listing is the entire input data deck needed to solve 

Land-Use Model I, the base condition problem, using MPSX: 

NAME 

ROWS 

N ROBJ 
. E ROWL 

G ROWW 
L ROWF 
L ROWS 
L ROWP 

COLUMNS 

RHS 

XA 
XA 
XA 
XA 
XA 
XA 

XN 
XN 
XN 
XN 
XN 

XI 
XI 
XI 
XI 
XI 
XI 

XU 
XU 
XU 
XU 
XU 
XU 

RHSl 
RHSl 
RHSl 
RHSl 
RHSl 

ENDATA 
/*EOJ 

RESOURCEALLOCATIONl 

ROBJ 
ROWL 
ROWW 
ROWF 
ROWS 
ROWP 

ROBJ 
ROWL 
ROWW 
ROWS 
ROWP 

ROBJ 
ROWL 
ROWW 
ROWF 
ROWS 
ROWP 

ROBJ 
ROWL 
ROWW 
ROWF 
ROWS 
ROWP 

ROWL 
ROWW 
ROWF 
ROWS 
ROWP 

-12.0 
1.0 
2.7 
1.1 
2.5 
5.47 

-8.0 
1.0 
2.4 
2.5 
2.43 

-36.6 
1.0 

.5.2 
9.4 
2.S 
3.04 

-368.5 
1.0 
4.1 

63.2 
2.5 
3.24 

1000.0 
3000.0 
6500.0 
2500.0 
3040.0 
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Appendix C- 3: Land-Use Model II's Formulation and Its Base Solution 

Land-Use Type: XN = acres of natural land 
... 

XA = acres of agricultural land 

XI = acres of industrial l and 

Xu = acres of urban land 

Problem Formulation: 

• Objective: Maximize 14.3XA + 8.0~ + 61.7XI + 368.5X
U 

Constraint: Land X
A 

+ X
N XI + ~ = 1000 

Water 2.7X
A 

+ 2.4~ + 5.2X
I 

+ 4.1X
U 

< 3000 

Fuel 1.1X
A 

+ + 9.4Xr + 63.2XU ~ 6500 

acre 

acre-ft 

Cal 

Pollutant 5.5XA + 2.4X
N 

+ 3.0X
I 

+ 3.2~ ~ 3040 Kg 

Solution: ': (XA' XN' XI' XU) = (149.6, 621.5, 150.0, 77.8) acre 

Energy Productivity = 45093 x 106 Cal 

75 

XN 62% 

50 

25 

XA IS% XI 15% 

Xu BO/o 

0 
~ rim 


