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Energy in Agriculture: Lessons from the SunshinenFBroject

by Martin H. Bender

Abstract: To explore the reduction of fossil fuel use inSisnshine Farm Project during 1991-2001,
The Land Institute conducted energy accountingso8b-ha organic farm powered by commercial
biodiesel, draft horses, and a photovoltaic ark@gume crops provided nitrogen, and no nutrientewe
imported except some purchased feed amountinglyoadiew kg/ha of elemental nutrients annually.
Three-fourths of the consumed animal feed was medlon the Sunshine Farm for a team of draft
horses, beef cattle, and poultry. The proportioaoropland area planted in legumes was 40%, of which
one-fourth was green manure, and the other threthi® were also devoted to feed, marketed products,
and oil for biodiesel. About 34 and 26% of the ¢aop was devoted to feed and marketed products,
respectively. Based on published process energyesdbr farm inputs, the Sunshine Farm could meet
90% of the embodied energy in its yearly inputstigh leguminous nitrogen fixation, animal feed,
oilseeds for biodiesel, and electricity from itsagr If the embodied energy in amortized capitahsas
farm equipment, vehicles, physical facilities, @nel photovoltaic array is included with the yearly
inputs, then half of the overall embodied energg wavided by the farm. On a net energy basis
including oilseed production, processing, and neaéike credit, 30% of the cropland area was devated t
soybeans and sunflowers for biodiesel fuel thatccba commercially produced to power the field
operations and off-farm transportation. The rafigross energy content in marketed products to
embodied energy in purchased inputs and capitalwhdnclusion of lifestyle support energy for
average American rural labor dropped this ratid.t and for austere Amish labor, 2.0.

1. INTRODUCTION

Food security dictates that the dependence of faymn fossil fuels should be reduced by substitutio
of on-farm resources for commercial farm inputs Bpcdoption of renewable energy technologies.
Energy analyses related to this endeavor have shrowarious countries that organic production
generally requires less energy than conventioraymtion for crops [1,2] and dairy farms [3-5]. The
same was also found to be true for organic treatsmampared to conventional ones in long-term
cropping experiments [6-9]. Energy consumptionhmatare was less on mixed crop and livestock
farms in six Amish communities compared to nearnayventional production [10,11]. Amish farms are
biologically integrated because of their use oftdrarses and livestock manure, but they often empl
stationary tractors to run threshing machines awegators for milking equipment.

At least several national programs have been cdadwn a small group of energy-integrated farm
systems, but with little energy analysis of therallesystems. The US Dept. of Energy conducted its
Energy Integrated Farm System program during 138F vith biogas digesters on six swine and dairy
operations and a fluidized-bed gasifier on a cottom [12]. Design requirements and economic
performance were reported for the technologiessanae farms, but an integrated energy analysis was
published for only one farm, which showed that ggeonservation practices and alternative fuel
sources should reduce fossil fuel input into thrsf by 60-70% [13]. Some of the farms were able to
reduce their annual purchased energy requiremgr28460% [12]. The other national program of



energy-integrated farm systems was initiated inetlrdy 1980s by EMBRAPA, the agricultural research
system in Brazil [14]. Pilot demonstration projeatsre set up at eight research centers, employing
biogas digesters, gasifiers, small ethanol saltg] alternative energy crops, but there appedrave

been no reported energy analysis.

To explore the reduction of fossil fuel use in farg) The Land Institute conducted its Sunshine Farm
Project during 1991-2001. A feasibility study wamsd during the first year to integrate the cropping
system, animal production practices, and powercgsuwith respect to demands for crop nitrogen,
animal feed, biodiesel fuel, and electricity. Timeoant of fuel, materials, and labor were recorded
during the next nine years for every farm task fandarm capital in order to construct energy budge
for the crops, animals, power sources, and the.farm

2.METHODS

2.1 Farm and power sources

The mixed crop and livestock research farm wastéacaear Salina, Kansas (N 38°52'30", W
97°35'30") with its cropland on level, coarse-shiyventic Haplustoll soil. The animal enterprisesre
small-scale production of broilers and eggs andtsiatation grazing of a cow-calf herd of Texas
longhorn beef cattle on 65 ha of mostly native pastUnirrigated, organic crops were grown on 20 ha
in narrow crop strips with different entry pointssome five-year crop rotations. To fix nitrogenoat
40% of the cropland was in legumes, of which ongtfowas green manure and three-fourths, forage
and soybeans. No phosphorus or potassium was ietpexcept a few kg per ha of cropland annually in
the form of manure from some purchased feed. Tieethutrients were adequate as indicated by soil
tests and plant tissue analysis conducted by tms&saState University Soil Testing Laboratory. el

of wheat, oats, soybeans, alfalfa, and sweet sangiueraged over 1993-2001 were comparable to
conventional dryland yields averaged over the sg@aes [15], but not grain sorghum and sunflowers as
a result of weed pressure and seed predation Oy, bespectively (Student's t-test, P<0.05).

A 4.5-kilowatt photovoltaic array provided electtycfor workshop tools, electric fencing, water
pumping, and farmhouse. Traction was provided pgiaof 450-kg Percheron draft horses and a 50-kw
(70-hp) direct-injection diesel tractor run on bsel, namely purchased soybean methyl esterlfuel.
the analysis, we assumed that the biodiesel w&s58® Bnixture of soybean and sunflower methyl esters
on a gross energy basis, with the oil mechaniqakgumably extracted by a local farmers' co-opezati

in efficiencies of 50 and 75%, respectively [16, M ignored our use of some purchased high-protein
feeds and assumed that we would have fed bypraodeat cake from the co-operative, but still owned
by the farm.

Although soybeans have a low oil yield, we did catsider biodiesel consisting solely of sunflower,
rapeseed, or canola methyl ester because of agroiamtations specific to the US. Future expansion
of organic production of sunflowers will be sevgrinited by insect pests and diseases associatad w
its weedy ancestoHelianthus annuus, widespread in the US. Rapeseed and canola have bee
introduced to the eastern and central US only énpidist several decades and will require genetic
breeding and selection to overcome problems suglests and diseases, winterkill, vulnerability to
drought, uneven maturity, and excessive shatt¢fi@g20].



2.2 Energy analysis

Embodied energy of farm inputs was based on wdigked process energy values [21], except dollar-
based energy intensities for electronic mater2® and medicines [23]. Process energy values for
metal products were increased 25% to include engsgy in fabrication [24, 25]. Energy budgets
included fuel to deliver farm inputs from factoriesdealers, based on national statistics for
transportation of freight [26]. Primary energy d&sed by electricity from the array was 10.55 MJ
(10,000 Btu) per kwh [27].

Embodied energy of purchased vehicles and farm meaghwas determined according to Doering [28].
Embodied energy of facilities constructed on thenfavas obtained from our energy budgets. Next,
embodied energy in a purchased or constructedatatein was amortized over its estimated lifetime t
obtain an annual value that was prorated amongsés within a given year on the farm in our annual
energy budgets.

Process energy values for purchased livestock, teetiseed were national or Midwestern estimates
[26, 29]. For feed or animal breeding replacementsiuced on our farm, the embodied energy was
determined from our energy budgets. Energy requargiwas 75 and 25 MJ per hour for human labor as
a portion of the average lifestyle support energthe US and in Amish communities, respectively, [11
30]. Gross energy content of farm outputs was basetie following sources: crops [31], beef [32],33
and broilers and eggs [34].

3. RESULTSAND DISCUSSION

About 90% of the embodied energy in annual inpotscounting capital or labor was in the form of on-
farm production of inputs, the latter in the folliony proportions: feed, 35%; biodiesel fuel, 36%;
leguminous nitrogen fixation, 24%; and electriditym the array, 5%]I(able 1. The other 10% was
purchased seed and phosphorus and potassiuneégttile latter not actually used, but simulatethen
energy budget to offset nutrients removed in madk@roducts. Amortized capital constituted about
40% of the total embodied energy in annual and @real inputs, not counting labor. On-farm
production of inputs met only 53% of the embodiadrgy in annual and amortized inputs, and this
dropped to 41 and 48% with the inclusion of lat®agortion of average US and Amish lifestyle
support energy, respectively.

Annual production from 20 ha of cropland on therfamounted to 1,065 GJ of gross caloric energy in
the following proportions: oil for biodiesel, 8%€d meal, 4%; marketed meal, 22%; fed crops, 34%;
marketed crops, 19%; and green manure legumes, th8%atter not harvesteddble 3. In other

words, almost 85% of the byproduct meal was madketed of the crops fed or marketed, nearly two-
thirds were fed. The following proportions of craptl area devoted to this production were fairly
similar to the respective proportions in gross gypebiodiesel and byproduct meal, 30%; feed, 34%;
marketed crops, 26%; and green manure legumes, 10%.

The Sunshine Farm is compared with other mixed $amierms of outputs relative to inputs. If a
boundary is drawn around the farm, then marketéputsi should be compared with purchased inputs.
The farm sold 440 GJ of marketed meal and crop22d@8J per ha of cropland, very much greater than
most mixed crop and livestock farmi&ple 3. The reason for the great difference is thateétiaems

feed most of their crops, but the Sunshine Farnidcieed only 15% of the byproduct meal from its



substantial biodiesel output and thus sold the nedes (Table 9. The only exception to this pattern was
the large crop output in the group of conventidhialois farms for which crops constituted nearly%6
of the gross energy in marketed outpdisie 3.

In addition to the marketed meal and crops fromStieshine Farm, the 19 GJ in animal products and
the primary-energy equivalent of 42 GJ in marketledtricity resulted in a total 501 GJ of marketed
outputs, or 25 GJ per ha of cropland, not as diffefrom the other mixed farms as when crops alone
were comparedl@ble 3. The reason for the less pronounced differentieaiscrops made up almost
90% of the gross energy in marketed outputs oistiveshine Farm, but only 14-29% on the other farms,
except for the group of conventional lllinois farfigble 3. In other words, much greater animal
production on the other farms brought them closeéhé Sunshine Farm in total marketed outputs.

Gross energy in marketed outputs on the Sunshime #as 2.4, 2.0, and 1.5 times the embodied
energy in purchased inputs, including no labor, #wsupported labor, and US-supported labab(e

3). The former energy ratio is the one most appaderior comparison to the other mixed farms because
they contain charges for human labor that are sasadi result of considering only food consumption
instead of lifestyle support energy. This rati®of is greater than the energy ratios for moshefdther
mixed farms for two reasons. First, the purchasedts per ha for the Sunshine Farm are less tlgan th
values for all conventional farms and some Amigsm&inTable 3despite the fact that purchased

inputs included all amortized capital on the Sunstitarm but only equipment, machinery, and
sometimes building repair for the other farms. ®ec@roportionally less crops, including meal from
the oilseeds, were fed on the Sunshine Farm theottier farms, thus incurring less energy losses in
animal metabolism and allowing greater marketeguifable 3. The greater energy ratio for the
Sunshine Farm was not a result of the photovottaigy since its energy ratio was only 1.6, i.e.,
(11+42)+34 Table 1 and 42 GJ noted above). These results are coataubin 15 hypothetical farm
energy budgets computed by Leach [35], in whichdafarm energy ratios were clearly associated with
fewer purchased inputs and greater proportion gduds arising from crops. For the same two reasons,
national agricultural energy ratios are generaighbr in less developed countries than industealiz
nations that can afford energy-intensive inputs @ets based heavily on animal products [36].

It will be a challenge to provide society with catesable energy from agriculture, let alone foad¢cs
the energy returns for various energy technologséa& generally been greater than the above ratios f
mixed crop and livestock farms. Fossil fuels ugulh#ve ratios in the range of 10-30, and solar and
wind technologies, typically 3-10, but renewabtpild or gaseous fuels from agricultural production,
mostly 5 or less [37, 38]. Solar and wind techn@ednave greater power densities than energy crops
and thus require less land area [24]. AlthoughtiBeexports one-fourth of its grain production [39],
diversion of this grain for conversion into usedunlergy would meet less than one-half of the emlobdie
energy in annual farm inputs used by US agriculf4©g.

Energy ratios in agricultural production could bésed by reducing purchased inputs and by incrgasin
marketed outputs. However, in a future era of resesideclining in quantity and quality, the latieh

be achieved less by increased yields than by dinecropland from supplemental animal feed to crops
for direct human consumption. The infrastructurd essearch needed to develop an agriculture based
on renewable power sources should be establisheduvhnide we have the luxury of high energy ratios
from fossil fuels.



ACKNOWLEDGEMENTS
The author thanks The Land Institute for providihg facilities and procuring the funding for the
Sunshine Farm Project.

References
[1] Lampkin N. Organic Farming. Ipswich, UK: FarmgifPress, 1990.

[2] Pimentel D, Berardi G, Fast S. Energy efficiesoof farming wheat, corn, and potatoes organicall
In: Bezdicek DF, Power JF, editors. Organic Farmigrrent Technology and Its Role in a Sustainable
Agriculture. Madison, Wisconsin: American SociefyAgronomy, 1984. p. 151-161.

[3] Kaffka S. Thirty years of energy use, nutriegitling and yield on a self-reliant dairy farm. In:
Edens TC, Fridgen C, Battenfield SL, editors. Snsatale Agriculture and Integrated Farming Systems,
Conference Proceedings, East Lansing, Michigan4 18chigan State University Press, East Lansing,
1985. p. 143-158.

[4] Cederberg C, Mattsson B. Life cycle assessrmeBtwvedish milk production - A comparison of
conventional and organic farming. In: Ceuterickeitor. Proceedings of the International Conference
on Life Cycle Assessment in Agriculture, Agro-Inttysand Forestry, Brussels, Belgium, 1998.

[5] Haas G, Wetterich R, Kopke U. Comparing inteasiextensified and organic grassland farming in
southern Germany by process life cycle assessmigntulture, Ecosystems and Environment
2001;83:43-53.

[7] Andrews RW, Peters SE, Janke RR. Convertirguiainable farming systems. In: Francis CA,
Flora CB, King LD, editors. Sustainable AgricultuneTemperate Zones. New York: John Wiley and
Sons, 1990. p. 281-313.

[8] Smolik JD, Dobbs TL, Rickerl DH. The relativastainability of alternative, conventional, and
reduced-till farming systems. American Journal t€fnative Agriculture 1995;10:25-35.

[9] Mader P, FlieRbach A, Dubois D, Gunst L, FriedNiggli U. Soil fertility and biodivesity in orgéc
farming. Science 2002;296:1694-1697.

[10] Craumer P. Farm productivity and energy eéfindy in Amish and modern dairying. Agriculture
and Environment 1979;4:281-299.

[11] Johnson WA, Stoltzfus V, Craumer P. Energysasmation in Amish agriculture. Science
1977;198:373-378.

[12] Breckinridge RP, Price DR, Sherwood RK, Thomp$VN. Energy Integrated Farm System
Technical Summary Report. DOE/ID-10167. Washingi@@; US Dept. of Energy, 1987.



[13] Walker LP, Ludington DC, Muck RE, Friday REeldler MG. The design and analysis of an
energy integrated dairy system. Transactions oAtierican Society of Agricultural Engineers
1984;27:229-240.

[14] Yeganiantz L, Brandini A. EMBRAPA's Food-FeBtbenergy Production Systems. In: El-
Halwagi, editor. Biogas Technology, Transfer antfudion. New York: Elsevier Applied Science
Publishers, 1986. p. 706-711.

[15] Kansas Agricultural Statistics Service. KanBasm Facts. Topeka, Kansas: Kansas Dept. of
Agriculture, 1993-2001.

[16] Ramsey RW, Harris FD. On-farm soybean oil esgion. ASAE Paper No. MC82-142. St. Joseph,
Missouri: American Society of Agricultural Engineef982.

[17] Thompson JC, Peterson, CL. An automated sseale oil seed processing plant for production of
fuel for diesel engines. In: Vegetable Oil Fuetdeinational Conference on Plant and Vegetablea3ils
Fuels, Fargo, North Dakota, 1982. St. Joseph, MissAmerican Society of Agricultural Engineers,
1982. p. 261-269.

[18] Minor, HC, Meinke, LJ. Canola production systein the central U.S. region. In: Proceedings,
International Canola Conference, Atlanta, Georg@®0. Atlanta, Georgia: Potash & Phosphate
Institute, 1990. p. 261-270.

[19] Agriculture and Agri-Food Canada. Breeding nmoyed oilseeds. Saskatoon Research Center.
http://res2.agr.ca/saskatqanewed 3 June 2002.

[20] Auld, DL, Mahler, KA. Criteria for canola cuMar selection. In: Proceedings, International Gano
Conference, Atlanta, Georgia, 1990. Atlanta, GenrBotash & Phosphate Institute, 1990. p. 106-113.

[21] Boustead |, Hancock, GF. Handbook of Indutteiaergy Analysis. New York: John Wiley and
Sons, 1979.

[22] Casler S, Hannon B. Readjustment potentialadastrial energy efficiency and structure. Journa
of Environmental Economics and Management 198%3:7108.

[23] Fluck RC, Panesar BS, Baird, CD. Florida Agliaral Energy Consumption Model. Final Report.
Gainesville, Florida: Florida Energy Extension Sesy 1992.

[24] Smil V. General Energetics: Energy in the Bibsre and Civilization. New York: John Wiley and
Sons, 1991.

[25] Ayres RU. Information, Entropy, and Progre&dNew Evolutionary Paradigm. New York:
American Institute of Physics Press, 1994.

[26] Pimentel D, editor. Handbook of Energy Utilien in Agriculture. Boca Raton, Florida: CRC
Press, 1980.



[27] Mudahar MS, Hignett TP. Energy requiremergshhology, and resources in the fertilizer sector.
In: Helsel ZR, editor. Energy in Plant NutritioncaRest Control. New York: Elsevier, 1987. p. 25-61.

[28] Doering 11l OC. Accounting for energy in farmachinery and buildings. In: Pimentel D, editor.
Handbook of Energy Utilization in Agriculture. Bo&aton, Florida: CRC Press, 1980. p. 9-14.

[29] Pimentel D, Pimentel M. Food, Energy, and 8tciRevised edition. Boulder, Colorado:
University Press of Colorado, 1996.

[30] Fluck RC. Net energy sequestered in agricaltlabor. Transactions of the American Society of
Agricultural Engineers 1981; 24:1449-1455.

[31] Crampton EW, Harris LE. Applied Animal Nutoti: The Use of Feedstuffs in the Formulation of
Livestock Rations. 2nd edition. San Francisco: Wekefan and Co., 1969.

[32] Adams C. Nutritive Value of American Foods:@@mmon Units. Agriculture Handbook No. 456.
Washington, DC: US Dept. of Agriculture, 1975.

[33] Anderson BA, Hoke IM. Composition of Foods:eéBé®roducts. Agriculture Handbook No. 8-13.
Washington, DC: US Dept. of Agriculture, 1990.

[34] Byerly TC. Agricultural productivity: Potenfiand constraints. In: Rechcigl M, editor. CRC
Handbook of Agricultural Productivity. Vol. II, Amal Productivity. Boca Raton, Florida: CRC Press,
1982. p. 265-304.

[35] Leach G. Energy and Food Production. Guildf&dgland: IPC Science and Technology Press,
1976.

[36] Stanhill G. Agricultural labor: From energywoe to sink. In: Stanhill G, editor. Energy and
Agriculture. Berlin: Springer-Verlag, 1984. p. 1130.

[37] Hall CAS, Cleveland CJ, Kaufmann R. Energy &ebource Quality: The Ecology of the
Economic Process. New York: John Wiley and Son8619

[38] Hannon B. The energy cost of energy. In: DdEy, Umala AF, editors. Energy, Economics, and
the Environment: Conflicting Views of an Essentrakrrelationship. Boulder, Colorado: Westview
Press, 1981. p. 81-107.

[39] National Agricultural Statistics Service. Aguitural Statistics, 1995-96. Washington, DC: US
Department of Agriculture, 1996.

[40] Cleveland CJ. The direct and indirect useassil fuels and electricity in USA agriculture, 091
1990. Agriculture, Ecosystems and Environment 1885]111-121.

[41] Morrison FB. Feeds and Feeding: A Handbookfier Student and Stockman. 21st edition. Ithaca,
New York: Morrison Publishing Company, 1950.



[42] Zucchetto J, Bickle G. Energy and nutrientlgs@s of a dairy farm in central Pennsylvania. Gger
in Agriculture 1984; 3:29-47.



