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Footnotes for Table 3 (continued)

¢. Relative services imported from other parts of U.S. as given in
Table4 =1.02E10$

d. Federal benefit to Arkansas in 1992 = 1.69E9 §

Total imported services = 1.85 E10 $/yr

Notes 32-33. Animal production sold out of state estimated as the

32.

33.

34.

difference of production and consumption in the State,

Per capita consumption from 1994 US Stastitistical Abstract -
Data as boneless weight with data on pounds divided by
0.70, the percent of meat in the whole animal weight

Poultry broiler sales out of state:

Production 1.55E12¢g
Consumption per capita 1.80E4 g

Consumption 4.3 E10 g
Weight exported 1.51El2¢g

Broiler energy exported:
(1.51 E12 g exported)(2.13 kcal/g){4186 J/kcal) = 1.35 E16 J/yr

Livestock sales out of state:

Beef Pork
Production 2.80E11¢g 1.81Ellg
Consumption per capita 407 E4 g 3.11E4¢
Consumption 9.75E10¢g 7.45E10¢g
Weight exported 1.89E1llg 1.07Ellg

Cattle energy:

= (1.89 E11 2)(2.92 kcal/g)(4186 J/kcal) = 2.31 E15
Pork energy:

= (1.07 E11 g)(0.76 kcal/g){4186 J/kcal) = 1.68 E15
Total Livestock exports = 3.99 E15 J/yr

Goods exports were estimated as fraction of U.S. exports of iron and
steel products in 1992 5.3 E6 tons (1994 US Statistical Abstract)
Weight = (5.3 E6) (907 kg/ton)(1 E3 g/kg) =4.81 Ei2 g

Emergy = (4.8 E15 g)(4.65 E9 se]/g) = 2.24 E22 sej

In proportion to population

Iron & Steel products from Arkansas

= (2.24 E25)(0.0094) = 2.10 E20 sej/yr
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Footnotes for Table 3 (continued)

35.

Services exported = (value of total production)(percent exported)
a. Animals exported:

(production 2.44 E9 $/yr)(0.85 exported) = 2.08 E9 $/yr

b. Foreign Export from Arkansas in 1992 =1.32E9 §

(1994 Statistical Abstract of the United States)

c. Relative exports to other States from Table 4 = 1.63 E10 $

d. Federal Taxesin 1992 =2.75E9 $

(1994 Statistical Abstract of the United States)

Total Export = 2.24 E10 $/yr



44

(dND Anunod 3y} 01 10129S YIea Jo 33AK0[dws JO UONNqLIUOD
SAIE[21 1) pUE 911§ PUE "S'() 10§ 103298 Jod 1uswAo[duwrs Jo Jusdsad Ut 3USISIP o3 SULIBPISUOD 3UOP UONE[NIE)))

I£/$ 63 +1°9- 130dxg 190N
1£/$ 019 £€9°1 :S110dxqg

IL/$ 019 Z0O'1- s11odwy

OIHZ'T 636'7- 64S¢- 8ILP'7 8980°L 6111~ 6IHES $bb9- 6d O¥'1- 84 8+'9-  §1Jodumr10dxg
LT0E0T SLEZIT- ¥6087- S9£6 $9¢6 6CL81- 7SSS9 6T.L81- S9¢6- 6CL8T- soahordws /#
ICLITT THSST  08SSTT TH€97  68°0SSSL 0998S T1.60S  SOEPS 9606YT 6.LSPE svhordwa/§
110 AN £0'0- 10°0 10°0 0'0-  L00 Z0°0- 10°0- c0°0- DU
91°0 €0 0’0 31°0 SO0 <00 ¥Z0 +0°0 0 10°0 28eIdAR 21¥1S
SO0 S0 L00 LT0 +0°0 L00 LT°0O 90°0 10°0 €00 9deroAe 'S
1A0D  CAIRS dueUL]  [TeIdY se[oypy  dsuel], Jnuely  GASUOD)  CUIN 18y

$91BIS T8I0 PUE SeSURYIY usamlag a8ueydxy j1odwy pue 110dxg

t 9Iqe],



45

Footnotes for Table 4

EXPORTS
1. Animal production (GOODS)

Production Per capita State Export Energy

grams consump  consump Jyr

Beef 5,56 E11 114044.8 2.73El11 2.83E11 5.07El5
Pork 1.81 E11 72040.0 1.74FE11 7.59E9 1.76 E14
Broiler 216 E12  50303.2 1.2E11 2.04E12 2.04 E16
Total 2.89E12 2.33E12 2.56El6

Production = (number of animals)(average weight)
Assuming average weights for
Cattle = 680 kg
Pork = 90 kg
Broiler= 2.5 kg

Per capita consumption (Data from 1994 US Statistical Abstract, pounds of
commodity consumed per capita in 1992, Table 220)

Information was given in terms of boneless weight. Therefore, pounds in
commodity per capita was divided by a factor (0.25 or 0.3), assumed to be
the percent of meat in the whole animal weight.

State consumption = (per capita)(State population)

Export = production - consumption

Energy = (weight (g))(caloric content (kcal/g))(4186 J/kcal)

Caloric content of cattle = 4,26 kcal/g
Pork = 5.53 kcal/g
Broiler = 2.39 kcal/g

2. Value of animal exports (SERVICES)

Value of total production = 2.44 E9 $

Percent exported = 3.19 E12/3.76 E12 = 0.848

Value Exported = (value of total production)(percent exported)
=2.07E9 %



Footnotes for Table 4 (continued)

3. Grain exported (GOODS)

Production Internal Protein
grams comsumption produced

Sorghum 5.93 E11 0 4.74 E10
Wheat 9.59 El11 1.5 Ell 1.15 E11
Rice 3.42E12 1.83E10 4,79 E11
Cotton 3.43 E11 0 1.37 E10
Soybeans 2.7 El12 0 9.18 E11
Hay 2.11 E12 0 2.32E11
Total 1.01 E13 1.69El1 1.81 E12

Protein produced = (production)(percent protein)
% protein: Sorghum, 8%; Wheat, 129%; Rice, 10%; Cotton, 4%; Soybean, 34%;

Hay, 11%

Animal Consumptiom **1

Production Prot weight Feed prot/ Tot feed
grams % protein grams prot weight protein
Beef 5.56 E11 0.2 1.11 E11 15.5 1.72 E12
Pork 1.81 E11 0.13 2.36 E10 10.5 248 E11
Broiler 2.6 E12 0.2 4.31 E11 5.5 2.37 E12

4,34 E12

**1 from Pimentel, 1979
** Considering that 60% of protein come from another source that is not
grains, (Pimentel, 1979), we have;
Protein for feeding = (0.4)(total feeding protein)

= 1.74 E12 g/protein
Therefore, the amount required for feeding is about the same amount that
is produced in the State.
NO NET GRAIN EXPORT

4. Export of Services

State Foreign Export (SERVICES)

(1994 Statistical Abstract of the United States)

Foreign Exports in 1992 =1.32E9 $

Relative exports to other States (SERVICES), According with Table 1
=1.63E10 %



Footnotes for Table 4 (continued)

5. Value of taxes (SERVICES) (referring to 1992 taxes)
{1994 Statistical Abstract of the United States)

Federal Taxes = 2.75E9 $

TOTAL SERVICES EXPORTED = 2.24 E10 $

6. Iron and Steel Products (GOODS)
U.S. Export of Iron and Steel products in 1992 (from 1994 US Statistical
Abstract)
= 5.3 E6 tons
(5.3 E6)(907 kg/ton)(1 E3 g/kg) =4.81E12 g
(4.8 E15 g)(4.65 E9 sej/g) = 2.24 E22 sej
Considering the State contribution proportional to its population
contribution to U.S.:
Iron/Steel products from Arkansas = (2.24 E25)(0.0094)
= 2.1 E20 sej

IMPORTS - SERVICES
1. Value of the fuels
Btu $/1 E6 Btu  Expenditures

$
Coal 2.18 E14 1.66 3.62 E8
Petroleum 2.29 El14 7.82 1.79 E9
Total 2.15 E9

2. Manufactured goods (SERVICES)
Calculating U.S. imports for 1992 less petroleum, meat, and gas
= 475697 million dollars
Estimating the amount shared by the State, considering the percent of U.S.
population living in Arkansas (0.94% of U.S. population)
Therefore, the share of foreign imports
=446 E9 $

3. Relative Services

Considering the relative services imported from other parts of U.S. (as
shown in Table 1)

Relative services = 1.02 E10 $
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Footnotes for Table 4 (continued)

4. Federal benefits
Federal aid for Arkansas in 1992 = 1.69E9 $
Therefore, total imported Services = 1.85 E10 $

5. Imports (GOODS)
Imports of basic mineral and metal products by U.S. in 1992 (1994 US

Statistical Abstract)

[tem Quantity Energy Transformity  Emergy
g Myr

Iron Ore 1.25 E13 1.00 E9 1.25 E22

Steel Prod 1.73 E13 2.04 E9 4.57 E22

Aluminum 1.16 E12 1.60 E10 1.86 E22

Copper ref 2.89E11 0.8 E10 1.97 E22

9.64 E22

Considering the State is 0.94% of U.S. population, the amount of Emergy
imported for basic mineral and metals for Arkansas is:
Basic minerals = (9.64 E22)(0.0094)

= 9,06 E20 J/y



Table 4.1.a
State GDP Generated per Employee by Sector

Sector Number of  Gross State Dollars per % of total
Employees* Product# employee employees
E9 $
Agriculture 5641 2 354547 0.01
Construction 34565 1 28931 0.04
Manufacturing 228683 10 43729 0.24
Wholesale trade 46527 2 42986 0.05
Retail trade 167215 4 23921 0.18
Finance 37676 5 132710 0.04
Services 212954 S 23479 0.23
Transportation 49915 4 80136 0.05
Mining 3286 2 608643 0.00
Government 150000 0 0.16
936462
* 1992
# 1990
Table 4.1.b
U.S. Employment per Industry, 1992
Sector Employees GNP Dollars per % of total
thousands E9 $ employee employees
Agriculture 3210 111 34579 0.03
Mining 664 99 149096 0.01
Construction 7013 241 34365 0.06
Manufacturing 19972 1018 50971 0.17
Transportation 8245 482 58460 0.67
Wholesale 4765 360 75551 0.04
Retail sale 19589 516 26341 0.17
Finance 7764 975 125580 0.07
Services 40758 1041 25541 0.35
Government 5620 656 116726 0.05
117600 5499 46760




Emergy signature for Arkansas State

SRS

SPRoD

sapiiisad

sunLLoIg

uabosuN

wnisseod

$aes0| Jlog

(ronu Jgroue3

RIEMPUNOID

$9550] |losdo]

wnajonad

sel jrinen

[eod

a4 ype3

doag) Joay moyu|

[eguayodoab jouny

Iodjeoiluayo uey

PUIM

Wbyjuns pang

1 i
T T

350

L
1
[=] [=] [=]
77 ] (=] Y7 ] o (2]
o™ N -— -—

(14Asfos 0Z3 ) seak jABsowg

300 ¢+

10 WD Jaaly moyu)

Figure 8. EMERGY signature of environment and economy in Arkansas.



51

Table 5
Emergy Indices for Arkansas

Item Name of index Expression* Quantity

1 Renewable use R 1.98 E22 sej/y
2 Indigenous non-renewable N 5.82 E22 sej/y
3 Imported emergy I 5.67 E22 sej/y
4 Total emergy used U=R+N+I U 1.35 E23 sej/y
5 Total exported emergy E 1.23 E23 sej/y
6 Emergy used from home sources (N+R)/U 0.58

7 Imports-exports [-E -0.64 E22 sej/y
8 Ratio of export to imports E/I 2.17

9 Fraction used, locally renewable R/U 0.15

10 Fraction of use purchased outside 1I/U 0.42

11 Fraction used, imported service  Import ser./U 0.24

12 Ratio of economic to free (U-R-N)/(R+N) 0.73

13 Use per unit area (1.35 E11 m2) U/area 9.98 E11 sej/m?2
14 Use per person (2.39 E6 persons) U/population 5.64 E16 sej/indiv.
15 Arkansas State Econ. Product (1990) GSP 39 E9 $/yr
16 Ratio of emergy use to GSP, Ark. U/GSP 3.45 E12 sej/$
17 Ratio of emergy use to GNP for U.S.  U/GNP 1.75 E12 sej/$

* For letters see Figure 7. U =sum of inputs=R+ N + L.



Cache River Basin

Energy Systems Diagram

Figure 9a is the overview model of the Cache River Basin with an overlay
diagram of the water components and flows given in Figure 9b. The basin
is rural with a few human settlements. Groundwater-irrigated rice and
some catfish aquaculture are based on the large water volumes.

Emdollar Evaluation Tables

Table 6 has the emergy and emdollar evaluation of the important sources,
imports, and exports. Table 7 has the exchanges with the rest of the
United States based on the percentage of workers in various occupations.
Contributions to real wealth from the tables are shown in bar graph form
in Figure 10 from left to right in order of their transformity (position in
natural energy hierarchy).

Cache River Basin is well served by rain (~48 in) during the whole year,
and with high evapotranspiration rates during summer and early fall
months. The Cache River basin is basically a flatland, and water has little
geopotential energy. The water evapotranspired by vegetation measures
the contribution of rain chemical potential. Rain chemical potential emergy
is the highest source of natural renewable emergy.

The Cache River basin is basically an agricultural area largely based on
indigenous soils and waters. The intensive agriculture of recent years has
used soils and groundwater faster than their normal rate of restoration.
Groundwater has been nonrenewable with about 70% of the recharge of
the Mississippi river valley alluvial aquifer diverted to irrigation in 1972
(Ackerman, 1989). Groundwater emergy represents, respectively, 28% and
26% of non-renewable energy used in the state and the basin. Soil formed
in the past makes up about 74% of the nonrenewable emergy use and 28%
of total emergy use in the basin. The agricultural production depends on
goods and services, fuel, and fertilizers brought into the basin from
outside. Goods and services make up about 249%.

Outside sales of grain carry high emergy, much more than is in the buying
power of the money received. Both areas export much more emergy than
they import.

Emergy Indices

Indices for the Cache River Basin derived from the emergy evaluation
tables are listed in Table 8. Although rural, the basin is only 48% self
sufficient. Its ratio of resources added by the economy to the




53

"Ae[19A0 198pnq Ja1em (q) Jeak 1ad sapnofws Jejos ut syindut samodws urew
YIIM () PIUSIIeM ISATY SYdeD Y JO WelSerp SwalsAs A319ug G 2Ind1y

SesuB)Jy ‘uiseg JaAly oyoe)

3.mnoenby
Ysyed ® 8_4”'

dwems »yoe|g

buissado.d
‘uonebil)|
> ‘ucneAnnN |

159404
‘ainynouby
‘spuejdn

“‘ ayoe)

1938

susodaq 191EM
pUET puno.g




54

(ponunuod) ¢ 21n3di]

(a)
[PPOW JaAly ayoe) uo) weabeiq Aepan( 19bpng Jaiep

uiseg JaAIY SYoB) 8yl Ul SMOj4 JS1E

2inynoenby
Lsi1e) 1 a0y

Buisssnould
‘uonebi
‘uoiieAn|n)

dwems »oe|g
ST

-9R395
UBWINH

159104

‘aInynouby
‘spuejdn

punoJg

1918 M
puno.o



55

Table 6
Annual Emergy Flows of the Cache River Basin

Note Item Data & Units Emergy/unit Emergy U.S. Em$*
E20 se] Eo6
Renewable Resources
1  Direct sunlight 2.87 E19 J/yr 1 0.29 8
2  Wind 5.45 E16 J/yr 1496 0.81 24
3 Rain geopotential 4.29 E15 J/yr 10488 0.45 13
4  Rain chemical pot. 2.86 E16 J/yr 18199 5.21 151
5 Earth cycle 4,88 E15 J/yr 29000 1.41 41
Indigenous Renewable Energy
6 Rice and soybeans 1.24 E16 J/yr 1.70 E5 21.08 611
7  Wheat 1.30 E15 J/yr 2.20 ES 2.80 83
8 Others 1.84 E15 J/yr 6.00 E4 1.11 32
9 Poultry 4.24 E12 7.00 E5 0.03 1
10 Livestock prod. 4.37 E13 J/yr 2.00 E6 0.87 25
11 Fish prod. 2.53 E12 J/yr 2.00 E6 0.05 1
26.00 754
Indigenous Non-renewable Energy
12 Losses of earth 1.54 E12 g/yr 1.00 E9 15.4 448
13 Losses of topsoil 1.05 E15 J/yr 7.40 E4 0.78 22
14 Groundwater 3.62 E15 J/y 1.60 E5 5.79 168
22.01 638
Imports
15 Coal used 8.43 E15 J/yr 3.98 E4 3.35 97
16 Natural gas 8.65 E15 J/yr 4.80 £4 4.15 120
17 Petroleum 1.09 E16 J/yr 5.30 E4 5.79 168
18 Electricity 6.93 E14 J/yr 1.70 E5 1.18 34
19 Nitrogen 1.66 E10 g/yr 4.19E9 0.70 20
20 Phosphorus 5.18 E8 g/yr 1.42 E10 0.07 2
21 Potassium 8.08 E9 g/yr 9.50 E8 0.08 2
22 Pesticides 5.03 E9 g/yr 1.48 E10 0.74 - 22
23 Goods & services 5.95E8 $/y 2.3E12 13.69 397
29.75 862
Exports
24 Rice & soybeans 1.20 E16 }/yr 1.70E5 20.33 589
25 Goods & services  7.57 E8 3.45 E12 26.11 757
46.43 1346

*U.S. $ 1990



Footnotes to Table 6
Area of the Cache basin = 4.88 F9 m2

1. Direct sunlight
Insolation for Arkansas (from US Env. Data Serv. 1975: Weather
Atlas of the US) = 385 Langleys/day = 3850 kcal/m2/day
Energy = (3850 kcal/mz/day)(4.88 E9 m2)(365 days)(4186) J/kcal
= 2.87 E19 J/yr

2. Wind calculated with eddy diffusion coefficient and vertical gradient
coefficient (Odum, Diamond and Brown, 1987; Odum, 1996)
Energy = (height)(density)(diff coefficient)(wind gradient)(area)
= (1 E3 m)(1.23 kg/m3)(14.74 m2/s)(4.42 E-3 /5)(4.88 E9 m2)
= 3.15 E16 J/yr = 5.45 E16 j/yr

3. Rain geopotential with average rainfall = 48 in/ yr=1.22 m/yr
Elevational gradient = 483 ft = 147.22 m
Energy = (area)(rain/yr)(elev. gradient)(1000 kg/m3)(9.8 m/ s2)
=4.29E15 J/yr

4, Rain chemical potential as water used in evapotranspiration
Evaporation = 55 in (from US Env. Data Serv. 1975: Weather
Atlas of the US)
Pan coefficient = 0.85 (Scott, H.D. et al., 1987)
Water evapotranspired = 46.75 in = 1.19 m/yr
Energy = (area)(water evaportranspired)(1 E6 g/m3)(4.94 ]/ g)
=2.86 E10 J/yr

5. Earth cycle energy = (land area)(heat flow/area)
=4.88 E15 J/yr
where heat flows assumed = 1 E6 J/m2/yr

Notes 6-8. Agricultural Production
For the main crops of Arkansas, data from Census of Agriculture,
1992 were multiplied by the percent area of each county in the
basin. Production was estimated in kg/yr:
Sorghum 9.30 E7; wheat 9.42 E7: rice 4.98 E8; cotton 2.06 E7; and
soybeans 2.90 E8
Energy = (mass)(energy/unit) calculated as in Odum et al. (198 7)
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Footnotes for Table 6 (continued)

6. Rice and soybeans
Rice = (4.98 E11 g)(3.60 kcal/g)(4186 j/kcal) = 7.51 E15 J/yr
Soybeans = (2.90 E11 g)(4.03 kcal/g){(4186 J/kcal) = 4.89 E15 J/yr
Total weight: 7.88 E11 g; Total energy: 1.24 E16 J/yr

7. Wheat
(9.42 E10 g)(3.30 kcal/g)(4186 J/kcal) = 1.30 E15 J/yr

8. Others

Sorghum = (9.30 E10 g)(3.32 kcal/g)(4186 J/kcal) = 1.29 E15 J/yr
Cotton = (2.06 E10 g)(4.0 kcal/g)(4186 J/kcal) = 3.44 E14 J/yr
Hay = (1.64 E10 g)(3.0 kcal/g)(4186 J) = 2.06 E14 J/yr

Total energy: 1.84 E15 j/yr

Notes 9-10. Animal Production

10.

11.

Data from Census of Agriculture,1992 for Arkansas.

Production data for the main animals were multiplied by the percent
area of each county in the basin. Energy was calculated

= (animals sold)(mass of each)(energy/mass) as in Odum et al. (1987)
Number of animals sold per year in Cache River Basin:

Cattle 13215; cattle sold 6964; hog & pigs 4514; pigs sold 9831;
sheepl29; broilers 2.64 E5

Poultry energy
= (number of broilers)(2.5 E3 g/animal)(2.39 kcal/g)(4186 J/kcal)

=424 E12 J/yr

Livestock

Cattle = (cattle sold)(3.5 ES5 g/animal)(2.92 kcal/g)(4186 J/kcal)
=298 E13 ] /yr

Pigs = (pigs sold)(9 E4 g/animal){3.76 kcal/g)(4186 J/kcal)

= 1.39 E13 J/yr

Total: 4.37 E13 J/yr

Fish production data from Census.of Agriculture,1992 for Arkansas.
Production data for fish production in counties of the basin were
multiplied by the percent area of each county:

Production = 5.87 E5 kg/yr

Energy = (grams fish)(1.03 kcal/g)(4186 J/kcal) = 2.53 E12 J/yr
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Footnotes for Table 6 (continued)

12,

13.

14.

15.

16.

17.

18.

Losses of earth

Cropland Frosion = 500 g/mZ/yr

Cropland area = 3.09 F9 m2

Soil Losses = (500 g/mZ2/yr)(3.09 E9 m2) = 1.54 E12 g/yr

Topsoil Losses = 1.54 E12 g/vyr

Typical soils are = 3% organic matter and 5.4 kcal/g org.
Energy

= (loss per year)(organic fraction)(5.4 kcal/g)(4186 J/kcal)
=1.05 E15 J/yr

Groundwater data from Arkansas Summary for 1989
(US Geological Survey- Open File Rep 91-203)

Total water use = 0.39 E8 m3/yr

Chemical potential of basin groundwater
(volume/yr}(1 E6 g/m3)(4.9 }J/g) = 3.62 E15 J/yr

Coal data from Energy Information Administration - State Energy
Data Report for1992:

State consumption = 12536 E3 short ton = 220.7 trillion Btu
Consumption in proportion to basin area, 0.036 fraction of state area
Energy:

(220.7 E12 Btu/yr)(0.036) = 7.98 E12 Btu/yr = 8.43 E15 J/yr

Natural gas consumption data from State Energy Data report 1992,
Arkansas total = 225 billion cubic feet = 226.6 trillion Btu
Consumption in proportion to basin area, 0.036 fraction of state area.
Energy = (226.6 E12 Btu)(0.036) = 8.19 E12 Btu/yr = 8.65 E15 J/yr

Petroleum data from Energy Info Administration - State energy data
report for1992:

Arkansas consumption = 53115 E3 barrels = 286.3 trillion Btu
Consumption in proportion to basin area, 0.036 fraction of state area
Energy = (286.3 E12 Btu)(0.036) = 1.04 E13 Btu/yr =1.09 E16 J/yr

Electrical power data from Energy Information Administration

4707 million Kwh = 155.7 trillion Btu

Consumption in proportion to basin area, 0.036 fraction of state area
Energy: (155.7 E12 Btu){(0.036) = 5.63 E12 Btu/yr = 6.93 E14 J/yr
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Footnotes for Table 6 (continued)

Notes 19-21. Fertilizers

19.

20.

21.

22,

23.

24.

Calculated considering occupied areas and the fertilizer
concentrations (kg/ha) used in the different cultures

Nitrogen used in the basin = 1.66 E7 kg/yr
Phosphorus applied in the basin = 5,18 E5 kg/yr as P205
Potassium applied in the basin = 8.08 E6 kg/yr as K20

Pesticides chemicals in the basin; 3.6 $/pesticides from Table 3;
(expenditure $)(1000)(basin % of state area) = 1.81 E7 $/yr
weight in kg/yr = (chemicals costs in $)/3.6 $/kg of pestcides
=5.03 E9 g/yr

Goods and services brought into Arkansas estimated from costs
a. Services with imported fuels, estimated from coal, petroleum,
electricity and natural gas consumption = 2.32 E8 $/yr

b. Services with foreign imports:
(4.49 E9 $/y1)(0.94% of state population in basin) = 4.21 E7 $/yr

c. Purchases from other states of the U.S. based on relative
employment in different economic sectors in the basin compared
with averages outside, as given in Table 7.1 = 3.50 E8 $/yr

d. Federal services estimated as percent (in population terms) of the
federal transfer payments to Arkansas in 1992 = 1.69 E9 $ (1994

US Statistical Abstract)

= (0.009)(transfers to Arkansas) = 1.59 E7 $/yr

Total Imported Services = (a+ b+ c+d) =5.95 E8 $/yr

Exports: Rice and soybeans energy calculated as:
(product weight) (caloric content in kcal/g)(4186 J/kcal)
Rice: 4.98 E11 g/yr yields 7.50 E15 J/yr

Soybeans: 2.64 E11 g yields 4.45 E15 }/yr

Total energy 1.20 E16 J/yr



Footnotes for Table 6 (continued)

25.

Goods and services leaving the basin:

a. Foreign grain exports: 0.09 percent (basin proportion of state
population) of Arkansas foreign exports of grains; prices from 1994
US Statistical Abstract - table 1113 Principal Crops - production,
supply and disappearance, 1989/1993 = 1.54 E8 $/yr

b. Basin foreign exports (services)
Arkansas contribution to U.S. foreign exports: 1.32 E9 $/yr
Basin contribution: 1.24 E7 $/yr

c. Relative exports to other parts of U.S. using Table 6.1, computing
the relative differences in employment in economic sectors between
the basin and average for the U.S. = 5.61 E8 $/yr

d. Services equivalent to tax money estimated as a fraction of
federal taxes paid by the state = 2.75 E9 $/yr
Basin federal taxes - 2.58 E7 $/yr

Total services going out of the basin = 7.53 E8 $/yr



Emergy signature for the Cache River basin
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Footnotes For Table 7

IMPORT SERVICES
1. Value of imported fuels
Btu $/1 E6 Btu Total Expend.

Coal 7.979E12 1.66 1.325 E7
Natural Gas 8.192E12 3.44 2.818 E7
Petroleum 1.035 E13 7.82 8.094 E7
Elecricity 5.629E12 19.56 1.1 E8

2.32E8 %

2. Manufactured goods (Services)

Estimating the amount of foreign goods imported by Arkansas
Estimated foreign goods imports by Arkansas = 4.49 E9 §

Basin = 0.949% of state population

Therefore, imports of manufactured goods (Services) = 4.21 E7 $

3. Relative services
Imports from U.S. outside basin (based on relative differences on different

industrial sectors in the basin and outside, as shown in Table 3a)
Relative services = 3.50 E8 §

4. Federal benefits (Services)
Estimating as percent (in population terms) of the Federal Aid transferred

to Arkansas
Federal Aid to Arkansas, 1992 = 1.69 E9 $ (1994 US Statistical Abstract)

Basin Aid = (0.009385)(Arkansas Fed Aid) = 1.59 E7 $

TOTAL IMPORTED SERVICES = 5.95 E8 $

EXPORTS
1. Grain exported
Production Consumption Remaining

g/yr production
Sorghum 9.30E10 0 9.299 E10
Wheat 9.42 E10 448 E9 8.9746 E10
Rice 498 E11 545E8 4.9785F11
Cotton 2.06 E10 0  2.0554E10
Soybeans 2.90E11 0 2.8982E11
Hay 1.64 E10 0 1.637 E10

1.01 E12 1.0073 E12



Footnotes for Table 7 (continued)
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Consumption calculated as per capita consumption of flour and cereal
multiplied by number of persons in the basin

Animal Feeding

# of animals Weight Feed protein Protein
{grams) ratio (g/g)
Beef 20179 1.37 E10 15.5 4.254 E10
Pig 14345 1.29 E9 10.5 1.762 E9
Broiler 264181 6.6 E8 5.5 7.265 E8
4.503 E10
Production  Protein Protein  Protein for Production
content available feeding available
Sorghum 9.299 E10 0.08 7.44 E9 7.44 E9 0
Wheat 8.9746 E10 0.12 1.08 E10 0 8.9746 E10
Rice 49785 E11 0.1 4,98 E10 0 4.9785E11
Cotton 2.0554 E10 0.04 8.22 E8 0 2.0554E10
Soybeans 2.8982 El11 0.34 9.85 E10 8.76 E9 2.6406 E11
Hay 1.637 E10 0.11 1.80 E9 1.80 E9 0

1.69 E11 1.80 E10

Considering 60% of needed protein is coming from other sources,
protein needed for animal = 1.8 E10 g
(assuming that protein is provided by hay and sorghum and soybeans)

Grain production available for export

Production
(grams)
Wheat 8.97 E10
Rice 4.98 E11

Cotton 2.06 E10
Soybeans 2.64 E11

Energy
J/yr
1.25 E15

7.5E15
3.44 E14
4.45 E15
1.35 E16

Sales
$
1.07 E7
6.46 E7
2.49 E7
5.39E7
1.54 E8

(Grain Prices from 1994 US Statistical Abstract, Table 1113)
Principal Crops- production, Supply and Disappearance, 1989/1993
Grain Export (GOODS) = 1.35E16 J/yr
Grain Export (SERVICES) + 1.54 E8 $
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Footnotes for Table 7 (continued)

2. Animal Production
Weight Internal Exp/ Energy
(grams) consumption imp. J/vr
Beef 1.37E10 8.14F9 5.58 E9 9.997 E13
Pig 1.29E9 5.34 E8 7.57 E8 1.752 E13
1.50 E10 0.34 E9 1.175 E14
Animal Prod (GOODS) = 1.175 E14 J/yr

Counties Sales/county % basin Sales-basin
1000 $ 1000 $
Butler 3538 0.095755 338.78
Clay 3127 0.354792 1109.43

Craighead 3248 0.303259 984.99
Greene 5001 0.462598 2313.45
Jackson 1979 0.450701 891.94
Lawrence 6354 0.15494 984.49
Monroe 832 0.228013 189.71
Poinsett 1794 0.183625 329.42
Prairie 7286 0.068496 499.00
Woodruff 372 0.695715 258.81
7900.07

Total Sales = 7.9 E6 §
Export == (% exported)(total sales) = 3.34 E6 $
Animal Prod (SERVICES) = 3.34 E6 $

3. Basin Foreign Exports (SERVICES)

Taken as percent (in population terms) of Arkansas foreign exports:
Arkansas contribution to U.S. foreign exports = 1.32 F9 $

Basin contribution = 1.24 E7 $

4. Relative Exports to others parts of U.S. (SERVICES)

Calculated as shown in Table 3a, computing the relative differences
between Basin and average U.S. in employment in different industry
Relative Exports from Basin = 5.61 E8 $

5. Value of Taxes (SERVICES)

Estimating as percent of Federal Taxes paid by the State
Arkansas Federal Taxes = 2.75 E9 $

Basin Federal Taxes= 2.58 E7 $

EXPORTS (SERVICES) Total = 7.57 E8 $



Table 8
Emergy Indices for Cache River Basin

[tem Name of Index Expression Quantity

1 Renewable use R 5.66 E20 sej/y
2 Indigenous non-renewable N 2.20 E21 sej/y
3 Imported emergy I 2.98 E21 sej/y
4 Total emergy used, U=R+N+1 U 5.74 E21 sej/y
5> Total emergy exported E 4.64 E21 sej/y
6 Emergy from home sources R+N/U 0.48

7  Imports - exports I- E -1.67 E21 sej/y
8 Ratio of exports/imports E/1 1.56

9 Fraction locally renewable R/U 0.10

10 Fraction purchased I/U 0.52

11 Fraction imported services Imp ser/U 0.24

12 Ratio of economic to free (U-N-R)/(R+N) 1.06

13 Use per unit area (4.87 E9 m2)  U/area 1.18 E12 sej/m2

14 Use per person U/population 8.0 E16 sej/person
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environmental renewable resources is 5.3. Water use is 20% (10%
groundwater) of the total source of real wealth, but the agricultural
economy based on the water including the imported inputs to agriculture
is 45% of the total emergy budget.

Comparisons

Emergy Indices of the Cache River basin were compared with those for the
whole Mississippi River basin in Table 6 (Diamond, 1984; Odum, Diamond
and Brown, 1987). The Cache River basin like the Mississippi River basin
used half of its emergy from home sources, but just 10% were locally
renewable. Compared to the rest of the state the Cache River basin used
less emergy from home (~48%), although a larger fraction came from
renewable resources (18%). Like the Mississippi basin and Arkansas as a
whole, the Cache River basin was an emergy exporter. The ratio between
exports and imports was 2.17 for the state, 1.50 for the Mississippi basin,
and 1.56 for the Cache River basin. Imported services were 24% for the
state, 29% for the Mississippi basin and 24% for the Cache River basin.

Annual emergy use per area in the Cache River basin(1.12 E12/m2/yr)

was greater than in the Mississippi basin and Arkansas state (~9 E11/m2).
Emergy per person was very high (8 E16 sej/person) compared to that in
the larger areas of Arkansas and the United States as a whole.

Black Swamp
Energy Systems Diagram
Figure 11 is an overview model of the main parts and processes in a
hectare of Black Swamp. An efforts was made to include the parts and
processes considered important by those making recent studies such as
those in the special issue of the Wetlands Journal in 1997.

Emergy Evaluation Tables

Typical emergy flows were evaluated in Table 10 and represented in the
bar graph as a function of transformity in Figure 12. Water transpiration
and work of physical motions of water were the principal basis for this
ecosystem. There were also inputs by human managers and users.

Emergy Indices

Managed for its natural characteristics the ratio of economic inputs to the
natural environmental value was small (0.25), a ratio less than found in
national parks.




Black Swamp, Cache River, Arkansas

Figure 11. Energy systems diagram of the Black Swam
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Annual Emergy Flow in the Black Swamp

Note Item Raw units  Emergy Solar  Emdollars!
per unit  Emergy 1992
J g $ sej/unit E16 sej/yr E3 $/yr
1  Solar energy, | 9.26 E16 1 9 27
2  Wind energy, ] 1.76 E14 1496 26 76
3  Rain chemical pot., ] 9.48 E13 18199 173 500
4  River geopotential, J 5.37 E13 27764 149 432
5 River chem potential,] 4.80E13 48459 232 074
6 Forestevapotransp,]  9.23 E13 18199 168 487
7 Migratory birds, ] 1.29E11 9.70 E5 12.5 36
8 Fishinflux, ] 2.43 E10 1.00 Eo 2.4 7
9 Recreational uses, $ 1.75 E5 4,70 E12 82 239
10 Gross production, J 9.88 E13 33610* 332
Total Emergy = 414 1201

13.44 E12 sej/$

Area = 3888 acres (Coe, 1974) = 1.57 E7 m2 =1573 ha

*Sum (#4 + #6 + #7+ #8) = 332 E16 sej/yr

Solar transformity = (3.32 E18)/(9.88 E13) = 33610 sej/J

1. Solar energy = 385 ly/day = 3850 kcal/mZ/day
(3850 kecal/m2/d)(1.57 E7 m2)(365 d)(4186 J/kcal) = 9.26 E16 J/yr

2. Wind energy

= (height)(density)(diffusion coefficient)(wind gradient)(area)

(1000 m)(1.23 kg/m3)(14.7 m2/s)(3.16 E7 s/yr)(0.0044/s2)

(1.57 E7 m2) = 1.76 E14 J/yr where diffusion coeff = 14.72 m3/m/s
and wind gradient = 0.00442 m/s/m

3. Rain chemical potential;

(1.22 m precip)(1.57 E7 m2)(1 E6 g/m3)(4.94 J/g) = 9.48 E13 ]/yr



Footnotes for Table 9 (continued)

4,

River geopotential

Flow in and out = 1.37 E9 (from average USGS data, 1987-
1993); (from Dortch, 1996, p. 361)

Elevation change = (57 m - 53 m) (from Walton et al., 1996)

Geopotential energy used:
(volume/yr)(1000 kg/m3)(9.8 m/s2)(4 m drop) = 5.37 E13

River chemical potential

Mean annual river flow (Patterson) estimated from 5-year data
from US Geological Survey Water Data reports from Arkansas,
1987-1990 (1993). Flows from Dortch, (1996, p. 361)

Used chemical potential:
100 mg/1 to 500 mg/1 (Kadlec & Knight, 1996)
Change in total dissolved solids = 400 - 150 mg/1

(1.37 E9 m3/yr)(1 E6 g/m3)(4.925 - 4.89 ]/g) = 4.79 E13 J/yr

Bottomland hardwood evapotranspiration

Evapotranspiration to pan evaporation ratio = 0.95 (cyp. riverine
from Lugo A., 1990)

Pan evaporation = 55 in = 139.7 cm (from US Env. Data Serv. 1975:
Weather Atlas of the US)

Assuming transpiration/pan evap = 0.85

Transpiration rates = 118.745 cm

Forest transpiration energy

=(1.187 m)(1.57 E7 mZ)(1 E6 g/m3)(4.94 ]J/g) = 9.2 E13 J/yr

Birds migrants

Abundance of migrants during breeding season

1.5 birds/0.48 ha plot = 3.125 birds/ha

(3.125)(1573) ha = 4916 birds

Average weight = 19 g/bird = 9.5 g dry welght/ bird
Bird dry weight/swamp = 4.67 E4 g dry wt

Respiration = (dry weight)(conversion factor)(236g/yr)
= 1.10 E7 g/yr (Costanza et. al, 1983)

Energy = (1.1 E7 g/yr)( 5.6 kcal/g)(4196 J/kcal)(0.5 yr)
=1.29E11 g/seas
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Footnotes for Table 9 (continued)

8.

10.

Fish Influx as larvae

Larvae in floodplain in spring = 1.81 ind./m3

In spring + early summer = 1.33 ind./m3

For the whole season assume = 1.0 ind./m3

Volume of inundation water into the floodplain = 5.0 E6 m3

Based on transects and water stages (Kleiss, 1996)

5.0 E6 larvae in spring; average larval weight=2g

Total weight = (2 g/ind. (5 E6 ind) = 1.0E7 g

Energy

= (1 E7 g)(0.2 dry)(5.8 kcal/g)(4186 J/cal)(0.5 yr) = 2.43 E10 ]

Recreational uses

Area demand: 3.10 E6 man/hours (Corps of Engineers, 1974)
Rec. areas in the region = 78,000 acres

Black Swamp = 3880 acres

Black Swamp percent = 0.0497

Black Swamp share 5% of demand = 1.55 E5 man/hours

Energy

(1.55 E5 man/hour)(104 kcal/h)(4186 J/kcal} = 6.7478 E10 }/yr

Counting by trips

Trips demands for hunting/fishing = 116,900 trips/year
Black Swamp area = 5% available area in the region

Black Swamp's trips = 5845 trips/year

Estimated cost/trip = $3.3/trip (Corps of Engineers, 1974)
Estimated expenses/trip = $20.00/trip (assumed)

Total expenses = 175,350 $/yvear

(Solar emergy)/(emergy/money for Arkansas)

In 1992 Emergy/money ratio = 4.70 E12 sej/$

Black Swamp gross primary production
= (5900 tonne/swamp/yr)(1 E6 g/tonne)(4 kcal/g)(4186 J/kcal)
=9.88E13 J/yr
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Table 10
Annual Emdollar Values in one Hectare of the Black Swamp
For value of 1.57 E3 hectares of Black Swamp, multiply by 1570

[tem Baseline River River Pumped
Evaluation Diverted Channelized Groundwater

1 Forest productivity 309 295 280 342
2 Sediment retention 1335 1135 0 1335
3 Organics retention 4023 3419 0 4023
4 Fish production 525 92 0 0

Total 6192 4941 280 5700

* Emdollars calculated by dividing emergy values by Arkansas emergy/dollar
ratio for 1992 = 3.45 E12 sej/$

Emergy per unit used to evaluate emergy:
Forest production 4916 sej/]
Sediment retention 1.7 E9 sej/gram
Organic matter retention 6.24 E4 sej/]
Fish production 2 E6 sej/]

1. Forest productivity:
Baseline evaluation: floodplain from inundation frequency in a natural
floodplain (Brinson, 1990) with 25% transition
Floodplain =11.5 t/ha/yr; transition = 7 t/ha/ yr; upland = 10 t/ha/yr
Production/ha = (0.25)(1 ha)(7t/ha) + (0.75)(1 ha)(11.5 t/ha)
=10.375 t/ha/yr
Energy = (10.375 t/ha/yr)(1 E6 g/t)(5 kcal/g)(4186 J/kcal) = 2.17 E11 J/yr

Evaluation of swamp with diverted river: using upland, 15%; transition
30%; floodplain 55% with production, respectively: 10 t/ha, 7 t/ha,
11.5 t/ha.

Evaluation of channelized river: using upland, 80%; transition 20%;
floodplain 0% with production, respectively: 10 t/ha, 7 t/ha, 11.5 t/ha.

Evaluation of pumped groundwater impact: using upland, 0%; transition
25%; floodplain 75% with production, respectively: 10 t/ha, 7 t/ha, 13 t/ha.
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Footnotes for Table 10 (continued)

2.

Baseline sediment retention 2.75 tonne/ha/yr
River diversion 85% sediment retention
Channelization 0% sediment retention
Groundwater pumping, normal sediment retention

Baseline organic retention 1.07 E7 g/ha/yr
River diversion 85% retention
Channelization 0% retention

Groundwater pumping, normal retention

Baseline fish production 187 kg/ha
With river diversion 85%

With channelization 0%

With groundwater pumping 70%



Emergy signature for Black Swamp
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Figure 12, EMERGY signature of a hectare of Black Swamp Ecosystem
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Comparisons
The annual emergy uses and flows are high comparable with other more

productive ecological systems.

Simulating Impacts

Diagram of the overview ground water model in Figure 13a has the
equations beneath the diagram and the mathematical terms for each
pathway or storage. Figure 13b has the values of flows and storages used
in the calibration based on calculations in Appendix Table Al. The
coefficients for the simulation model were calculated in Appendix Table

A2.

Figure 14 has the results of simulating the model calibrated with pre-
impact conditions. River water is the main water input to the swamp
(Figure 14a). Average standing water in the swamp varied from less than
0.10 m in the summer to 1.20 m in the winter and early spring months.
Water levels followed the annual sine-wave fluctuation supplied to
represent sunlight, rain and river. When river waters receded, the water
inputs to the swamp were provided by rainfall and groundwater. These
inputs were critical for the forest production because they occurred during
summer season when sunlight was maximum in the area.

"The seasonal pulsing of sunlight and rain produces corresponding pulses in
photosynthetic production (Figure 14b). Similar graphs were obtained for
the several impact conditions (Appendix A), and these differences from the
base calibration run are summarized in Table 11. To understand the
impact interactions, the reader might use a finger to trace the pathways in
the model (Figure 13a) to see how each management action causes the
changed values reported in the summary Table 11.

The results of simulated effects of the various conditions on average gross
primary production and the swamp are given in Table 3.1.

Included in Appendix A are 26 year simulations of the overview model
(Figure 13a) for various conditions, Yearly fluctuations of the gross
primary production are displayed in the top panel, forest biomass and
water level of the swamp on the middle panel, and groundwater level and
the groundwater influx into the underlying aquifer on the bottom panel.
Impacts simulated separately were:

Pre-impacted conditions - Figure B.1.

Effect of cutting forest - Figure B.2.

Effect of lowering groundwater - Figure B.3.



"parydiysiy m\ﬂ.maﬁma I91eM UM [T 2anS8ig

SEVIN

"30913
S90S
¥ SPoOo9
sjen

4 = R
SBSUBMUY ‘J9AlY ayoe) ‘dwems yoelg
Slue|d |~
X 133d unoug
sBuypasg
S|ewiuy W 994
. /POOM L4
ﬁ peaq, |/ muoomw
1
N s3onpoud 4 s
ATE L fsesn , BN A
$309sU] |
C [ spag "M@y 1 (Ssewol
» /||Adoue
! uiubl
. p W soiuebuQ - , owipe
‘ spJig NN e g P
\ onenbyt . SHoA x0] 3 /oem
$4- . Jorepm Buipuey
jpuuey)
4
r L3
Ja1e ) 101e 0 S uiey
puno. puno.s XL JaAly
— [enity ™ S line

ayoe)



i

Effect of diverting river flows - Figure B.4.
Simulation of combined actions (= cumulative impacts) were:
Effect of lowering groundwater and cutting forest - Figure B.5.
Effect of lowering groundwater and diverting river - Figure B.6.
Effect of diverting river and cutting forest - Figure B.7.
Effect of lowering groundwater, diverting river and cutting forest -
Figure B.8.

Simulated Effects of Separate Impacts

According to the model predictions, cutting 10 or 20% of the forest did not
cause major impacts in the system production. In 7 to 10 years the forest
returned to the pre-impact conditions.

Reducing groundwater inputs and lowering the average groundwater level
in the area caused a 20% reduction in the groundwater inputs and caused
forest production and biomass to be reduced to 67% and 74% of the pre-
impacted values, respectively. Diverting 20% of river waters caused forest
production and biomass to decrease to 61% and 69% of the pre-impacted
conditions, respectively.

Simulation of Cumulative Impacts

Cutting biomass did not increase the larger impacts of lowering
groundwater or diverting the river. However, there were cumulative
synergistic effects of river diversion and lowering groundwater. Reducing
these two water inputs by 20% caused the forest production and biomass
to decrease to just 31% and 45% of the pre-impact values. The strongest
impact came from a scenario with 20% reduction in forest biomass,
groundwater and river water inputs. In this case, forest production and
biomass were reduce to 28% and 39% of the initial conditions, respectively.
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(a)
Figure 13. Overview simulation model of impacts on waters of the Cache

River watershed affecting the Black Swamp. (a) With mathematical
equations; (b) with values of flows and storages used for calibration from

Appendix Table Al.
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(b) Swamp Characteristics

Figure 14. Simulation of the Black Swamp water model in Figure 13a as
calibrated with values in Figure 13b. (a) Water inputs; (b) sunlight,
primary production, and water level. See Appendix Figures Al - A8.



DISCUSSION
Principal Resources

Sunlight and its derived natural energy flows (wind, rain, etc.) work in many
ways over the state and its river basin. However, it is in the form of rain that
it provides higher emergy for these areas, and the way it will be taken into
account in this analysis. Rain fallen over the land and working in the
landscape is measured as runoff geopotential. The water evapotranspired by
vegetation is measured as rain chemical potential. The state and the Cache
River basin are well served by rain (~48 in) during the whole year and
present high evapotranspiration rates during summer and early fall months.
Therefore, rain chemical potential emergy is the highest source of natural
renewable energy in both systems.

Arkansas has an uneven relief, with mountains and plateaus over its west side
and the Mississippi floodplain in its east side. Therefore, it has a relatively
high runoff geopotential (~30% of its renewable emergy). The Cache River
basin is basically a flatland, and water has little geopotential energy there.

The state is relatively rich in nonrenewable resources. It has a good deal of
mineral resources that are intensively used by the present economy. Its
natural gas reserves provide the amount used by the state and supply the
state with 28% of its energetic needs (EIA, 1994). The Cache River basin,
however, has no fuel reserves and depends on imports to supply its energetic
consumption.

The Cache River basin is basically an agricultural area, and therefore the
indigenous nonrenewable resources most used in the area are soil and
groundwater. Groundwater was taken as nonrenewable because about 70% of
the recharge of the Mississippi River valley alluvial aquifer was already used
by irrigation in 1972 (Ackerman, 1989). Groundwater emergy represents 22%
and 14% of nonrenewable energy used in the state and the basin, respectively.

The most striking fact is the agricultural cost in terms of erosion in the Cache
River basin. Soil formed in the past is now intensively used. Soil loss makes
up about 84% of nonrenewable emergy used and 42% of total emergy used in
the basin.

The agricultural production in the basin depends on imports of goods and
services, fuel and fertilizers. Goods and services make up about 36% of the
whole basin emergy import.



The state has a more diversified economy. However, it is still largely
agricultural and dependent on some kind of imports. Fuels represent 31% of
state imports. Goods and services make up 46% of state imports. The basin
exports its high grain production and services embodied in such production.
The state exports meat and services embodied in its industrial production.
Both areas export much more emergy than they import.

Evaluating Change

Perspectives on the roles of various processes, inputs or impacts can be
obtained by comparing the annual emdollars of different flows in the
evaluation tables. Emdollars provide the resource contribution to the dollar
economy, the gross economic product. For example, Table 10 gives the value
of a hectare of Black Swamp and compares effects of river diversion,
channelization, and strong groundwater pumping.

Another way to evaluate the impacts is to observe the effects of a changed
input to a computer simulation model. The simulation automatically includes
synergistic and cumulative impacts. Table 11 has the results of simulating the
water model in Figure 13, showing the percentage decline in emdollar values
for different impacts separately and together. Table 11 has the model's
indications of impact on swamp forest productivity and biomass.

Use of Emergy Evaluation in Permitting

Emdollar evaluation allows environmental resources, their contributions to the
economy, and the impacts to be placed on familiar monetary terms. Whereas
the systems diagrams show pathways of contribution or impact, the
evaluations give substance, indicating how important they are and their
cumulative impacts, as we have shown with examples in Tables 9, 10, and 11
for the Black Swamp.

For those responsible for permits or other decisions about environment, Table
12 summarizes the steps to obtain an emdollar evaluation of a proposed
action. By evaluating the changes anticipated in the environment and the
associated economic development, the new may be compared with the pre-
condition. The general guideline can be to authorize developments that
maximize the annual emdollar production and use (including that of the
environment and the economic uses).
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Table 11

Simulated Effects on the Productivity and Biomass of the Black Swamp

Action & % of Initial % of Initial
Impact Intensity Productivity Biomass
Cutting biomass

0% 100 100
10% 99 97
2006 97 94
Diverting river flow
% 100 100
109% 79 84
2006 61 69
Lowering groundwater
00 100 100
10% 79 84
20% 61 74
Cutting biomass +
Lowering groundwater
% 100 100
10% 80 81
20% 67 68
Cutting biomass +
Diverting river flow
0% 100 100
10% 79 80
20% 65 63
Diverting river flow +
Lowering groundwater
0 100 100
10%6 78 67
20% 58 45
Cutting biomass +
Diverting river flow +
Lowering groundwater
o 100 100
1% 59 04
20% 31 39
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Table 12
Steps for Emdollar Evaluation of a Proposed Change
(See Also Previous Section on Concepts)

1. Identify the changes by looking at a systems diagram for the
environmental system and its interface with economic use and impact.
Diagrams are already available for most ecosystems and environmental

use systems.

2. List the main changes. For example, replacing a swamp with a
development will have items that are lost and items from the economy
that will be added.

3. Obtain estimates of each of these in the normal every-day or
scientific units. For example, estimates may be appropriate for area of
land use changed, energy of sunlight, volume of water, number of ducks,
dollars spent on construction, etc. It is desirable to evaluate any large
storages--such as water, minerals, soil, forest wood, etc. It is also
necessary to evaluate the annual contribution in amounts contributed per

year.

4, Multiply each of these measures by the emergy per unit from unit
emergy tables. For example, emergy per gram, emergy per individual,
€mergy per area, transformity (Table 1). The results of this step are
emergy of the stored quantities and annual emergy flows.

5. Next divide the emergy values from step #4 by the emergy/money
ratio for a recent year. The results are in emdollars. Emdollars include
nature's contribution and the money paid to people on the same scale.

o. Finally compare the alternative proposals including the original
condition to see which represent an increase in total emdollars. A proposal
which decreases total emdollars should not be authorized. Instead, better
designs for development may be found that use the work of nature and
that of the economy in a symbiotic way (called ecological engineering).




Appendix A
Details of Impact Simulation

Appendix Table Al
Data Used for Calibration of the Water Simulation Model in Figure 13

Flows In and Out of Standing Water Storage (S):

1. Rainfall into the area (R)
Average rainfall = 49.2 in (COE, 1974) = 1.25 m/yr
Annual rainfall = (area)(average rain)
= (10,000 m2)(1.25) = 12,500 m3/yr/ha
Considering the Black Swamp area (1573.5 ha)
= (12500 m3/yr/ha)(1573.5 ha) = 19.7 E6G m3/yr/swamp
= 1.64 E6 m3/month
Rainfall was varied during the year, with the sine equation:
R=(R1+ R2)(sin t}(0.523)
R1 = 1.60 E6G m3/month .
R2 = 0.40 E6 m3/month

For the calibration month, R = 1.96 E6 m3/month

2. Standing water storage (S)
Assuming an annual average water level in the swamp of
0.30 m, the volume of water retained in the swamp
= (water level)(area) = (0.3){(10000 m2) = 3000 m3/ha
Considering the whole swamp
Volume = (3000 m3/ha)(1573.5 ha) = 4.72 E6 m3/swamp

Volume (assumed) = 5.00 E6 m3/ swamp

3. Evaporation and transpiration -
According to Lugo, A.E. (1990), evapotranspiration of riverine
cypress in Florida = 95% of pan evaporation.
Assumptions for the Black Swamp ecosystem:
Evaporation = 15% of pan evaporation
Evapotranspiraton = 85% of pan evaporation
Cache R. area: average pan evaporation = 55 in ~1400 mm/yr
Ground level evaporation E ~ 200 mm/yr = (0.2 m)(10000 m)
= 2000 m3/ha
(2000 m3/ha)(1573.5 ha) = 3,147,000 m3
= 3.15 E6 m3/yr/swamp
Canopy evapotranspiration (ET) = 1400 200 = 1200 mm/yr
= (1.2 m/yr)(10000 mZ/ha) = 12000 m3/ha/yr
= (12000 m3/ha/yr)(1573.5 ha) = 18.88 E6 m3/yr/swamp
= 1.47 E6 m3/month -
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Appendix Table Al (continued)

4. River flooding in the swamp
River water inflow is about 14 times the rainfall.
(Annual water budget for Black Swamp, Walton et al., 1996)
River inflow (~14)(1.96 E6 m3) = 2.74 E7 m3

Assumed = 3.0 E7 m3/month

5. Runoff leaving the swamp
The flow needed to empty floodwaters in the swamp in a
period of 4 to 6 months (flooding time).
Flows in = rainfall + river flooding
= 19.7 E6 m3/yr + 89.24 E6 m3/yr = 108.94 E6 m3/yr
Flows out = evaporation + evapotranspiration + runoff
= 3.15 E6 m3/yr + 18.88 E6 m3/yr + runoff
Then Runoff = 108.94 E6 m3/yr - 22.03 E6 m3/yr
— 86.91 E6 m3/yr = 7.25 E6 m3/month
Assumed runoff for the calibration month (January)

= 8 E6 m3/month.

6. Groundwater inflow
Groundwater draining to the alluvial water storage (A) found
below the Black Swamp area assumed from the whole
northwest zone of the Mississippi river valley alluvial aquifer
(from its NW boundary to the east Crowley Ridge divide south
to Black Swamp area), about 11,840 kmZ2 which represents
14.3% of the whole aquifer area.
Water budget estimated for the aquifer by Ackerman (1989)
Percent of the aquifer considered:
Flows in layer 1-whole aquifer-1178 cfs; NW zone-168.3 cfs
Flows in layer 3-whole aquifer-2065 cfs; NW zone-295 cfs
Total groundwater flowing into the storage (A) is 463.3 cfs

=13.12m3/s = 413.77 E6 m3/yr = 3.46 E7 m3/month
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7. Alluvial water storage
The alluvial aquifer groundwater storage (A) was calculated as
the volume of the water of the Mississippi River valley
alluvial aquifer stored below the Black Swamp area. This
volume was estimated from the average depth (30.45 m)
and the average porosity (0.30) (Ackerman, 1989).
Therefore: volume = (depth){porosity)(area)
= (30.45 m)(0.30)(10,000 m2/ha) = 91350 m3/ha

= (91350 m3/ha)(1573.5 ha/swamp) = 1.44 E8 m3/swamp

8. Groundwater contribution to swamp
Water flow calibrated from swamp to the aquifer during wet
periods and from the aquifer to swamp in dry periods of late
summer. Flow from swamp to the aquifer:

= 5.0 E5 m3/month (about 25% of rainfall)

9. Groundwater out of the alluvial storage (A) calculated as the
water to balance other flows going in and out of the storage.

Groundwater flow in = 3.46 E7 m3/month + 5 E5 m3/montth
= 3.46 E7 m3/month

10. Cache River flow into the Black Swamp (Jc)
Average flow at Patterson (upstream gauging station)
= 1000 cfs = 28.32 m3/s
Annual flow = (28.32 m3/5)(365)(24)(3600 s/yr)
= 8.93 E8 m3/yr (7.44 E7 m3/yr)

11. The inflow river was oscillated according to the equation:
Je=(JO+ J1)(sin ({t+13)(0.523))
JO = 1.2 E8 m3/month and J1 = 5 E7 m3/month

12. Storage of plant biomass (B) of riverine forest ranges from 100
to 300 ton/ha (Brinson, M.M., 1990). Standing biomass for
bottonland forest at Black Swamp assumed 250 ton/ha.

Total biomass = (standing biomass/ha)(area, ha)
= (250 ton/ha)(1573.5 ha) = (393375 ha) = 3.93 ES ha



Appendix Table Al (continued)

13. Gross production of biomass
Net production in riverine forest like the Black Swamp
13.5 ton/ha/yr, where litterfall is about 5.5 ton /ha/yr
(Brinson, M.M., 1990). Respiration about 70% of gross
production; net production about 30%; gross production
= (13.5 ton/ha/yr)/0.3 = 45 ton/ha/yr
(45 ton/ha/yr)(1573.5 ha) = 70807.5 ton/yr
= 7.1 E4 ton/swamp = 5900 ton/month

14. Biomass used in feeding back into production (Figure 13b)
Net production of litterfall of riverine forest
= (5.5 ton/ha/yr)(1573.5 ha/swamp) = 8654.25 ton/yr
= 8.65 E3 ton/yr/swamp (720 ton/month)

15. Net production to consumers equal the remaining net production
(woody production - 8.0 ton/ha/yr)
(8.0 ton/ha/yr)(1573.5 ha/swamp) = 12588 ton/yr/swamp
= 1.26 E4 ton/yr/swamp (1050 ton/month).

1o. Biomass production used by respiration about 70% of the gross
production = (45 ton/ha/yr)(0.70)(1573.5 ha/swamp)
= 49,565 ton/yr/swamp = 4130 ton/month

17. Sualight: assumed forty percent of incident sunlight used by the
trees. However, production of the tree biomass proportional to
the 60% unused remainder (Lr) (Odum, H.T.,1983).
Sunlight varied during the year with a sine function
L={(1+0.5)(sin ({t + 8)(0.523))
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Table A2
Calibration Values for the Water Simulation Model for the Black Swamp

Expression Value Coefficient Value

= 1.96 E6
Jc* = 1.58 E8
Jel = 3.94 E7
Jg= 3.45 E7
Lr = 0.6
Jr= 1.36 E8
S1 = 1.57 E7

= 1.44 E8

= 3.15E5

= 5.00 E6
Al = 1.57 E7
hQ = 2.00 E-1
hl = 92.12
K1*A = 3.46 E7 k1l = 2.41 E-1
k3*S = 8.00 E6 k3 = 1.60 EO
k4*((Jc/Jc1)-2.0)) = 3.00 E7 k4 = 1.49E7
K5*(((S/81)-h0))-({A/A1)-h1))= 5.00 E5 k5 = 5.84 E6
k6*S = 2.625 E5 k6 = 5.25 E-2
K7*Lr*S*B = 1.47 E6 K7 = 1.56 E-6
Kk11*Lr*S*B = 0.4 k1l = 4.23 E-13
k30*Lr*S*B = 5900 k30 = 0.24 E-9
k31*Lr*S*B = 720 k31 = 7.62 E-10
kK32*B = 4130 k32 = 1.31 E-2

k33*B = 1050 k33 = 3.33 E-3




Appendix Table A3
Black Swamp Water Simulation Program in BASIC

10 REM BSWF Calibrated without impacts
20 CLS

30 SCREEN 12

40 LINE (0, 0)-(319, 400), 3, B
41 LINE (0, 240)-(319, 240)

42 LINE (0, 90)-(319, 90)

45 REM OPEN "C:\excel\bswpre.dat" FOR OUTPUT AS #1
50 REM SCALING FACTORS
55t=0

60DT =.5

70 SO = 500000

80 BO = 6000

85 A0 = 10000000

90 JGO = 500000

91 JCO = 2000000!

100 RO = 500000

101t0=1

102L0=.1

103 j40 = 500

110 REM INITIAL QUANTITIES
120R1 = 1604671

125 R2 = 397671

135 Je1 = 3.94E+07

136 JO = 1.2E+08

137 J1 = 5E+07

140 JG = 3.45E+07

150 A = 1.444E+08

155 Al = 1.57E+07

160 S = 5000000!

161 S1 = 1.57E+07

162 h0 = .2

165hl =9.12

170 B =315000

220 REM COEFFICIENTS

230 K1 = .241

240K3 = 1.6

250 k4 = 1.49E+07

260 K5 = 5480000!

270 k6 = .0525

280 K7 = 1.56E-06

310K11 =4.23E-13

360 K30 = 6.24E-09

370 K31 = 7.62E-10

375k32 = .013111

376 k33 = .003333

380 REM EQUATIONS

383 Jc = JO + J1 * SIN((t + 13) * .523)
384 L =11 + .5 * SIN((t + 8) * .523)
392 s =k4 * ((Jc / Jcl) - 21

393 IFJs<OTHENJs =0



Appendix Table A3 (continued)

395 R = RI + R2 * SIN(t * .523)
400Lr=L/(1+KI11*S§ *B)

401 J5=K5*(({S/S1)-h0)- ((A/Al) - hD))

402 J7=K7*1.r*S*B

403 J3 =K3 *§

404 J11=K11*Lr*S+B

410DA =JG - (K1 *A) + K5* (((S/S1)-h0) - (A / A1) -hl))
420DS=R+Js-k6*S-K7*Lr*S*B-K3*S-J5
430DB=K30*r*S*B-K31 *Lr*S*B-k32*B-k33*B
431J30=K30*Lr*S *B

432 )32 =k32*B

440 REM CHAngING EQUATIONS

450A=A+DA*DT

455IFA<OTHENA =0

46085 =S+ DS *DT

465IFS<0THENS =0

470B=B + DB * DT

475IFB<O0THENB =0

480 REM PRINT #1, USING "#######1HEF 48", R; L; Jc; 5;8/81;B; Js; 15; 17; J3:
J30; 132, A ATAL: )L

490 REM PLOTTING EQUATIONS

500 PSET (t/t0,400-A /Al * 10), 3

S10PSET (t/t0, 240 - S/ 80), 2

520 PSET (/10,240 - B/ B0), 1

525 PSET (t/ 10, 90 - J30/ j40), 3

526 PSET (t/ 0, 400 - JG / JGO), 2

528 REM PRINT j5

530t=t+ DT

540 IF t/ t0 < 320 GOTO 380






Appendix B
Calculation of Transformities

Transformities of Global Water Flows

Global chemical potential fresh water flows transformities were estimated
following the same rationale that was applied for H.T. Odum (1996) in
calculating transformities for other Farth processes (such as wind, rain,
streams, waves, etc.). It is understood is that all these Farth processes are
interdependent of each other and they require the whole empower budget
contributing to the Earth (9.44 E24 sej/yr) to operate each individual
process. As aggregated in Figure Bla, all the fresh water pathways are
necessary to the global system and thus are coproducts of the total
geobiospheric system.

A global water budget done by L'vovich, 1974 (in Gleick, 1993) was used to
identify the average annual water flows in the pathways. According to the

data, the global average flows are: Precipitation- 110,305 km3/yr,
evaporation- 71,475 km3/yr, groundwater runoff- 11,885 km3/yr, and
surface water runoff- 26,945 km3/yr (Figure B1b).

The chemical potential energy of the water flows was then calculated from
the volume flows using the following equations:

Evapotranspiration (J/yr) = (m3/yr)(1 E6 g/m3)(Gibbs Free Energy, 4.94 J/g)
River flows (J/yr} = (volume/yr)(1 E6 g/m3)(Gibbs Free Energy, 4.93 J/g)
Groundwater (J/yr) = (m3/yr)(1 E6 g/m3)(Gibbs free energy, 4.89 J/ g).

The Gibbs Free Energy in the flows was estimated considering the free
energy of the fresh water relative the to salty ocean water (Figure B2c).
Concentrations of dissolved solids were assumed to be about 5 mg/1 for
precipitated/evaporated water, around 150 mg/1 for river waters and
around 342 mg/1 for the groundwater (Lee and Fetter, 1994).

Transformities were calculated as emergy divided by energy.
Evapotranspired rain = (9.44 F24 sej/yr)/(3.53 E20 J/yr) = 26,735 sej/]

River waters = (9.44 E24 sej/yr)/(1.88 E20 J/yr) = 48,850 sej/]

Groundwater = (9.44 E24 sej/yr)/(5.82 E19 J/yr) = 162,165 sej/]
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Transformities of Migrant Birds

Preliminary transformities of migrant birds were estimated by estimating
the emergy required to support the birds in a hectare of northern nesting
area in summer (Hubbard Brook, New Hampshire) and a winter support area
in Florida. Energy flows in the birds were estimated from respiration rates.
See Appendix Table B1.

Transformities for Agricultural Commodities

Transformities for agricultural products rice, soybeans, wheat, sorghum, corn,
and broiler chickens were evaluated in Appendix Tables B2-B7. The emergy
signatures of these inputs to each of these production processes are shown in
graphical form in Figures B2-B7.



Appendix Table B1
Emergy of a Migrant Bird

Note Item Emergy use Energy use Transformity
sej J sej/]

1 Bird inWinter months 2.49 E13

2 Bird in Summer months 2,60 E13

3 Annual Support 5.09 E13 5.27 E7 9.7E5

1. Chemical potential energy of rain transpiration per hectare in 6

months as approximation for ecosystem productivity in southern
wintering area: Rainfall = 140 cm/yr; 35% in fall and winter
Transpiration = 75% of rainfall; Seasonal transpiration

= (140 cm/yr)(0.35/season)(0.75 transpired) = 0.37 m/season
Energy = (0.37 m/season)(1 E4 m2/ha)(1 E6 g/m3)(4.94]/g)

= 1.83 E10 ]J/6 months

Emergy support per bird the product of energy use and the solar
transformity of rain over land, multiplied by 43% going into
migrants, and divided by 5.75 birds/ha

(1.83 E10 J/yr)(1.82 E4 sej/J)(0.43)/5.75 = 2.49 E13 sej/6 mo/bird

As in note #1 except with data for summer months using data from
Hubbard Brook, New Hampshire: Energy =

(130 cm rain/yr)(0.40 transp/season)(1 E8 cm2/ ha)(4.94 }/g)

= 2.57 E10 J/ha/season; Emergy =

(2.57 E10 }J/6 mo)(1.82 E4 sej/J}(0.84 migrants)/(15 birds/ha)

= 2.6 E13 sej/6 months/bird

Annual emergy basis per migrant bird sum of winter and summer.
Bird energy used from annual respiration:

63% of annual consumption of bird 9.5 g

Energy = (annual respiration per bird)(5.6 kcal/ dry wt)(4186 J/kcal)



Appendix Table B2
Emergy Evaluation of Rice Production
Annual Rates per Hectare

Note Items Data Emergy/Unit Emergy
unit/yr sej/] E13 sej/yr
1 Sun,] 1.05 E13 1 1
2 Rain transpired, | 1.48 E10 1.82 E4 27
3 Soil used up, | 9.92 E8 6.30 E4 6
4  Groundwater 3.72 E10 1.60 ES 596
5 Fuel 1.35 E10 6.60 E4 89
© Machinery, oil equiv.  2.87 E8 0.60 E4 2
7 Pesticide, oil equiv. 3.97 E9 6.60 E4 26
8  Nitrogen 2.92E8 1.90 Eo 55
9 Potassium 2.30 E7 3.00 E6 7
10 Seed, oil equiv. 2.63 E9 0.00 E4 17
11 Electricity 3.78 E9 1.70 E5 64
12 Service, US $ 1977 730 4.40E12 321
13 Rice production 6.95 E10 1211

14 Transformity

1.76 ES sej/]

Footnotes
Data on rice plantation at Grand Prairie, AR, { Pimentel, 1980, p. 95)

1.

Solar insolation = 1.00 E6 kcal/m2/yr

Growing season = 3 months = 0.25 yr
(1 E6 kcal/m2/yr)(1 E4 m2/ha)(0.25 yr)(4186 kcal/])

— 1.05 E13 J/yr

Transpiration Energy = (3000 m3/yr)(1 E6 g/m3)(4.94 J/g)

= 1.48 E10 J/yr

Soil used up assumed 10 ton/ha/yr (as in Odum, 1996)

Organic Fraction = 0.44% of dry matter

Energy = (weight)(0.0044 org)(5.4 kcal/J)(4186 j/kcal)

~9.95 E8 J/yr
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Footnotes for Appendix Table B2 {continued)

4,

10.

11.

12.

13.

14.

Groundwater irrigation = 0.76 m/ha = 7600 m3/yr
Chemical potential energy
= (7600 m3/yr){1 E6 g/m3)(4.90 J/g) = 3.72 E10 J/yr

Fuel (Pimentel, 1980): Gasoline 8.70 E5 + Diesel 2.34 E6 kcal/ha
Energy = (3.21 E6 kcal)(4186 J/kcal) = 1.35 +10 J/yr

Machinery (embodied fuel in the machinery, Pimentel 1980)
Energy = (6.86 ES3 kcal)(4186 J/kcal) = 2.87 E8 J/yr

Pesticide

1.1 kg of 2,4,5-T =1.10 E5 kcal/ha

4.5 kg propanil = 4.50 E5 kcal/ha

3.4 kg molinate = 2.94 ES kcal/ha

Total 9.50 E5 = kcal/ha

Energy = (9.5 E5)(4186 J/kcal) = 3.97 E9 |/yr

Nitrogen fertilizer = 134.5 kg/ha
Chemical potential = 2.17 E6 J/kg
Energy = (134.5 kg/yr}(2.17 E6 J/kg) = 2.92 E8 J/yr

Potassium fertilizer = 33.6 kg/ha
Chemical potential = 702 J/g
Energy = (33.6 E3 g/yr)(702 J/g) = 2.36 E7 J/yr

Seed 156.9 kg; embodied fuel 6.28 E5 kcal/ha
Energy equivalent: (6.28 E5 kcal/yr)(4186 J/kcal) = 2.63 E9 J/yr

Electricity in irrigation fuel 0.76 m/ha pumped up 38.1 m
Energy = (7600 m3)(38.1 m)(9.8 m/s2)(1000 kg/m3)/(0.75 eff.)
=3.78 E9 J/yr

Service as price — 7.02 $/Cwt (CYB, 1978) = $ 0.154 $/kg
(4742 kg production)(0.154 $/kg) = $730

Production = 4742 kg/ha
Energy = (4.72 E6 g)(3.5 kcal/g)(4186 J/kcal) = 6.95 E10 }/yr

Transformity = (1.22 E16 sej/yr)/(6.95 E10 J/yr) = 1.76 ES sej/]



Emergy Evaluation of Soybean Production

il

Appendix Tabie B3

Annual Rates per Hectare

Note Items Data Emergy/Unit Emergy
unit/yr sej/] E13 sej/yr
1 Sun,] 1.05 E13 1 1
2 Rain transpired, ] 1.48 E10 1.82 E4 27
3  Soil used up, J 9,92 E8 6.30 E4 o
4  Groundwater 1.47 E10 1.60 E5 235
5 TFuel 3.60 E9 6.060 E4 24
6  Machinery, oil equiv.  8.81 E8 6.60 E4 o
7  Pesticide, oil equiv. 1.29 E9 6.60 E4 9
8 Phosphate 1.56 EG 1.00 E7 2
9  Nitrogen 1.22 E7 1.90 E6 2
10 Seed, oil equiv. 2.45 E9 6.60 E4 16
11 Electricity 1.49 E9 1.70 E5 25
12 Service, US $ 1977 5.85 E2 4,40 E12 257
13 Soybean production 3.73 E10 609

14 Transformity

1.62 ES sej/]

Footnotes
Data on irrigated soybean plantation in Nebraska (Pimentel, 1980 p. 120)

1.

Solar insolation = 1 E6 kcal/m2/yr

Growing season = 3 months = 0.25 yr
(1 E6 kcal/m</yr)(1 E4 m2/ha)(0.25 yr)(4186 kcal/])

~1.05 E13 J/yr_

Transpiration Energy = (3000 m3/yr)(1 E6 g/m3)(4.94 ]/ g)

- 1.48 E10 J/yr

Soil used up assumed 10 ton/ha/yr (as in Odum, 1996)

Organic Fraction = 0.44% of dry matter

Energy = (weight)(0.0044 org)(5.4 kcal/])(4186 ]/kcal)

=9.95 E8 J/yr
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Footnotes for Appendix Table B3 (continued)

4,

10.

11.

12.

13.

14.

Groundwater irrigation = 3000 m3/yr
Chemical potential energy
= (3000 m3/yr)(1 E6 g/m3)(4.90 J/g) =1.47 E10 J/yr

Fuel (Pimentel, 1980)
Gasoline 2.43 ES kcal + Diesel 6.16 ES kcal
Energy = (8.59 ES kcal)(4186 J/kcal) = 3.6 E9 J/yr

Machinery (embodied fuel, Pimentel, 1980)
11.7 kg/ha = 2.10 E5 kcal/ha
Energy = (2.10 E5)(4186 J/kcal) = 8.81 E8 J/yr

Herbicide (embodied fuel, Pimentel, 1980)
3.08 kg/ha = 3.08 ES kcal/ha
Energy = (3.07 E6)(4186 J/kcal) = 1.29 E9 J/yr

Phosphate application = 4490 g/ha
Chemical Potential = 348 J/g
Energy = (4490 g/yr)(348 J/g) = 1.56 Eo J/yr

Nitrogen Application = 5.61 kg/ha
Chemical Potential = 2.17 E6 J/kg
Energy = (5.61 kg/yr)(2.17 E6 J/kg) = 1.22 E7 /yr

Seed Quantity = 73.2 kg; embodied fuel = 5.86 ES kcal/ha
Energy used (5.86 ES kcal/yr)(4186 J/kcal) = 2.45 E9 J/yr

Irrigation electricity as fuel = 1.62 E6 kcal/ha

Assumption: 0.30 m water/ha pumped 38.1 m; efficiency = 0.75
Energy =

(3000 m3)(38.1m)(9.8 m/s2)(1000 kg/m3)/0.75 = 1.49 E9 J/yr

Service pfoducing 2210 kg; price = 721 $/bushel (CYB, 1978)
7.21 $/27.24 kg = 0.265 $/kg
(2210 kg)(0.265 $/kg) = 585.65 $/ha

Production = 2210 kg
Energy = (2.21 E6 g/yr)(4.03 kcal/g)(4186 J/kcal) = 3.73 E10 J/yr

Transformity = (6.09 E15 sej)/(3.73 E10) = 1.62 E5 sej/]



Emergy Evaluation of Wheat Production
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Appendix Table B4

Annual Rates per Hectare

Note Items Data Emergy/Unit Emergy
unit/yr sej/] E13 sej/yr

1 Sun,] 1.05 E13 1 1

2 Rain transpired, ] 1.48 E10 1.82 E4 27

3  Soilused up, ] 9.92 E8 6.30 E4 6

4  Groundwater 1.76 E10 1.60 E5 282

5 Fuel 4.98 E10 6.60 E4 329

6  Machinery, oil equiv. 1.32 E9 0.60 E4 9

7 Pesticide, oil equiv. 1.79 E8 0.60 E4 1

8 Phosphate 3.9 E5 1.00 E7 0.39

9 Nitrogen 1.95 E8 1.90 E6 37

10 Seed, oil equiv. 9.11 E8 6.60 E4 6

11 Electricity 1.79 E9 1.70E5 30

12 Service, US $ 1977 2.60 E2 4,40 E12 115

13 Wheat production 3.81 E10 843

14 Transformity 2.21E5

Footnotes

Data on irrigated wheat in Kansas (Pimentel, 1980, p.111)

1.

Solar insolation = 1.00 E6 kcal/m2/yr

Growing season = 3 months = 0.25 yr
(1 E6 keal/m2/yr)(1 E4 m2/ha)(0.25 yr)(4186 kcal/])

- 1.05E13 J/yr

Transpiration Energy = (3000 m3/ yr)(1 E6 g/m3)(4.94 J/g)

= 1.48 E10 J/yr

Soil used up assumed = 10 ton/ha/yr (as in Odum, 1996)

Organic Fraction = 0.44% of dry matter

Energy = (weight)(0.0044 org)(5.4 kcal/J)(4186 J/kcal)

= 9.95 E8 J/yr
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Footnotes for Appendix Table B4 (continued)

4.

10.

11.

12.

13.

14.

Groundwater irrigation = 0.36 m/ha = 3600 m3/yr
Chemical potential energy
= (3600 m3/yr)(1 E6 g/m3)(4.90 J/g) = 1.76 E10 J/yr

Fuel (Pimentel, 1980)

Gasoline 3.52 E5 kcal/ha; Diesel 5.65 E5 kcal/ha;

Nat gas 1.10 E7 kcal/ha

Energy = (1.19 E7 kcal){4186 J/kcal) = 4.98 E10 J/yr

Machinery (embodied energy in the machinery, Pimentel 1980)
17.5 kg/ha = 3.16 E5 kcal/ha
Energy = (3.16 ES kcal/ha)(4186 J/kcal) = 1.32 E9 J/yr

Pesticide embodied fuel energy
0.22 kg herbicide 2.20 E4 kcal/ha; 0.24 kg insecticide 2.09 E4 kcal/ha
Energy = (4.28 E4 kcal/ha)(4186 J/kcal) = 1.79 E8 J/yr

Phosphate = 1.12 kg/ha; Chemical potential = 348 |/ g
Energy = (1.12 E3 g/yr)(348 J/g) = 3.90 E5 J/yr

Nitrogen = 89.7 kg/ha; Chemical potential = 2.17 E6 J/ kg
Energy = (89.7 kg/yr)(2.17 E6 J/kg) = 1.95 E8 }/yr

Seed embodied fuel energy
72.5 kg = 2.18 E5 kcal/ha
Energy used = (2.2 ES kcal/yr)(4186 J/kcal) = 9.11 E8 J/yr

Irrigation electricity as fuel = 1.62 E6 kcal/ha

Assumption: 0.36 m water/ha pumped 38.1 m; efficiency = 0.75
Energy =

(3600 m3)(38.1 m)(9.8 m/s2)(1000 kg/m3)/0.75 = 1.79 E9 J/yr

Services from production = 2600 kg; price = 2.73 $/bushel (CYB, 1978)
2.73 $/27.21 kg = 0.100 $/kg
(2600 kg/yr)(0.10 $/kg) = $260

Wheat Production
Energy = (2.6 EG g)(3.5 kcal/g)(4186 J/kcal) = 3.81 E10 J/yr

Transformity = (8.43 E15 sej/yr)/(3.81 E10 J/yr)=2.20E5
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Appendix Table B5

Emergy Evaluation of Sorghum Production

Annual Rates per Hectare

Note Items Data Emergy/Unit Emergy
unit/yr sej/] E13 sej/yr

1  Sun,] 1.05 E13 1 1

2 Rain transpired, | 1.48 E10 1.82 E4 27

3 Soil used up, J 9.92 E8 6.30 E4 o

4  Fuel 2.99 E9 6.60 E4 20

5> Machinery, oil equiv. 5.27 E8 6.60 E4 3

6  Pesticide, oil equiv. 5.78 E8 0.60 E4 4

7  Phosphate 1.18 E6 1.00 E7 1

8 Nitrogen 8.20 E7 1.90 E6 16

9 Potassium ©0.31 E5 3.0 Eo 1

10 Seed, oil equiv. 1.97 E8 6.60 E4 1

11 Service, US $ 1977 1.47 E2 4.40 E12 65

12 Sorghum production 3.81 E10 145

13 Sorghum Transformity 3.81 E4 sej/]

Footnotes

Nonirrigated sorghum production in Kansas, (Pimentel, 1980, p.104)

1.

Solar insolation = 1 E6 kcal/m2/yr

Growing season = 3 months = 0.25 yr

(1 E6 kcal’/m2/yr)(1 E4 m2/ha)(0.25 yr)(4186 kcal/])

=1.05E13 j/yr

Transpiration energy = (3000 m3/yr)(1 E6 g/m3)(4.94 J/g)

= 1.48 E10 J/yr

Soil used up assumed 10 ton/ha/yr (as in Odum, 1996)
Organic Fraction = 0.44% of dry matter

Energy = (weight)(0.0044 org)(5.4 kcal/J)(4186 ]/kcal)

=9.95 E8 J/yr
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Footnotes for Appendix Table BS (continued)

4, Fuel (Pimentel, 1980)
Gasoline  2.05 ES kcal/ha
Diesel 4.90 E5 kcal/ha
Lp gas 2.00 E4 kcal/ha
Energy = (7.15 ES kcal)(4186 J/kcal) = 2.99 E9 J/yr

5. Machinery embodied fuel energy (Pimentel, 1980)
(126,000 J/ha)(4186 J/kcal) = 5.27 E8 J/yr

0. Pesticide
1.0 kg herb. = 8.90 E4 kcal/ha
0.6 kg insect. = 4.90 E4 kcal/ha
Energy = (1.38 E5)(4186 J/kcal) = 5.78 £8 J/yr

7. Phosphate = 3.4 kg/ha; Chemical potential = 348 J/ g
Energy = (3.4 E3 g/yr)(348 ]/g)) = 1.18 E6 J/yr

8. Nitrogen = 37.8 kg/ha; Chemical potential = 2.17 E3 J/g
Energy = (37.8 kg/yr)(2.17 E6 J/kg) = 8.20 E7 J/yr

9. Potassium = 0.9 kg/ha; Chemical potential = 702 J/g
Energy = (900 g/yr)(702 J/g) = 6.31 E5 J/yr

10. Seed = 3.4 kg
Embodied fuel energy = 4.70 E4 kcal/ha
Energy = (4.7 E4 kcal/yr)(4186 J/kcal) = 1.97 E8 J/yr

11.  Services from production = 1840 kg and
Price = 3.62 $/cwt (CYB, 1978)
3.62 $/45.36 kg = 7.98 E-02 $/kg
(1840 kg)(7.98 E-2 $/kg) = 147 $

12. Sorghum Production = 2600 kg/ha/yr
Energy = (2.6 E6 g)(3.5 kcal/g)(4186 J/kcal) = 3.81 E10 J/yr

13. Transformity = (1.45 E15 sej/yr)/{3.81 E10) = 3.81 E4
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Appendix Table B6
Emergy Evaluation of Corn Production
Annual Rates per Hectare

Note Items Data Emergy/Unit Emergy
unit/yr sej/] E13 sej/yr

1 Sun,] 1.05 E13 1 1

2 Rain transpired, | 1.48 E10 1.82 E4 27

3 Soilused up, 9.92 E8 6.30 E4 6

4 Fuel 0.82 E9 6.60 E4 45

5 Machinery, oil equiv. 4,14 E9 0.60 E4 27

6  Pesticide, oil equiv. 9.28 E8 0.60 E4 o

7 Phosphate 1.81 E7 7.70 Eo 14

8 Nitrogen 2.68 E8 1.69 E6 45

9 Potassium 4.0 E7 2.62 E6 11

10 Seed, oil equiv, 1.29 E9 0.60 E4 9

11 Electricity 6.85 E7 1.70 E5 1

12 Service, US $ 1977 3.53E2 4,40 E12 15

13 Cornproduction 5.72 E10 313

14 Transformity 5.95 E4 sej/]

Footnotes

Data from corn plantation in Alabama (Pimentel, 1980, p. 80)

1. Solar insolation = 1.00 E6 kcal/m2/yr
Growing season = 3 months = 0.25 yr
(1 E6 kcal/m2/yr)(1 E4 m2/ha)(0.25 yr)(4186 kcal/])
=1.05 E13 J/yr

2. Transpiration energy = (3000 m3/yr)(1 E6 g/m3)(4.94 ]/g)
= 1.48 E10 J/yr

3. Soil used up assumed 10 ton/ha/yr (as in Odum, 1996)
Organic Fraction = 0.44% of dry matter
Energy = (weight)(0.0044 org)(5.4 kcal/J)(4186 J/kcal)
=9.95E8 J/yr



Footnotes for Appendix Table B6 (continued)

4.

10.

11.

12.

13.

14.

Fuel (Pimentel, 1980)

Gasoline  7.01 ES kcal/ha

Diesel 7.85 E5 kcal/ha

LP gas 1.42 ES kcal/ha

Energy = (1.63 E6 kcal)(4186 J/kcal) = 6.82 E9 J/yr

Machinery embodied fuel (Pimentel 1980)
35.3kg/ha  9.90 ES kcal/ha
Energy = (9.9 ES kcal/ha)(4186 J/kcal) = 4.14 F9 J/yr

Pesticide embodied fuel energy (Pimentel, 1980)

1.21 kg/ha = 1.21 ES

1.16 kg/ha = 1.01 ES

Energy = (2.22 ES kcal/ha)(4186 J/kcal) = 9.28 E8 J/yr

Phosphorus = 52.1 kg/ha; Chemical potential energy = 348 J/g
Energy = (52.1 kg/yr)(348 }J/g) = 1.81 E7 J/vyr

Nitrogen = 123.35 kg/ha; Chemical potential = 2.17 E6 J/ kg
Energy = (123.35 kg/yr){2.17 E6 J/kg) = 2.68 ES J/yr

Potassium = 57.18 kg/ha; Chemical potential = 702 ]/ g
Energy = (5.72 E4 g/yr)(702 J/g) = 4.0 E7 }/yr

Seed = 12.3 kg
Embodied fuel = 3.08 ES kcal/ha
Energy = (3.08 E5 kcal/yr)(4186 J/kcal) = 1.29 E9 J/yr

Electricity = 19.02 kwh/yr
Energy = (19.0 kwh)(3.60 E6 J/kwh) = 6.85 E7 J/vr

Service from production = 3902 kg/yr and
Price = 2.30 $/bushel (CYB, 1978)

2.3 $/25.42 kg = 0.0904 $/kg

(3902 kg/ha)(0.09%$/kg) = 353 $/ha

Corn production = 3902 kg/ha
Energy = (3.9 E6 g)(3.5 kcal/g)(4186 J/kcal) = 5.72 E10 J/y

Transformity = (3.40 E15)/(5.72 E10) = 5.95 F4 sej/]



Appendix Table B7
Emergy Evaluation of Poultry Broiler Production

Rates for 50,000 Broilers on One Hectare Raised in 3 Months

Note Items Data Emergy/Unit Emergy
unit/yr sej/] E13 s¢j/yr

1 Sun,] 1.05 E13 1 1
2 Rain transpired, ] 1.48 E10 1.82 E4 27
3  Soil used up, | 9.95 E8 6.30 E4 6
4 Groundwater 1.79 E10 1.70 E5 304
5 Fuel 2.66 E11 6.60 4 1756
6 Machinery, oil equiv. 1.64 E10 6.60 E4 108
7  Ration, corn 1.35 E12 6.00 E4 8123
8 Ration, soybean 5.82 E11 1.60E5 0283
9  Electricity 2.7 E10 6.60 E4 178
10 Buildings, oil equiv. 298 E11 6.60 E4 1968
11 Service,US $ 1977 8.02 E4 4.40 E12 35288
12 Broiler production 8.02 E11 57042
13 Transformity 7.11 ES

Footnotes

Data for 1000 broilers (Pimentel, 1980)

1.5 square feet/bird = 0.139 mZ/bird (Nesheim et al., 1979)

Birds/ha = ((10,000)/0.14)(0.75) = 53571.43 birds/ha

Assumed 50,000 broiler per ha

1. Solar insolation = 1.00 E6 kcal/m2/yr
Growing season = 3 months = 0.25 yr

(1 E6 keal/m2/yr)(1 E4 m2/ha)(0.25 yr)(4186 keal/])

=1.05 E13 }/yr

2. Evapotranspiration = 1.2 m3/m2/yr = 12000 m3/yr
3 months growth = 3000 m3/3 months
Energy = (volume)(1 6 g/m3)(4.94 J/g) = 1.48 E10 J/yr
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Footnotes for Appendix Table B7 (continued)

3.

7-8.

10.

Soil used = 10 ton/ha/yr (as in Odum, 1996)

Organic Fraction = 0.44% of dry matter

Energy = (1 E7 tonne/ha/yr)(0.0044 org)(5.4 kcal/]) (4186 J/kcal)
=9.95 E8 J/yr

Groundwater = 20-380 [/day/1000 broilers

(100 1/day/thsd broilers)(365 d/yr)(100 thsd broilers)/ 1000 I/m3
= (3650 m3/yr)

Chemical potential or water used

= (3650 m3/yr)(1 E6 g/m3)(4.90 J/g) = 1.79 E10 J/yr

Fuel (Pimentel, 1980)

Propane = 1.27 E6 kcal/1000 broilers

0.36 E7 kcal/50,000 broilers

Energy = (6.36 E7 kcal)(4186 J/kcal) = 2.66 E11 J/yr

Machinery

Embodied fuel energy (Pimentel, 1980)

3.78 kg 7.81 E4 kcal/1000 broilers

3.91 E6 kcal/50,000 broilers

Energy = (3.91 E6)(4186 J/kcal) = 1.64 E10 J/yr

Broiler rations

3182 kg  9.24 E6 kcal/1000 broilers

4.62 E8 kcal/50,000 broilers

Assumed 70% corn and 30% soybean

(3.23 E8 kcal corn)(4186 J/kcal) = 1.35 E12 J/yr
(1.39 E8 kcal soybeans)(4186 J/kcal) = 5.82 E11 J/yr

Electricity is fuel: 1.288 E5 kcal/1000 broilers (Pimentel, 1980)
0.44 E6 kcal/50,000 broilers
Energy = (6.44 E6 kcal/ha)(4186 J/kcal) 2.7 E10 ]

Building area = 69.7 m2/1000 broiler (Pimentel, 1980)
Used = 100 m2/1000 broiler; 5000 m2/50,000 broilers
Embodied oil in buildings = 1.425 E6 kcal/1000 broilers
Energy = (7.13 E7 kcal/50 thsd broil/yr)(4186 J/kcal) = 2.98 E11 J/yr
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Footnotes for Appendix Table B7 (continued)

11.  Service with production = 90,000 kg
Price (1977) = 0.405 $/1b {(Commodity Year Book, 1978)
0.405 $/0.454 kg = 0.892 $/kg
(9.0 E4 kg)(0.892 $/kg) = 8.02 E4 $/yr

12.  Broiler production:
(50,000 broiler){average weight 1.8 kg ea) = 90,000 kg
Energy = (9 E7 g)(2.13 kcal/g)(4186 J/kcal) = 8.02 E11 J/yr

13. Transformity = (5.71 E17 sej)/(8.02 E11) = 7.11 ES
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Figure B2. Emergy signature for rice production in Arkansas.
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