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X 7 esetableoils extracted from soybeans have
W/ formanydecadesbeenwidelyusedbothas
W afood and industrial product T{eccntiy

industry has converted the oil into an ester called
methylated ester of wybean oil. This has proved

beginning to ‘move mto the marketplace. As this
occurs one of the questions raised concerns the en-
ergy balance of making soydiesel [s more energy
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is a net energy generator. Even under a worst
scenario, maore energy is contained in ectenf:ed
soybean oil and its co-products - glycerine and soy
meal ~ than is used to grow the soybean crop and

process 1t mto soydiesel fuel and assocxated prod-

products zenerated
U

us
The U.S. sovdiesel 1ndnch'v is verv much in
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1mancy As it develops, further improvements in
energy efficiency will occur.

European countries have been producing simi-
lar esterified fuels fromrapeseed oil for several years

and now produce significant quantities of biodiesel.
Their experiences show that energy efficiency im-
proves with both scale of operation and increased

recovery of materials. In addition, co-product en-
ergy credits play an important role in etermini_n

r
the ‘overall ener
system.

To answer the question, how much energy does
ittaketomakea gallonof soydiesel, we must address
four sub-questions.

How much energy is used to grow the feedstock?
How much energy is used to extract and refine oil?

How much energy is used for sov oil esterification?
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2, and 3 into soydiesel and co-products pro-
duced from the feedstock?

The answers to these questions are contained in
Tables 2 through 7. Table 1 summarizes our conclu-
sions. Our findings are alsc summarized inFigure 1,
which presents all energy input/ output flows
through the soydiesel prod ucuon system - from
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age; existing industry best; and mdustry potential.

Figure 1. Energy Inputs and Outputs per Gallon of Soydiesel Produced
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How Much Energy Does It Take to Make a Gallon of Soydiesel?

National Average

The first column presents the energetics of soydiesel
production based onaverage practices. Based on the
energy used on the average soybean farmand in the
average oil extraction, refining and esterification
racumes we conciude tnat for every 1 Btu of energy

zrowme soybean in rotatlon thh corn, the agricul-
tural energy inputaccounts for roughly one- -third or
32 percent of all energy input into soydiesel produc-
tion. Oil extraction, refining, and esterification com-

omea account for the remaining 68 percent.
Industry Best

The second column presents the energetics of soy-
diesel production based on the current best agricul-
ture and oi processmg practicesin the United States.

Thin ~malolie Amre e Alia Temod A toalo

1S anarysis Co llUlan e pest exis lmg Energy-
efficient sovbean cultivation data with the most offi-
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cient oil extraction, refining, and esterification tech-
nologies to determine the overall energy balance of
soydiesel production. We conclude that 20,500 Btus
less energy is used to make a gallon of soydiesel if
the best existing farming and industry pracnces are

nd than wwhan ayaraon farrming and s
15€Q than wiacliaverage iariming ana

tices are used. Much of this difference occurs be-
cause of improved efficiency at the extraction level,

a difference of‘ about 3 000
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dustry practxces is 224 percent For
energy used, 3.24 Btus of ¢ energy was avaxlable nthe
soydiesel and co-products.

Industry Potential
The data in the third column of Table 1 a

of-the-artagricultural practices and the mtegratlon of
thelatest technological advancesin the extractionand
esterification of the soy oil. This column assumes

dedlcatedest nﬁcatlonplantspr odu cmgsoydleselfuel
a il ex

mes state-
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dustry suggeststhatintegrated systemsequipped with
superior material recovery options and better down-
strcam separation equipment could cut the esterifica-

tion energy needs into half.

AN

If farmers and the process industry were to use
the best techniques currently available, there would

be a 310 percent net energy, benefit and an input/
output ratio of 1:4.10.

Figure 2. Energy input Components of Soydiesel Production
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How Much Energy Does It Take to Make a Gallon of Soydiesel?

Table 1. Energy Used to Make Methy! Ester (Soydiesel) from Soybean
Crop in the United States (Btus per gallon of soydiesel)

Natianal Inductry Induetry ‘
Natienal Industry Industry
Average est Potential I
Fertiiizer 4,454 2,472 603
ut B
¥4 Pesticide? 3,739 i 2,965 5,306 [ |
< : I
5> Fusl 14,552 ; 11,044 8,319
e . . |
G2 Other (feedstock) 6,691 5,967 6,691 I
<id .
Total (feedstock) 29,435 ; 22,447 20,919
ab Oii Extraction 32,053 i 18,768 18,768 E
Za
22 Oil Refining 1,002 . 984 984 H
w F
QO Estarification 20 341 i 20 {72 15727 éi
o 5 Twaiiwi Lt ! 9! = Myl & E%i
x = : 1
B @ Total (processing) 62,485 : 48,925 35,479 u
Total Energy Input 91,921 71,372 56,398 E;
>k Energy in Soydiesal 132,902 132,902 132,902
£ & Co-Product Credits3 98,239 98,239 98,239
2 Jd
WO yotal Energy Output 231,141 231,141 231,141
Net Energy Gain 139,220 . 159,769 174,743
- B
& g Percent Gain 151% 224% 310%
z
u input:Output Ratio 1:2.51 : 1:3.24 1:4.10

{ Energy input under pesticide also include herbicide and insecticide chemicals.

2 Other feedstock energy inputs include seed, on-fam electricity, lime, buik transport of the crop for processing.
A higher seed rate is empioyed in case of no-tiil cuitivation method.

3 The co-product credits are based on replacement values for soy meal and glycerine produced during the soy oil
extraction/refining and esterifications steps respectively.
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How Much Enerw Does It Take to Make a Gallon ,f Soydiesel?
Figure 3. Mass Flow Balance in the Production of a Gallon of Soydiesel
Fernti'!ifers
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Socticly —=ll  ESTERIFICATION g Glycerine
Meiharnoi 71
0.26 gal +
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{7.38 pounds or 1 jaiion) I
g |
NOTE: A buchelof soybean is 60 pounds. To produce a single gallon of soydiesel, only 41 pou nds
of sovbean is needed. The numbets presented here are based on one gallen of tnjrfacal oroduced.

1. HOW MUCH ENERGY IS USED TO GROW THE FEEDSTOCK”

P

Determining the energy used in growing soybeans is
complicated by the fact thata wide variation in farm-
ing practices and conditions exist and the majority of
soybeansgrownin the country arecultivated asarota-
tion crop with com.

Table 2 presents the energy input data for soy-
beans grown in the Midwest. We present both the

national agriculture energy consumption based on

the 1992 average crop yield of 37.6 bushels per acre
and data from the state with the best yield returns to
energy inputs. Iowa exhibited the best combination
of low chemical application rates and high yields
among the sixteen major soybean states.

Table 3 presents energy consumption of state-
of-the-art soybean farms using no-till cultivation
methods. No-till cultivationmethod utilize residual
fertilizers from corn crop, although more pesticides

and herbicidesareapnliedand ahiocherseed annlica-

ana her et e e o it et L 3 ) b‘ wmiottiapypata

tion rate is used. For simplicity, we include herbi-
cides and insecticides applications under pesticide.

The chemical application levels used in Table 2
are based on figures compiled by the National Agri-
cultural Statistics Service of the U.S. Department of
Agriculture for the top 16 soybean-growing states, ac-

nr Q) narront af tho tntal envhaan acranon
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For the 1992 crop year, we examined each of the

three fertilizer components md,. idually - nitrogen,

phosphorous, and potash. Nitrogen is the most
energy intensive chemical of all fertilizers with an
energy content of 31,100 Btus per pound, followed
by phosphorous with 5,560 Btus per pound, and
notach Aantaining A 220 Risig nor naind
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gen, 15 percent of the acreage used an application
rate of 22 pounds per acre.
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The total nitrogen applied was 172.6 million
pounds on 53.1 million acres surveyed. This trans-
lates into an average 3.25 pounds per acre. Applica-
tionsof other chemicalsareaccounted the same way.

The soybean plant “fixes” its own nitrogen di-
rectly from the atmosphere. This reduces the need
for nitrogen fertilizers. The energy in synthetic
nitrogen applied to corn is a major factor in the
overall energy balance of that crop, but for soybeans,
this category is a much smaller fraction of energy.

The two columns under the national average
and best existing sections of Table 2 present energy
inputs in terms of Btus per gallon of soydiesel pro-
duced. This may require some explanation.

The national average soybean yield for 1992 was
37.6 bushels. A bushel of soybeans (60 pounds)
yields 1.42 gallons of soy oil. The esterification of soy

How Much Energy Does It Take to Make a Gallon of Soydiesel?

oil yields soydiesel on a one-to-one volumetric basis
(a difference indensity results into a less than one to
oneyield based onmass). Thusthe netaverage yield
of soydiesel per acre is 53.4 gallons. Energy inputs
which are caluculated on a per acre basis can be
converted to a per gallon of soydiesel basis by this
factor.

For our "Industry Best,"a state wide average soy
bean yield of 44.0 bushels per acre translates to a
yield of 62.5 gallons of soydiesel per acre.

Based on the national average, the single largest
agricultural energy input is on-farm fuel consump-
tion, accounting for almost half of all energy used.
Fertilizer energy accounts for 15 percent of the total.
Pesticides and herbicides account for about 13 per-
cent of the total.

The “other” energy input category includes en-

Table 2. Agricultural Energy Inputs into Soybean Production in the United States

National Average Industry Best
(yield: 37.6 bushels per acre) (yieid: 44.0 bushels per acre)
Soybean Soybean Soydiesel Soybean Soybean Soydiesal
(pounris (Btus per (Btus per {pounds (Btus per (Btus per
per acre) acre)! gallon)? per acre) acre)? gallon)®
Nitragen 3.25 101,086 1,893 2.33 72,463 1,160
Phosphorous 10.38 57,618 1,079 6.82 37,919 607
Potash 18.49 79,139 1,482 10.30 44,084 706
Pesticide? 1.11 196,663 3,739 1.03 185,233 2964 |
Fuel (gallons) 5.63 776,840 14,552 5.00 690,000 11,044
Other® —_ 357,299 6.691 — 372,938 5,967
Total — | 1571745 29,435 — | 1402937 22,447

1 Absolute ener%y content for individual input components used to convert pounds per acre to Btus per acre are: Nitrogen, 31,100

185%50%%' gound; h:'?phorous, 5,560 Btus per pound; Potash, 4,280 Btus per pouncf;' Pesticides, 179,838 Btus per pound; Diesel Fuel,
. s per gallon.

2 In 1992, the average national soybean yield was 37.6 bushels per acre; the average soybean oil yield per bushel of soybean is 1.42

gallons. The overall soydiesel yield is 53.4 gallons per acre. The average 1992 soygean crop yield was about 10 percent higher than

historica! yields, however, the fertilizer and pesticide use was also recorded slightly higher than previous years.

3 Best existing data is based on the state with the lowest chemical application per bushel of the crop. The state of lowa has been the

most energy efficient state in the recent years with consistant higher yields than national average. The average fowa state yield of 44

bushels per acre corresponds to 62.5 gallons of soydiesel per acre.

4 Peslicide figures include insecticide and herbicide application inputs. .

5 Other energy inputs include seed, on-farm electricity, lime, and bulk transport of seeds for processing.

SOURCES: U.S. Department of Agriculture, National Agricultural Statistics Service, Agricultural Chemical Usage: 1992 Field Crop

Summary, Washington, D.C., March 1993; Pimentel, D., ed., Handbook of Energy Utilization in Agriculture (Boca Raton, Florida.: CRC

E{ess, 1980); Turhollow, A., Oak Ridge National Laboratory, personal communication, Au?ust, 1993; Institute for Energy Analysis, Oak
idge Associated Universities, Roles of Electricity: Agriculture (Palo Alto, California.: EPRI, 1987).

NOTE: Numbers in rows and columns may not converge and add-up exactly due to truncation or round-off errors.
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How Much Energy Does It Take to Make a Gallon of Soydiesel?

ergy costs due to seed, on-farm electricity, lime, and
transporting the crop for processing. This comes to
about 6,700 Btus per gallon of soydiesel, or 23 per-
cent of the total energy input on a national average

basis. Transportation energy costs are based ona 50
mila

mile ¢r G[—’ trancpnrt d}cf:nr\n }“]1 }rncl(
s presente S MM LY A WY i o f AL o
S pre nt n 1abDIc I, NO-T1 SWiC OI N art
culHvation retome nroduce }“'rr]'\or crop \ne‘ds Of

about 50 bushels per acre, while using less chemxcal
energy in terms of fertilizers. However, they use
higher pesticide (herbicides) rates.

We have observed thatany fertilizer use in a no-
till system mainly uses potash fertilizers over the
phosphorous. The soil tests indicate that potash

ép'l tion is mgnéf han pnuapnOTOiis in corn Crop
hal

andsincesoybeanisalmostalwaysgrown.

otatxon withcorn, a potash applicationis needed.

Moreand more soybean farms are converting to
no-till cultivation systems. This is particularly true

in corn-soybean rotations. In such a system, the soy
planting can also utilize some of the nutrients ap-
plied to a previous corn crop and either taken up by
the corn and stored in the unharvested part of the
plant or still present in the soil as the raw nutrient.

To gather data on state of the art practices we ex-

_____ envnral fn Aic dasal
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The Thompson Farm in Jackson, lowa, isa well-
documented commercial enterprise. This farm has
been able to grow no-till soybeans without using
pesticides. A higher seed rate is needed so the
soybeans can out-compete weeds. This higher seed-
ing rate is reflected in the “other” energy input
category. We estimated a net energy input of 17,623
Btus per gallon of soydiesel .

Another farm we examined uses no-tili prac-
tices, but with higher pesticide (herbicides) applica-
tion rates and lower fertilizer inputs. This calculates
to an input of 20,919 Btus per gallon of soydiesel.

Table 3. Energy Input into Soybean Production in State-of-the-Art Farms
No-Tilt with Herblicldes! No-Till without Herbicides 2
(yield: 50 bushels per acre) (yield: 50 bushels per acre)
Soybean Soybean Soydiesel Soybean Soybean Soydiesel
{pounds (Btus per {Btus per (pounds (Btus per (Btus per
per acre) acre) gallt.'m)3 per acre) acre) gallon)
Nitrogen 0 0 0 t:)i 0 0
Phosphorous 0 0 0 0 0 0
Potash 10 42,800 603 30 128,400 1,808 B
Pestlcide 2.73 378,740 5,306 0 0 0
Fuel (gallons)* 4.28 590,640 8,319 4.28 590,640 8,319
ote’| — 475081 | 6601 | — 532,216 I 7,496
— 1,251,256 | 17,623

1 Based on conversations with no-ull farmers who used chemical apphcanons to reduce weeds in the standard no-till crop
cultivation system. In rotation with corn, soybean crop is excsllent at utilizing residual nutrients applied to the previous corn
crop. As with all legumes, soybean also "fix" nitrogen from the atmosphere instead of nitrogen uptake from soil.

2 Based on integrated crop-livestock culivation farmxng method as employed on the Thompson Farm in Jackson, lowa.

2
¢ S Te

The reported yield for no-till soybean production is 50

IOV 1O YV

bushels per acra. Based on an average oil yield from qovbpan_ crop

VUSIICT

of 1.42 gallons per bushel, the overall methyl ester yield is calculated at 71 gallons of soydleseT per acre.

4 The on-tarm fuel usage is calculated based on the fuel requirement for each of the steps employed in no-till cultivation.
5 Other energy inputs include seed, on-farm electricity, lime and bulk transport of the crop for processing. In the case of
no-tili without herbicides, the seed appiication rate is about 25% higher than average raies.

SOURCES: National Research Council: Board on Agricultura, Alternative Agricuiture (Washin
Press, 1989); Thompson, D, and Thompson, S., "No-Till Soybeans Without Herbicides," The

glton D.C.: National Academy
ew Farm, September/October

1982 "Personal communication with several no-till soybean-corn farmers in the Mid-West, Augusi~November 1993,

NOTE: Numbers in rows and columns may not converge and add-up exactly due to truncation or round-off errors.
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How Much Energy Does It Take to Make a Gallon of Soydiesel?

Among major oilseeds, soybeans have a relatively
low oil content, roughly 20 percent. To be economi-
cal, soy oil extraction yields must be maximized.

The soy oil extraction and refining industry is
well established. The industry uses solvent extrac-
tion systems that emp]oy an orgamc solvent to ex-

ract oil from the crushed seeds, thus maximizing
rield

-

ture onerahon. 'I’he standard solvent extrac
process employs n-hexane as the solvent — most of
whichis recovered and recycied. Some loss is inevi-
table since n-hexaneis a volatile solvent. The Ameri-
can Soybean Associationestimates lossesatbetween

1 and 2 oallang nar ban nf cnvihoan Y |
1anGg 2 HAliuiis pei WOn ol JU) oeans yl Gfesseq.

an estimated 0.7 gallons. Thatis about0.015 gallons
per gallon of soydiesel.

The fuel value of n-hexane is 106,522 Btus per
gallon. We use the straight fuel value for n-hexane
since it is a direct product of petroleum distillation
requlrmg no extra energy in synthesxs. Thus, n-

xane loss represents an energy input of1,575 Btus
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ener gy requlrements for the process as 285 Btus of
electrical energy and 2,454 Btus of steam per pound
of oil.

Taking into account energy efficiencies of 80
percent for steam generauon and 32 percent for

mracoce anaoamont dnrin tha Jact Aarada hace Alactrinal wansonar aan tlan al
pryvtoo il lasyu:\.xu LAl LT 143 UTLaUue 11ad> \.lL\u ilas PUWCI scucl auuu WC Lauulalc un: LUlclL
reduced the loss of hexane per ton of seed crushed to steam energy used per gallon of soydiesel produced
->e_ 2 3 _ a - E____ A 2 o _a 2 wm . s s ma_ e -— e » 2 o —~n
iabie 4. Energy nput 1or soivent cxtraction and Primary Retining o1 S0y Uil
1 N a - Y 2 a — ‘
indusiry Average indusiry Best l
Soybeansi Soydiese|2 Soybeansi Soydiesel? I
Iunlt nar tAanl IR4118 iy mallan) fiinld mar fan) [Bliie mar scallon)
ML peT iy ‘IJIU° 1] BGIIUH, \Hllll 'Jl:l lUII‘ ‘DIuB rll:l SGIIUII’ l
= Etectricity (kWh)? 30.44 858 24.80 5,596 |
o]
- Steam (pound)* 1,015 23,620 546 12,681 g
g . — i
" PP N Py | R - ~ A ——— -~ o~ ama
= Solvent (gailon) 0.70 575 0.22 491 E
ﬁ :
Sub-Total — 2,053 — 18,768 B
i
. Elactilclty (LWhY3 200 250 2 0o 45N
E IS vy \RVY Ly .0V AoV [ SOV &
E Steam (pound)* 27.61 | 8 23.01 535
7]
= Sub-Total — 1,092 —_ 984
— 19,753
N
1 Qnvhoaan ie ranahiv 20 nercent nil by woinht nnn tnn nf enavhnane vinlde 47 3R nal|nne nf eav nil
3 PUYUGGH 19 TUMYI Y £V PUTUETIL W My FYDiyiin. LG Wil VI SUYUTAlIS YITIUS Bi.9v gailviis Wi Sy Ul.
2 Soyoilis convened to soydne sel on a a one-to-one volume bas|s where same amount of glycerln is replaced with me1hano!
3 e m 40 B e Thia i ot Y o A mae

A k‘VVn [ eqU“’alenl 10 3,4 1< E[US l"e FQWEr generaﬂcn erllcuancy Cf convemn? neal o elecmclty [ |anen at J( percem

4 Saturated steam at 150 psi has a heat o

vaparization of 880 Btu per pound. Boi

er efficiency for steam production is 80%.

§ The most common soivent used by the industry is n-hexane which has a fuel energy value ot 108,522 Btus per gallon.

SOURCES: Singh, R.P., ed., Energy in Food Processing (New York: Elsevier Science, 1986); George Anderson, Crown lron
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How Much Energy Does It Take to Make a Gallon of Soydiesel?

is 23,620 Btus. For process electricity, the total en-
ergy consumption comes to about 6,858 Btus per
gallon of soydiesel.

A minor component of the energy in processing
is that required to “once refine” the raw oil (degum
and drying processes). This totals to about 1,000
Btus and should not be confused with the more
exfensive refining which food-quality oil usually
undergoes The vast majority of soy 011 is currently
consumed infood and feed uses, so energy estimates
quoted elsewhere may or may not include these
extra steps. For ail the steps or extracnon and refin-

The trend over the last decade has been toward
larger scale, dedicated sovbean extraction nlame
The resulting 1mprovements inenergy efﬁcnency are
reflected in the Best Existing section of Table 4. The
basis for these calculationsis alarge-scale, new plant
that would be built today. These figures are also

nead fnr tho ’nla#o_r\‘ tha_arV’ sabnonru cinca tha
usCl 10T UGC waicuuiCmalit. aCgury sindc uic

industry is technically mature and significant effi-
ciency improvements are not expected.

Crown Iron Works, an engineering design and
construction firm thatbuilds oilextraction and refin-

3. HOW MUCH ENERGY IS USED IN OIL ESTERIFlCATION’? l

ing plants, estimates thata 2,200 tons of soybeans per
day extraction plant would require 21.6 kWhs and
545 pounds of steam per ton of soybeans Consider-

mg the QIHCIEI\Cy for steamand electrical gLnerduun,

thic ae bn 1’7 RA7 ernc nor aallan nf cnvtiioml
this ¢Omes o i3 us pli buuvll (034 SUywal

New equipment would also reduce n-hexane losses
to 0.22 gallons per ton of soybeans, or 491 Btus per
gallon of soydiesel produced.

Based on these best existing facilities, 19,753
Btus of energy are needed per gallon of soydiesel for
extraction and refining. In the industry best sce-
nario, oil extraction and refining contributes about

27 norcont af tha tatal anarov 1eod in the guctom
~i yk..l LIl Ul e viatr \.ucls] UoLW B L Sy otiat.

Although the use of cogeneration (not consid-
ered here) could improve the steam and electrical
genera Hon Pfflmpncv its overall effect on the energy

used in the process would be minimal.

The use of super-critical carbon dioxide as an
extraction fluid has been explored. Substantial en-
ergy savings may result from this technology in the
longrun. Inthe near term, however, the capital costs
and scale-up issues will limit its use to high-value
industries like pharmaceuticals and in niche mar-
kets like organic edible oils where solvent extraction
is not ideal.

The estermcatlon of soy oil with methanol into me-

Taxsl o £ avraEss
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23nvn Axsala mf amesdinenl cirtink Lo se PRPOIE TGP TR KU T |
uon cycie buyuxcbt:l which s yetio oe estaviisnea
exclusivelv for sovdiesel production in the United
exclusively for soyciesel proguction 1n the United
States

Soybean oil esterification is done currently as
part of the production process of making surfac-
tants. In this process the ester is further processed
into vegetable-based surfactants foruse in soapsand
detergents and other consumer product industries.
In other words, esters are an intermediate chemical
in the manufacture of surfactants,

1L 221aRA2AiET Ll slllialialnt

oo a ceammereial cavdiecal indictru daes e
QLT a Luljulicivial au_yunt:acl i Dll] CUULCO 1UL
vet exist in th(a Un_ited States and mln‘pnt snydiecpl_

ester fuel from fatty acid and surfactant production
plants we have based our energy estimates by pro-
rating the energy needs of these existing plants.

The energy calculations for this transesterifica-
tion pTOCeduw 10T manulg intermediate esters and
surfactants are based on data from the Procter &
Gamble Co. plants. Since this is not a process opti-
mized to produce the simple fuel-grade ester, we
believe the energy requirements are slightly higher
than would be expected in a dedicated fuel esterifi-
cation plant.
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In the case of surfactant methyl ester produc-
tion, chemical mpnf rates are low since a double

saUaN, Laiasula saile Q2% 22108 9191010,

distillation system is used to recover excess metha-
nol and glycerine by-product.

Any new fuel ester production facility would
have to make a trade-off between chemical recovery
levels, energy expenditures, and capital costs. Dis-

tillation recovery OI lI\d(erldlb lb an ener 5_)!' intensive
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process and involves a significant capital expendi-
ture for distillation columns, especially for small-
scale production. Hence the economics of smaller
scale operations may dictate a lower recovery rate.

Thesn dlars mnnAdbnamic cvrrmemlind inm Aviancs voontild s 1aas
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in the reaction, increasing chemical energy inputs

from natural gas That synthesxs reaction has been
calculated at 85 percent thermal efficiency NaOH
productlon by electrolys:s of saltis an energy inten-

How Much Energy Does It Take to Make a Gallon of Soydiesel?

extraction and processing equipment. The hypo-
thetical nature of this estimate prompted us to as-
sume the high end of the quoted range for directheat
energy input (steam).

For comparison, we haveincluded data fromthe
European fuel ester mdustry ln r.urope, rapeseed IS
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of rapeseed. Thisresultsina dlfferenc eintheenergy
used in oil extraction but notin oil estenflcatlon.

The first European estimate is based on an aver-
agededicated fuel production plantlocated in France.
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sive process. This inorganic catalyst represents an The European potential is an estimate of improve-
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mate from Crown Iron Works, a major supplier of oil only from rape seed oil.
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i Inthe U.8,, the existing esterification industry is set up to process vegetable oils as part of the surfactant production process.
Processes idealized for fuel ester production would show a significant direct energy savings. Both in the U.S. and the Europe

columns, the Industry Potential is based on full-scale ester-dedicated facilities desuglned to produce at least 5 'MGPY soydiesel.

2 in Eurooe methly ester fuels are made primarily from rapeseed oil. The Existing

ndustry column is based on a 20,000 metric

tonnes per year plant in France producing approxlmately 6 million gallons of biodiesel annually.

3 The energy content v value for the reactant (metha nnl) is 66,542 Biu per n:llcn Methanol has a fuel value of 56 560 Btus ner

i LAl

gallon plus a synthes1s thermal effICIencg of 85 percent for Eroductlon E;sed on natural gas. The catalyst sodlum hydroxncfé
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SOURCES: Pittinger, C.A., etal., “Environmental Life-Cycie Analysis of Detergeni-Grade Suriactant Sourcing and Production,*
Journal of the American Oil Chemists Society, Jan 1993; Richard Peters, The Procter & Gamble Company (Cincinnati, Ohio),
personal communication, November, 1993; George Anderson Crown Iron Works, &lrsonai communication, September-October

1993; Staai, F. and Vn_rmpp;ch G., Rano Methyl Esters as Dlesel Fuel: Energy

ance," Revue Francaise des Corps Gras,

May—June 1993 - International Ener gy Agency Produc'aon of Alcohols and Other Oxygenates from F%ssul Fuels & Renewables,
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The Industry Potential column in Table 5 is
based on a full-scale esterification plant. We esti-
mate that thebest esterification techniques could use

PV FaTalag s

slightly less than 16,000 Btus per gallon of soydiesel.

. Our industry potential analysis does not ac-
count for possible energy credits from burmng the

st wactAria rantsl e t,..—“-... ;l-.n aler m\m..,\
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at the Univer-
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sity of Idaho indicate that organic residue produced
during the soydiesel production process could pro-
vide most of the boiler fuel to suppiy process steam

to an emctenuy aeblgneu CXCEdS dlLUllUl lCLUV'cly
and glycerine purification distillation systems.

Accounting for residual energies combined with

woul ad cukcfﬁnh :“v increase
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the net energy balance of soydiesel productlon
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! 4 HOW DO WE DlV!DE THE ENERGY USED AMONG THE PRODUCTS" _1

Conversion of the soybean into soydiesel consists of
two separate steps, each of which generates a single
coproduct. Soy mealresults duringthe oil extraction
from the bean and glycerine is the coproduct of
esterification of soy oil.

Wehave used threemethods to assign anenergy
value to these co-products: weight fractionation,
value fractionation, and calculation of a replacement
Llcdlt bﬂ%\’j on khc ulDylade en Clby

similar product.
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Weight Energy Credit

Energy credit based on weight fraction is the most
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Out of each processing step comes two productq to
whicha fraction of the | processing energy is charged.
To calculate the energy value of soy meal, we first
calculated that meal represents 81.2 percent of the
total mass of material leaving the oil extraction step.
Tl o AEN QT ie than 1iand tn allanata
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Figure 4. Mass Flow in Conversion of Soybeans to Soydiesel
(nercentage output of each processing siep)
i 3 ol -~ [ o bbbt g
'\ .
Soy Qil, 18.8% SoyDiesel, 30.2% /
\ r_ = /
z S /
\ S g \ = Glycerine
50! - o,
) Bea_!.s O Soy Meal, \ (=> 9.8%
g 81.2% \ T
o
= \ wi
/ ~
/ i 23
I/ ) w
f

} AN
Methanol

10 » Institute for Local Self-Reliance



production of soybeans as well as the energy going
into oil extraction. This represents 49,931 Btus per
gallon of soydiesel. Figure 4 presents the weight
fraction allocation in a schematic form.

The same rationale can be used to assign to
glycerine a fraction of the energy used in esterifica-
tion. With each gallon of soydiesel produced about
0.8 munds of glvcerme is also produced. This 0.8

pounds represents 9.8 percent of the mass of the
soydiesel and glycerine together.

The total energy for esterification is 29,341 Btus
per gallon of soydiesel,, Thus the share assigned to
glycerine is 2,865 Btus. The two coproducts com-
" bined total to 52,796 Btus per gallon of soydiesel.
Value Energy Credit

To assign the coproduct credits based on value, the
allocation procedure is essentially the same as that
used for weight credits. The energy involved in a
given processing stepis no different, but the propor-
tion of the energy asmgned toeach prod_ uct is differ-
ent. Under this method itis not the raw mass of the
products which determines the assignment of en-
ergy, but the market value of those products.
Fiou
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How Much Energy Does It Take to Make a Gallon of Soydiesel?

Soy meal is a high-volume, low-value product
while glycerine is a high-value, low-volume prod-
uct. The value fraction for soy meal islower than the
WElgnt fraction, while for giycerine, the opposite is

C

Soy meal at $189 per ton ($0.09 per pound),
represents 68.2 percent of the value of the products
of oil extraction. Using this fraction as the leldan
function of the agncultural and extraction energies,
we arrive at a value of 42,576 Btus per gallon of
soydiesel for the meal. Figure 5 schematically pre-

sents this analysis.

In the case of esterification, glycerine represents
43.6 percent of the value of those products (when
soy-diesel isassigned the same dollar value aspetro-
leum diesel fuel), Thus 12,802 Btus per g oallon of

soydiesel areassigned to glycerme The total energy
for coproducts calculated in this manner is 55, 378

Btus per gallon of soydiesel.
Replacement Credit

Since the coproducts will be sold into a specific
product market, the best way to assign an energy
credit to the soydiesel coproducts may be to evaluate

e
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How Much Energy Does It Take to Make a Gallon of Soydiesel?

Table 6. Co-Product Energy Credit Methodologies for Soy Methyl Ester
(Btus per gallon of soydiesel)

Soy Meal' Glycerine? Total Co- Q)
Fraction | Value Fraction | Value Preducts
Weight Energy Credit 81% " 49,931 10% 2,865 52,796
Value Energy Credit 68% | 42,576 44% 12,802 55,378
Replacement Credit3 — 81,229 — [ 17,010 98,239

1 Soy meal coproduct credn is denved based on weight and value iracnon of the feedstock soybean into oil and meal.
2 Glycerine coproduct credit is derived based on weight and value fraction of the scybean oil into glycerine and ester.

3 One pound of soy mealis replaced by 2.3 pounds of feed barley (on protein equwalenc and price equivalency basis).

Enarav far nradusing l\orlnu is 1 080 Btus per nound

Energy for producing b 069 Bt J’ und. .hpmnnn is FD!\'Q!‘B!‘ by eyn!hahh urormn which is derived from
e.

propylene using chlorine and calcium hydrox:
The energy totals to 21,296 Btus per pound of glycerine.

Eplchlorohydnn is a intermediate producx in this petrochemncal route.

SOURCES: Pimentei, D., ed., Handbook of Energy Utilization in Agricuiture (Boca Raion,, Fiorida: CRC Fress, 1380);
Austin, G.T., ed., Shreve's Chamical Process Industries, 5th ed. (New York: McGraw-Hill Co., 1984); and “Cash Prices,

Selected U.S. Commodmes, Agricultural Outlook, USDA-ERS,

ashington, 0.C., May 1993.

NOTE: Numbers in rows and columns may not converge and add-up exactly due to truncation or round-off errors.

the equivalent energy that would be displaced by
notproducing thereplaced product (givennochange
in the market demand). A primary replacement for
soy meal (primarily fed to cattle) is feed barley. For

ohmnnnn a wxdply used snecialty chemical, petro-

[Nt 934 Lo valat SIS SpRRAalty LIRS rpe >

chemlcal derived glycerine is the major competitive
product.

For feeds, protein content is the main determin-
ing factor of value. Soy meal at 48 percent protein s

the protein equivalent of about 2.3 pounds of barley.
Not surprisingly, the price ratio for the two feeds is
practically the same as the protein ratio.
Producing and drying barley requires about
1,069 Btus per pound. The equivaient of 33 pounds
of soy meal (the amount co-produced with each
_a!lgn of qovcheqpl) is 76 mundc; of barlev which
represents 81 229 Btus. Tables 6 and 7 summarize
our results.

Table 7. Raw Material Energy for Synthetic Glycerine Production

Raw Materials Raw Material Raw Material Glycerine
for Glycerine Input (ib/Ib Energy Content Energy Input
Produetion Giycerine) {Bius/ib) (Btus/ib)
Propylene 0.82 8,577 5,318
Chlorine 2.00 319 10,628
NaCi 0.45 582 266
5,074
N4 20K
o §advV

NOTE: Production of glycerol from epichlorohydrm is an exotherm|c reaction requiring no heat
and occuring at atmospheric pressure. The electricity required for stirring reactors is minimal and

is neglected in this analysis.

SOURCES: Handbook of Petrochemicals and Processes. Austin, G.T. ed., Shreve's Chemical

Swunwies, nanGoloR O rediiacimilais and

Process lndusmes (5th ed.) (New York McGraw Hill, 1984).

Lite-Cycle inventory of Detergent-Grade Surfaciant Sourcing and | roduction,” Journa

CeS

ittinger, C.A., etal “Environmental
-~

al af tha
ai OF Ing

Americal Oil Chemists' Society, vol. 70, no. 1 (January 1993), 1-15.
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Glycerine is produced from petrochemical
sources using propylene, chlorine, and sodium hy-
drOxide as raw materials. The energy required for

2o A ANLD Yo et ean nae PRy

this process 1s pr imar i1y in the pruuuulun of these
feedstocks. Electrolysis of sodium chloride to pro-
duce elemental chiorine and sodium hydroxide is
energy intensive. Thematerials used are cheap, thus
their extensive recovery is often ignorad.

Soydiesel productionisanetenergy generator. Based
on national averages, the growingand harvesting of
soybeans, oil extraction and refining, and the esteri-
fication of oil into a fucl ester consumes 91,921 Btus
per gallon of soydiesel produced. A gallon of soy-
diesel contains 132,902 Btus per gallon.

Even without assigning any energy value to the
two co-products produced in the process— soy meal

How Much Energy Does It Take to Make a Gallon of Soydiesel?

The final synthesis requires very little energy
(theamountisignored for this analysis) but theraw
materials for synt'hetic giycerine represent 21,296
Btus per pO’uﬁu of grycerme pfouliCt‘fu This valueis
taken as its replacement value. The production of
one gallon of soydiesel produces (0.8 pounds of glyc-
erine, so on a per gallon soydiesel basis, glycerine
provides 17,010 Btus.

CONCLUSICN

and glycerine - the net energy balance is a favorable
40,981 Btus for every gallon of soydiesel produced.
When energy credits based on their respective re-
placement values are included, the net energy ben-
efit rises to 98,239 Btus per gallon, resulting in an
input/output ratio of 1:2.51.

Using farming and industry best practices im-
proves the positive energy balance further.
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