



























































































































































































































































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



G/

Appendix Table Al (continued)

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



1J0

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



ERNEN 0

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.



Emergy signature for soybean production in Arkansas
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Emergy signature for wheat production in Arkansas
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