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¢ Xote on Units of Meazsurement
Metric units of measurement zre used io Chapters IT and III, which

L J describe agro~climatic, harvesting, storage, and processing consider~
ations for alterustive crops. In Chapters ITI and IV, which deal with
econonic considerations and food-fuel couflicts, United States units of

‘ megsursarent are used. Annex A contains a table of conversion factors
for metriec aad United States units. The following abbreviatious have

been used in this report for various units:

.

| L = Iiter

: kg = kilogram

!. t = metric ton

E cwi = shore hundredweights (100 pounds)

; GDs = oven déried metric tom

;‘ em = centimerer

: 3 = neter

! k= = kilometer

Ie ¢ = gcentigrade temperarure units
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I. Imtroduction

Sources and costs of epergy for agricsltural production, proces-
sing, and traasportation became vital concerms during the 197Q%=s, both
in more developed countries and in less developed countries (LDCs) of
the world. Apciculture itself has been identified in some circles as
one possible fuel source, through the production and use of ethamel or
orher fuels from agricultural biomass. An extensive literature has
been developed over the past & to 5 years on production of fuel alcohol
from grains, and some research has been conducted ou use of oil crops
{such as senflowers) for liauid fuel. Recent publications (e.g., World
Back: National Research Council) have also explored biomass fuel
possibilicies in LDCs.

Sourh Daketa State University (SDSU) has carried on a multi-
discipline research prograz since 1979 on small-scale fuel alcohol
{ethanol) production. Engineers, microbiologists, agricultural econo-
mists, and animal and planr scientists have been involved in this
endeavor. Until 1983, most of the research at SDSU focused on production
znd urilization of slcohel {and bryproducts) frem corm, though some
research in miecrobiology has been conducted on conversion of cellulosic
marerials £o alcohol. As economic feasibilicy work on corn—-based
aleohul producrion neared completion in 1983, greater artention began
to be focused on feedstocks other than corn. The prospects for fuel
alcohol preduction in LDCs alse began to receive some of the research

rean’s artrention.
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This repoert is a resuit of the fuel alcchel research team's broad-

ened focus during 1%83. & comprehensive literature review was carried

i

out te explere altermative starch aad sugar crop alteruatives for ethanol
i el production. Alihough the literaturs search was quite inclusive
with respect to gecographic regions, special emphasis was given to the
agroaomic and economic potential of various fuel alcohol crops in the
Jorthern Piains region of the U.S., of whichk Scuth Dake:z is a part, and
in LDCs of Asia, Africa, and Latin America. Our intent was to thereby
determine pessible energy crops deserving of more fuel alcohel research
atteution in the Xorthern Plzins and alse provide a document of use to
urselves and others censidering various crops fur fuel alcohel pro-
duction in LDCs. Development assistance agencies, and universities such
&8s 5DSU which work with them, must be zble to assess the energy pro-—
ducing potential of agricuitural economies, 2long with food and fiber

A Merrambrs e

sraducing potentials. One kind of enmergy production that may be tech-
_ EY ¥ ¥

4

lcaliv and gconomically feasible in some LDCs is fuel alcohol production
from stareh znd sugar crops. ({(In this report, the terms alcohol and

»

etnancl are used interchangesbly.)

This report on alternative crops for fuel alcohol producticn is
grganized as follows. Chapter Il covers agro-climatic considerations
for various c¢rops. Feollowing thar, harvestcing, storage, and processing

considerarions are trezted in Chaprer III. Economic assessments of

various crops a

ty

e intrroduced next, in Chapter IV. The economic assess-
ments st be considered quite prelimipary for crops other than corn, as

3

they draw on 2 rather sparse lirerature in some cases and on rough
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of Ffood-fuel conflict issues.

Throughout this report, the sain focus is on "small-" or "community-
scale” fuel alcohel preducticon. Economies of size work against the
econcmic feasibility of small-scale fuel aleehoel production in many
circumstances. However, our emphasis at SDSU has been on exploring the
posential feasibility of smail-scale production--in order to not only
meer alternative energy production objectives, but to try to enhance

employment and economic aetivity in small towns and rural areas, as

)

:e1l. The laccter is an obiective of most LDCs, as well as of rural

¥

szarzes of the £.35. such as Soutk Daketa. By "small."

or "ccmmunity-
scale” production in this report, we mean prcduction by small-business
or farmer cocperative unirs, not nowmally productionm by each individual

farmer Tor his own fuel needs.



S’

II. Agro-Climatic Comsideratioas for Alternative Crops*

Climatic factors must be considered in the selection of a feedstock
for ethanol production., Ssme crops zre Limited fo cultivation within
fairly specific climates, while others can be grown over a wide range of
climates, The first portioca of this section describes the temperature
and oisture requirements of particular crops and fdeatifies the general
climates in which they can be grown. Soil factors are not extemsively
corasidered, although they have g wajor affect oo crop adaptability., A
second portion coatains general estimates of yvields from each crop under
various growing condivions. For comparison among crops, potential
ezhanol yields per hectare are given based on crop vields and on ethanol
conwersion rates from avallable processing technology.

A vast oumber of crops could be comsidered as potential feedstocks
for ethanol production. Preliminary evaluation of crops resulted in the
selecrion of several crops which have potential to produce high amcunts
of grarches or sugars. The starch crops discussed are ca yams,
sweet prratoes, rice, cora, graln sorghum, and potatees. Emall grains
such as wheat, barley, oats, rve, and millets s .o e tensivel
discussed, because, as will be noted in the d..cw,uion of =thanol pro—
duyction from corn, potential ethanol production per hectare from these
crops 1s low compared to other starch crops. Sugar ¢rops described
incinde spgar cane, sweer sorghum, Jerusalem artichokes, sugar beets,
and fodder beets.

A. Overview of crops suitable to differenc climstic conditions

The suirablilirzy of s geographic area for eulrivation of 3 parcicular

kprincipal authors: Juane Auch aad W. E. Arnold
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crop depeads on many factors. Among the most important are the tem=
perature and precipitation characteristics of the area. Many schaomes
have been developed to group climates of the world according to simi-
larities in temperature and precipitation. These schemes are helpful
for ideatifving gemeral areas of the world that may be sultable for
growiag certaia crops. Many useful classification systems age Loo
detailed for use in this report. A simple classification system deve=-
loped by Trewartha will be used, because fts climatic groups tend to
coiacide with main production areas of some nf the major world crops.

Trewvarths has divided the world climates into ma jor climatic groups
with sobdivisfons called climate Cypes and subtypes. Major areas of
©rop production have trepical humid, subtropical, or temperate climates
{Table 2~1). Certala areas with dry or highland climates asre also agro-
nomically productive. However, crop production fs mintmal in areas with
boreal climates and fmpossible in polar areas because of long cold
periods. Areas roo cold for crop production comprise an estimated 29%
of the earth's land surface (Bemnmekt). Boreal and Polar climates will
not be diseussed in this report because of their minor agronomic
inportance.

Lrops which require high temperatures, high moisture, and a long
growing seasen such 38 sugar case, c3ssava, vams, and bananas are con~
fined to tropical bumid climates. Wirhin the tropical humid group are
the tropical wet type and the tropical wer and dry type (Table 2-1). In
the trepical wet climaste cype, precipiration is uniformly distributed
over at lesst 10 menths of the vear. The tropical wet and dry elimate
generally has less annual precipitarion than the wer climate, and the

precipitation is not uniformly distribyred throughout the year,




Table 2-1. Doescriptions of Bnlﬁctﬂd Groups and Types of Cltwate from Trewartha's Classlflcatlon

of World Climates.

Vit e e et e S Y S S B A 10 . G VL B BB A R 5 R I, Vs T T (el R X R 2 DR e, R i

Climata Climata

lrewp o Type Temperatura

T g T G T SR e S IR | SN G ST T PR R SR e D e R Y 4

Precipitatlon

e e

L. Yropical humid 8, Vot Ho killing frosty 1w
sacine arcaa, waan
tosparaturs of cold

sonth over 18.3%C,

b, Wot and dry ”

#~12 months above 10°G,
avan tamporatuve of cold
aonth halew 18,3°C,

2. Subtrepical a. Dry sumnaev

ba H’Uﬂ‘d "

4=-7 sonthe over 10°C,
mpan tesperature of cold
month aver 2°C,

3. Temparate a, Oceanle

b, Continental

1) warn -7 montha over 10°C,
Suaner sean temperature of cold
month under 2°C. Hean
temperature of wvarm
month ovar 22.2°C,

2) canl £+7 months over 10%C;
sumRaY muan temparature of
ecld month under 2%°C;
agan temperture of warm
month below 22,2°C,

Mot mors than 1 dry menths,
of tan 180250 em annvally.

&

High~aun « wat (zenlthal
raina), low-sgun = dry;
greater than 75 cm annually,

Summar drought, wintec ralng
40+1% cm annually,

Rain in all seasons, 75-165
co annually,

Fraclpltation in all seasons,
droughta uvnconmon .,

Precipitation In all aseascns,
acceat on summer; winter
anow cover; half area
recelves less than 75 em
annually,



Table 2=1 (Comtinued)

4, Boreal =3 amths over 10°C,

$. liry 2, Semlarid n taw latitudes, 8 or
wora wonthe with sean
temparatures ovar [0°0;
In high latictudes, less
than B months with maan
temperatura above 10°C,

b, Avid "

&, Nighland Teaparature dvops as
alavation ifncraases,

Mosger throughout year,

Bvapotransplration excoeda
precipltation, short molnt
saagon ba low lakltudos,
meagar tainfall In high
1at itudad,

Evapotransplration excands
proecipitation; constantly
dry.

In tropies, anaual preclpi~
tatton Inceranes with In~
cragaed altitude up te 1,500
m then dacreasas ak higher
elavations; outside troples,
precipitation increases with
lacreased slevattion,

Mirevartha, Glenn T. An Intvoduction to Climates. New York, 5t. Louls, and San Franclsco:

HeGeaw~HI11 Book Cowpany, 1968,
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Tropical humid climates are majnly found 20 te 407 oorth and gauth of
the equator (Figure 2-1}. Maav developing countries have tropical humid
climates.

Subtropical clizstes are differentiated frow tropical climates by
the EFact thar he soldest mouth has an average temperature of less than
18°C {Table I=1: Trewartha). They are located in the middle latitudes
farther from the equator than tropical climates (Figure Z-1). Some
froscs may oceur in subtropical areas, but marine areas may he without
freezing temperatures Chroughout the yedr. Rice and colton are grown in
subtragical areas, bdut the growing season in the subtropics may be toe
shors for aptimal prodection of cassava, yams, sSugar cane, and banonas.

Sybtropical climates are divided inro dry summer and humid types
{Table 2+1: Trewartha). In the dry summer climate, rainfall occuts
maialy iz the ¢oel season while che summers may be absolutely dry.
Severe Frosts are infrequent. Singe rainfall occurs during the cool
sessen, molisfure loses by evapocranspiration is low. In the J.8., this
cype of climate is found in perts of California (Figure 2~t}. The
subcropical humid climase is found im the southeastern portion of cthe
%.5. [t generally has greater 3nd more uniferm acnual precipitacion
ehan the dry summer glimate. The growing seasos may be from 7 months to
nesrly the emrire ¥year in the subtropical humid climate Cype.

Temperate climates are asually found between the wamm subtreplical
anéd cold boreal eclimates {Table Z~I; Trewarths}. Wirkin the temperate
alimgric greup 3re aceanic and continentsgl types {Table 2-i; Trewarthal.
feeszic climares tend to have a covl summer, but the growing season may

be as loag as .37 o I10 days. Norehers EZurone and the northwestcern
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Figove 2-1. Teopiral and Subiroplcal Types of Clipate accovding Lo Trevartha's Classif lcat don (Trewartha}.
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coast of the T.S. have temperate oceanic climates (Figure I-Z).
Ratnfall is adeguate in all seasons of the oceanic climate, and droughis
are uncowmen. Generally, coel season crops such a¢ small grains,
potarees, and sugar beets sre grown o temperatle oveanic climates.

The eastern portion of the Northern Plafas has a continental
temperste ¢limate (Figure I-2). <old winter temperatures geunerally pre~
vail in temperate contisental climates. Over half the area in temperate
continental climates recelive less than 75 ¢m of precipitation. More of
the precipitstion falls fs the summer than the winter. The timing and
amount of raiatall in the summer has greatest affect on agricultural
sraductivity.

The continental remperate Utype has two important sublypes called
the wars summer and cool scmmer subrypes, which have average July tem-
seracures of above sad belew 2Z,2°C, respectively (Table 2-1). Summers
are loag, wsrm, and humid in the warm summer subtype. The period be-
rwes s Xilling fFrosis may be 150 to 200 days. Major corn production
areas ave in the wars summer subtype. Ia the cool summer subtype,
symmers zre ysually moderately warm, but sheort. Crops are similar to
chose grows in oceanic femperare climates {small grains, potatoes, and
sugar heers). In che Nerthern Plains, a major pertien of North Daketa
snd aorthern Misnesafs have cool summer climates (Figure 2Z=2}. The warm

summer temperate climate exzends southward to the southern border of

Te the dey climare group, evapotranspiraticn exceeds anmual preci-

mivgeion {Table 2-1). Approsimate boundaries of dry sreas are deter—
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Figure 2-2, Temperate and Boveal Types of Climate according to Trewartha's Classification {(Trewartha),
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precipitation as well as the percentage of precipitation cccurring in
the winter. The drv climate group is divided into arid and semiarid
types. Semiarid climates occur in much of the western U.S., including
the western portion of the Northern Plains (Figure 2-3)}. They are also
srevalent in many developing countries. Production of drought toleraant
sr very short season crops such as sorghum, millet, and small graiams is
posaible in many semfarid areas. Without irrigatiom, crop production is
aot possible in arid vegions, which occupy 12% of the earth’s land sur—
face (Beaneiz}.

Climate in highland areas is dependent on altitude, latitude, and
exposure, Zones of climate occur at different altitudes in tropical
tumid laticudes,. Different crops are grown fia the various zones up €O
3,500 =, and perpetual snow is preseat above 4,250 to 4,300 m.

1. Troplcal and subtropical crops

Tropical and subrropical crops are those which are limited to
aulzivacion i tropicsl or subrropical areas, because they generally
require a long growing sessom, high temperatures, and sbundant soil
moisture. Mamy short season c¢Tops grown in temperate areas can also be
grown in gropical and subtropical aress. However, they are classified
as temperate crops im this reporz. Starch producing tropical and
subtropical zrops discussed are cassava, ¥ams, sweet potatoes, and rice,
Sugar came is the emly rropical and subtropical sugar crop discussed.
Although classed as rropical and subtropical crops, cassava and sweet
poratoes may also be grown in some semfarid areas, but d4ry conditions

timir nroduction.
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. Starch cfops

1} Cassava Manihot esculental

Cassava is grown wost sxtensively in troplcal humid climates. It
requires at least i0C months for maximum tuber production, and harvestiag
is usuaily doae [ to 2 vears after planting (McClure aud Lipiasky;
Dawpese). Since it is seusitive to frost, cassava mest mature before
cold tesperatures occur. Temperatures of 23 to 29°C and dav lengths
iess than IO to 12 hours are required for optimal growth (Kay; Ounwueme).
Canseguedtly, cassava is not adapted to temperate or most ssbtropical
areas {Tadle 2«2}, Cassava is mainly grown between 15° gorth and 15°
south latitude {Kay), But the extremes of the production area are 30°
zorth to 307 south laricude. Cassavs is generally not grown above an
zlcizude of 1,000 m in humid tropical areas (Kay; Onwueme).

#ighest yields are obtafned when cassava receives 100 to 150 cm of
wall=discributed rainfall, Therefore, it is adapted to areas which are
goatizually humid. Houwever, tuber production and guality can be reduced
by ajigh amouats of rainfall, if adequate drainage {s not provided (de
Alvim and Kozlowskl), <Cassava i{s often 3 maia crop In areas without a
dry seasonm, because it is propagated by cuttings rather than by seeds.
Grain crops 3re diffieculr ro ¢ultivate iz conmtinually humid conditions
due ro problems wirth seed decay after planting. Alse, with coatinual
rata, ir is difficult to harvest, dry, and store grains (Cobley).

Tropleal humid areas with a dry season are slso sultable for
cassava, becsuse it is drought tolerant at all stages of growth except
pilaating time {de Alvim and Kozlowski; Omwyeme}. Consequently, planting

is esually dune ar the begianing of che wer perfod. Muring dry periods,




Table 2-2,  Adaptability of Potential Ethanol Fuel Cropa to Varlous €)imates without feeigation (1 = good,
2 = falr, 3 & poor, 4 = not adapted),l:

SR T AL B T S Y A e R s S EREE e e o e ALY g o ok T . v s . & = . T R T AR R T

Tropical llumid Subtroplcal 7 Tomparata Bareal by
Crops Hat Wet & Dry Dry Summer lumid coanie  Continental fambarid Artd
RN | | e Warm _Cool S
Starch Crops
Cassava 1 1 4 3 4 4 4 4 3 4
Yams 1 2 h 4 4 4 A A 4 4
Swect potatoes 2 i 2 ! 4 3 4 4 3 4
Rice 2 1 2 2 4 3l 4 4 4 é
Corn 3 2 2 i 2 ! 2 4 k] 4 '
Graln garghum 3 2 2 i 3 b 3 4 2 4 G
Hitlat 4 2 2 I 2 t 2 A 2 A '
Potataes 4 3} 2 2 | 2 i 3 & 4
wheat 4 3 i 3 i i i ] 2 4
Barlay 4 3 l K i 1 I 3 2 4
Mty 4 4 i 2 i i 2 4 3 4
Rye 4 4 3 k) I 2 1 3 2 4
sSugar Crops
Sugar cana k| 1 4 2 4 4 4 4 4 4
Sweat sorghan k| 1 2 i 3l l 3 4 K| 4
Sugar beats 4 4 2 3 1 2 | 3 4 4
Foddar beets 4 4 2 3 | 2 ! 3 4 4
Javusalem artichokes 4 3 2 3 ] l I H 3} h

Yertmatic classes are from Glenn T. Trewartha. An Introduction to Climates. New York, St, Louis, and
San Francisco: MNcGraw-#ill Ronk Company, 1968, ~ (See Table 2-1 and Figures 2-l to 2-3),
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plant growth stops, aad older leaves drop. Plaant growth and tuber for-
mation begin asgain whea adequate precipitation occurs. Cassava is grown
in some semiarid areas where annual tainfall is as low as 30 cm, but
vields are low.
2} Yams {Dioscorea spp.)

There are over 500 different species of vams (Xay). They beloag to
the geses Dioscorea and produce tubers, bulbils, or rhizomes which are
high in starch. Yam species tend to have growth requiremeats which
restrict thelr cultivation to the humid troplcs at altitudes less than
1,900 o {Tadble 2-2; da Alvim and Kozlewski; Kay; Oowueme). They
generally need 7 to 9 months to mature, and 25 to 30°C temperatures are
required for optimal growth (Onwueme; USDA, 1974a; USDA, 1976; USDA,
1%77h). Orowth is restricted by temperetures below 20°C, aund most yams

are sensicive to frost., However, two species, Dioscorea opposita and D.

ianonica, are adapted to subtropical humid or even warm temperate
siimatas.,

Yams are not as widely distributed as cassava. In West Africa,
®mOoSt vams are grown between 4 and 10° north iatitude (Kay; Ouwueme),
The limits of vam producrion are 20° norch to 20° south laticude,
hecause shorr~day coadicioms of 10 fo 1l hours are required for tuber
developmen: {(Kav). Yams ave most often grown in areas with a long rainy
season and a clearly demarcated dry season of 2 to I months {de Alvim
and Kezlowski; Xay). However, vams can not tolerate dry periods longer
than 3 or & months, and adequate rainfall is especlally important during

tuber Formation, Highest yields oceur with 120 to 13CQ ca of annual

rainfall (de Alvim and Xoziowski; Kay; Onwuene}. Waterlogging, however,
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restricts tuber initiation and causes tubers to decay.

Tubers usually mature immediately before the dry season, and they
are plaated in the dry season or early ic the raiay seasoz. They need
iittle woisture to survive and have been shown to sprout in dry sawdust
{Oawuese}. Temperatures ranging from 20 to 30°C are required for
sprouting. Sprouting is delaved by temperatures below 15°C and above
35°¢.

3) Sweet potatoes {(Ipowoea batatas Lam.)

Subtropical and tropical humid climates are suitable for cultiva-
tion of swee: potatoes {Table 2-2). The crop is met adapted to cool
tesperate arcis, because It requires &4 to 6 months of warm temperatures
and abundant sunlight (FAO, 1978). It is also sensitive %o Frost, Warm
tesperatures above 24 or 27°C are necessary for maximum growth, but tem=
peratures zbove 32°C may injure tuberous roots (FAQ, 1978; Martin,
Leonard, and Stamp; Onwueme). Tuberous root development is promoted by
relatively low tomperature and light irtensity (de Alvim and Kozlowski).
Sustsined temperatures below 10°C can cause damage, and sprouting does
zot occur below 15°C (Martin, Leonard, and Stamp).

Due o high temperature requirements for growth, sweet potatoes are
grown between 40° north and 40° south laticude (de Alvim and Kozlowski).
Alrirudes of up te 2 "30 m are suitable for éueet petatoes in humid tro~
pical aress. They are more widely distributed than cassava and vawms,
because they have a shorter duration, and tuberization can occur at day
i .gths as long as 13.. hours.

Sweet potstoes are swited better to tropical humid climates with a

dry season than to continually wet climates. Optimum ralnfall is 75 to
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100 em annuallv, with approxinately 50 cm cccurriag during the growing
season {(Martian, Leonard, aad Stamp; Onwueme), However, Chey are grown
where annual rainfail is as low as 50 em (Kay). Excessive raianfall can
result ia low vields because "ush vine growth occurs at the expeanse of
tuber production. Moderately dry coanditioas are desirable duriag
tuberous root formation {de Alvim and Kozlowski}. Waterlogged soil con—
divions retard root formation, hinder rovot enlargement, and cause root
rotting (de Alvim and Kozlowski; Onwueme). Sweet potatoes are somewhat
drought tolerant except 50 to 60 days after planting, which is the
begiaaning of tuber bulxing.

%) Rice (Oryza sativa L.)

Rice has a rather wide range of adaptation, especially if frriga-
tion is available. Iz is grown between 49° north and 36° south latitude
{de Alvim and Kozlowski; McClure and Lipinsky). 1In tropical humid
areas, it is grown at altitudes as high as 2,000 m., The wide adap-
tability is due to the great gemetic variability within the species.
There are an estimated 30,000 rice varieties in the world (Gabel;
Mgrria, Leonard, and Stamp). Some varieties can be grown o upland,
others under moderately flooded conditions, and others where water be-
comes 1.5 to 5.0 m deep (de Alvim and Xozlowski). Varleties also differ
greatly in duration of growth and response to day length aad
remperature. Therefore, genmeralizations aboutr the growth requirements
and adaprebility of rice are difficult o make.

Rice requires temperstures of greater than 21°C during the growilag
season, which is 90 te 250 days in Asia and 110 to 180 days in the U.S.

(Marrin, Leonard, and Stamp; McClure and Lipinsky; Papadakis, 1966},
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Conseguently, most rice {s grown in subtropical and tropical humid cli- "'
mates (Table 2~2}. However, in some warz continental temperate areas,

varieties can be grown which are toleraut to low temperatures at the

seedling and reproductive stages (de Alvim and Kozlowski). Rice is cold .‘
seasitive, and teamperatures of 5°C for 246 hours kill rice plaats

(Papadakis, 1970). The minimum temperature for germinatiocn is between

16 and 19°C {de Alvim and Rozlewski; De Datta). Optimum temperatures ®
for ieaf elongation, flowering, and ripening are 31°C, 30 to 33°C, and
G to 29°C, respectively {de Alvim and Kozlowski). Cool night tem—
peratures are important for ripening in subtropical and warm continental
tesperate areas {de Alvim and Kozlowski; Papadakis, 1970).' They are not
35 lmportant im tropiecal areas {f solar radfation i{s adequate {de Alvim
and Xorlowski)., However, high temperatures and low solar radfation are
two reasoas for lower rice yields in comtimually wet tropical climates.
Qther problems with rice cultivation in continually wet tropical clima-
tes are low soll fertility levels and grain drylng difficulties (Martin,
Leonard, and Stuamp; Papadakis, 1970). Highest yields per crop gemerally
are found ia temperate areas or in drv czasons of tropical areas when
irrigatien is given (Papadakis, 1970; De Dacta). However, low tem—
peratures prevent rice production in mest temperate areas.

Insufficient rainfall alse limics production in temperate and
subtropical climates (De Datta). The warer requirements of rice are
dependent or ropography, soil condirioms, and length of growing season.
Generally, at least 100 cm of 3nnual rainfall are required for dryland

rice cultivation (FAQ, 1978; de Alvim and Kozlowski). Permeable sandy

solls require three times more water than clay soils (de Alvim and
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Rozlowski). Uniformitv of rainfall distributionm is importaanc.
Approximately 20 to 30 cm of evenly distributed rainfall per meonth is
required for best yields (de Alvim ancd Rozlowski). TYields are highest
when fields are flooded to a depth of 25 to 75 cm unless deep water or
floating varieties are used (De Datta). At seeding time, however, many
varieties {especially Indica types) require either exposure to air or
shallow standing water for germisation and rooting (de Alvim and
Koziowskl). Water stress is most harmful during the period from 10 days
before floweriag to floweriag.

b, Sugar Crops

Sugar cane (Saccharum officimarum L.)

Production of sugar cane is limited to tropical humid and a few
subtzopical areas, because sugar cane requires a long warm growing
season {Table 2-2). Sugar caue is grown between 35° north and 35° south
latirede ar alrtitudes up to 900 m., In frostless climates, sugar cane
nay remain in fields for over 2 years before harvest (de Alvim and
Xozlowski). The average duration is 14 to 18 months, followed by a
ratoon crop which is harvested after 12 months. Harvesting {s done when
maxinum sugar content ia the stalk is reached. 1In cool climates, sugar
cane is barvested withinm 9 to 10 months, depending on the time of frost
seeurrence. Temperatures of =3°C kill leaf tissue and stop sugar ac—
cumularion (Martin, Lecnard, and Stamp). Stalks are killed when temper-
atures reach -3°C; the stalks then deteriorate. Freezing temperatures
zo 2 soil depth of 7 to 8 em will kill seed pleces, preveanting emergence
(de alvim and Kozlowski). The optimum temperature for sprouting is

26°C, and optimal temperatures for growth are begween 26.7 and 32.2°C.




$2ex eloagation {s inhibited by night temperatures less than 21°¢
(McClure and Lipiasky).

fugar cane is best suited for tropical humid climatey with & short
47y season prior to harvesting (Williams)}. Dry, cool, and sunny coa-
ditions stimulate sugar asccumclation in the stalk. Uader continuslly
wet cond:tions, tillering is excessive and toanmage high, but the sucrose
content is low. Uniform distribution of 1Z0 to 150 cm of ratufall s
secessary before the beglinning of the wmaturation stage (McClure and
Lipinsky; Paul; Wilsie). Generally, sugar cane requires 2.8 co of
water/t of production. Good drainage is fmportant, although sugar cace
tol2rates occasional flooding. The water table should remain at least 1
= below the surface for optimal growth (Martia, leonard, and Stamp;
MeClure and Lipinsky; Paul). Low levels of oxygen at the 70 em level or
above retard root growtn (Martin, Lecnard, and Stamp).

1. Temperate crops

Temperate crops are those which can be grown in areas with a rela-
tively short growing season. Consequently, they are adapted to many
temperate aress where the length of the growing season i{s restricted by
coel femperatures. Corn, graia sorghum, and potatoes are guarch pro=-
ducing temperate crops which will be discussed. Temperate sugar crops
to be described are sweer sorghum, sugar beets, fodder beets, and
Jerusale= artichokes,

These temperate croeps are nob, however, limited to eyltivation in
areas with temperate climates (Table 2~2). Corn, grain sorghum, and
sweet sorghum do well iz warm summer temperzte climates, but are alse

wzili—suired to many tropleal husid and subrropical climates, Grain
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sorzhus is alss grownm widely in semfarid areas. Poldtoes, sugar beels,
and fodder beets require periods with cool temperatures and afe grown
arizariiy fa cool temperate areas. However, they are alsc grows in some
sropical humid, subtropical, or warz temperate climates. Most of the
texperate crops gan be grown in temperate zones of highlands of tropical
aud subtropical aress.
3. Starch crops
i} Cera (Zes mays L.}

Extremely diverse varieties of corn have developed so that corn is
growz from 5%° morth to 40° south latitude {(Martin, Leonard, and Stamp;
Wilsie}., i some tropical humid aress, corn is grown at alcicudes as
high as 4,000 m. Varteties io aress with a short growing seasons may
sarers wichin 30 days, while troplcal warieties may require as many as
313G days. The wide adaptability of corn {s partially due to differences
in phoroperiedic response ameng varieties. Corn is a short-day plant.
Tropizal varieties flower toc late 3t Cemperate latitudes, and temperate
vgriecies flower o0 early im tropical lstizudes (Martin, Leonard, and
Sz3mn). %Yarieties grown inm the main corn praducing areas mature in %0
to 13¢ davys.

¥osr of the world’s corn production is between the latitudes of 30
and 43° both norch asnd south of the equater. Warm temperate and humid
subrrepizal climates are aost suitable for usirrigated corm production
£Table 2=2). (ool and oceanic temperate clizates are generally toe cool
far corm, althewgh corn is an important crop in some ool temperate
aress, The oprimal temperatures for growth are between 24 and 30°C, and

cura bs geserally not groun where middle symmer Lemperatures average
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less thaa 19°C {Aldrick, Scott, and Leng; Hafliger}. 3o germination of
plant growth scture at temperatures delow 10°C, Prolosged tenpetatures
Yetween 7°C snd Freesing will kill many cora varieties {Martin, Leonard,
and Stamp). Flaots smaller thas I35 om tolerate a Light frost withouat
injery (Wilsie). At later stages, temperatures of 2°C on clear, still
2ights can cause injury (Aldrick, Scott, and Leng).

With adequate molsture, cora teads to vield better fn Cemperate
than in tropical climates, bdecause midseason tesperatures above 27°C
reduce yield (Martin, Leonard, and Stamp). Temperacures above 35°C
iInhidbic seedling growth (de Alvim and Kozlowski), Low solar radfacion
during cloudy conditions may be ancther limicing factor in humid tropi—-
€31 condiztons (Haflimger). Corn csn be damaged severely by excessive
water 3nd, therefore, requires good dralmage. Excessive moisture during
the maturation period makes harvesting difficulr, and losses due to
spollage may be severe. Consequently, corn is oftem grown in tropfcal
hunid climates with s dry sesson rather than in continually wet
ciimates.

Corn usually can not be grown for grain productier *n semfarid
reglons without irrigstion. Subtropical areas with a dry summer require
irrigation for summer cultivation of corm, and they may be too cool for
winter cultivation. More than 38 ¢m of precipitation annually and 20 em
seasonally sre usually required for corn production (Martin, Leonard,
gud Stamp; Mcllure and Lipinsky). One mm of water {s required for every
10 «g of grain produced per hectfare. Maximum production generally
eccurs iz 3reas with &0 to 100 cm of anmual precipitation (Martin,

Leonard, and Stamp). Precipitation requirements are higher in troplcal
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and subtropical aress than in teuperate sreds. They are alse higher at
low altitudes thas at high aliitudes., Corn fs grown fa some high altf{-
tude areas teceiving less thag 5 ¢m of precipitation annually.

Cors is most sensitive €2 drought duriasg flowering and fer—
tilizatios (Wilsie}. Moisture levels during the perfod J weeks before
3 3 weeks after silking are smore importaat thaa anmual rainfsll in

deterniniog vield. Temperatures above 38°C during siliking can cause

@

nigh evapotransplirstion rates, sod intermal water supply say not be ade-
guate £2.r pellon ohe germisatieon.

1) Crats sevghum (Sorghum biceler L. Moesch)

Graia sorghum is 2 widely adapted crop which grows between 43°
morsh and 43% seuth latitude. It zan be grown in wsrn temperate,
subtropical and tropicsl elimaves (Table 2-27. CQool temperate climates
generslly do not provide s sufficiently lomg ~arm peried for sorghum
eulrivarion. The growisg season for sorghum ranges from %0 to 140 days,
with 3n average of 100 re 120 days (House). Germination does not occur
waless seil temperatures are asbave 1270, so sorghum can not utilize as
zuch of the growing sessen in coel summer temperate climates as cool
sazsen erops 4o, Yaximem percentage snd rate of emergence occurs at
temperatuyres above 25°C (Martinm, Leomard, and Stamp). Optimal tem~
peratures for early seasom growsh zre herween 27 and 32°C (Deggerr;
¥Mellyre and Lipimsky}. Lower remperatures are generally required durinsg
flowering (Marrin, Leemard, snd Stamp). However, House stated that
flaoral eevalopment and seed ser is nersal ar remperatures of 40 ro 43°C,
if wsisrure is adequate., [n Pery, sorghum will set sert seed af temper-

sryres less than 15°C (FAQ, 1961}, Freezimz temperatures beforc harvest



can desitey seed getmination Lf the seed contalns mote than I5% zoisture
(Martia, Leonard, and Stasp). In the first 3 weeks of growth, plaats
way gutvive siight frost, but temperatures slizhely bdelow freeziang will
xill older plamts,

Sorghum iz better asdapted to sesiarid regions than many other
cereals, becsuse sorghu pladts bBecome mearly dormant durisg hot aod dry
sonditions. After belng wilted for 14 days, sorghum plants have been
shown To fully recover wichin § daye arier provision of azdequate
noisture {Doggetrld. Sorghum alse has a thicker leaf cuticle, lower leaf
Ated pr plant, and a sore extensive roob system tnan cors (Lipinsky and
Rresovigh; Martin, leensrd, snd Stawmp). Masimum production ogcurs where
azagal preeipitacion averages 63 cm, but sorghum is growe in areas with
% 23 of snagal precipitacion. Aporoxfmately 332 kg of water are
required o produce [ kg of dry matter (House). Corn and wheat use
368 gad 314 kg of water, respeciively, fo produce ! kg of dry matter,
Haxizun opiake of water I=n sorghum {3 during the lite boot and flowering
stages {(Marcia, lLeenard, and Stamr; House). Adequate sotl molsture as
#ell as ware temperatures are imporzant for good stand establishment in
sexiarid areas.

In cropical aress, planting should be rnimed so rhar the sorghum
blooms when temperatuyres are net extremely high. Sorghum can be culri-
wared duriang rainy perieds im some tropical mumid aress, because it can
#irhsrand soil warerlogging hetter than ocher cereals, especlally cornm.
Rackie (Wall and Ross) observed thar sorghum survived [u standing water
far seversl weeks. House indicated that sorghum grows, though not well,

ta flooded conditions where corn will die. Howswver, Light, well driined
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soily are geserally beet For sorghue producticn. Continually wet cot-
dirions tan cause probliems with sorghum harvesting and storage, sQ
sotgihes is generally goown in arier sreas of the tropics (FAQ, 196L).

3} Poratoes (Solanus taberdsus L.}

Potatoes are grown throughout the world but are most suited for
cocl temperate climates {Table 2=2). (ool climates at altitudes of
2,990 e 3,500 4 are major production areas In some low latitude areas
{HFanie), Vsrleties »hich sre somevhat resiscant to frost caa be grown
ar alsfisudes as high as 4,000 @, In humid cropicsl and subtropical
sreas, high temperatures limitc potato production (Klages). However, in
sone areas, ther are grown during cool perieds, even though conditions
may =m0t e optimal. Leaf growth [s favored by remperatures of 20°C,
while 25°C is sprimal for stem growth (Hanis), Temperatures asbove 21°C
ean reduce yield, and ceol might icmperatures sre especizll, imoorizat
¢%ay; %arctis, Leomard, and Stamp)., Temperatuves of 16 to 18°C recard
vegetarive growth and stimulate tuber initiacion and growth {F&0, 1978;
Eanis: ¥artia, leonard, and Stamp). Tuber growth ts retarded by soil
remperatures above 20°C (Martin, Leosard, and Stamp). A second growth
=3y acenr at 27°C, bur ruber prowth stops at temperatures above 29°¢.
Bigh light intensity duricg the growiag season may cause tuberization
ro occur st aigher temperatures (Kay).

Poraroes are photoperiod sensitive. Long days with warm Lem=

peratures fawer wegetative growth while short days and cool temperatures

£aver early wuberfzarion (Marrin, Leomard, and St3mp; MeClure and
Lintnskrl, Mazimum suber producrion cceurs with intermediate day

teszehs and coel temperatures, However, vgrieries differ in




photo—periodic response. In South America, varieties ounly produce
acceptable yvields with 12 to I3 hour day lengths (Rav). In temperate
steas, early varletles vequire I35 to 16 hour davs, while late varieties
produce reasonable yields at either short or long day lengths.

Potatoes generally nequire 90 to 130 days to matuve, But some
varieties may ueed up to 210 days (Ray; McClure and Lipiasky). Tubers
are planted at least two weeks prior to the last killing frost (Martin,
ieonard, and Stamp). The miaimum temperature for sprouting fs 4°C, and
the optizmal temperature s 24°C. Tubers freeze at approximately -2°¢C,
and completely frozen tubers disintegrace upon thawing. FPotatoes are
generally semsirive to frosz, and short perlods of ~2°C temperatures can
completely destroy a crop (Kay). However, some varieties can withstand
exposure Lo temperatures of =5 to ~10°C, while other varieties can not
wichstand cemperatures of O to -1°C (Hanis). Potatoes are parcicularly
seasitive o frost in the early growth stages (Kay).

Adequate soll moisture throughour rhe seasca s necessary for pro-
duction of well~formed tubers (Martinm, Leonard, and Stamp). From 30 to
60 em are required during the growing seasen in the Great Plains of the
Uu3., 22t wp to 76 ¢z may be required in subtropical areas (Kay). In
experizents iz Britain, yields imecreased by l.4 t/ha for each centimeter
of rainfall (Hanis). Poratoes are most sensitive o drought conditions
duriag the period from tuber initiation teo maturity. Poor drainage
reduces soil zeratiom, restricting root and tuber formorion. Cald,
waterlogged soil condicions afrer planting mavy prevent tubers from
sproucing. Incidence of late blight and other diseases are related to

humid growth coandirions and are especially d4ifficult eo control (n




troplical areas.
b, Sugar Strops

1) Sweet sorghum {Sorghum bicolor L. Meoench)

Sweet sorghuz is a member of the same genus and specles as grain
sorghux, It is distinguished from graia sorghum by higher sugar couteat
in the stalks and lower seed production. The stalks are used for pro-
duction of syrup. Seeet-stemmed grain sorghum varieties are being deve-
1oped which have both high sugar content in the stalks and high grain
si21ds {Jackson and Lawhon; Lipinsky and Kresovich). The varieties are
either sweet sorghum hybrids or crosses of sweet sorghum and grain
sorghum varieties.

Sueat sorghum has growth requirements similar to grain sorghum. It
has 2 wide area of adaptation which includes tropical, subtropical, and
warz summer temperate climates (Table 2-2). In the U.S., sweel sorghum
ts grown in an area from Minnesata to Alabama (Lipinsky, et al.).
However, 90% of the production {5 in the southeastern states. Lipiasky,
er al. indicated that sweet sorzhum can potentially be produced wherever
cotrzon, <ora, grain sorghum, sugar beets, or sugar cane are grown.

Between 90 to 150 days are required for the crop Lo mature,
depending on the phoreperiodic response of the variety (McClure and
Lipinsky; Paul). In Australian variety trials, crop duratlion ranged
from 82 to 124 days. Warm temperatures between 20 and 35°C are required
far growth (Ferrarls and Stewart). With adequate moisture, sweet
sorghus will zhrive at remperatures as aigh as 40°C (MeClure and
Liniasky). Grouth stops with cool remperatures of 1Z to 153°C, and

nlanecs should marure before the first frost for maximum »iomass and
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sugar producticn (Fervaris and Stewart; Jackson and Lawhoa; McClure and
Lipfasky). Sweel sorghum is generally planted when soil temperatures
are 217C or higher. Consequently, in cool summer temperate climates,
sweel sorghun way not be planted early encugh to mature before the first
frost. Yields of stalk sugars and biomass per hectare are correlated
with the muaber of growing degree days, when other factors such as soil
@oisture and fertility are optimal (Jacksoa and Lawhon). Sugar con-
centration of stalks is higher in cool areas than warm areas; however,
biomass production is less, resultiag in less sugar per hectare.

In the U.5., ooly southern areas have growing seasons which extend
berond sweel sorghum maturity, and double croés of sweet sorghum can be
produced in some humid subtropical and humid troplcal areas (Jacksom and
Lawhon). In temperate areas, biomass and stalk sugars are produced
until che first killing frost., Therefore, if varieties with more cold
tolerance were developed, higher could probably be obtained in the
Northera Plains.

Sweet sorghum wvarieties are not as well-adapted to semiarid regions
as are grain sorghum varieties, but sweet sorghum is more drought
tolerant rhaa corn (McClure and Lipinsky). Approximately 3 cm of water
are required to produce ! t of stalks, and optimal precipitation is
greater than 43 ¢m during the growing season. In wet climates, good
drainage is important, especilally during the early growth stages
{(Ferraris and Stewart; McClure and Lipinsky).

Low levels of solar radiation may be z limiring factor in con~
timgally wer tropical climates. Adequate solar radiation is especlally

important during the frulring stage (Ferraris and Stewart), In trials
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in Texas, approximateilv 73% of the variation in yield was accounted for

br differences in solar radiation during the fruiting stage.

2} Sugar beets and fodder beets (Beta vulgaris L.)

Sugar beets have been bred for high sugar coacentration and for
processing ioto sugar. On the other hand, fodder beets have a larger
root with a lower sugar concentration than sugar beets. Fodder beets
are used extensively for livestock feed in Europe. Since the two crops
are closely related, they are assumed to be adapted to similar
geograpnic areas. Sugar beets are grown in zool temperate climates such
as those found in Europe, the ¥.S.S.R., and Canada (Table 2-2). In the
Y.5., they are grown in the north central states amd the Northern Plaians
without irrigation (Lipinsky, et al.}). With irrigation, they are growm
2t altitudes of 2,100 o in mountain states and in the California
Imperial Valley. Sugar beets are not cultivated in tropical areas, but
possibly could be grown at higher altitudes.

Present sugar beet distribution is not only affected by climatclo-
gical factors, but also by the location of processing facilities. The
USDA estimared in the early 1900's thar 270 million acres of land in the
¥.S. have suitable climate and soil for sugar beet production (Doney).
Considering that sugar beets are normally growm in a 4~year rotation, 60
co 70 million acres could be grown annually. However, only 1.2 million
acres of sugar beets were harvested in 1980 (USD4, 1981b).

The growiag sesson is approximately 5 months for borh sugar beets
and fodder beets (Hayes; Paul). Their growth requirements are similar
ro those of potatoes. Oprimal temperature for seed germination is 15 or

16%C (FAG, 1978; Martin, Leonard, and Stamp), however, fodder beets will
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germinate at temperatures as low as 5°C (Hayes). Plant growth is
favored by temperatures of about 24°C (Martin, Leonard, and Stauwp).

Cool temperatures before harvest stimulate sugar accumulation, and maxi-
aum sugar production occurs with might temperatures of 15°C (Johmson, et
al.). Temperatures duriag the last month of growth should average 18°C
or less, but a soil temperature of 10°C causes roots to be small with
low sugar coateat (International Land Development Comsultants; Johnson,
et zl.). In subtroplcal climates where irrigation is given, sugar ac~
cumulation can be stimulated by withholding irrigation. OQptimal weather
for seed production 1s & weeks of temperatures less than 21°C, cloudy
days with less than 10.6 hours of sunshine, and wet couditions followed
by 2 weeks of dry weather {Martia, Leonmard, and Stamp). Seed production
is 21so dependent on long photoperiods. Top growth of mature sugar
beets is killed by temperatures less than -2 or -3°C, while seedlings
may be killed by «4°C temperatures {(FA0, 1978; Martin, Leonard, and
Stamp). Fodder beets tend zo be more resistant to late season frosts
than suy~ar beets (Hayes). In temperate climates, roots must be
harvested before the soil freezes.

Sugar beets require irrigation 1f annual rainfall is less than 45
cm {(Martin, Leonard, and Stamp). In cool areas, 53 cm of water is
needed to produce a 45 to 67 z/ha yield, and in warm areas up to 100 cm
may be reguired. A dry period before harvest is necessary in the tro-
pics or subtropics (Iuternationsl lLand Development Consultant=). The
month 0f harvesting should have I cm or less of raimfall. Sugar beets
yield as well when soil meisture is maintained at = high lavel as when

iv is allowed 3r fall to 60 reo 794 af available water bhetween
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irrigations (Johnson, et al.). Sagar beets are most seasitive to
zoisture stress 3 to 4 weeks after emergence {International Land
Develogpment Comsultants).
Sugar beet production has been hindered ia humid subtropical and
tropical areas by climatic conditioms that not only result in low sugar

sroduction but also in excegsive disease infestation. Rhizoctonia crown

rot and Sclerotium root rot attacked sugar beets grown in Louisiana

(Jornson, ot al.). "Caida™ (caused by Aphanomyces cochlioides) has
caused sugar beer productiom im Chilf and Argeantina to be limited t;
temperate areas. Even in warm temperate areas of the north ceatral
U+5., Cercospora leaf spot and Aphanomyces have limited sugar beet
production. In South Dakota, sugar beet cultivation was discontinued in
the early 1960's due to leaf spot diseases and low sugar yields ("What's
With the Speciaity Crops?”™). All fodder beet varieties are highly
susceptible to zurly cop disease and woderately susceptible to
Cercospora leaf spot {Theurer, Domey, and Gallian). The disease suscep—
tibiliry of fodder beets may limit its distribution unless resistant
varieties are developed, through crosses with resistant sugar beet
varieties.

3) Jerusalem artichokes (Helianthug tuberosus L.)

Until recently only limited research had been conducted on
Jerusalem artichokes, so its growth requirements have not been detailed.
The crop is adapted for cultivation in temperate climates, and France is
a major producing country ("JA4 - the Myth and Reality Explained”;
Marrin, Leornard, and Stamp; Stauffer, Chubey, and Dorrell; USbaA, 1936).

There are conflicting opinions concerning its adaptability to subtroplcal
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and tropical climstes, but cultivation of Jerusalem artichokes may be
possible in subtropical areas with cool and relatively dry seasoas
{Table 2-2). Accordiog te Tindall, low yfelds are obtained ium tropical
areas at sea level, but Jerusalem artichokes are grown at altitudes
above 430 wa. Ray indicated that in tropical areas, Jerusalem artichokes
7ield best at altitudes of 300 to 750 m, but in India they are grown at
altitudes as high as 3,600 m. Malaysia, West and East Africa, and the
Caribbean are other tropical areas where Jerusalem artichokes are grown
(Tindall). 1In Hawall, it serves as an ornamental plaat (Yoshida).
Boswell (USDA, 1936) reported that Jerusalem artichokes appear to be
better adapted to the northern two—thirds of the U.$. than the southern
one~third. Problems with planting stock and poor yields were noted by
researchers in southern Louisfans and southwestern Texas.

Jerusaslem artichokes require a growing season of at least 125 days
(¥ay; Martin, Leconard, and Stamp; USDA, 1936). Flowering is stimulated
by long nights, and cuberization occurs shortly before flowering (Wyse
and Wilfahr:). Teoperatures rangiug from 18 to 27°C are optimal for
growth, and plants appear to have moderate tolerance to frost {T‘ndall:
Stauffer, Chubey, ané Dorrell; Wyse and Wilfahrt). Tubers survive
freezing temperatures of temperate climates and will sprout in the
spring if lefr in the ground over winter {(Lukens). Dormancy of tubers
zust be broken by exposure to 4°C temperatures for 16 weeks, and seed
dormancy is brokeu by 7 days «f 2°. temperatures (Wyse and Wilfahre).

Water requirements feor Jerusilem artichokes have not been
detersined, but the crop does not appear to be adapted to unirrigated

semiarid regioms., It is generally grows in areas with at least 35 em of
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annual rainfall (Lukeas: USDA, 1977a). Boswell (USDA, 1936) recommended
that Jerusalem arctichokes oot be grown where moisture fs fnsufficfent
for cora, bui Lukens indicated that it will produce a yield where corm
fails. Metcalf (USDA, 1977a) reported that Jerusalem artichoke can be
grown where conditions are too dry for potatoes or beets. Irrigation
way de needed to promote sproutisg of tubers im dry soil (Kay).
Jerusalen artichokes can tolerate up to 125 cm of rainfall when good
drafnage i3 available (Xay; Lukens). Like many other root crops,
Jerusalea artichokes produce poor yields in heavy scils, especially when
waterloggiog occurs (Ray).

3. DPotential echanol ylelds from alternative crops

¥iald data for alternative crops can be coaverted to potential
esha 2l 7ields 5 allow zgronomic comparisons amoag crops. The yield of
echanol per hectare is dependent on the amount of feedstock produced per
heetare and the smoun:t of ethanol which can be produced from a unit of
feedstock. Therefore, the estimate of potential echanol yield is
expressed as the mumber of liters produced per hectare of land
eulzivated.

Zchancl production from 2 unit of feedstock varies according to the
ameunt of fermentable carbohydrates produced by the crop, the processing
method used, and the qualfry of ethanol produced. Consequently, a range
af walues will be used in this sestion to coavert crop yields to poten—
rizl ethanol zreduction per hectare.

Comparisons of potential ethamol yields from crops grown under dif-
ferenr climaric ar. management conditions sre made. Whenever possidle,

average vield levels ia developing countries 2re compared to these (n
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developed countries, as well as to those under near optimal farmer mana—
gewent and climatic conditions. The definitfon of developing countries
used in this report is from the FAD 1980 Production Yearbook, Volume 34
{FAQ, 198la). Statistics collected by the FAQ and USDA are used for
estisales of crop yield whenever possible. If scatistics were oot
available to us, experts’ estimates of farmers' yields are used.
Experimental ylelds of sweet sorghum, fodder beets, and Jerusalem
artichokes are cited because the crops are not exteasively cultivated,
For these crops, farmers' yields were projected as 75% of experiment
yields under the assumptions that the farmers are supported by an ade-
quate extension system and that experiments were reliably conducted
snder “practical f{eld condicfons™ (Internacional Land Development
Consultants). Comparisons of the ethanol yields from the various crops
2ust be made cautiously comsidering the wide varfety of growing con-
divions and cultivation methods.

i. Tropizal and subtropical crops

3. Starch crops
1} Cassava

Cassava rtuber vields can be extremely variable from one location to
another, depending on managemen: level, seil condicions, and climate.
Frequently, local varieties are grown under marginal conditions with low
fertilizer or labor investments. Under such gonditions, yields are
generally as low as 3 te 5 t/ha (Kay; Mc€Qlure and Lipin.iy). However,
with good envirommental conditiens and low input levels, vields may be
19 o 12 t/hs. Normsl yields are 25 £o 30 t/hs en plantations with good

soil fertilizy, sufficient meoistuyre, and selected variecies (MeClure and
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Lipinsky}., Yields above 530 t/ha are reported, but are uncommon.

The world average vield of cassava in 1980 was 8.8 t/ha (FAQ,
1981a). Almost all the cassava is grown in developing countries. Inm
Brazil, which is the world"s largest producer of cassava, the average
wield was 11.9 t/ha. Other major produeiag countries are Thailaad,
indonesia, and Zafre, which had natfonal yield averages of 13.3, 9.4,
and 6.5 t/ha, respectively. Ind{a had the highest average yield in 1980
with 17.6 t/ha., In general, vields in Africa are lower than in South
America or Asia, partially due to semiarid conditions in some of the
producing countries.

The asmount of ethanol produced from cassava tubers may rvange from
150 co 200 Lft (“Production Per Acre Eguation™). Kosaric, et al. cited
a range of 165 to 130 L/t. The actual production is dependent on the
starch content of the tubers as well as the process used. Different
cultivars processed similarly may not produce the same amounts of etha-
2gl (Ueda, et al.), Using Kosaric's conversion rates and the average
vield in 198G, cthe potential ethanol yield in Brazil is 1,964 to 2,142
L/ha.

Tshle 2=3 illusrrares the potentfal for ethanol production under
various =rop yield laevels. In developing countries, cassava ethanol
vields per hectare are higher than most other crops except sugar cane
and sugar beets. However, in making comparisons among crops, the time
from planting to harvest oeeds to be considered. CLassava may not be
harvested for 1 or 2 vears sfter planting. In some areas, several short

sesson craps could be grown in a I-vear period, resultiag ia higher

ratal ethanol vield per hectare thas obtained with cassava. Cassava may




Table I«3. Comparison of Ctop and Poteatial Ethanol Yields in Less Developed Countries
{L0C}, Developed Countries (DC) and High Yieldiug Areas.

Ethanol LDC DC High
Ceop Yield _Cronl/ Bchanol®/ Cropl/ Echaneil/  Crop  Ethanolsl
Lz t/ha L/iha t/ha Lita t/ha L/ha
Starch Crops
Cassava 165-180 i1.¢  1,81i5~1,980 — - 30.0¥  4,950~5,400

Swest potatoes 142-194 8.0  1,136-1,552 19.6 2,783-3,802 21.5%/ 3,053-4,171

Yazs 113-152  9.43/ 1,062-1,429 — -— 30.08/  3,390-4,560
Rice 332-609 2,67  886-1,092  4.94 1,640-2,020  7.217/ 2,394-2,949
Cora 350-416  1.83 640761 4,77 1,670-1,98%  8.477/ 2,964-3,523
Grain sovghum 331—425  1.03  341-638 3,20 1,059-1,36¢  4.558/ 1,506~1,934
Potatoes 83-117  9.86  818-1,15 13.6 I,112-1,568 56.6%/ 4,698~6,622
Vheat 354 1.95 650 2.62 927 6.1810/ 2,180
Sugar Crops
Sugar case 62- 84 55,1 3,416-4,628 80.2 4,972-6,737 (17.0l1/ 7 .254-9 828

Sugar beess 85-112 33.4 2,839~3,741 39,2 3,332-4,390 62.712/ 5,329-7,022

1/1980 sverage yields (Fa0, 1931a).

2/vaiues calculated by multiplying L/t x t/ha.

3fvormal yteld with good management and condizfons (McClure and Lipinsiy).
& Average vield in Japan in 1980 (FAO, 198la)

2/gorte average vield, 196574 (Oowmene).

S/g1gn vield with good management and conditions (Ouwueme).
7/ aversge vield in Califormis in 1980 (USDA, 1981b).
.;a.iAverage vield is Spaiz im 1980 (USDa, L981b}.

53/ sverage yield in Washingron iz 1980 (USDA, 1981b).

1% sversge vield im the Necherlands in 1980 (FAQ, 198la).
i/ average vield in Columbia in 198Q (FAG, 196ia).

12/ sverage viald in Oregea iaz 1920 (USDa, 1981b).
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have the most potential fa areas whete sugar cane cannol be grown and in
areas where only gue crop {s grown per yeal.

Major {mprovement inm cassava production technology can be expected
iz the future, because little agrouomic research has beea done om
cassava compared to other major crops. Hybrids with improved disease
resistance and vield potential are beling developed {Omwueme). Increased
euphasis on selection of better ylelding local varieties should alse
improve ylelds.

2} Yams

Nearly all the vams ave produced fin developing countries. From
1965 to 1974, Africs produced 981 of the world production of yams with
Nigeria alone haviag 76L of the world yam production (Onwueme). Recent
official statistics of yam production were not available to us,

Reported estimates of yam yields under various conditions are quite
variable. Onwueme indicated that with commercial yam production, yields
range from 8 to 30 t/ha, depending on location, variety, and cultural
aractices. The average world yield from 1963 to 1974 was 9.4 t/ha.
According to Kay, normal yields fa West Africa, Southeast Asia, and the
West Indies aze 7.5 te 17.5, 12.5 te 25.0 and 20.0 to 30.0 t/ha,
respectivelv, Martin (USDA, 1976} feeis that these yleld estimstes are
too high, but he scates that under very good conditlons yields average
15 to 20 t/ha. Onwuenme estimared mean yields ar 9 t/ha in West Africa
and il t/ha in rhe West Indies.

Experimental yields from D. alata have ranged from 40 £o 50 t/ha
£uSDA, 1976). The highest yield of D. rotundata is 67.3 t/ba. These

vields indicate the potential of yams ia good soll with proper agronoalc
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practices such as elimiaation of diseased plants and use of high quality
tubers. Jpproximately 2.24 t of tubers/ha are vequired for planting, so
vields availabdle for use are less those given above (Kay).

There f{s poteatial to {mprove yam vields, because research has ouly
t=cently begun oo the crop. Development of improved varieties offers
¢onsiderable promise. However, hybridizationm is difficult, because
flowering and seed production are frregular (Onwgeme; de Alvim and
Kozlowski}). This problem {3 partfally offset by the wide genetic
wariablilicy L local varieties and speclies of yams, According to
Oawuene, without development and iwplementatfon of improved production
pracviices, yamy will continue to be replaced in West Africa by cassava
and suweet potatoes. CLassava and sweer potatoes are replacing vams,
because they do not require staking, are propagated by nonedible plant
parcs, and are detler adapted for amechanization. Cassava has an added
adwvancage of adaptabilicy to soils with low fertility, while sweet pota-
zoe have 3 sheorzer duyratiom rhan efther cassava or yams.

We are unavware of any studies done to derermine ethanel yield from
yams. However, estimares hased on fermentable carbohydrate content
range from 113 reo 152 L/t (USDA, 1938), Using these conversion rates, a
15 ©/ma yield could potentially result in the production of 1,710 to
2,280 L of ethanol/ha. 'nder similar condirions, cassava would probably
outyvield yams in ethanol producrion, because vams have a lower carbo~
hydrate content (Table 2-3}.

3} Sweet potatoes
According to Xay, yields from sweef potatoes range from 2.5 zo 50

t/ma, with 7.3 to 20.0 t/ha being "satisfacrory” vields. Most sweet
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potatoes are grown in developing countries with China, Indonesia, and
¥ietnaz being major producers. The average vield in developing
countries in 1980 was 3.0 t/ha. In comtrast, vields averaging 21.5 t/ha
were produced ia Japan, which wes the largest producer of sweel potatoes
among developed countries (FAC, 198la). On a limited area, average
sweat potato vields in Istael were 40 t/ha. Average yields of 18.0 t/ha
were obtained in the Republic of Xorea, which is a develeping country
with favorable growing conditions. High yields there way also be the
resull of fercilization, since average fertilizer use per hectare of
arable land {s high in Korea (FAQ, 1981b). Even with high input levels,
average vields in the U.S. are 11.9 t/ha, due to less than optimal
growing conditions fn some production areas. Potential for developing
improved varieties is great, because a large number of cultivars exist
and mutations occur freguently.

Erhanel producrion from sweet potato rcots 1s variable, because
scarch content raages from £ to 297 (Onwueme). Jacobs and Newton (USDA,
1938} estimated that between 142 and 194 L of 99.5% ethanol can be pro—
duced from )] = of sweet potato roots. In developing countries, the
notenrizl ethanol vield per hectare from sweet potatoes is lower than
for cassava {Table 2-3)., It is similar to yams, even though sweet pota—
roes usually mature in 4 to & months compared to 7 to 9 months for yams.
The potenrial echanol yield for sweer potaroes 1s higher rthan other
starch crops with similar durstions.

4} Rice
Much of the world's rice is produced in tropical areas. However,

vields zend to be highest in warm temperate or subtroplical climates.
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Lowland rice gields of 3.0 and 5.0 t/ha are normal with high yielding
varieties, high input use, and controlled water levels (Intermational
iland Development Cousultants). However, in California, with irrigation
and a subtropical climate, the average yield was 7.21 t/hs in L1980 (FAC,
198la). Highest recorded yield for omz crop of rice is 13.2 t/ha in
Japaa (de Alvim and Kozlowski). 1In developing countries, local lowlaad
rice varieties yield 1.3 to 2.5 t/ha when input use is low and frriga-
tion is unavailable. TYields of floating rice or upland rice are often
Lower than lowland rice.

Although productivity per crop may tend to be higher in warm tem—
perate climates than Iin the tropics, amnual productivity i{s often higher
in tropical areas, because up to four crops may be grown in a single
year. In Japan, ylelds of 10.9 and 153.3 t/ha/year have been reported in
farmers® fields with two and three crops, respectively (de Alvim and
Rozlowski). 1Ia the Phillisines, four crops in I vear produced a total
yield of 23.7 ©/ha. Systems with two rice crops per vear are common in
developing countries. The production of three or four crops is
generally aot practiced for several reasons. Water levels must be
conrrolied through irrigarion and good drainage. Mechanized tillage may
be required to redyce land preparation time, unless transplanting can be
done without tillage. Finally, coarinuous rice cultivation may lead to
the byilduyp of plant disesses and imsects. Disease resistant, high
vielding warieties, as well 35 improved agromomic practices, have been
developed through Iintermational research efforts. However, there is
still grear potentiszl for yield improvement through research to meet

tocalized needs.
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An estimated 332 to 409 L of 99.5% ethanol can be produced per ton
of unhusked rice (Hall; USDA, [980b: USDA, 1938). Poteantial alecohol
production per hectare from a siogle crop of rice is low compared to
cassava, but twe rice crops can probably be produced within the time
required to produce a single crop of cassava or vams {Table 2-3). Two
low or mediuz yielding rice crops would produce roughly the same amount
of ethanol as one low or mecium ylelding crop of a tropical tuber.
Three or four vice crops could result in the production of ethancl in
quantities equivalent to that obtafned from the highest }1elding tubers.

As a result, whether rice or tuber crops are grown for ethanol
depends oa the environmental and economic conditions of the area. In
#est areas, rice will probably not replace the tropical tuber crops,
because the tubers are often grown under conditions too dry or otherwise
unsuitable for rice., However, in some situations, c¢assava or sweet
potatoes could possibly be more productive than upland rice. Sweet
potatoes <ould alse be incerporated inteo some rice based cropping
systems having a significant fallow period.

b. Scgar crops
Sugar cane

Approximately 912 of the sugar cane produced in the world is grown
in developing countries (FAO, 198la). Brazil, India, and Cuba are the
world's largest producers. Comparisons of yvields of different countries
are difficult o make, because annusl yields are often reported. 1In
some growing areas, such as Hawaii and Peru, sugar cane is harvested
after a growing period of two years. World average yield from 1977 to

1978 was 36.5 t/ha/yesr (McClure and Lipinsky). The country with the
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highest averaze vield was Columbia, with 117 t/ha/year. Brazil, India,
and Cuba produced 43, 56, and 54 t/ha/year, respectively.

in develcping counities, yields of 120 to 120 t/ha/year are
possible under good management and favorable climatic conditions oftem
found on large estates {international Land Development Consultants).
Swail holdinge generally produce 50 to 707 less than large estates. The
theoretical maximum vield of sugar cane, based on photosynthetic
capacity, is 280 t/hafyvear (McClure and Lipiusky). However, the highest
recorded yield is 190 t/ha/year. 1In subtropical areas, cool tem—
peratures limir the length of growing season, resulting in low yields.
For example, in Louis{ara, the growing season is only 5 months because
83i1 temperatures are too cool for emergence {Lipinsky, et al.).
Consequently, average ylelds are 33 t/ha/year (McClure and Lipinsky).
Even in Hawaii, where a 24&-month growing season 1s possible, tem
peratures are not optimsl for maximum production. 1In some areas,
molisture conditions may also limit rhe lemgth of the growing season.
Irrigated sugar cane usually yields more than unirrigacted, except in
high rainfall aress.

Experimental results have indicated that yields can be increased in
short season areas by using close row spacings (McClure and Lipinsky).
There is also pogential for the development of hybrids with greater cold
tolerance and vielding zbility than those preseatly grown (Lipinsky, et
al.}. The developmenr of high vielding hybrids for ethanol production
is especislly prosmising, hecause maay high yielding hybrids have ot
heen ugsed in rhe past due to peor characteristics for sugar processing

{James). Some of zhese varieties may be ascceptable for ethanol
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production, decause sugar quality is not important.

The potential ethanol yield from a 100 t/ha sugar caoe crop could
be from £,250-8,330 L/ha, based oa counversion rates given in the
1izerature. Xellough and Kaapp (SERL, 1981) cited several references
indicatiang that 53.3 L of ethanol cam be produced from a tom of sugar
cane., Conversion rates of 62,5, 72.1, 76.3, and 33.8 L/t are noted by
other authors (Bagbey; Doney; Fampen; USDA, 1580b). Variability of
feedstock sugar conteant may partially account for the differences in
alcohol yleld from sugarcane.

in developing countries, ethanol productiom per hectare of crop is
twice as high from sugar cane as from cassava and yams, which are simi-
lar to sugar cane in duration (Table 2=3), However, cassava is usually
grown with lower management 1evels and under conditions unsuitable for
sugarcane.

T Louisiana, where the growing season Is ouly 5 months, ethanol
vields could average from 3,286 to 4,400 L/ha. Consequently, under
chort season conditions, ethanol production potential from sugar cane is
greater than short season starch crops. The ethanol ylelds are similar
to sugar beets and fodder beets (Tables 2-3 and 2-3).

2. Temperate Crops

2, Starch crops

1 Corn

Tt

Sixce percent of the corn hectarage in the world is in devealoping
countries, but 53%2 of the world production is produced in developed
countries LFAQ, 198la). Forty~-three percent is praduced in the U.S.

slone. Aversge yield in North America is 5.71 t/ba, compared to 1.22,
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1.85, and 2.24 tfha in Africa, South America, and Asia, respectively.
Yields of approximately 4.0 t/ha are possible in tropical areas with
adegquate moisture and good management {International Laund Development
Coosultants). Since most corn varieties have a short duration, more
tvhan one crop can be ptoduced per year in some tropical areas.
Experimental vields of 20.0 t/ha/year have beer reported with more than
one crop per vear (de Alvim and Kozlowski).

Highest yields in the U.S. in 1980 occurred in California uader
irrigacion. The average yield was 8.47 t/ua (USDA, 1981b). 1Im Ohio,
where precipitation is generally adequate without irrigation, average
vield in 1980 was 7.02 t/ha. Average yitelds may be 2.5 to 3.0 t/ha in
aress of the §.S. where soil or climatic factors are less than optimal.

Corn yields in the U.S. increased from an average yield of 1.63
c/ha bezween 1210 and 1914 to 5.77 t/ha between 1970 and 1972 (Martin,
Leonard, and Stazp). Development of high yielding hybrids has made a
23 jor contribution to increased yields. Amnual yield improvement due to
genetics continues 2t a rate similar to the time when hybrids were first
inproduced {M¥cClure and Lipinsky). In developing countries, low ylelds
are partially due to suboptimal environmental conditions and to Infre-—
guent uyse of hybrids. Production of hybrids requires resources often
unavalilable fn developing countries. Hybrids grown in developed
countries often are inappropriate for developing countries because seed
must be purchased each season, and seed distribution systems in many
developing countries are not adequate to provide farmers a3 dependable
seed supply.

Because of its relatively high ethanol vyield per ton, corn is the
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major feedstock for ethanol production im the U.S. Approximately 387 L
of ethamol can be produced from a tom of corn (Galliom; Haaway and
Harlan; McClure and Lipiasky; SERI, 1982). Conversion rates ranging
from 350 to 416 L/t have been reported (Domey; SERI, 1981). Ethanol
production per ton of corn is higher than from barley, rve, and oats,
and it is approximately equivalent to wheat (Hall; SERI, 1981).

Among the small graims, wheat has the highest potential ethanol pro-
duction per hecrare based on average Crop yields. Corn has a2 much
higher potentfal for ethanol production per hectare than wheat in deve-
loped countries, but in developing couniries it is about the same as
wheat (Table 2-3). Cora does not yield as much ethanol per hectare as
the tropical root crops or most sugar crops, except possibly Jerusalem
artichokes (Tables 2-3, 2~4, 2-5, aund 2-6). However, corn is more
easily stored than these crops. With the low corm yields now found in
developing countries, corn does not appear to have high {mmediate poten—
rial for ethanol productiom. In developed countries, it has better
woteatial than other starch crops except rice and sweet potatoes, which
are restricted to tropical and subtropical areas.

2) Grain sorghum
world grain sorghum hectarage in 1980 was approximately one-third
that of corn. Graizn sorghum is grown predominantly in developing
countries. Eighty-six percent of the grain sorghum hectarage and 71% of
the production in 1980 was in developing countries (FAQ, 198la). Major
areas of grain sorghum cultivation occur in Asia and Africa. More hec~
tares of grain sorghum were harvested in India in 198G than in any other

country of the world, but the U.S. led the world in total production.



Since sorghum is often grown under low moisture couditicas, average
vields are usually low. In developing countries, yields are also
affected by low foput investment. For example, yields in India ia 1980
averaged 0.75 t/ha (FAQ, 198la). Average vields in Africa in 1980 were
0.70 t/ha, vhile in Latin America they were 2.33 t/ha. Yields are
higher in Latin America than ia Africa aad Asia largely because hybrids
are grown ia Latin America., In the U.S., where a major pertion of the
grain sorghun is growe in semfarid areas of Kansas, Texas, and Nebraska,
average vield from 1978 to 1980 was 3.40 t/ha. Yields in southwestern
Europe averaged 4.28 t/ha in 1980, Farmers using irrigation bave pro-
duced yields greater than 11.0 t/ha (House; McClure and Lipinsky).

Under optimal conditions, ylelds cam average 7.0 to 9.0 t/ha.

The potential ethanol yield per hectare from grain sorghum is low
compared to other crops listed in Table 2-3, due to low average crop
vields. Ethanol yield per tom of grain sorghum Is similar to corm.
Kellough and Knapp (SERI, 1981) cited sources indicating ethanol yields
of 331 ro 425 L/t of grain sorghum. Commonly noted rates for conversion
of grain sorghum to ethanol are 387 and 401 L/t (Hall; BRanway and
Harlon; SERI, 1982; USDA, 1980b). Graia sorghum may have potential as
an ethanol fuel producing crop in semiarid areas, but where conditions
are more favorable, other crops appear to have more promise.

3} Potatoes

Since they are 2 cool season crop, approximately three times as
many hecrares of potatoes are cultivated in developed countries as in
develaping countries (FAQ, 198la). World potato production is centered

in Europe and the U.5.5.R. Appreximately 307 of the world's production
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of potatoes iz produced in the U.S.5.R. Aaong developing countries,
China and Indfa are major producers, and potatoes are also grown exten=
sively in highland areas of South America.

Average 1980 yield fm the U.S.5.R. snd Eastern Eurepe ~3s 10.6
t/ha, compared to 22.1 and 28.1 t/ha In Western Europe aund North

arics, respectively. China produced 8.6 t/ha of potatoes and India
produced [2.0 t/ha. In the U.S. highest yields generally occur in
Washington and Oregoc, where the growiang seasca is long and ecool (Table
2-3). There is :sre.tial for improving ylelds ia countries with low
yields. Average vields in the U.S. increased from 5.4 t/ha in 1890 teo
25 6 s/ha ia 1971, through use of higher yielding variecties, berter
planting stocks, and improved cultural methods (Martia, Leonard, and
Stamp).

terween 83 2nd 117 L of ethanol can be produced from a ton of
potato tubers. Hanway and Harloa and a U.S. Department of Energy
Report {SERI, 1982) indicated that ethanol yields of 117 L/t are
possible. Domey and Gallian cited ethanol ylelds of 83 and 85.8 L/t,
respectively.

Bssed on rhe above echanol! yields and present crop yields in deve~
loping countries, poratoes have less potential for ethanol production
per hectare than other tropical rook crops and the sugar crops (Table
2-3). Zthanol vield (L/hs) potenrial is eguivalent to rice and more
than cora, wheat, and grain sorghum. However, the adount of area
suirable for potate production in developing countries is small compared
to rhar suitable for rice, corm, wheat, and grains sorghum.

With average ylelds in developed countries, potencial ethanol
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sroduction per hectare of petatoes is less thao all other crops excepl
grain sorghum and wheat (Table I-3). However, crop yields in Eastera
Europe and the ©.5.5.R., which are classed as developed, are lower than
average vields ia developiog countries. Therefore, the average yield
for developed countries is not represemtative of those in Western Europe
and North America. In Western Europe, potential ethamel yield from
potatoes is 1,834 ro 2,585 L/ha, which is greater than the potential for
cereals and possidly Jerusalem artichokes (Tables -3 amd 2-6).

b. Sugar crops

1} Sweet gorghum

Presently, suegzwéorghum ig a mfnor crop in the U.S. It is used
for forage and silage in the Great Plains region aod for syrup in the
more humid Culf and Appalachian states (McClure and Lipinsky). Officlal
searistics of production are unavailable, but an estimated 800 to 1,200
ha were cultivated annually for syrup productfon between 1976 and [978.
Sweer sorghum syrup production has declined from 190 miiliom L in 1920
ro presently less than 4 million L. Recent developments in sugar pro-
cessing bave made it possible to refine sugsr from sweet sorghum
{Lipinsky, et al.). -

There are two groups of sweet sorghum varieties grown. Syrup
varieties are growsn in the southeastern U.S., while sugar variety culti-
varion is planned for the Rio Grande Valley of Texas (Lipinsky, et al.).
Syrup varieties produce about 307% more biomass per hectare tham sugar
varieties, but sugar varieties have 3 greater total soluble solid com-

zent (McClure and Lipimsky, Paul). Rie, Roma and Ramada are examples of

svgar varieties, and Sart, Dale, and Brandes are syrup varieties
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(McClure and Lipinsky). Sweet serghum vields are often cited without
refereace to varisty or tvpe. Conseguently, comparisecus of yields amoung
differeat growing areas are difficulr to make.

Curreat sweet sorghum yields im the U.S5. have been estimated at 44
£/ma by Martis, Leonard, and Stamp {1976). Lipinsky, et al. (1976)
cited yields of 22.54 to 44.8 t of millable stalks/ha, which is approxi-
mately equivalent to total wet biomass yields of 31.4 to 62.7 t/ha.
Thev also reported vields of 44.8 to 112 t/ha in Texas and 90 t/ha with
irrigation f{a Arfzona, Ferraris and Stewart {1979) indicated that in
Queensland, Australia yields of 40 to 50 t/ha occur frequently in the
Callide Valley, which is somewhat dry. Under drier coaditioas and with
poor seils, vields range from 25 to 35 t/ha.

vields of sweet sorghum are correlated with growing degree days,
when sufficient water and nutrients are available (Jackson and Lawhon).
Consequently, vields are greater in the tropics and subtropics thaa in
temperate areas. Yore than one crop is possible in tropical areas,
since maturity occurs within 90 to 130 days, depending on variety
{Lipinsky, et al.).

Table 2-4 contains yield data from experiments at several
locations. According te Jackson and Arthur, there is a tendency for
lower yields in temperate areas than subtropical areas. However, short
duration varieties in subtropical areas produced yields similar to those
in temperate areas., Sweet sorghum yielded poorly in India and Puerto
Rico, but results are from single experiments and may not be illustra-

tive of yield potential in those areas.
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Table J=x, Poteatial Ethanol Yield of Sweet Sorghum Based o Tields from Research Trials.

Trial Crep Tieldl/ Poteatfal
Locatioa cisentall/  Farmers'{projected)s!  Echanol Refecesce
tika Lfha
Texas 61.9 (Rfo, 104 days) 4.4 2,063-2,368%/  McClure and Lipiasky
119.5 (N8 1500, 175 days) 89.6 3,964~4, 5714/
locisiana  83.6 (Rio, 52 days) 62.7 2,799-3,1985/ - - "
91,9 {69=13, 113 days) 68.9 3,033-3,51%%/
mie 87.9 (Sart, 133 days)  65.9 2,901~3,36258/ - - =
$1.7 (Rio, 133 days) 38.8 1,706~1.978%/
Nebraska 52.2 (Aybrid) 65.7 3,0995/6/ Clegs
91.0 (Wray) 68.2 3,5663/6/
Iorael 84,0-121,8 (M5 907/  63.0-91.4 2,772,664/  Ferraris and Stewart
75.6=89.5 (Reo)X 56.7-67.2 2,495=3,4275/ - - -
Indis 16.8 (Rto ON)I/8/ 10.5 462=536T14/ - - -
28.0 (100 ML/B 2.0 926~1,071%/ - - -
Puarzo Rico 7.8 (6T-1517/8/ 28.4 1,267~14a68/ Alsins, Valle-Lamboy,
_ and Mendez—Cruz
2t.8 (Reo)I/B/ 16.6 720-835%/ - -
Florids 3,926 Jackson and Arthur
TRXAS 4,023 - " *
Louisiana 3,729 “ - ”
¥issour.i 3,434 h - -
ohio ‘ 2,846 - -
Csliformia 96.3 (Keller} 72.2 4,4363/ Htlls, et al., L9BL
talifornia 129.2 (Wray) 96.9 &, Gokd! Hills, ec al., 1983

_.ﬂﬂhole plant wet biowmass yield, variery and duration in parenthesis., Rio and Sart are
soRay 32d ayrup type varieries, respactively.

2 Yariery mames and days to sacuriry, whes avaiiable, are in parenthesis.

3/75% of experimenzal yields {Intermational Lamd Development Consultants).

5/ conversion rate of 44 to 5! L echanel/t of sweet sorghum x projected farmers' yield.
5/75% of L/ka cited in literature zo get prolected farmers® echanol yield.

5 raciudes echanel wield frow grain.

¢ Sriginmslly zives iz fresh scalk weight, fncressed by 0% fo represent Wwle
plast weighr (Liriaskry, et al.).

& ingle expesizen:t.



An estimated 44 to 31 L of ethanol can be produced frxom a ton of
fresh whole plants of sweet sorghum (SERI, 198I). Actual ethancl yields
froa sweat sorghum vary with fermentable content, which is influenced
by genetics and growing conditf{oms. Using 44 t/ha as 2 conservation
estimste of present yield in the United States, ethanol potential may be
between 1,936 and 2,244 L/ha. This is slightly higher than potential
yields from corn in developed countries (Table 2-3). According to yield
estimates given in Tables 2~3 to Z-6, sweet sorghum appears to have
greater potential per hectare for ethanol pr;duction than corm, but less
potential production per hectare than sugar cane, sugar beets, and
fodder beets. 1In irrigacted field trials in Califormia, ethanol produc-
tion pocencial from sweer sorghum was 224 L more than corn in one year
and 981 L more in another year (Hills, et al., 1983; Hills, et al.,
1981). In the same studies, sugar beers and fodder beets had greater
ethanol potential per hechare than sweet sorghum,

Alcthough potantial ethanol production from sweet sorghum may be
less than from the other sugar crops, the crop has wider adaprability
and can be grown under somewhat poorer conditions. Sweet sorghuz also
produces large amounts of bicmass, wbhich could be utilized as technology
is developed for conversion of cellulose to ethanol. Yields can pro~-
bably he increased markedly rhrough plant breeding and agronomic
research, since litctle artentionm has been given to this crop compared to
sugar cane and sugar beets.

Efforts are being made to develop sweet—stemmed grain sorghum
hybrids (Lipiasky anpd Kresovich). A hybrid tested in Nebraska produced

2,177 L and 2,529 L of echanol/ha from the stalks and seed, respectively



{Clegg). Total ethancl yield was only 618 L/ha more than the commonly
grown Wray sweet sorghum variety, because the utilization of carbe-
hydrates for seed production resulted in Iower sugar levels in the
stalk. However, the production of seed rather than stalk sugars say
reduce stovage problesms assoclated with processing sweet sorghum,
because the seed can be stored for processing at a time when stalks are
so longer available, Alse, less room is needed for storing seed than
stalks.

2} Sugar beets

Over half of the world's sugar beets are produced in Europe (FAO,
198la). Sugar beer hectarage is low in developing countries, since it
is a temperate climate crop. China, Iran, and the United Arab Emfrates
had 700,000 of the 800,000 ha planted in developing countries in 1980,
Approximately 7.9 million ha of sugar beets were planted in developed
countries.

Yialds zend to be correlated with the length of growing season, and
irrigaced sugar beers generally yield more than unirrigated. Irrigation
Is useally umgvailable in Eurepe, and average vields fa 1980 were 39.0
t/hs (FaAQ, 1981a). In che U,5,, 40 to 45% of the sugar beets are irri=-
gated (MeClure and Lipinsky). West of the !00th median ia North
America, all the sugar beets are frrigated (Martin, leonard, and Stamp).
The average yield frem 1978 ro 1980 was 37,2 t/aa in Norch Dakora, where
irrigation is not given, and the growing season is short (USDA, 198lb).
in coatrast, during the same peried, under irrigated cendftions in
Uregosz and California, average yields were 57.8 and 57.2 t/ha,

respectively. Yields of 78 t/ha are reported in the coastal region of



California {Lipiasky, et al.l.

Since 19587, significant vield increases have gccured due to
breediag of improved hybrids (Martin, Lecunard, and Stamp). Hybrids have
been developed for areas which were at one time considered unsuitable
for supar beets, and the area of cultivation may be expanded further
through plant dreeding (Doizey). Disease resistant varieties have been
developed; heowever, c¢rop rotation is still required to avold severe
losses from nematodes, diseases, or insects (Lipinsky, et al.). Sugar
beers are generally growa in a field once every 4 vears.

Recent reports Indicate that at least 84.6 L of ethanol can be pro—
duced from a ton of sugar beet roots (SERI, 1982). Hanway and Harlon
reported an ethanol yield of 112.5 L/t. A conversion vate of 92.1 L
ethanol/c of sugar beet roots is given by several sources (Bagbey;
Gallion; SERI, 1981). Based on crop yield, sugar beets have a high
potential for echanol production (Table 2-3). Among temperate crops,
only fodder beets may produce higher ethanol yields than sugar beets
{Tables 2-3 and 2-5). Ethanol vileld of four crops were compared in
irrigated field studies conducted in Califormia (Hills, et al., 1981;
Bills, et al., 1983). Sugar beets yielded 7,700 L/ha in 1980 compared
to 5,692, 5,916, and 8,065 L/ha for corn, sweet sorghum, and fodder
heets, respectively. 1In 1981, sugar beets yielded 6,645 L/ha, while
corn, sweet sorzhum, and fodder bheets produced 4,411, 5,393, and 7,579
L/ka, respectively.

3) Fodder beets
Production of fodder beets is centered in EBurope, and very few are

grewn in the U.3. Informarion on yields obtained by European farmers is
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2ot agvailable to us. Accrcding to Doney, fodder beet root yvields are
geaerally 5C¢ to 100% higher than sugar beets. Uader this assumption,
estimated fodder beet yields in Europe would be between 58.5 and 78.0
t/ha, based on average sugar beet vields im 1930 (FAa0, 1981a).
Similarly, fodder beet yields in developing countries which produce
sugar beels would be between 50.1 and 66.8 t/ha. Yields as high as 139
t/ha have been reported in European trials (Theurar, Doney, and
Gallian).

Fodder beet yields cited in the U.S. are usually from field
experizents. Several fodder beet varieties produced yields ranging from
50.1 to 136.2 t/ha in irrigated trials conducted on farmers' fields in
Idaho ("Techunical Section - Fodder Beet Research™). Rasults of selected
research station trials are listed in Table 2-5. An approximate projec—
tion of average vields which farmers may obtain has been calculated as
75% of experimeatal data (International Land Development Consultants).
Highest yields occur with irrigated conditions and long growing seasons,
such as found ia California. Under dryland conditions, yislds tend to
be higher ia Michigse than in North amd South Dakota, due to greater
ganeal precipitarzion.

Zstimared ethanol ylelds per ton of fodder beet roots range from
84.6 to 125.0 L/t (Hall; Sachs, 1980). The estimate of 125.0 L/t is
probably somewhat unrealistic, considering normal sucrose levels in
fodder beets. The potearial ethanol production from a feedstock can be
estimared using the sssumption that 1 kg of fermentables will produce
0.6 L of ethanol (Hills, et al., 1981}, Fodder beef sucrose content

ranged from 9.8 to 13.1% in a study conducted by USDA researchers at six



Tadle 2Z=5. Potential Ethansl Yield yer Hectare of Fodder Beety Based ou Vields frog
Research Trials.

Trial Crop Yield Potestial
Locatfon Tineatal  Farmers’ (prolected)t/  Erbamois/ Heferasce

t/he L/ ha
Califeraia 1414 106.9 6,360-8,768 “U.S. Beets Top Zurope's”
Tdahs 1386 104.C 6,200~8 112 * - - -
Frah 122.3 6.7 6,802-5 963 ™ - = -
Solorado 100.4 75.3 4,518~5,573 - . - -
Wiehigan 5.8 7.8 &, 2605, 538 - * - -
Sorzh Dakora BQ.4A £3.3 3,618«4 703 - " - *
¢aliforais LTS3 106.9 §,414-8,338 Hiils, et al., 1981
{irrigated)
Lalifernis i13.6 85.2 5,112~6.646 HBilils, et al., 1983
fiveigared)
Tdgho T9.1=152.3 §3.3=114.0 3,558~8,892 Theyrer, Doney, and

Gallian

Trak £%.0~1G1.9 48,876 .4 2,928-5,9%9 - -
South Lakota 5.9 4h.2 2,652~3 448 Ringsley and Evien
{drriand} Rizgsley and Voluk

L7152 of experimestiasl yields (Iotermatismsl Land Development Comsulrants).

2 omversion rate of 60 to 78 L ethanol/t of roots x farmers’ prelected yields.
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locations ("U.S. Beets Top Europe's For Alcchol Production™). Based on
4 sucrose ceoutent of 10 te I13Z, I t of fodder beet roots will produce 60
to 78 L of ethanol.

Fodder beels can produce more ethanol per hectare thaac most other
temperate crops, even under iess than optimal conditfous such as found
in unirrigated portions of the Northern Plains. Potential ethasol pro—
duction per hectare from fodder beets may range from 3,510 to 6,084 L/ha
in Europe and from 3,006 to 5,210 i/ha in developing countries.

Sources differ on the question of th.: ethanol production potential
of fodder beers compared to sugar beets. In the USDA study, fodder
beets and sugar beets produced the same amount of sucrose per hectare at
31l locacions (TU.S. Beets Top Europe's For Alcohol Production”). The
higher vieids of fodder beets were offset by lower sucrose content com~
pared to sugar beets. Consequently, potential ethanol production per
hectare was the same. Potencial ethanol production from fodder beets
was 364 L/ha greater than sugar beets in one year and 935 L/ha more in
another year of a study conducted in California (Hills, et 2l., 1981;
Hills, et al., 1983). However, growing costs were higher for fodder
Leets than sugar beets, so costs per liter of ethanol were similar.
Doney indicated that fodder beefs produce 207 more fermentable sugars
than sugar beets, while Theurer, Boney, and Gallian found that fodder
beers produce 3 fo 15% more.

Hybrids from crosses between sugar beets and fodder beets tend to
produce nigher yvields of fermentables per bectare tham either sugar beet
ar fodder beer hybrids (Doney; Theuraer, Doney, and Gallian). Fodder

beets have low disease resistaace, bur fr should be possible to develop



digease resistant hybrids through crosses with sugar beet varieties
a2dapted to the U.S. Theurer, Domey, and Gallian stated that fodder beet
or sugar beeb x fodder beer hybrids must produce at least 19% more fer—
mentables per hectave than sugar beets in ovder to be more feasible than
sugar beets for ethanol production. The higher Tzrmentables yield {s
needed to offset higher cranspertation costs resuliting from the lower
sugatr content per ton of fodder beers or sugar beet x fodder best
hybrids compared to sugar beets.

£) Jerusalem artichokes

More Jerusalem artichokes are grown in Europe than in North
America. According to Martin, Lecoard, and Stamp, Jerusalem artichokes
have deen grown in Frasce on 197,600 to 321,100 ha annually. Official
statistics of vields in Europe were nof available fo us, hut Kay indi-
cated that yields average 20 t/ha on sandy soils.

Most of the Jeruszlem artichokes in the United States are grown in
zool, humid sections of the Pacific Norchwest. Martin, Leonard, and

zazp estimated vields to be 22,4 t/ha with favorable conditions.
Yields in the Midwes: and East were estimated at 11.2 zo 13.4 t/ha.

Kay stated that vields in Indiz range from 12 to 25 ¢/ha and can be
as high as 37.5 t/ha. Again. estimates of yields in other developing
gountries were not available ro us.

Only limited research has been conducted in HNorth imerica on
Jerysalem artichokes. Reported experimenral yvields have been guite
variable in the Northern Plains area, ranging from 17,9 to 76.7 t/ha
{Table 2~6)}. Yield wariability is probably due to a lask of Iinformation

on proper coulrtural practices, as well as ro differences in vield
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Tabie 2-6. Poteatfal Ethanol Yield per Hectare of Jerusalezm Artichokes
£rox Eegearch Trials.

Sased on Yields

Trial Crop Yield Potential
Locatien  Experizental Farmers'(protected)l! EchanolZ/ Reference
t/ha L/ha
Manitoba 46,8 (braoching) 35.1 2,457-3,861 Stauffer, Cmbey,
and Dorrell
31.6 {mon~branching) 23.7 1,659~2,507 - -
Minnesota | 37.33/4/ 28.0 1,960~3,080 Waters, Davis, and
Richle
25,1374/ 18.8 1,316~2,068 - - -
Several 17.9-22.45/ 13.4-16.8 938~1,848 usDa, 1936
Sot given 26,83/ 18.4 1,288~2,024 Routley
Manitoba 76,22/ 57.2 4, 004=6,292 Chubey and Dorrall
6.7=9,08/ 5.0-6.8 350~ 748 - " -
Nabraska 26.6 (dryland)d/ 18.4 1,288-2,024 Univ, Neb.-Lincola
Cosop. Ext. Sarv,
29.1 {izrigated)d/ 21,8 1,526~2,398 - . -
Califorais  59.4 (frrigsted) 44,5 3,116~4,897 - - -

Y752 of experisental vields (Incercational Tand Development Consultants).

2/conversion rate of 70 o 110 Lit of tubers x Farsers’ projected vields.

3/ Highest yield among seven warieties.
&/ Single experiment.
5/veans of several wariecies.

&/Bange of yialds from varfeties exciuding highest ylelding variety.
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potential among varieties. TIn a study coaducted in Canada by Chubey and
Dorrell, a Russian straian of Jerusalem artichoke vielded 76.2 t/ha, but

yields of North American varieties averaged from 6.7 to 2.0 t/ha. Siace
lictle research effort has been invested in Jerusalem artichokes, there

should be potentisal to improve vields through wvarietal selection, better
fertilization, and refined cultural practices.

Projected farmer yields are given in Table 2-6, However, farmers®
vields may be less than indicated in the table, because with preseant
mechanfical harvesting methods, only 60 to 707 of the tubers produced are
harvested (Dorband). IUafortunately, harvesting methods used to obtain
the experimental data Here‘not stated,

Ethanol production per ton of Jerusalem artichoke tubers may range
from 70 to 110 L, depending ou the fermeatables conteat, Chubey and
Dorrelil found that sugar content of different varieties ranged from 13.2
to 27.7%. Average sugar content is 15 to 187 (Wyse and Wilfahrt).
Consequently, a range of 70 to 91 L of ethanol/t of tubers was given by
Underkofler, McPherson, and Fulmer. Kelloug and Knapp (SERI, 1981)
cired several sources indficating an ethanol poteazial of 83 L/t of
tubers. The highest ethanol yield noted was 110 L/t of tubers (3achs).

Based on cited conversion rates, ethanol yields from Jerusalem
artichokes may range from 2,100 to 3,300 L/ha in Europe if root yields
average 30 £/ha. Both fodder beets and sugar beets probably have
greater potential than Jerusalem artichokes for ethanol production per
hectare in Europe. Ethanol yields from Jerusalem artichcokes in India
could range from 840 to 2,750 L/ha based on tuber yields of 12 to 25

t/ha. Jerusalem artichokes may have petential for ethanol producticn in
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developing countries whea compared with yields of other crops (Table
2-3). However, definitive comclusions can not be drawn because vleld
data are insufficient. There are also guesticas regarding Jerusalem
artichoke adaptability to tropical climates. Ian North America,
Jerusalem artichokes may have greater potential for ethanol production
per hectare than starch crops; however, experimental results have been
gquite variazble.

As s forage crop, Jerusalem artichokes can produce 16.8 to 2I.3 t
of top growth/ha ("JA ~ the Myth and the Reality Explained”).
Suggestions have been made to use both the top growth and tubers for
athanol preduction (Froid). However, practices to obtain maximum top
growth resulr in low tuber yields. When tuber ylelds are optimal, top
growth quality is low. Also, techanology for producing ethanol from
Jerusalem artichoke top growth 1s not adequately developed at the pre-
sent time.
€. Suamary

Selection of the most agroocomizally appropriate feedstock for etha-—
nol production can aot be based only on general descriptions of growth
requirements and on potential ethanol yield per hectare. A necessary
part of the selectlon process is to test the crops under the range of
climatic and soil conditions found in the region. An understanding of
the growth requiremencts of the crops s necessary, however, to choose
crops for fileld evaluation. After field evaluation, none of the crops
may appear To be appropriate, or more than one crop may seem £o have
poteacial. In any case, economic and processing considerations, which

are discussed Iz the following chapters, are aglso eritical.




ALl the temperate crops discussed in this chapter have agromomic
potential for use as feedstocks ia the Northern Plains region. However,
probabiy none of the crops are suitable for the entire region, because
climatic conditions in the region are so diverse. Tropical and sub-
tropical crops are not suitable ®~r larpe~scale commercial production in
the region, alithough small amounts of sweet potatoes are produced in
southeastern parts of the region.

In the Northera Plains, the adaptabiiity of commonly grown team—
perate crops such as corn, grain sorghum, and potatoes is probably
generally indicated by the preseant distribution of these crops in the
region, Without irrigaction, corn tends to perform best in southerm and
eastern portions of the region, which are most humid and warm. Sorghum
is also groun In the warmest portioms of the region but often where it
is too dry for corn, Unirrigated potato preduction occurs mostly in the
ccoler, northern parts of the regfion. Sugar beets ar also grown
without irrigation in the cooler areas as well as in southern Minmesota.
However, the discributisn of sugar beet production may not be a good
indicaror of extent of adaprabilicy, because production usually occurs
onlry in the proximity of processing faciliries. Counsequently, economic
factors, which influvence the number and location of planrs, as well as
agropomis factors, affecr sugar heet geographic distribution.

Fodder beets, sweet scrghum, ané Jerusalem artichokes are adapted
to ar least part of the Northernm Plains region. The specific areas in
which they can be grown are difficelr to predict, because they are not
extensively cultivated, and only a3 limired number of field studies have

been done. Fodder beets can probably be grown where sugar beets are
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cultivated. However, research is needed to derermine how far west they
cat be grown without irrigatioa. The same question arises with sweet
sorgham zad Jerusalem artichokes. Another question conceraing sweet
sorghum s how warm the growing season must be to produce ecomomically
Erasible yv.elis.

A final point is that the area of adaptation may be enlarged for
swert sorghum, JeTusalem artichokes, and fodder beets through plant
bresding, since only a limited amount of research has been conducted on
these crops. Varieties with shorter duration, greater cold tolerance,
or wore drought tolerance than present varieties could possibly be
developad, Vzrieties with greater dfsease resistance than present
varieties may be needed, especfally in the case of fodder beets. Fodder

beets are susceptible o some diseases which have been problems in sugar

beets, but for which resistant sugar beet varieties have been developed.




III. Harvesting, Storage, and Processing Cousiderations

for Alternative Crops®

A. Alternative technologies for harvesting

The introduction of a sew crop involves the Introduction of tech—
nology nesded to produce the crop. The techaology to be introduced
fncludes 2ppripriate agronomic practices and possikly machines. Local
conditions determine the techmology needed. This section will describe
aiternatives fn harvesting techaology, because a specific crop can often
be “srvested by several differeat methods ~- ranging from very labor
iatensive te nighly mechanized. Starch crops are grouped as ce “eals
{corn, grain sorghum, and rice) and roots and tubers (potatoes, cassava,
sweet potatoes, and yams), because of similarities in harvesting methods
smong crops in each group. Similarly, the sugar crops are grouped as
forages (sweet sorghum and sugar cane) and roots and tubers (Jerusalem
artichokes, sugar beets, and fodder beets).

1. Starch crops

a. Cereals {corm, graia sorghum, rice)

In developed countries, sophisticated combines cut, thresh, and
cleaz cereal grains in a single operation. The same basic machine can
be adjusted to harvest different crops. Rice harvesting often requires
that the combine be egulpped with balf tracks or large tires having mud
lugs. A special head atrachment, which snaps the ears from the stalks,
is necessary for harvesting corn. A head attachment with a reel and

cutting bar can be used for sorghum and for direct harvestiag of small

*Principal authors: William Gibboms, Duane Auch, and Carl Westhy
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grains, although improved attachments are available for sorghum.
Farmers sometimes cut small grain with a swather a few days before
combining. This practice allows grain and greeu weeds to dry in a
windrow before combining. The combine here, however, must be equipped
with ao attachment to pick the dried plants off the ground.

The threshed and cleaned grain is collected in a tank on the
combine. When the tank becomes full it is emptied into trucks or wagons
which haul the grain to be stored in bulk at the farmstead or local
elevator. In situations where facilitfes and equipment are not
available for handling bulk grain, combines are used which have a provi-
sion for bagging the grain immediarely after ir is threshed and cleaned.
This systes is not widely used, because the labor requirement is high
compared o bulk haadling.

Corn or rice may have up to 28% moisture, so they must be dried for
storage. Combining of sorghum or small grains is usually not dome until
the grain has 13% or less moisture content, Sorghum sometimes requires
drying, while swmall grains are generally not dried.

Ear cora can be picked for storage in cribs when it has 20% grain
molsture or less. In the southern U.S., some ear corn is picked but not
bhusked to reduce insect damage. After drying maturally in the cribs,
e3r corn is shelled with 3 machine or fed to livestock. Picker-shellers
shell the corm as it is picked, and the grain is usually dried
artificially. With the advent of high capacity grain dryers, combines
have nearly replaced picker-shellers and corn pickers in the U,S.,
becsuse combine harvesting requires less labor and results in less field

1083,
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Binders and stationary threshing machices were the most advancsad
machines for harvesting small grainos before combines were developed,
Binders are horse or tractor drawn machines which cut the grain and tie
it into bundles, The bundles are set up by hand into shocks to dry.
After drving, the bundles are loaded into wagoas and taken to a sta-
tionary threshing machine. Threshing machines separate the grain from
the straw and chaff.

In developing countries, the gathering of cereals for threshing or
shelling seldom favolves wmechanizartion, unless farmers have large,
unfragmented holdings, and labor is scarce. Ears of coru are often
individually picked by hand. Heads of other cereals may be plcked fpdi-~
vidually, or the whole plant is cut with 3 hand sickle. Hand harvesting
may be practiced not only because lador is abundant, but also because
field conditions may be unsuirable for mechanization. For example, rice
is sometimes harvested when fields are flooded due to heavy rains and
poor surface drainage. In some areas, crops are grown on rough terrain
which may prevent the use of machines for field bharvesting.

Threshing or shelling of grain is usually done near the homestead
or at the edge of the fleld. Farmers and laborers often carry the grain
contafining plants or corm ears to the homestead unless roads are
available for use of rwo—wheeled carts or four—wheeled wagons. Cattle,
aules, or horses are used for draft power.

Small threshing machines, powered by gasoline or diesel engines (or
by electricity, when available), are used in many developing countries.

One developed in India has a capacity of 100 kg of grain/hour (Congdon).

Mosr of these machizes thresh and separate the grain from the straw,
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Eagine znd haod deiven corn shellers are also used. Efforts are being
made to develop threshing machines which would be econcmically feasible
for farmers with small holdfage. A machine with a treadle and rotating,
spiked cylinder is used to thresh rice. Ome person is able to power the
zachine with his foor and hold the grain heads against the c¢ylinder to
koock the kernels loose. The output of the machine is approximstely 150
kg of graia/hour (AID). However, wheat, sorghum, and barley can not be
threshed with the threadle thresher, because the kernels are usually too
tighely attached to the head,

Tradicional methods of threshing may utilize cattle to trample the
graia from the heads. Thez cattle sometimes pull 2 sled or similar
device ro hasten threshing. An implement with disks has twen developed
to improve threshing with cattle. Many farmers thresh grain manually by
slapping the plants against a hsrd object or by beating the heads with a
stick.

After threshing the grain by peddle thresher, cattle, or hand, the
grain must be separated from the straw and chaff. Hand powered win—
nowing machines have been developed. However, most winnowing {s done by
hand~pouring the grainm and chaff from a platform sc that the wind blows
the chaff away from the grain. Winnowing baskers are also used, espe~
cizlly when winds are not prevalent. The grain is shaken in the flat
baskets in a forward or circular motion so that light materfal moves out
of the basker. Water is sometimes used with the basker to float out
light =aterial, and then the grain is dried. With the baskets, about 45

kz of grain can be cleaned per hour (AID).

Before storage, clesned grain s usually dried by spreading it in
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the sun and stirring it occasiomally. Ear corn may be hung to dry near
household fires or in trees.
b. Roots and tubers (potatoes, cassava, sweel potatoes, yams )

Harvesting of root and tuber crops tends to be more labor intensive
than harvesting of cereals. BSetter mechanized harvesting systems have
been developed for potatoes than for sweet potatoes, cassava, and vams.
A wide variety of potato harvesting methods exisc, and the type used
depends on several factors —including soil characterigtics, stonlness,
topography, labor supply, crop use, and desired storage life (Saith).
The method with the lowest labor requirement utilizes machines that lift
the tubers from the sofl, shake and screen out the soil, and then coavey
the tubers inte trucks or trailors (Martin, Leonard, and Stamp). In the
Necherlands, one person can harvest large areas quickly with these
machines (Shelef, Azoc, and Moraine). However, potato harvesting machi-
nes are often ineffeccive in separating stones and clods from the
tubers, so in areas with stomes or heavy soils, two to seven people may
be needed to ride the machines and sort out unwanted material.
Consequently, labor costs may be high in areas with stony or cloddy
soil. Also, more than 10% of the tubers can be bruised, if the speed of
separating components of the machine Is inereased to break the clods
{Smirh). Losses can be less than 5%, or equivalent to hand harvesting,
with proper machine adjustment.

Machines are used which put the tubers in a windrow on the ground
rather than conveying thems into trucks or wagons. The tubers are then
picked up by hand and put into baskers, crates, or bags. Sorting of the

rubers is dope either by hand in the field or by machine at the
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warehouse. With wet, heavy scil or weedy conditions, this method
results in clearer tubers than the coumpletely mechanized system.
Presently developed mechanical harvesters can not be used on some very
heavy, strong soils or steeply sloping fields.

As in potato harvesting, sweet potatoes are harvested with machines
which 1ift the roots, sort them, and convey them onto trucks or
trailers. Other types of machines 1lift the roots, separate them from
the goil, and drop them on f.e ground. The roots are allowed to dry for
2 few hours and are theo picked up by hand., Sweet potato vines
generally do not die before harvest as potato vines do, so the vines
are cut before lifting the roots. Shielded 8~inch colters wmay be
mounted oo the harvesting machine, or the cuttinog may be dome in a
separate aperation with rotary or flail mowers.

Sweet potato roots are more susceptible than potato tubers to
mechanical injuries such as bruises, scratches and cuts, which can dra-
mstically reduce storage life of roots., However, even hand harvesting
can result in significant bruising If roots are carelessly tossed on
piles.

Extensive efforts are being made to develop mechanical harvesters
for cassava and yams, and It may be possible to develop machines
suitable for use on light soils (Williams). Designing machines to har—
vest cassava and vams is difficult because of the growth characteristics
of the plants. Cassava tubers are long and break easily. They also
spread over ! m from the plant and penetrate down to 30 or 60 cm. Many
vam varieries produce one or twe large tubers per stand. The tubers

zlso penetrate deeply into the soil. With improved management, the
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tubers are iarger and deeper than under DOOT Tanagement, making mechani-
cal harvesting evea more difficult. In Trinidad, ome D. alata tuber
was grown which weighed 81 kg, but typical size is much smaller (USDA,
1976). Some varieties produce branched tubers, which are damaged
easily. There is a need to develop cassava and yam varieties which are
resistent to damage and are shallow bearing, so that they can bde har—

vested mechaaicaliy (Cowueme). Dioscorea aesculenta and similar types of

yams cas be harvested with machives used for potatoes, because the
rubers are szall and oumerous [USDA, 1674a).

Various types of plows are sometimes used to 1ifc potatoes and
gweat potatoes out of lighter rextured soils., Tractors or animals pro-
vide the draft power. Even in developed countries, moldboard plows with
wide bottoms are used to 1ifr sweet potatoes, because mechanical iajury
is less and storage life longer than with harvesting machines. The
plows bring the tubers to the surface but do not separate them from the
s0il. Tubers are then gathered mapually. Plows are also used in some
cases for lifting cassava roots, but losses are generally high. Studiles
have shown that 75 to 83Z of the cassava tubers can be recovered using
moldhoard plows, but mechanical injury may be kigh (Onwueme). Problems
involved with using moldboard plows iaclude clogging from plant residues
and covering of tubers by upturaed soil. Inruexico and Brazil, tractors
mounted with heavy screens and rotary mowers are used to push down and
cut cagsava plants before lifting the tubers.

Hand harvesting of root and tuber crops Is widely practiced in
developing countries. Potato vines are usually removed about a week

nefore harvesting in tropical areas, and hoes or forks are used to dig
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up the tubers (Ray). The potato tubers are often left on the soil sur-
face to allow the skin to dry and toughen. They must be picked up
within a few hours in hot, dry weather to avoid sun scald (Martinm,
Leonard, and Stamp). Sweet potatoes are harvested in a similar manner,
but the harvesting is traditiomally dome as the tubers are needed,
However, delayed harvesting results ia iacressed sweet potato weevil
damage (Doney).

Cassava tubers can be harvested by pulling the stems fn light
gsoils, but they may need to be dug with a hee in heavy solls
{International Land Development Consultantsj. One man can harvest up to
1,000 kg/day 1f the soil s loose, but only about 500 kg/day when the
soil is compacted (Onwueme). Harvesting 1s also harder when the suil is
dry than when it is wet, Before lifting, the stem is cut a few inches
shove the ground with a machette, which is also used to loosen the soil
around the tubers. If the tubers are uot lifted soon after the stem is
cut, they will sprout. Cassava tubers keep in the soil for a loug time
{f the plants are not cut. Harvesting is usually done in the dry seasca
where rainfall is seasonsl and throughout the vear in continually wet
clinates.

Yams can be harvested once or twice in a growing season. The total
yield in a season {is nctraffected by harvesting frequency. However,
farmers may get higher prices for early barvested yams, and better
quality planting material is produced at the second harvest. Eating
quality is best with the single harvest system. When double harvesting

is practiced, the first harvest must be done carefully se that the plant

survives., Soil isc removed from around the tuber without disrupting the
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root system. The tuber is cut below the base of che stem and the seoil
is replaced over the roots. Tubers are harvested again witbin a few
weaks after the leaves drep. Under the single harvest system, 1ifring
is dope oniy after senescence. The vine is discarded, and the tubers
are dug with a spoon—shaped stick, a fork, or a shovel. Large tubers
zust be Jug carefully. Some varieties produce particularly succulent
and fragfile tubers.

2. Sugar Crops

a. Forages {swaet sorghua, sugar cane}

Both sweet sorghum and sugar cane are harvested for the sugars pro-
duced in *heir stalkxs, A wide variety of harvestiang systems have been
developed for sugar cane, However, efforts to develop sultable har—
vesting machines for sweet sorghum have been winimal, becacvse sweet
sorghum i{s 2 minor crop in Dost countries., Annual production in the
U.5. sveraged less tham 4,000 ha between 1973 and 1975 (Lipinsky, et
al.).

Corn binders are presently used in harvesting sweet sorghus. The
bundles are socmetimes shocked to dry in the field or aear the precessing
facility. Bundles are loaded into trucks or zrailers by hand or with
smechanical leaders. Lipinsky, et al. sugges:ed that some of the asthods
used for handling dry alfalfa may also be feasible for sweet sorghum,
hut no reports of thelr use were found.

Machines for harvesting silage can be used to harvest fresh sweet
sorghu=. However, the resulting short storage life may be a major
problem for ethanol processors. 1f gweet sorghum is chopped to the size

of silage, conversion of sugars by resplracion occurs withis 24 hours



-73
{Broadhead). Breakdown of sucrose can occur within 2 or 3 hours on a
hot day (Wall and Ross)}. However, forage harvesters can be medified to
chop stalks into billets 13 te 15 cm loog by removing some of the
knives, increasing the feeding rate, and slowing the cylinder speed
(Wright, et al.). The cylinder speed, however, can not be slowed om
"cut and throw™ type machines. On all machines, knives must be kept im
good condirion, and a slow ground speed of 0.67 w/second must be used
for best performance. Billets of 10 to 40 cm length can be kept without
sugar loss for at least 48 hours with cutdoor storage (Broadhead).
Wright, et al., pneumatically separated seedheads and leaves from billets
at a small (1.8 t/hour) processing plant. Approximately 137 of the
seedheads were not separated but couid easily be picked out by baed
while the billets were conveyved to the mill. Also, 16% of the billets
were ilost to trash, but most of these were from the tops, which are low
in sugar. Before processing for sugar and syTup, sweet sorghum leaves
and tops are removed; however, this process may not be necessary for
ethanol production (McClure and Lipimsky).

A limired musber of harvesters have been developed which cut the
stalks, reseve the juice, and leave the remaining fiber in the field
{Wall and Ross). Sugar cane harvesters may alsc be used to harvest
sweet sorghum, but modificartiens may be necessary to collect seedheads
separately {Ferraris and Stewart).

A wide variety of zugar cane harvesting machines have been deve~
loped according to the needs of specific growing aveas. Probably the
mnat commoa mechanical harvesrting systems use combines to perform all

the harvesting steps. The sugay cane tops are cut first, then the
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stalks are cut or broken at the base and coanveyed inte the machines.
The stalks are cut into billets, and then forced air separates the
billets from the leaves. The billets are dropped into tractor-drawn
trailers traveling alongside the harvestors.

Generally, the fields are burmed before harvest to reduce the
apount of leaf material and to improve sugar refinsbility. However, the
sugar content of burmed cane 1is lower than that of unburned cane
(Baxter; Martin, Leonard, and Stamp). Some machines are able to harvest
waburned cane and are advantageous in areas where moist coenditions can
hinder burning (Baxter). They are also used for harvesting unburned
cane for planting stock, Machime output is lower when harvesting
unburaed cane comparzd to burned cane. The differxence in output between
the two systems depends on the varlety and extent of lodging.

Combine harvesters are used extensively in Australia and in areas
porduciag moderate yields (McClure and Lipiasky). High yielding recum—
bent (lodged} sugar cane, such as found in Florida and Hawaii, is dif-
ficult to harvest with most combines, although some recent models are
designed for use on recumbent sugar cane (“Harvester for Recumbernt Cane
. . ). Other problems assoclated with combine harvesting include soil
compaction from the heavy machines, as well as sugar .oss -nd deterior—
ation resulting from chopping (Barnes; McClure and Lipiaskyl}. 1In some
areas water must be used to clean the chopped cane before milling, and
iarge amounts of sugar are d.ssolved and not recovered from the water
{Leffingwell).

~ssldier” machines are used in areas such as Louisiana where sugar

cane yield is low, and stalks are ereci. Theze machines gather the
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staliks, cut them at the top and base, and lay them om the ground in a
heap. One machine can cut two to six rows at a time and place them in
one heap. After cutting, the heaps are burned. Mechanical grad loaders
are used to load the whole games into trucks or wagons.

Az early method c¢f mechanized harvesting, which iIs still practiced,
iavolves the use of a bulldozer<like puash rake to break burmed cane
stalks and force thexz into windrows. In wet areas, the push rakes may
pull up stools, so v-cutters are used to cut the stalks and form the
windrow. Mechanical grab loaders put the cane into trucks or trailers.
This system is widely used in Hawali where sugar cane growth often forms
a tangled mar which is difficult v¢ harvest by other ui.chanical methods.
Estimates are that up to 147 of the sugar caoe is not recovered when it
is harvested bv push vakes and grab loaders (Humtert). Also, milling
problems occur, because the stalks are not topped, and a great amount of
srrranecus materfal is mixed with the stalks. Up to one~fourth of a
load traasported to 2 mill may comsist of trash, rocks and mud. Rocks
may inadvertently pass through the cleaning process and cause severe
damage to milling equipment,

Only about 20Z of the world's sugar cane harvesting is fully mecha=
aized {"Field Mechanization”). The remainder is cut by hand with spe-
cially desigred knives. The process involves cutting the stalk at the
base as well as rhe top; then a2 special instrument is used to remove the
leaves. Semimecharmized harvesting systems are used iIn Mexico and parts
of Florida. The stalks are out by hand and placed at rzight angles fo
the sugar cane rows. Then the windrows are loaded by machines that con—

rinuously pick up the stalks and convey them onto a truck or wagon



-76=

moviag alongside the machine. The wiandrows may alsc be loaded by use of
grab loaders, Manual loading is dome in many countries where labor is
cheap and abundaont. ith totally macual systewms, oue person can handle
approximately 2 t/day (Iatermatiozal Lsad Development Consultants}.
when only the cuttiag is done manually, 3 to 4 t can be done by one per—
son per day. Echevarria reported that in Mexico, 3.5 t can be harvested
per day per man if cutting and loading are done wmaunually, and as much as
5.5 t can be harvested per man per day wirh semimechanlzed systems.
Sugar cane needs to be transported to the processing plant within a
few hours of cuttiag to avord inversion and deterioration of sugars.
The most rapid cane transport system is containerized delivery by
semitrailers. In Mexico, tractor drawn trailers with capacities up to
20 r and trucks with 10 t cspzcities are used (Echevarria). In the
Philippines, trucks with up to 16 t capacity are used (Atienza and
Demererio). The truck and trailer boxes may be equipped with chains or
tareral discharge for rapid nunlcading. Buffalo or bullock drawn carts
are used where cutting and loading is done by hand. They ave especially
useful under wet field eonditions, because they are lightweight and very
paneuverable. Haulage rate is about 0.6 t/km/hour., Steel framed
duymping bullcarts have recently been introduced fn the Philippines.
When small transport wehicles are used and fields are a long distance
from the plant, the loads are often trausferred to more efficient
rranspertation vehicles such as ratlroad cars. In the Philippines, por—
rable rails are sometimes used to move the railread cars into the fields

for direct tramspart to the mill,



b. Roots and tubers (Jerusalem artichokes, sugar beets, fodder
besats).

As in the case of sweet sorghum and sugar cane, much more effort
has been put iato the development of sugar beet and fodder beet
harvestors than Jerusalem artichoke harvestors, because Jerusalem
artichokes are a minor crop. Steele estimated that at least fifcy dif-
ferent sugsr beet and fodder beet harvesters are produced in the werld
by approximately tweaty different cowmpanies. Harvesting of Jerusalem
artichokes {s mainly done with modified potate harvesters, although har-
vesters designed specifically for Jerusalem artichoke are being
saveloped,

Potato harvesters need modification because the Jerusalem artichoke
tubers have smaller sfize, thinner skin, and wider distribution in the
soil than potato tubers. The tubers are also strongly attached to the
plant, so agitation of the potato dligger must be Increased to break the
tubers loose {(Lukens). Injury to the tubers may result from excessive
agiration. Conventional potaro diggers collect only 60 to 708 of the
tubers produced {(Dorband). Using hand labor to pick up tubers miszsed by
the machine, 70 to 80X of the tubers produced can be recovered. Plows
can be used to lift tubers, but they are generally less effective than
poL. to harvesters or hand harvesting (McClure and Lipinsky). Hand
iifeing with a fork is the most effective method, but is not feasible
for large scale production where wages are high. Even when harvesting
is done manually, sufficient numbers of tubers remain In the soll to
=ause significant volunteer growth the following season. Harvesting is

dnae when the leaves bhegln to wither and die. The large woody top
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growth must be removed before mechaanical harvestling. In temperate
climates, harvesting caa be delayed until spring, but it must be
cozpleted before sprouting begins.

Sugar beets should be harvested when sucrose content reaches a
meximum. At this stage, the lower leaves turu brown and the upper
leaves turn yellow (Clements; Martia, Leonard, and Stamp). In temperate
areas, harvesting must be done before the £irst fros:. The harvesting
operation involves lifting the root, cutting the top from the root, and
separatiag soil and trash from roots and tops (Lipiasky, »t al.}. The
top is cut elther while the root is still in the ground or after it has
been lifted. Usually, a separate top recovery machine is used if the
tops are cut before lifting. The machine cuts the tops from up to six
rowe at a time and gathers them into a wiandrow. Since the tops are
valuable livestock feed, they are collected by forage harvesters, Then
up to six rows of roots are 1ifted at one time by a harvester which
shakes loose the dirt and conveys the roots into a hopper or separate
vehicle. If the tops are mot removed before 1ifting, another type of
harvesting machine lifts the plants and passes them through rotating
disks which cut the tops from the roots. The tops are cut from the
roots at the base of the lowest leaf scar.

Harvesting machines may have hoppers to collect the roots, or they
may elevate the roots into tractor drawn trailers or trucks driven
alongside rhe machine. Machines with hoppers may not be efficient in
high ylelding fields unless they are emptied on the move (Steele). The
topped roots are hauled directly to the processing plant or to a central

location for transfer to railroad cars or large semitrailers. With
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mechanized harvesting and favorable conditions, 8 to 10 ha of sugar
beets can be harvested in a 24~hour day {Lipinsky, et al.).

In the U.S., the tramsitioc from hand to machine harvestiag of
sugar beets occurred between 1943 and 1958 (Lipinsky, et al.; Martia,
Leonard, aad Stamp). However, according to Steele, a sigafficant por—
tion of the sugatr beetis grown in Eastern Europe is preseatly harvested
by hand. Special two~prouged forks are used to 1ift the sugar beets
manually (Dowling). The dirt fs knocked off, the tops are cut, and the
beets are piled in the field. The topped beets are loaded into trucks
or trailers by hand or mechanical loaders. With a totally manual system
of harvesting, 125 to 150 hours may be required to harvest 1 ha
(Lipinsiky, et al.). Horse drawun implements for lifting sugar beets from
the soil were developed in the 1920's (Dowling). They resemble two-
wheeled steel plows with one or two flat blades.

3. Summary

Complicated, high capacity harvesting systems are available for
wost crops which are grown extensively in developed countries. However,
such systems have not been well developed for cassava. yams, sweet
sorghum, or Jerusalem artichoke, because they are not importaat crops in
most develaoped countries. Mechanical cassava harvestors are being
rested by researchers in several developing countries, so increased
necharization of cassava will probably occur in the future. Also, the
harvesting methods for sweet sorghum and Jerusalem artichoke can be
expecred to improve, if the crops prove feasible as feedstocks for etha-
nol or other produers, Hand harvesting is widely practiced >t most
crops grown in developing countries., Efforts are being mac. .o latroduce

{ntermediare forms of technology for harvesting. Whether inc.esased
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mechanization occurs in a particular developing country is dependent on

the eccnomic situation and governmental policies of the country.

8. Altermative techmologies for storage

The storage method used for a particular crop depends on the type of
crop, its ultimate use, the length of storage, and the availability of
technology. The capacity of the storage facility depends om the above
factors and on crop availability within a given radius of the storage site.

gthanol plants must be run year-round for fuel ethanmol production t2
be technically and economically efficient. Therefore, if a crop is to be
used for fuel ethamol productionm, it, or a substitute cxop, must be avail-
able throughout the year. Counsequently, some form of crop storage is
usually necessary during part of the year. However, storage may not be
neaded if a crop can be harvested throughout the year. Likewise, if two
or more different crops zan be harvested at different times of the year,
the need for storage may be greatly reduced. This assumes, however, that
rhe different crops can be processed to ethanol using the same facility

and process.

The primary storage concern regarding fuel ethanol production is to
minimize carbohydrate loss using the most cost and energv effective
storage method available. Many advanced storage technologies for crops
destined to become hmman food are much too energy intensive and costly
to be used for fuel ethanol production. On the other hand, simpler
storage methods often used in less developed countries frequently do not
provide lopg-term storage. They may result in excessive storage loss
and/or detericration, thus making the merhods unsuitable for ethanol

production. Some storage methods currently used for traditionmal crops
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pay be adequate for fuel ethanol production. However, it is clear that
aew storage technologies will be required to store the high-biomass crops
currently being evaluated for e..ancl production.

In summary, storage techmologies for fuel ethamcl productiom should
be simple, economical, emergy effective, and capable of minimizing sugar
loss. Easily adaptable technmologies are needed for less developed
countries (high labor, low capital investment) as well as developed
countries (low labor, high capital investment).

1. Starch crops

a. Cereals (corn, grain sorghum, rice}

Corn and rice generally contain 20 to 30% moisture at harvest and
therefore must be dried prior te or during storage. Grain sorghum may
require drying, depending on atmespheric and/or agromomic factors, Cereal
grains oust have 13 to 15% moisture or less before they can be safely
stored.

In developed countries, batch and continuous flow drying systems are
commonly used (Luh; De Datrta). These systems are semi-automated and gen—
erally use natural gas or other fossil fuels as an energy source. in
recent years, however, solar emergy has alsc been harnessed to power
these dryvers.

Im iess developed coumtries, grain is generally dried by spreading
ir on a flat surface and allowing it to sun dry for 4 to 3 days (Luh;

De Datta). This process, however, is difficult te contrel, because atmos-
pheric conditions may be quite variable, Due to this fact, batch dryers

are gaining popularity in less developed countries.
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Once harvested and dried {if necessary), the grain may be stored
using a variety of wmethods. A storage method should meet several
requirements: (1) it must provide proper aeration to prevent spontaneous
heating; (2) it must maintain the graim at a low moisture content (13 to
15%) so as to prevent degradation by microorganisms and insects; and (3
it must provide proper contaiament to protect agaiast rodents, birds,
inseets, and spiliage (Sinha and Muir).

Ia developed cowmtries, grain iIs generally stored either in large,
centrally located warehouses and elevators or i» smaller bins located
near the production site. High crop ylields per hectare, large hectarage
noldings per farmer, and the availabilicy of tramsportation during harvest
tead to this flexibility. Scorage for 1 to 2 yesrs is generally possible.

in less developeé countries, grain is generally stored in smaller
quantities, often in sacks or baskets within the farmer's home (De Datta).
When larger volumes of graip are involved, grain may be stored in bins or
mumkers. Orais is often stored near the production site, because <rop
vields may be low, land holdings may be small, or transportationm may be
Yimited., Storagc time is iimited from 2 few momths to a year, and losses
mey be high.

h. Roots and tubers {(potatoes, cassava, sweet potatoes, vams}

The primary factors which affect the storage 1ife =f root and tuber
crops are temperature, relative humidity, and the condiciom of the crop
following harvest. Temperature znd relative humidity must be contreolled
within specific limits ze prevent rotting, sproucing, respiration, and
degradation by pests. Damaged rubers and roots must also be eliminated

from stovage piles to prevent cotting {Onwuene}.
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Many tubers (potatoces, sweet potatces and yams) are cured following
hwartvest to increase storage 1ife. Curing is accomplished by subjecting
the tubers to high temperature (27 to 329C) and high humidity (85 to
$52) for 4 to 7 days immediately after harvesting (Quwueme). Curing
promotes rapid healimg of wounds inflicted during harvesting, and it
inereases the toughness of the skin {periderm} of the tuber. This in
turn reduces the likeliheod of microbial infecticuns and makes the tuber
more resistant to wounding during subsequent handling (Ouwueme).

Potatoes dare often stored above or below ground level in insulated,
moisture/vapor-proof bins or warebouses. These structures allow for
ventilation and the precise contrel of temperature and relative humidicy,
which are maintained at 3 to 15%C and 85 to 100%, respectively (Smith).
Storage for 6 to 9 months is generally possible.

In some less developed countries, potatoes are stored above ground
in bins or barms, or below ground in.pits. These storage methods do not
aliow for rzemperature or relative humidity control, and storage con-
dirions are therefore dependent on atmospaeric factors. As a result,
storage time may be limired, and tube. | $ses may be high.

lLong-term storage of cassava may not be necessary, because it can
be harvested throughout the year when roots reach maturir,. This is
imporrant, since preliminsry research indicares that the roots may be
xepz refrigerated for only up to 1 week (FAO, 1977).

Swect poratoes are ofren stored in temperature and velarive humid-

ity regulared warehouses in developed countries. The optimum temp-

erature rapge for storage is 13 to 18%°C, and the relative humidity
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optimum is 85 to 25%. Storage for 6 to 9 months is gemerally possible
(Edmoné and Ammerman) .-

Sweet potate storage in less developed countries may be in under—
ground pits or in above ground barms. Tubers may alsc be left in the
ground. and harvested caly as needed. Atmospheric conditioms affect
storage time and tuber quality (Onwueme).

Yams mav be stored for 6 to 9 months in cliimate contrelled rooms at
159C and low relative humidity {Adesuyi). In less developed countries,
vyams are gemerally stored in barns or on raised platforms in the field.
Both are outdoor structures dependent on good ventilation for successful
storage. The ventilation serves two purposes: (1) it prevents the
buildup of high humidity which favors roceing; (2) it prevents the
cubers from overheating due to respiration. These structures are effective
for vyam storage through the dry season, but omce the rainy season starts,
the tuber rapidly deteriorates. Therefore, storage time is generally
jimited ro less than 6 months, unless the yams are moved inside.

The size of the storage facility for root and tuber crops is depend-
ent on storage method aand om crop availability. When climate controlled
warehouses are utilized, ecomomics of scale dictate that the storage
facility be large and centrally located. The closely regulated storage
condirions reduce the risk of 2 rapidly spreading biological or physical
acrion which could destroy the entire crop. Tn less developed countries,
small storage facilities with no environmental control are often used
when transportation is limited or crop yields are low. As a result,

sterage loss may be high.
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2. Sugar crops
a. Forages (sweet sorghum, sugar cane)

Sweet sorghum and sugar cane, when grown for the production of
crystal sugar, are generally harvested and then immediately processed,
since sugar deterioration begins within 48 hours after harvest (Barnes).
Therefore, in tropical or subtropical areas where the crop can be grown
and harvested vear round, the need for storage is eliminated. However,
in temperate regions where sweet sorghum is being considered for fuel
ethanel production, storage for 5 to 9 months is required. Three forms
of storage are currently being considered for forage type sugar crops.

The most promising process, which is adaptable to both developed
2nd less developed countries, involwves -hoppiny the forage crop into
billeis (stalk pieces) 10 to 20 ¢z in length (Wright, et al.). The
billets are dried to 15% moisture using either waste heat from the alco-
hol plant or heated air from solar collerrcrs. The dried dbillecs can
then be stored for 6 to 9 months under well wentilated, dry conditioms.

In developed couarries, Eedifisd Yorage harvestors would be suit-
shle for choppiag the crop inro billets, and mechanized drying equipment
could be medified to drv the hillets. 1n less developed countries, man-
ual labor cofren could be used to replace machines in both rhe harvesting
and drying processes. In addizion, if a dry season oceurred during
harvesr, the hillets could be spread out on the ground and dried under
atmespheric cordicions.

A second possible storage techmique makes use of technology devel-
oped for storsge of tay crops. The forage <rop is first mowed and field

dried ro reduce the molsture content. The stalks are rhen baled or
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shocked using commercially available equipment. The bales or shocks are
shen stacked in such a way as tc provide adequate ventilation and covered
with tarps. The crop is gemerally stored near the praduction site. The
major factor limiting sicrage time is the degree to vhich the whole
stalks can be dried under atmospheric conditions.

in the third process, which is probsbly most feasible in developed
countries, the forage crop is mowed anéd then irmediately processed
through 2 rollzr-type mill to extract a dilute sugar sclution (Lamb, Vomn
Bargen, and Bashford). The fibrous residue is left in the field to help
maintain soil fertility aad tilth. The dilute sugar solution is then
rransported to a ceatrally loccated facility where the sugar is con—
cencraced to 40 to 50%. This solution is then stored in large tanks
until use. The two main disadvantages of this precess are that energy
usagr for concentratiag the suzar solution is high, and a large amount
of vank capacity is required for stering the sugar concentrate. How-
ever, if waste hest or solar~generated heat could be used to coneeuntyate
the juice, this technigue wight be feasible.

b. Roots and rubers (Jerusalem artichokes, sugaT beets,
fodder beets;

Storage of sugar containing root and tuber crops is primarily
dependent on temperature, relasve humidity, and crop condition. There-
fore, maximum storage life is achieved when undamaged roots or tubers
are stored in a climare comtrolled envircnment. This method of storage,
however, may be too cestly for the purpose of erhanel production, and
other processes may be aeeded.

terusalem artichokes have a2 thin skin which nakes rhem sspecially

susceptible to dehydration and microbial attack., Storage in cesl or
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veiow zerc (°C) ccenditioms under high hamidity can inhibit microbial
attack for proloaged periods of time (Fleming and Groot Wassink). The
s0st satisfactory storage coaditions are 6.5 te 1.7°C and 82 to 92%
reiative humidity (McGlumphy, et al.). This method requires a climate
controlled storage facility.

Artichoke tubers may alsc be left in the ground throughout the
winter in a frozen conditiom. Tubers cam then be harvested in the
spring. In some climates, the tubers may be harvested as needed during
the vearlong growing seasomn.

Sugar beet and fodder beet storage methods have been developed for
beer sugar processing plants (Fox; Swift). The most cost and energy
efficient process involves below ground storage in earthen pits lined
and covered with plastic and straw (Hayes). The earth and straw serve
as insulation, thereby maintaining a low temperature (5 to 15°¢) and
eliminating costly refrigeration. Ventilation is provided by holes cut
through the plastic lining at regular intervals. Storage for & o 9
nmonths is possible, and this method ma be adaptable for both developed
2nd less developed countries.

Another option for storage of tuberous sugar crops is to slice the
tubers intyu pieces ané dry them to 10 to 15% moisture (Dyking, et al.;
McGlumpty, et al.). This requires a2 large emergy inmput, however. solar
energy or waste heat might be used for drying. The advantage of drying

is that the cropr could be stored year-round in well ventilated bins or

warehouses.
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c- irernative technologies for processing

The following factors affect the design and/or operatiom of a fuel
ethanol piant: (1) crop(s) to be processed, (2) source of energy for
fuel ethamol plamt, (3) concentraticn of ethanol produceé, (4) ultimate
use of feed bymvaduet(s), (5) size and location of ethanol plant, and
{6} aveilability of skilled labor. However, regardless of these factors,
an operational fuel ethanol plant will require equipment and techmicaily
trained oeprators. Necessary equipment includes: (1) cook aad/or
fermeatation tanks, (2) a distillation tower, {3) a feed-byproduct re-—
covery system, and (4} s steam boiler. Technically traired operators,
in the rields of microbivlogy and engineering, are also required. Other
requiresents for the fuel ethapol plant are sice specific, and trade~
offs here are possible between the needs of less developed countries and
developed countries.

In less developed countries, manual labor is relatively cheap and
abundant. However, technical equipment and people with technical exper-
jence are generally in short supply. The opposite of this situation
occurs in developed countries. Therefore, in less developed countries
manual lazbor may be substituted for equipment, whereever possible, in a
fuel ethavel plant. On the other hand, in developed countries equipment
is likely to replace maznual labor.

The size and lccation of the fuel ethanol production plant dopends,
in part, on feedstock availability and associated transportation costs.
Plant size is limited by the amount of feedstock produced within a given
radius from the plant. Costs may be prohibitive, if the feedstock must

be transported from tec great a distance. By the same ressoning, the
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plant should be centrally located im the production area to minimize
transpertation costs. If the feedstock is stored in ome large, central
facility, the ethanol plant should be located in close proximity. If
the feedstock is stored in smaller facilities located at the agronomic
production site, the ethanmol plant should be located ceatrally with
respect toe these sites.

1. Sgarch crops

a., Cereals (corm, grain sorghum, rice)

Two processes are used to convert cereal grains te fuel ethanol and
distiliers' feed. The wet milling process {Casey)} separates the cereal
grain into three major fractions-~starch, protein, aud oil. The protein
and oil fractions can be incorporated in human or animal foods, while
the starch fraction is saccharified to glucose, which is then fermented
to ethanol. This method requires a large investment in capital equip-
ment and is energy intensive. Therefore, due to economies of scale,
this process is only practiczl for plarts producing at least 20 te 30
million gallons of ethancl annually.

The dry milling process, on the other hand, requires a much lower
capital investment and is less energy intensive (USDA, 1980b; SERI,
1980). Therefore, it is practical for plants producing as little as
0.25 nillion gallons of ethanel annually.

Four steps are imvelved in the batch conversion of graim to ethanol
and distillers' feeds using the dry milling process (Westby and Gibbons;
Gibhons and Westby, 1983b). During cooking, the first step, grain is
transported from svorage and cleaned, using air cyclones and magnets.

The grain is then milled, weighed, and augered into 3 cook~fermentation
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cank Filled with water and a small quantity of amylast enzyme. The
corn-water-enzyme slurry, called mash, is then heated to 30 to 95°C and
held for 0.5 to 2 hours. During this time, the amylast enzyme converts
the grain starch to dextrins. The mash is then cooled to 55 to s0°¢c,
the pH is adjusted from 3.8 to 4.5 with sulfuric acid, and a small
quantity of amyloglucosidase enzyme is added. After holding for & to 12
hours, during which time the dextrins are converted to glucose, the mash
is cooled zo 28 zo 30°C and is imoculated with a culture of yeast.

During batch fermentation, the second step, yeast converts glucose
tc ethanol and carbon dioxide. Heat is also gemerated by yeast during
the fermentarion process, and it must be dissipated by cooling to pre—
vent iuhibition of yeast fermentation. After 48 to 60 hours, fermentation
is complete, and the mash, now called beer, contaims 8 to 12% (v/v)
ethanol.

In the third step of the process, distillation, beer is continuously
pumped into 2 sieve plate distillation tower that produces 95% fuel
ethanol and stillage (ethanol free beer) (Stampe, et 2l.). Alternatively,
rhe beer can be centrifuged before distillationm, if the distillation
rower is of the type that is clogged by beer solids. However, here
abour 15% of the ethanol is lost in the solid fractiom. The 957% ethanol
from distillation can then be upgraded to 100% erhanol in a separate
anbydrous distillation column.

Iz the fourth step, the stillage is continu~usly pressed or cen-
rrifuged to separate the solid fraction (distillers’ feed) from the
liouid fraction (thin stillage). The disrillers’ feed is used primarily

as a high protein supplement in 1ivestock feeds »nd part of the thin
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stiilage is used to replace a portion of the water added to corm ia the
cooking process.

This general dry milling process is suitable for both developed and
less developed countries. The process is reasonably simple and rsquires
a minimum of operator expertise. The process alse leads itself well to
microprocessor ceoatrel, thereby reducing the labor requirements for
process monitoring. In larger scale plants continuvous cooking and
continuous fermentation processes may be substituted for traditiomal
batch processing to take advantage of available technology.

b. Roots and tubers {potatoes, cassava, sweet potato, yams)

Conversion of starch containing root and tuber crops teo fuel ethanol
and distillers’' feed can be accomplished by any of three processes. The
wet milling process (Casey) separates the crop inte a protein fractiom,
which zan be used in foods or feeds, and a starch fractionm, which can be
saccharified to gluccse and then Zermented to ethanol. Due to the large
capital investment and economies of scale, this process must be operated
on an aanual production scale of at least 20 milliom -3lloms of ethanel.

The dry milling process (USDA, 1980b; SERI, 1980) can also be used
To conver: starchy root and tuber crops to ethanel. The same four step
procedure as described for cereal grains can be used (i.e., cooking,
fermentation, distillarion and centrifugacion). The major difference
herween the two processes is that only & re 6% (v/v) ethanol beers are
produced from tuber crops, as compared to & to 127 (v/v) beers with
cereal crops.

The difference is due te the low starch., high meoisture content of

cuberous crops. Wnen pulped and mixed wirh water in the cooking
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process, the resultant high viscosity of tuber mashes limits the amount
of tuber pulp that can be added (without making mixing aud punping
difficult). This, in turn, Limits the ethanol concentration of the beer
following fermentation, and increases energy consumption for distil-
1ation. Consequently, preduction costs are higher than costs for é
processiag cereal crops.

The dry milling process, however, may be feasible for both developed
and less developed countries if low cost energy sources for distillation
are available. Starch containing root and ruber crops can be ccnverted
to Fuel ethanol and wet distillers' feed with a minimm of operator
expercise. As with the couversicm of cereal cTeps, microprocessors may
be used to replace some plant technicians, and continucus processing may
be desirable in large-sca.e plants.

A third option for converting starch containing root and tuber
crops to ethanol is solid phase fermentation (Aidoo, Henry, and Weod;
Kirby and Mardon). In the solid phase fermentation process, the crop is
£irst pulped, and the pulp is then inoculated with microorganisms (Kirby
and Marden). The may be a co-culture, containing both starch degrading

organisms (i.e., Bacillus or Aspergillus spp.} and glucose fermenting

organisms {i.e., Saccharomyces or Zymomonas spp.), or it may be a mono-

culture, comsisting of ap organism able to both hydrolyze starch and

ferment rhe resultanrt glucose te ethanol (i.e., Schwanniomyces spp.)

(Dhawale and Iogledew). Im either case, the pulp is then allowed to
ferment for 36 ro 72 hours. Following fermentation, the pulp is pressed

andé/or dried to recover rhe 8 ro 107 (w/v) ethanol beer. The beer is
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then distilled to produce fuel ethamol and the distillers’ feed is used
in livesteck ratioas.

This process shows petemtial for preducing ethanel and distillers’
feed from roet and tuber crops at lower costs and energy consumption
than either the wet or dry milling processes (Ciboons and Westbhy, 1983b).
in addition, siuace the process is simpler, there is less need for skilled
sechnicians. However, the solid phase fermenmtation process if relatively
new, and much more research is needed before commercialization can begin,
That research should determine optimum fermentaticno parometers and
optimun formentor design.

2. Sugar crops

a. Forages (sweet sorghum, sugar cane)

The most widely used process for converting forage crops to ethanol
is fermentation of diffused juice., In the manufacture of ethamnel from
sugar cane, for example, cthe cane is conveyed through rotating knives
and/or shredders. The rusulting coarse, fibrous “lanket of cane then
passes through a magnetic chute (to remove tramp metal) and inte the
firsr mill erusher. Fellowing this, the cane is alternately spraved
with warer and pressed with up to six or more mill crushers. The ex-
kausted fiber (bagasse) exits the last roll and is generally used as
hoiler fFuel. The =ill juice is clarified, concentrated, and fermented
go ethanol and the beer is subsequenrly distilled (Barmes; USDA, 1980b}.

This orocess ma3y alse be suitable for ethamel production from sweet
sorghum. Howvever, the large capital investment required for equipment
and the need for fresh feedstock limits zhe applicarion of this tech-

nelogy to large-scale plants located in cropical areas.
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another method for obtaining sugar juice from forage type sugar

crops is in-field mechanical expression (Lazmb, Vor Bargen, and Bashford;
Zryam., et al.}. In this process the crop is passed through a series of
roller mills. The pressed stalks are left in the field, and the juice
is transparted to the alcobol planmt where it is concentrated, fermented,
and distilled to produce alcohol.

This process is suitable for both developed and less developed
countries, however the juice storage problems nentioned previcusly movy
1imiz its application to tropicsl areas where the fresh feedstock can be
harvested year-round. Altermatively, in subtropical or temperate Ye—
gions, the ¢shanel plamt could be run using another, more easily stored
feedstock when the fresh forage crop is not available.

When éried forage billets are used the ethamel plant can be operated
vear-round on & single feedstock. Three processing methods are currently
being evaluated for esbamol productionm from forage crop billeta. Each
of the processes appears to be feasible for boch developed and less
developed countries.

Ome process uses 3 Tilby separator o remove the sugar containing

pith of forage billess from the fiber containing rind (McClure and

*aﬂ

ipinsky; Lipinsky). The rind fiber is a vaiuablie byproduct used im
cemsrructicn marerials. The pith can be rehydrated and pressed to
recover sugar juice whick cip rhen be fermented ro ethanol.

Ia the ¥X-FERM process, developed by Reolz, de Cabrersz, and Garcia,
forage crup billers are extracred and fermented simultaneously in an
sevecus soluriem. Following fermentation the extracted billets ave

romoved from the fermentarien siquid, sod fresh billens are added., Twe
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to three such cvcles are necessary to obtaim 10%Z (v/v) ethanol beers.
To reduce smaterizl handling proeblems horizontal packedwbed fermenters
are recommended (Rolz).

A modification of the EX-FERM process, termed diffusion fermentatiom
{(GCibbons and Westby, 1983b), shows even more promise in reducing material
handling problems. Here the billets are augered through a diffusion
fermentor against a flow of water and suspended yeast cells. As the
billets move through the fermentor, the sugar is diffused into the
surrounding water, where veast cells ferment this sugar fo ethanol.
Fxiting from one end of the fermenter are exhausted billets which are
used ip livestock ratioms, and from the other end exits & to 10% (v/v}
ethanel beer which is then distilled.

A third process is sclid phase fermentatlion (Gibbons and Westby,
1983b; Bryan and Parrish). This process is also used for starch contain-
ing roots and tubers and is described in the starch crop processing
section of this reporz. The only difference between processing starch
and sugar crops is chat there is no need for imoculating the pulp of
sugar crops with starch degrading micrcorganisms. Only sugar fermenting

mibrobes, such as Saccharomyces cereviside, are required. If dried bil-

lers sve used in the process, they zre first ground, and the resultant
2uln iz vehvdrared prier o ineeunlation.

Each of rhese processes are likely to produce ethamol and feed
byproduct from forage crops at lower cost and energy expenditures than
rthe sugsr cane refining process currently used. However, since these
DYoCesses are new, research is needed to optimize fermentation parameters

and fermentor design before commercial application can occuyr.
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. Roots and tubers (Jerusalem artichokes, sugar beets,
fodder beets)

As was the case with forage crops, the most common method for
producing ethanol from sugar coantaining root and tuber crops involves
fermentation of diffusion juice. Sugar beets or fodder beets, for
example, are siiced into cossettes and augered through a diffusion tube
against 2 flow of hot (70 to 80°C) water. The extracted sugar solution
exiting one end of the diffusor can be concentrated and then fermented
to ethancl, while the spent cossettes are used as livestock feed (USDA,
1980b). This process, however, is emergy, cost, and technology inten—
sive and therefore is mot practical for less developed and most developed
countries.

More promising conversion methods for developed and less developed
countries include the EX-FERM (Rolz, de Cabrera, and Garcia) and solid
phase fermentation (Gibbons and Westby, 1983b; Kirby and Mardon) pro-
cesses described previously for forage crops. These processes should be
more cost and energy efficient than the diffusiocn process. Rowever,
since they are still in the development phase, commercializaction has yet

£ ocour.



[

1¥. Econcmics of Producing Ethanol from Alternative Crops *

The preceding sections of this report have been concermed with the
physical and rechnical feasibility of producing fuel alcchel from alter-
native crops. Central to these analyses has been the examination of the
physical characteristics of each of the selected crops--their yields
under differeat climatic and soil conditions: the methods of planting,
harvesting, and storing each crop; and the nutrient and chemical content
of each crop which indicate those processing operations that are likely
to be successful in producing an acceptable yield of fuel aleohel.

Arthough determining the amount of alecohol that cam be produced is
a necessary step in selecting 3 feedstock for fuel alechel production,
ir is pot a sufficient step. To the technical feasibility amalysis of
growing a crop for fuel alcohel preduction must be added the economic
feasibility of such an undertaking. This section of the report seeks to
combine the physical parameters of crop production, storage, and proces—
sing into fuel alcohol with the cost parameters associated with each of
those production steps. The outcome should provide a basis for deter—
mining what crop or crope are suited for fuel alecohol production at
least cost in various less developed countries (LDCs) throughout the
world and in the Northern Plains of the U.S.

The crganizaciomal format of this seetion is similar to that of the
preceding secrions. The crops selected for asnalysis are divided isto
tNo groups-—SLarch crops snd sugar crops. From that peinmt om, each crop
is individually examined to determine crop prices or production and

narvescing costs, storage and processing costs, and byproduet credits.

B . s e -
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Where data permit. a range of cost estimates is provided for each crop
to reflect {1} whether or not a crop is irrigated, (2) production in
different climatic zones of the earth, and (3} differeat processing
technologies that may be used in developed countries versus technologies
that wmay be used in less developed commeries.

There are certain procedures that are used in this study to deter-
mine the costs of producing fuel alcohol regardless of the feadstock
being examined. The assumptions used with these procedures are stated
here to aveid repetitiveness throughout the remainder of the report.

One of these assumptions conzerns the cost of growing and harvesting
the basic feedstocks for alcohol production. Wherever adequate price
data are available, the cost is assumed to equal che average market
price of each commodiry, calculated over the years 1979 to 1981. The
base vear fur this study's anslyses is 1981. All cost data are adjusted
shrough the use of price indices te indicate their value in that year.

Marker price data for most of the crops being examined in this
report are swailable for the U.S5. and in many cases, for South Dakota.
Those crops for whick U.5. price data are aviilsble include comm, grain
sorghum, rice, potatess, Sugar came, Sugar beets, and sweet potatoes.
There are nor published, well-estublished market prices for cassava,
vams, sweet sorghum, fodder beets, or Jerusalem artichokes.

Theererically, the marker prices of commodities should reflect the
long-run roral cost of producicg, storing, and transporting those commod-
iries. TFirms producing fuel alcohol are competing with other users of
commocicties and, therefore, ¢an expect to pav market prices for the

feedstoCksS.
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Howewer, there are some problems with using mavket prices of commod-
ities for the assumed feedstock cost in alcohel productica--especially
for those commodities in which there is a limited market, such as pota-
toes, sugar beets, and sweet potatoes. Generally, the prices paid per
unit to farmers for these types of commodities are quite high relative
to other agriculturil crops. It is possible that zn expansion in the
supply of 2 particular commodity could lead te lower average per unit
production costs, and therefore lcwer prices (lower alcobol feedstock
cost) paid to producers (assuming a competitive market for that com-
sodity). It is alsc possible that higher prices will be required to
bring forth larger quantities of some feedstocks.

A second problem with using prices paid to farmers for commodities
to represent alcohol feedstock costs is that the markets from which
shese prices are taken may be distorted by govermment policies. These
distorrions may result from government subsidized price supports, govern-—
zent held commodity reserves, or restrictions om imports and exports of
commodiries. The larter distertiom is especiaily applicable to sugar
crops, borh in the U.S. and irn meny less developed countries.

The result of these distortions is oftem an artificially high price
paid for the affected commedities. This, in turm, has an adverse effect
on the economic feasibilicy of alcohol production from those commodities.
At present, these marker distortions are realities, but the eliminacion
of suck distortions is an area that policy makers may want to consider
when ewamining fuel alcohol production possibilities.

Published information on local commodiry prices for most developing

countries was not available to us as we carried out our economic analyses.
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Alsc not readily available were cost data for ceonstruction aad cperation
of Fuel alcohol plants im LDCs. This study takes two approaches as a
Tesult of these limitations.

First, in using crnomodity fsadstoc™ prices, we assume ne difference
in feedstock prices between LDCs and developed countries, except where
specific data indicate otherwise. Althougih there is likely to be a
guite different mix of ioputs for producing feedstocks in developed
countries compared to LDCs, there is mo a priori reason to necessarily
believe that the average cost per unit of feedstock will differ between
the rwo groups of countries,éf

The second approach pertaims te the cos: of processing feedstocks
into fuel alcohol. These costs are likely to differ between developed
and less developed counrries. Normally, it is assumed that LDCs will
subsricure labor for capital irems where it is possible, since LDCs have
2 relative abundance of labor cowpared to capital. However, this may
not be possible in fuel alecohol produstisn. To perform basic processes
of the industry requives 3 certain amount of capital construction.

Also, many of rhe people emploved in the alcohol plants need to be
trained in microhiclogy znd engireerimg at some minimum level.

For most feedstocks, thera are no published estimates of the cost
of procossing the commodisy inte fuel alcohel for LDCs. The World Bank

{(World Bavk, 19380) notes thar actual processing costs are going to be

country spacific. However, for purpeses of comparison, the Bank has

14 .
) ;fﬁowev T, beczuse agriculture is generally less efficient and lower
yielding in many LDCs, costs per unit of a commodity may be higher.
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divided countries into three categorizs: {1} low cost cornnitries, (2)
medium cost countries, and (3} high cost countries. These divisiuis are
based on countries’ domestic plamt comnstructicn capabilities. Brazili
was given as an example of a low cost country, whera alcohel plant
technology is well-developed. Medium cost countries, such as Thsilaand,
were assumed to have capital costs 257 higher than low cost countries,
and high cost countries, such as the Sudan, were assumed to have capital
¢costs 507 higher than medium cost countries.

In cases where there are no processing cost estimates for LDCs, we
wsed the World Banmk's criteric to make estimates. Conmsidering that
Brazil’s fuel alcohol production facilities are probably at least as
efficient as those of the developed natioms, the cost figures calculated
for the developed countries for each feedsrock have been assumed to
apply to LDC “low cost countries”. From this low cost basepoint, the
esrimaces for medium 2ud high cost LDCs have been derived.

Another fzctor that affects the total net cost of alcohol produc-
tion, and for which there is lictle information relating te LDC con-
dirioms, is the value assigned to the feed byproduct. In the U.S., the
byproducr from corn is used as a protein supplemer* in livestock rationms.
In this use, it has a relatively high value in comparison to the total
coscs of producing the alcohol. Im many LDCs, there is an absence of
large feedlots or livestock herds to which the byproduct can be fed.
Therefore, it may not have the value in LDCs thar it has in the U.S.
However, it is possible that the byproduct could be used in LDCs as
humsn food. Neo studies were found in which this possibility was ex-

plored a2nd, therefore, no value for the byproduct in that use is given



=102~
in this report. Instead, it is assuwesd that the byproduct credit given
for studies done im developed natioms will be applicable to LDCs, as
well.

One other assumption is made in this report in relation to the feed
byproduct credit. For some of the crops examined, there were no studies
found that made any estimate of the value of the feed byproduct in anmy
use. For those crops, it was assumed that their byproduct credit would
be directly related to their raw feedstock protein content per gallon of
2icohol. This content was compared to the protein per gallem of alcohel
produced from corn. The ratio computed in this comparison was thenm
pelsiplied by the value of the corn byproduct credit to establish a per
gallen byproduct credit for the other crops. This method provides only
2 very rough estimate of the byproduct value for certain crops. A
closer look at these crops as alcohol feedstocks would examine exact
protein conten: of each byproduct itself, as well as the exact amount of
byproduct produced in relationm to the amount of zlcohel produced.

We have not systematically treaced tramsportation and storage costs
for alrermarive feedstocks, although such costs may be implicitly in-
cluded ir some of the production costs and prices relied om. More
derailed analyses of individusl feedstocks would need to include careful
examinarions of those costs, however.

In contrast to previous sections of this report, in which metric
upits were used, the economics section is presented in United States
unirs. Costs are stated in U.S. dollars per gallon, for example.

Appnendix A of this report consists of a metric conversion table, for use
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by international audiences. Alsa, Appendix E contains the cost tolas

in ©¥.8. dollar per iiter tlerms.

&. Starch crops
The starch crops for which economic analyses were conducted are the
same as those discussed in previous sections. They include: (1) grain
sorghum, {2) cozn, (3) vice, (&} potatoces, (5) cassava, (6) sweet po-
ratoes, and (7} yams.
i. Crain sorghum
Twe fsctors are significant determinants of the econcmic feasibility
of using grain sorghum for fuel alcohol productiem. One is the alechol
vield cbtainable per unit of grain sorghum. The other is the per unit
cost of grain sorghum as a commodity.
In chis study, a 3~year average of grain sorghum prices received by
farmers in South Dakocta is assumed to represent the cost of sorghum for
alconol production in 1981 (che base vear). According to Agricultural

Prices Anpual Summary (USDA, 1980 ro 1982) this 3-year (1979 to 1981)

average price is $2.12/bushel.

There are a variery of estimates of alcehel yield from grain sorghum.
These range from 2.2 galloms of 200 preoef alcohol/bushel (SEIS) to 2.7
gallons of 200 proof alcohol/bushel (Eall). Using the price of grainm
sorghun given shove, feedstock costs for ethanel preduction can be
calculszed to range from $.79% to $.96/gallen.

The storage of grain sorghum and the procedures for processing it
inre fuel aleokol are generally the same as for corm. After being

stoved at 10 to 15% meisture, the grain sorghum is milled, gelantinized,
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liguified, saccharified, fermented, distilled, and the whole stillage is
centrifuged.

Two cost estimates for this processing have been obtained. The
first eztimate {(Mec and Sachs} breaks production costs down only by
fixed and variable costs. This estimate is for a plant producing 530,000
gallons of 190 proof alcohol/vear, assuming an interest rate of 15% for
amortization and for the cost of operating capital. Variable costs
{(including feedstocks, ner of the feed byproduct credit) were estimated
to be Sl.a7fgallon, and fixed costs were estimated to be $.62/gallem,
for a total annual cos:z of 32.0%/gallon of ethanol.

The second estimate (SEIS) placed teotal fixed and operating costs,
exclusive of the feedstock, at ¥#.6&/gallen in 2 plant producing 30
million galleons of 209 proof ethamol amnually. Adding this to the cost
of producing the grain sorghum in South Dakota ($.79 to $.96/gallon)
results in total ethanol production costs of $1.47 to $1.64/gallomn. The
author of this report estimates a byproduct credit of §.52/gallon.
Therefore, producrion costs of ethanol from grain sorghum net of the

feed byproduct range from $.95 to $1.12/zallon.

Thus, the erhangl production costs from grain sorghum in the Northern

Plains regicn is estimated to be as low as 5.95/gallon (with byproduct
credicr}, for a 50 milliom gallom of 200 sroof ethanol/year plant, and as
high as $2.0%/gallon {(with byproduct credit}, for a 50,000 gallon of 190
proof ethaneol/year plant. It should be noted, however, that neither
srudy was involved with the acrtual preduction of alcohol in a working
plant. Borh studies used cost datz from orher aralyses, as well as

potentisl aleohol yields, for their costs of production calculations.
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One other estimate of the cost of processir; grain serghum into
fael alcohol is provided from experiments at South Daketa State University
{HBoffman and Dobbs). This estimate has actually been made using cotn as
a2 feedstock, but the characteristics of graia sorghum are se similar o
corn that the same g uneral processing procedures can be assumed to
apply.

Th» South Dakots State University (Su5U) study examines amnual
fixed and operating costs for a plaat capable of producing 175,000
gallong of 185 proof alcohol/year. These costs totaled $.87/gslloz,
not including feedstock cost, but imcluding a $.30/gallon feed byproduct
credir. Adding on the feedstock cost of grain sorghum results in a
rotal cost of between $1.66/gallon and S1.83/gallom.

All of the cost estimates listed so far have referrved to alcohol
production iz the U.S. There were no dacta found that referred teo the
costs of producing fuel alcohol from grain sorghum in less developed
eountries. Therefore, the World Bank procedures were used to estimare
rhese costs.

Table 4-1 shows the range of costs estimated for three different
fyel alcohel plants in low, medium, 2ud high cost LDCs. Wete that "low
cost countries” cost estimates are the same as for developed countries
which were estimared esrlier. Ipherent ip this approach 1s the assump-
tion that grain sorghum as a feedsrock will ceost the same in LDCs as in
rhe Norrhern Plains region of the U.S.--52.12/bushel.

cosr estimazes for smell-scale plants in "low cost countries” range
from S1.66/gallon of 185 proeof alcobel produced in & 175,000 gallon/year

plani to $2.09/gailon of 190 proeof alcechel produced im s 50,000 gallon/vear
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Table &-3. Estimate of {osts of Producing Fuel Alcohel in LDCs and the
G.8. from Graip Sorghus.

Country ivpe Plant Azf Plant Bgf Plant Céf
$/gallon—————

Low Cost Countries

and the U.S. $2.09 $1.66 - $1.83 $ .95 - 81.12

Mediw Cost Countries $2.25 $1.76 - $1.91 $1.04 - §1.21

Bigh Cost Countries §2.64 $1.95 ~ §2.12 $1.26 -~ §1.43

Lipiant & is assumed to produce 50,000 gallons of 190 preoef alcohel annu-
allvy {Meo0 and Sachs).

Z'planc B is assumed to produce 175,000 gallons of 185 proof alcechol annu-
ally (Boffman and Dobbs). The range of costs represent a2 range in
per buskel alcohol yields, from 2.7 to 2.7 gallons/bushel (SEIS; Hall).

3prane € is assumed to produce 30 million galloms of 200 proof alcohol
sunually (SEIS). The range in costs represent a range in per busiel
alcohol vields, from 2.2 te 2.7 gallons/bushel (SEIS; Hall).




=107~
plant. Alcchol preduced o 2 50 million gallou/vear plant is estimated
ro cost much less. However, this report is primarily concerned with
srali-scale production levels.

“medium cost countries™ could expect cests of $L.74 to $1.91/gallon
and $2.25/gallon of 185 te 190 proof alcchol for the 175,000 gallon/year
.ad 50,000 gallonfyear plauts, respectively. For those same levels of
produ-tion, the "high cost sauntries” production cost estimates are
$1.95 to S2.6&fgalilon.

These cost figures may be scmewhal low becacuse they include a
credic for an animal feed byproduct. This credit may be harder to
justify in LDCs than in developed countries, given the absence of large
feedlors im LDCs that can handle a wet feed byproduct without extensive
rransporzasion OTr sTorage COsts. However, the credit might be appli-
cable if the bpyproduct is urilized as 2 human food.

2. Corm

1 the L.5., corn is the feedstock rhat has been most thoroughly
examined 3as a feedstock for producing fuel alcohol. With the rise fn
the price of perroleum fuels, a number of experimental and commercial
rlants have Sprung up ACTOSS the U.S. using corn as their basic imput.
4 number of estimates of alcohol yield, variable costs, and capital
cascs ave therefore available for alcohel preduction from corn.

is with grain sorghux. 3 market for core 1is well-established and,
hence, 3 marker price is ezsily derermined. This price is what fuel
aslechel producers cam expect to pay for corn feedstocks. TIn South
NDakots, the J-vear (1979 to 1981} average orice Earmers received for

corn was $Z.47/bushel (USDA, 1980 zo 1982).
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Alcobwl vield from corn will vary with the type of eperation aud
the proof beimg produced. Realistic yields are in the range of 2.4 ro
2.6 gallons of 183 to 200 proef ethanel/bushel of corn (Hoffman aund
Dobbs: SERL, 1980; USDA, 1980Cb). This translates inte an average raw
feedstock cost of $.93 to $1.01/gallon of alecohol produced, using 1979
ro 1981 South Dakota corn price data.

The processing of corn inte fuel alechol is & well-established
procedure. The corn is stored at about 157 meisture. Then it goes
through the steps of grinding, cooking, fermenting, distillisng, and
censrifuging.

There are NURErous estimates of the cost of processing comm into
fuel aleohol, but we cite only two studies here. The first study (Hoffman
and Debbs) was done st $DSU using data from the actual operatioa of an
experizental smail~scale dry =illing plant. Processing costs were
escimaced for this plaps at an assumed amnual production level of 175,000
zallons of 185 proof alechel., FProcessing costs for this plant were
$1.17/gallen, mot including feedstock cost. A byproduct credit of
$.30/gallon was estimated, leaving a net cost of $.87/gallen. The
inveres: raze used for amortizimg capital costs over their ¢conomic
liferimes was set atv 13k,

when the cast of the corn feedstock is added ro the other capital
and epersrirg costs estimate for the $DSU plame, the toral cest of
prodycing ethsmol from corn in South Dakots raoges from S1.80 to

$1,.88/galleon ..vzv/

2/ . Ry . , _ _
2 repse estinares differ slightly from those found in Hoffman and

Noblhs, due ro different sssumptions on cost of the feedstock and to dif-
ferent merkhods of accounting for the denafurant <Oost.
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The other study (SEIS) estimates the cost of producing fuel alcohel
t¢ pe 5.358f/gallea, not including feedstock costs. This is for a plant
producing 50 million gallons of 200 proof ethanol annually, using a 15%
interest rate to amortize capital costs. The SEIS study also estimates
a feed byproduct credit of $.38/gallcm of alcobel, thus leaving net
processing capital and operating costs, other than feedstock costs, at
¢.i0/gallos, or $.24/galion indexed to 1981.

Again, the total cost of alcobol production, after deducting for
the feed byproduct credit, is arrived at by adding feedstock costs
{previously calculated to be $.93 to $1.0l/gallonm) to $.24/gallon. This
results in total costs fer this very large plant in the range of $1.17
te $1.2%5/gallon of ethanol produced.

Bow do these alechol production costs from corn feedstock look in
less developed countries? As wich grain sorghum, the actual cost of the
fepdstock and the operatimg costs of alcohol plants are going to be
country specific. Net comsidering corn costs in specific LDCs ialthough
it is likely that cors is movre expensive in many LDCs), che operating
inpurs for alcohol plants and the plant tecbmologies used are assumed to
he similar in developed countries and LDCs. Fixed costs of capital
construction are factored upward, using rhe World Bank criteria refer-
emced earlier, te reflect likely levels of capital costs in low, medium,
and high cest LDCs. Total alecohol preduction costs in LDCs and in the
1.8, wirh corn as 3 feedstock are shown in Table 4-2.

If 3 50 million gallom/year plamt is built, alechol production

costs im a "low cost country” using corm as rthe feedstock could be as
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Table 6~2. Estimate of Costs of Producing Fuel Alcchol im LDCs and in
the U.S5. from Corm.

Country Iype Plant Aif Plant 5@!
———$fgallon-—m—

Low Cost Countries and

Medium Cost Countries $1.88 - 51.96 $1.26 - $1.34
Bigh Cost Countries $2.09 - §52.17 $1.48 ~ $1.56
x/

Plant A is assumed to produce 175,000 galloms of 185 proof alecohol
annually (Hoffman and Dobbs). The range in costs represent a3 range in
per bushel alcohol wield, from 2.4 to 2.6 gallons/bushel (Boffman and

Dobbs: SERI, 1980; USDA, 1980%).

2/
Plant B is assumed to produce 50 million galleons of 200 proof alcohel

aprually {SEIS). The range in costs represent a range in per bushel
alcohol yield, from 2.4 to 2.6 gallous/ bushel (Eoffman and Dobbs;
SERI, 1980; uUsSbha, 1980b).
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low as S1.17/gallion. With a smaller plant, producing enly 175,000
galions, the costs could be as high 2s $1.88/gallon in "low cost coun~
tries”.

Alcohol production costs in "medium cost countries” range from
$1.26/gallon in the largest plant te $§1.96/gallom in the smallest plant.
For "high cost countries”, this range is from $1.48 to $2.17/gallon.

As with grain sorghum, these cost estimates include a eredit for
the feed byproduct, which may not be as applicable to LDCs as it is teo
developed countries, unless the byproduct can be utilized as human food.

3. Rice

Rice is a commodity that is only grown in selected areas of the
©.5., and is not grown at all in South Dakota or the rest of the Northernm
Plains region. However, ri~e is the main crop in many LDCs located in
tropical or subtropical areas, TFor that reason, rice as an alcohol
feedstock is given some comsideration in this report.

The average price of rice received by U.S. farmers for the years
1979 <o 1981 was S10.78/cwt (USDA, 1980 to 1982). Average alcohel yield
from rice is about + galloms of 200 pruef alcohol/cwt (USDA, 1980&}.§f
Therefare, the fesdstock ceost to an alcohol producer using rice would be
quite high—about $2.70/gallen.

No srudies were found in which the costs of converting rice into
alcohal were reported. However, rhe processing of rice into alcohol

invelves the same basic steps as when corn is used as the feedstock.

3/vhe alcohel vield assumed here is at the lower end of the range
indicated in an eariier sectiop of this report.
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The capital and operating costs repo~ted in the SDSU fuel alechel study
should, therefore, be applicable. Since rice has a protein content per
gallon of alcchel mearly equal te that of corn, the feed byproduct credit
is assume” here to be the same for rice as for corn.

Using the SDSU data, costs of producing fuel alcohol from rice in a
175,000 gallon/vear plant would equal $1.17/gallen in processing costs
plus $2.70/gallon for feedstock costs. Assuming a feed byproduct credit
of $.30/gallon {as with corm)} results in a net total cost of $3.57/gal-
lon. This cost is quite high in comparison to the cost of gascline in
the §.S. and many other parts of the world.

Alcohol production costs from rice feedstocks in LDCs categorized
as low, medium, and high cost countries are shown in Table 4-3. A plant
of the size assumed here would have costs ranging from $3.57/gallon in
the U.35. and Iow cost LDCs to $3.86/gallon in high cost LDCs. In gen-
eral, alcobeol production from rice is “ikely to be much more expensive
than from corn or grain serghum.

4. Potatoes

Poraroes differ from the starch crops discussed so far in that the
starch is in the form of 2z tuber instead of a grain. As such, the pro~
cedure for processing potateoes into fuel aleohol differs somewhat from
that of rhe grains.

However, wher caleunlating per gallon feedstock costs, potatres re~
semble the grains in thar there is a well-established marker in the U.S.
for serareoes from which 3 marker price/zlecohol feedstock cost can be
seterxined. The avevrage price received by farmers for potatoes in the
vears of this study (1977 ko 1981) was $3.62/cwr (USDA, 1980 to 1982).

This price was for producers in South Dakers.
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tTable 4-3. Estimate of Costs of Producing Fuel Alcohel in LDCs and the
¢.5. from Rice.

Countrvy Type Alcohol ?lan:if
S$/gallom

Low Cost Countries anmd the U.S. §$3.57

Modium Cost Countries $3.65

High Cost Countries $3.86

1/

"~ Ihe plant is assumed to produce 175,000 gallons of 185 proof alcohol
annually (Hoffman and Dobbs) .
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Alcohol vield from potatoes has been estimated to range from 20
{Doney} tc 28 (Hanway and Harlon) galloas/toa. This breaks down to
between 1.0 and 1.4 gallons/cwt. At an avercge price of §3.62/cwt,
feedstock cest for alcchol made from potatoes would be betweenr $2.59 and
$3.62/galion.

There were no studies found in which potatoes were used as a feed-
stock for fuel alecohol production. The physical procedures for making
fuel alcohol {rom potatces would be the same as for the dry milling
process with corn, excep: for the first swo steps. For corn, these
steps ave to will and gelatinize the kernals, whereas for potatoes,
these steps would be to pulp the tubers and dilute them with water.

The major difference in producing alcohol from the two crops,

however, is that the beer from potatces has a lower alcohol content than

that from coran. Therefore, 2 larger volume of potato beer mus- be
manufactured and distilled per time period to attain the same output of
fuel alcohol as one would achieve using corn feedstock. Xt is estimated
{(roughly) that the processing of this larger volume of potato beer would
cawse an increase in operating costs of voughly 20% over that sf corn
bezar, for each gallom of aicokel produced.

Another difference in net production costs between the two feed-
stocks appears in the credit for the feed byproduct. The feed byproduct
credic for corm ($.30/gallon of alcohol) is largely due to the byproduct’s
high protein content, which makes it a good supplement in livestock
rations. Since potarces have about B5% of the protein content of corm
or a per gallon of alcohol basis (USDA, 1980k}, its feed byproduct
credit is assumed o be about 85% of that for corn--or $.26/gallon of

sicohel.
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with che basic procedures for manufacturing fuel alcotel from
potatoes being similar to those for corm, cme cam assume that the fixed
costs would be similar, also, while operating costs wauld be higher, as
described above. Using the SDSU data presented earlier for small-scale
fuel alcohol production from cornm, fixed costs for a 175,000 gallon/yeaxr
plant using potatoes are $.33/gallon. The addition of operating costs
and feedstock costs, under the assumptions stated, results in total
costs of between $3.93 and $4.96/gallon for a plant of this size. After
subtracting the byproduct credit of $.26/gallon, these costs are reduced
to between $3.67 and $4.70/gallon.

Using potatoes for alcohol production in LDCs would likely be at
least as costly as indicated by the figures above, and more costly in
certain countries. Table 4-4 shows these cost estimates for alcohol
plants located in LDCs categorized as low, medium, and high cost.

The lowest production costs shown in Table 4-4 are $3.67 to $4.70/
gallon. Costs rise as one looks at medium and high cost countries.
Production costs for “medium cost countries" ramge from $3.75 to $4.78/
gallon. For “high cost countries”, this range is from $3.96 to $4.99/
gallon.

As was the case with vice, the high cost of potatoes as a feedstock
causes fuel alcohol preduction costs to be quite high. This would seem
to eliminate potatoes as an economically wviable source of fuel alcchol
in many countries.

5. Cassava

There has been much written recently op the potential of using

cassava as a3 feedstock For fuel alcohol productionm. This has been due
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Table 4~G. Estimate of Costs of Producing Fuel Alcohol in LDCs and the
U.5. from Potatcss.

Country Type Alcohel ?lant—l—[

$fgallon
Low Cost Countries and the U.S. $3.67 - $4.70
Medium Cost Countries $3.75 « $4.78
High Cost Countries : $3.96 - $4.99
1/

" The plant is assumed to produce 175,000 galloms =f 185 proof aleohel
anaually (Hoffman and Dobbs). The range in costs represents a range
in per hundredweight aleohol yield, from 1 to 1.4 gallons/cwt (Doney;
Hanway and Harlom).
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to the reported adaptability of cassava to many climates and soil types.
This adaptability has fostered the idea that cassava can be grown ont
marginal lands not vet in food production. Therefore, it might be
argued that it could be grown specifically for fuel and met crowd out
land used to grow food crops.

This idea may well have merit in LDCs, since, at present, nearly
all of the world's cassava production takes place in those countries
(FAO, 1981a). However, in at least some LDCs, cassava is ome of the
wain food staples.

Because cassava is not grown in the U.S.. there is no market price
to indicate the cost of cassava as an input into the alcohol production
process. However, there are several articles in which the cost of ub-
taining the raw cassava has been estimated.

The first article (Florida Engineering Society) comtains some facts
on cassava and its potential as arn alcohol fuel crop in Florida. The
arricle states that (at that time, July 1979) Brazil had opeasd a 60,000
1/day alcobol fuel plant using cassava as 3 feedstock. The cassava
roots were reported to cost $14.85/tom. Total costs of producing alcohol
were estimated to be S$l.43/gallon. Indexed to 1981, these cost. become
$17.52/ton of cassava and $1.60/gallon of alcohol.

Costs of growing cassava in the Philippines were reported in a 1981
study completed by the Institute of Energy Economics of Japan. According
ro this study, the cost of planting, harvesting, and transporting cassava
to place of storage was $13.64/tom.

A study by MeClure and Lipinsky estimated the cost of growing

cassava in Brazil to he $7.78/ton in 1971. Through indexing, this
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cest is converted o be $20.23/tom in 1981 costs. The McClure-Lipinsky
study did not give any total cost figures for alcohol production from
CASSAVE .

An article by Cecelski and Ramsay drew ou data from other sources
in estimating costs of ethanol production Sfrow various feedstocks.
Cassava as 3 feedstock was estimated to cost $.87/gallon of ethanmol
produced. In additionm, capital and non-feedstock operating costs equaled
$.63/gallon. A 5.06/gallon feed byproduct credit was estimated, leaving
2 total pet production cost of $1.44/gallon of alcohol produced. These
cost data were in 1975 dollars, and would be equal te $1.42/gallon for
the cassava feedstock, $.85/gallon in processing ceosts, and $.08/gallom
for the feed byproduct credic in 1981 dollars. Thus, net production
costs in 1981 dollars would be $2.19/gallon.

In none of the sbove studies was the alcohol vield per unit of
<assava neted, although it was implied in the Florida Engineering Society
article. 7Two other studies do make guch estimates, however. These
estimares range from 37.3 galleons of alcohol/ton of cassava (Ueda, et
al.) to 43.2 gallons/ton (Kosaric, et al.). Combining these alcohol
yvield estimates with the cost estimates for growing cassava for alcchol
production from the Florida study, the Japanese study, and the McClure~
Lipinsky study results im a ramge of cassava feedstock costs of from |
$.32 to 5.5 /gallon of alcohel (in 1981 rerms}. By comparison, the
Cecelski~Ramsay study put cassava fzedstock costs at $1.42/gallon (ad-
justed to 1981 prices), but that study did not stare the assumptions

zbout either per unir raw cassava cosr or gleohol vield frem cassava.
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Table &4~5 combines the data on alcohol production from cassava
according to the gemeral range of cost estimates for the preocess. As
with the other feedstocks discussed previocusly, the cost estimates for
" ow cost countries" represent estimated costs for aleohol production
from caseava for both lew cost LDCs and the U.S. The "medfum” and
"high™ cost country estimates refer o the LDCs.

As can be seen in Table 4-3, the cost estimates for producing fuel
aleohol from cassava iook quite favorable in plaat A in comparison to
other feedstocks examined so far. Per gallon costs range from ooly
$1.09/galion im ™low cust countries” to a nigh of $2.54/gallon in "high
cost countries”.

Plant B shows the cost of producing fuel alcobel in a plant that
produces 175,000 gallons of 185 proof alcohol annually. The processing
costs for this plant are takez from the SDSU study referred to in the
previeus analyses of other starch feedstocks. Although the SDSU plant
vas designed to dry mill corn feedstock, the same general equipment and
procedures could be used in handling cassava, except for the infitial
feedstock preparation step. For ¢orm, this was milling and gelatinizing,
while for cassava, the initial preparatiom step would be r- zut, pulp,
and mix with water. Therefore, no significant difference would be
expected in the level of fixed costs for a small plant using cassava as
2 Feedsrock compared to one using corn. However, some differences in
cperating costs would be expected.

is wss rhe case with potatoes, beer made from cassava kas a lower
alcohol content than beer made from corn. This means processing a

larger v- ome of cassava beer LoIpgred to corm keer to reach an equal

[
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Table 4~3. Estimate of Costs of Producing Fuel Alcohol in LDCs and the
.5, from Cassava.

1/

Countty Iype Piant &~ Plaat Bgf
wrman [ @3 LL Ot
Low Cost Countries and
the ¥.5. $1.09 - $2.19 $1.58 -~ $1.80
Mediuzm Cust Countries $I.%% -« $2.29 $1.66 - $1.88
Eigh Cost Countries S1.44 - $2.54 $1.87 - $2.09

i/

= +he fixed and varisble costs (other tham feedstock cost) makinmg up
rhis cost estimate are for a plant of unspecified size producing alcohol
chat is assumed to be 200 proof (Cecelski and Rameay). The range in
costs represent a range in per tom alcohol yield of 37.3 te 43.3 gallons
(Ueda, et al.: Kesaric, et al.). The range in per gallom costs is alse
affected by Jifferent raw cassava cost estimates. 7These range from
$1.42/gallon {(for feedstock alone) (Cecelski and Ramsay) to per tom of
fspdatock estimates of $13.64 co $20.28 (Institute of Energy Economics
of Japan; McClure and Lipinsky). An $.08/gallon byproduct credit is
assumed (McClure and Lipinsky).

2/
Plsnc B is assumed to produce 173,000 gallon of 185 proef alccheol
songally (Hoffman and Dobbs}. The range in per galloem costs is due to
3 raege in per tom of feedstock alcohol vield of 37.3 to 43.3 gallons
{eda, ot al.; XKosaric, et al.). The range in per gallon costs is also
sffecced by & range of raw cassava cost estimates of $13.64 to $20.23/com
(Institute of Emcoygvy Economics of Japan; MeClure and Lipinsky). An
$.08/gallon myproduct credit is assumed (McClure and Lipinsky).
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annual alcohol output. The handlicg and processing of this larger
volume is assumed o cause a 20% facrease in operating costs per gallon
of alcohel produced from cassava beer over the operating costs per
gallon of alcohcl produced from cora beer, Taking this into account,
total production costs in plant B were estimated to range from a low of
$1.56/ galleon of alechol in "low cost countries” to a high of $2.09/gallom
for alecohol produced in "high cost countries™.

There is potential for reducing the cost of the raw cassava feedstock,
if vregsarch on the crop is expanded. Up to mow, there has been very
litgle production of cassava in developed countTies.

In 1LDCs., there is competition for cassava as a foodstuff. However,
it may be pessible to have expanded production of cassava ¢on marginal
lands sot pow being used intemsively for food productiom. The better
jand could then be reserved for other crops such as corm, wheat, rice,
etc.

6. Sweetf potatoes

Sweer potatoes, Like most tubers, are most comonly used as a
souree of mumman foed, It is 3 commen food in many less developed coun-
tries, where 987 of the world's producsion takes place (FAQ, 198la).
However, there are enough sweet potatoes grown in the southeastern U.S.
for 3 [.5. sweer potato marker to exist. The average price U.S. farmers
received for sweet petatces from 1979 through 1981 was §12.07/cwt.

{TSDA, 1980 o 1982).

Ar that price, and given the facr thar between 1.71 and 2.33 gallons

of slecchol ean he produced from cach 100 pounds of sweet potatoes (UEDA,

1980b; "Production Per Acre Equatien”}, the alcohel feedstock costc
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from sweet potatces would be between $5.18 and $7.06/gallon. The protein
content per gallom of alcohel of sweet potatoes is about 39% of that of
corn {USDA, 1980%). Therefore, the feed byproduct credit is assumed to
egual 39 % of that of corm, or about §.1Z/gallon of alcohol.

Thus, even after adiustianz for the byproduct credit, the alcohol
feedstock cost using swect Dotatoes grown in the U.S. would be very
high., However, a study dooe by the Institute of Energy Economics in

Japan estimates the cost of growing sweet potatoes in the Philip-

pines to be much lower than the price paid for them in the U.S. This
gost wag estimated o be $25.40/con, or only $.82/cwt. The market price
for sweet potatoes in the Philippines was not stated, but if it were to
reflect the cests of growing the sweet potatoes, then the price an

alcohel producer would expeer te pay for sweet potato feedstock would be
around 5.82/cwt. This would be equivalent fo between §.35 and $.50/gallon
of zlecobol produced.

In Table 4~6, the sweet potate feedstock costs have been combined
with the processing costs of the aforementioned SDSU alcohel plant,
which has an annual eurpur of 175,000 gallons. Sweet potatoes would be
processed in the same manner as the orher tubers discussed (déry milled)
and, therefore, the assumptions concerning fixed and variable costs
associared with the processing @f'pacatoes gnd cassava are also applied
here,

The lowest production cest shown in Tuble 4-6 is $1,.57/gallon.

This figure represents production costs for “low cost™ LDCs and for the
.5, umeer rhe assumption *har rhe cost of growing sweer potarces in the

Philippines accurately reflects the price am alcobol producer would pay
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Tahle 4~6. Estimate of Costs of Producing Fuel Alcohol in LICs and the

1.5, from Sweet Potaltoes.

r
Country Type Aicohol Plantzf
$/gallon
Low Cost Countries and the U.S. $1.57 - $8.28
Medium Cost Countries $1.65 ~ $8.36
Bigh Cost Countzies $1.86 ~ $8.57
1/

The plant is assumed to produce 175,000 gallons of 185 proef alcchol
annually (Hoffman and Dobbs). The racge in ver gallon costs represent
a range in alcohol yields pei hundredweight of feedstock of 1.71 to

2,33 gallens (USDA, 1980b; Researchers Analyze Ethamcl Production
Costs}. The per gallon costs are also affected by the difference in
assumed feedstock cost between the U.S. market price, which is $12.07/
ewt (USDA, 1980 to 1982), and the cost of growing sweet potatoes in cthe
Philippines, which is §5.82/cwt (Institute of Energy Economics in Japan).
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for sweet potato feedstock. The $1.57 estimate includes a $.12Z2/gallon
food byproduct credit. However, if the alcohol producer were to pay U.S.
zarket prices for sweet potatoes, then alcohol fuel production costs
could be as high as $8.2%/gallon. For "medium cost countries” and "high
cost countries”, the ramzes in per gallom alcohol production costs are
$1.63 to $8.36 and $1.86 to S$8.57, respectively.

As with rice and potatces, the high cost of procuring the raw sweet
potatoes renders the use of sweet potatoes for alcohol production econ=-
omically unsatisfactery in the U.S. in comparison to other, less expensive
feedstocks. However, there appears to be the possibility of paying a
much lower price Ior sweer potatoes in at least some countries-—-as
evidenced by the Philippines data. If so, alcohol production from sweet
potatees could be cost compecitive with productionm from other crops in
$0Be C35e3.

7. Yams

At present, litrle informacion is available concerning the production
of fuel aleohel from vams. In 1978, seome 21.5 million merric tons of

vams vere grown in LICs {(Goering). However, no informarion was found
concerning the selling price of vams, the cost of growing vems, or the
cost of processing yams into alechel. Some data on crop yields zud
possible alecokel vields per ron of vams were cited in an earlier section
¢f this reper:.

Since vams have nutrient charascteristics similar to sweet potatees
and are siso used for human food conmsuptionm, it is probable that the

per unic cost of yams to the zicohel producer would be similar to that

of sweer potarves. [f so, the findings for sweer potatoes may have some
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relevance for yams, as well. We did oete in an earlier section, however,
that the alcchol vield per tom of feedstock may be lower for yams than

for sweet potatees.

B. Sugar crops

The use of sugar crops for processing inte alcohol has one potentisl
advantage over the use of starch crops in that the cooking stage used to
couvert starch into sugar for fermemtation can be eliminatad. As with
the starch crops, however, the two most important factors in terms of
sconomic feasibility continue to be the raw feedstock cost and the per
unit alcobol vield from the feedstock. The following section provides
an examinztion of these factors and total alcohol fuel production costs
for producers in che U.S. and in LDCs for five sugar crops: (1) sugar
cane, (2) sweet sorghum, (3) sugar beets, (4) fodder beets, and (3)
Jerusalem artichokes.

1. Sugar cane

Sugar cane is comsidered to be, potentially, ome of the best _cedstocks
for fuel alcohol productien, particularly im tropical and subtropical
regions where per hectare yvields are high. In fact, Brazil has made
slcohol preduction from sugar cane 3 part of govermment policy which has
heen pursued since 1975 (Roy). BNumerous analyses concerning the cost of
producing fuel alcohol from suger cane have been done. Because there
has been 3 relarively large amount of research dome with sugar cane, and
necause sugar came is not adapted ro growth in the Norchern Plains
region of the U.S., this report will enmly briefly summarize the results

of a few of these studies.
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wgeT czne feedstock costs per gallom of alcchol produced are

dependent on i market price of sugar cane and ou the alcchel vield

K
@

ugar car=. Estimated vields of alcohel from sugar came vary
according to the source, but are in the general range of 15 (Bagbey) to

rn

20 galions {(Kzwpen)}/ton.

ke U.5. market price for sugar cane experienced some fluctuation
from 19/% tayough 1981, bur showed an overall average of $29.80/tom for
that time perfod (USDA, 1980 to 1982). Using the above alcohol yields,
this translates into a feedstock cost of $1.49 to $1.99/gallon of alcohol
produced. This ignores, for the moment, any byproduct credit. That
feedstock cost 18 used in our analysis; however, some sources have noted
thar che U.S. price is somewhat higher than the world price (Roy) and,
therefore, that sugar cane feedstock costs may be lower in some LDCs.

Estizmates of the cost of processing sugar came into alcohol can be
found in several sources. Im a study using 1977 data for U.S. sugar
cane production, James estimated this cost to be $.61/gallon, which is
$.82/gallon if adjusted to 1981 price levels. Combining feedstock costs
with processing costs results in total costs of between $2.31 and
$2.81/gallon. %o mention was made of 2 credit for bagasse or for any
feed byproduct.

Another study (Celis E., et 21.) estimared the cost of producing
anhvdrous alcobol in Costs Riea to be approximately $1.96/gallon (ad-
justed to 1381 dollars). BHydrous alcohol costs were estimated to be ®
51.80/gallen (in 1981 dollars). Of that total cost, the sugar cane
feedstock was estimated ro be $1.03/gallon of anhydrous alcohol and

$.97/gallon of hydrous alcohol. Credits for bagasse or feed byproducts L4

vere not ipcluded in the Celis U,, et zl. estimates.
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Cecelski and Ramsay provide three cest estimates of producing alco-
hol from sugar cane. Their figures are presented in 1975 dellars, which
have been couverted to 1981 dollars, by indexing, in this report. The
first estimate put processing costs {capital and operating costs not

including feedstock cost. but including bagasse credit) at $.54/gallon.

A byproduct credit of $.08/gallom was provided for, also. The addition
of our assumed cane feedstock costs based on U.S. market prices would
resuit in total costs of $1.95 te $2.45/gallon of alcohol produced,
2fter adjusting for the $.08 credit.

The second Cecelski and Ramsay estimate indicated processing costs
of $.88/gallon. An $.08/gallon byproduct credit was again also assumed.
Thus total costs, including raw feedstocks at U.S. prices, would be in
the range of $2.29 te $2.79/gallon using these data.

Processing costs using sugar cane feedstock were estimated to be
$.80/gallon of aicohol in the third Cecelski and Ramsav estimate. No
bvproduct credit was assumed In this third instance. Therefore, the
total costs of purchasing sugar came at U.S. prices and processing it
into alcohol using this processing cost estimate would be between $2.29
and $2.79/gallon of zlcohol.

The last study reviewed used 1978 cost estimates (SEIS). These
estimares, updated ro 1981, showed processing costs of converting sugar
cane inre 190 proof alcohol to be $1.07/gallop-~including a credit for
bagasse as boiler fuel. T .¢ suthors assumed that the plant would produce
25 million gallons of ethanol anmnmually. Total production costs for this

nlant, including feedstock costs, would equal $2.56 to $3.06/gallon of

alcohel.
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Table 4~7 shows the results of each of the previcus studies, for
comparison purposes. The "low cost countries” cost estimates represent
expected costs in both the U.3. and Iin LDCs with well-developed fuel
alcohol production technologies. .

The data in Table 4~7 indicate that alcohol production costs from
sugar cane feedstock are relatively high in comparison to certain cother
feedstocks. The lowest cost estimates for the U.S. and "low cost" LDCs
range from S51.80 ro $3.06/gallon, depending on alcohol yield and on type
or size of plant from which the estimate is taken. For “high cost”
LDCs, these estimates are as high as $3.63/gailon. The reason for the
relatively high production costs iz primarily the high sugar cane feed-
3tock cost., However, as noted in the Costa Rican study, sugar cane
feedstock costcs may be lower in some LDCs than is reflected in most of
Table 4-7. The Costa Rican feedstock cost is included in Plant B of
Table 4-7, whereas U.5. sugar cane prices are raflected in the other
cost dara conrained in thar table.

2. Sweer sorghunm

Sweet sorghum bas been produced in the U.S. on 2 limited scale for
production of table syrup but has recently come under examination as a
porencial feedstock for fuel alecchel production (SERI, 1982). Because
such 2 small amount of sweet sorghum is produced in the E;S., litele
data concerning zlcohol vield from sweer sorghum or the cost of pro-
ducing sweet sorghun are available. No major markets exist for sweet
serghue frow which a2n estzblished price can be derived to determine

sweet serghum feedsteck gosts.



Table 4~7, Estimate of Costs of Productisg Fuel Alcohol in Li(a and the V.8, frem Suger cona.

Country Type Plant Aéj Plant g%{f Flant 03! pisnt o4/ _Plant pd/ Piant pd/
' -au--sfgallonzlw----
Low Cost Countrics ’
and V.8, $2.31 ~ 52,81 §1.80 - $1.96 $1.95 - §$2,45 $2.29 - §2,79 $2.29 ~ 62,79 $2.36 - $3.06
Yedium Cost Countries —— — $2.01 = §2.51 §2.45 - $2.95 §2.43 - 2,93 92.72 - §3.22
High Cost Countries e —— $2.16 - 52,66 $2.85 - $3.35 $2.79 - §3.29 $3.1) - $3.63

Ype plant size and the proof of alcohol were not given. ¥o hyprﬁﬁuct credit was given. Estimates for madium
and high cost LDCs conld not be made because total costs were not broken down into fixed and variable conts
{James), '

EjTha plant sieze was not given. The $1.80 figure refers to hydrous alcohol, while the $1.96 ftgure refers to
suhydrous alcohol. Estimates fov wedium and high cost LUCs could not be wada becsuse total coats were not
broken down inte fixed and variable costs. No byproduct credit was ircluded. Peedotock costs were §1.03/
gallon For anhydrous mlcohol and $.97/gallon {or hydroua alcohol and represent sugar cane feedezock grown in
Costa Rica (Celis V., st al.).

lfThe plant size and the proof of alcohol ware not given (Cecelski and Ramsay). A credit for bagasne
vas included in net costs, but the amount was unapecified, A byproduct credit of $.08/gallon was
also included, . :

ﬁIThe plant sire and the proof of slcohol were not given (Cercelski and Ramsay). A credit for hagasse
vas included fn net costs, but the amount was unspecified. A byproduct cvedit of §.08/gellon was
aleo inclnded.

éfThe plant size and the proof of alcohol were not given {Ceceleki and Ramsay). A cvedit for bagasse
was included in net costs, but the amount was unspecified. A byproduct credit of $.08/gallon was
also ipcluded, .

QjPlant F ia assumed to produce 25 miliion gallons of 190 ptnot'annually (SEI18). An $.11/gallon credit for
bagasse was included.

e range in costs for each plant, except Plant L, reprasents a range in per ton alcohel yield of between
15 and 20 gallons (Bagbey; Kampen), Per ton rost i based on the U.5. sugar cene mavket for all plants
except Plant B. o

-671-



130~

Most available studies estimating alcohol yield from sweet scrghum
are based largeliy on theory, and the toansge vields of sweet sorghum are
based primarily oa experiment plots. Estimated alcohel yvields from
sweet sorghum can range from 194 (McClure aad Lipinsky) to 654 (Ricard,
Martin, and Cochran) galloms/acre.®/

Per acre costs of producing sweet sorghum have been derivzd here
from several sources. A California study (Hills, et al., 1983) estimated
irrigated sweet sorghum production costs to be $789/acre, imcluding a
$50/acre return to the farmer. That study estimated alcohel yields of
between 435 aand 577 galloms/acre, which translated into a sweet sorghum
feedstock cost of between $1.37 and $1.81/gallon of alcohol.

4 study reviewed in the CRC Haudbook of Biosolar Resources (McClure

and Lipinsky) estimated 1978 dryland sweet scrghum production costs for
the midwestern '.S. to be approximately $347/acre. Indexed to 1981,
these productioa costs would be $4753/acre. In the study referred to,
sweet sorghum yield was appreoximately 19.4 tons of stali/acre. Assuming
an aleohol yield of 10 gallons/ton of stalk (the same yield reported in
1983 by Hills, et al.} sweet sorghum feedstock costs per gallon of
alcohol produced wouid be $2.45.

Two other studies examined the total costs of processing sweet
sorghum inte fuel alcohol. The first study, by Meo and Sachs, used 1980
to 1981 secondary datz to estimate alcohol production costs from irri-
gared sweet sorghum ip California. They assumed an alcohol plant which

would produce 50,000 gallons of 190 proof zlcohol ammually. Using a 15%

5ftbe kigh end of this range exceeds the high end of the probable

range cited earlier in this report.
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amortization rate for capital equipwent, they estimated total preductionm
costs (including feedstock) of $1.65/galion of alcohol. This included a
$.14/gallon credit for the feed byproduct. The sweet sorghun yield per
acve, alcohel yield per tonm of sweet sorghum, and the per acre cost of
producing sweet sorghum were not given.

The other amai.sis {SELIS) assumed an alcohol planmt producing 50
@ilifon gallons of 200 proof alcohol amaually using both sweet sorghum
and corn as feedstocks. Although not mentioned in tae other studies,
another feedstock may have to be used in conjunction with sweet sorghum
in many regions in order to keep the alcchol plant in operation over a
substantial portion of the vear. There are some difficulties in
storing sweet sorghum for lengthy time periods.

The SEIS study does, however, estimate total processing coste for
an alcobcl plant using sugar crops only. These costs, not including
feedstock cost, were $.40 to $.73/gallom of alcohol in 1978, including a
$.09/gallon credit for the use of the bagasse as boiler fuel. Om a 1981
basis, these costs would be $.50 to $.90/zallon, net of an $.11/gallon
bagasse credft,

Swzet sorghum feedstock costs vary according to geograph.c area and
according to whether or mot irrvigation is used. Using the range of
feedsteck costs already cited ($1.37 to $2.45/gallon), total alcohol
productior costs, based on the SEIS processing cost data, would be
between $1.87 and $3.33/gzallen.

Data from tne previously cited SDSU study can also be used to
estimare the ceost of converting sweet sorghum into fuel alcobol. The

SDSU plapr was built to urilize starch feedstoeks, especially corn, in a
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dry milling process. However, with some adjustments in the physical
plant and in operating procedures, it is possible that sugar crops could
alsc be processed in that type of facility.

When using sugar crops such as sweet sorghum, some new capital
equipment wight be needed to chop the sweet sorghum into pieces. However,
the need for a hamwermill may be elimimated. Similarly, sugar crop
conversion to aicohol might require z different fermentor (f.e., solid
phase or coatimuous diffusieon), however, some of the fermentarion tanks
used for corn would possibiy not be needed. Because of these and other
unkaown, but possibly offsetting, differences im plant structure and
costs, we assume first that the costs of processing corn into alcchel
{not including feedstock c¢ost) in a plamt similar to that at SDSU would
slso apply te the cost of processing sw 't sorghum and other sugar crops
into aleohol.3/

Processing cost data from the SDSU research were available for a
plant thar couwld theoretically preoduce 175,000 gallons of 185 proof
alcohel annuaily. The processing costs from this plant were estimated to
be S$i.17/gallen of alcohel (Hoffman and Dobbs). Combining this with our
estinated sweet sorghum feedstock costs of $1.37 to $2.45/gallon results
in rotal costs of $2.54 re $3.62/gallon. However, a byproduct credit of
$.12/gallon is alseo assumed, thereby reducing per gallon costs of alcohol

made fyo~ sweet sorghum in such a plant to from $2.42 o 53.50.éf

§}?he SDSU plant dara were not applied to zlcohol production from
sugar cane because of the large amount of research already completed for
that feedstock.

5/7ne $.12/gallon credit is an average of the $.11/gallon credit
found in the ZEIS study and the $.14/gallon credit found in the Meo and
Sachs scudy.
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A summary of the range of costs reported in these studies is pre—
sented in Table 4~8, The lowest cost estimates of $1.63 to $3.50/gallon
represent costs of alcchel production from sweet sorghum in the U.S. and
ja "low cost” LDCs. ™High cost country" alechol producers could expect
production costs in the range of $2.18 to $4.06/gallon.

Wwhether estimates are on the lower or the upper end of the range
depends primarily on the sweet sorghum feedstock cost, which, in turm,
depends a great deal on geographic location and irrigation usage.
Higher raw sweet sorghum yields were reported for producers climate of
Califoraia who used irrigation than for midwestern U.S. sweet sorghnmm
producers not using irrigation. The higher yields corresponded with
lower per unit sweet sorghum productiom costs, which, in turn, provided
for a lower feedstock cost per gallom of alcohol. It should be noted,
however, that most sweet sorghum yield data are from experiments. Much
research remains te be done to determine sweet sorghum yields under
different soil and climatic conditions. Methods of harvesting, storiﬁg,
and processing sweet sorghhm also need further evaluation before the
economic feasibility of processing sweet sorghum into alcohol can be
ascertained with confidence.

Some recent, unpublished work dome at SDSU resulted in preliminary
estimates of about $1.80/gallon in costs for producing alcohol from
sweet serghum in 2 small-scale plant. More detailed research is needed,
however.

3. Sugar beets
The sugar beer is 2 crop already grown in the midwestern region eof

the 1.$. for crystal sugar preduction. 1Its high sugar content also
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Table 4-8. Estimate of Costs of Producing Fuel Alcohol in LDCs and the
0.S. from Sweet Sorghum.

Country Type " Plame a¥ Plant 32/ Plant ¢/
emm—=$/gallon:
Low Cost Countries
and the U.S. $1.65 $1.87 ~ $3.35 $2.42 - $3.50
Medium Cost Couantries $1.80 $1.97 - $3.55 $2.50 - $3.58
High Cost Countries $2.18 $2.23 - $4.06 $2.71 - §3.79

lj?lan: A is assumed to produce 50,000 gallons of 190 proof alcohol annu—
ally. The sweet sorghum yields were attained under irrigation in
California. The authors did not explicitly state the yields and growing
costs for sweet sorghnum (Meo and Sachs).

E!Plant B is assumed to produce 50 million gallous of 200 proof alcohol
apnually. 4o $.11l/gailon credit for bagasse is included (SEIS). The
range in cost estimates is due to differemt sweet sorghum yvields and
production costs under two different circumstances. The lowest cost
estimate comes from sweet sorghum grown in California using irrigation.
The cost of growing sweet sorghum there was estimated to be $789/acre,
with an alecohol vield ranging from 435 to 577 gallons/acre (Hills, et
al., 1983). The highest cost estimate for growing sweet sorghum comes
from sweet sorghum grown in the midwestern U.S. without irrigatiom. Per
acre costs were estimated to be $475/acre (McClure and Lipinsky). Alcohol
yield was assumed to be 10 gallons/tom of stalk or 194 gallons/acre
(Hills, et al., 1983). Fixed costs of’ the alcohol plant also ranged from
$.41/gallons to $.8l/gallons (SEIS).

éjPlanz C is assumed to produce 175,000 galloms of 185 proof alcohel annu-
ally (Boffman and Dobbs). The range ip cost estimates is due to the
range in estimates of sweet sorghum production costs per acre, from
$475 co 375%/acre, with alcohol yields varying from 134 to 577 gallons/
acre for each cost, respectively (McClure and Lipimsky; Hills, et al.,
1983). A $.12/gallon credit for bagasse was assumed (SEIS; Meo and
Sachs).
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wakes it 3 potential feedstock for fuel aleohel pruduction. The sugar
beet differs from sugar came aud sweet sorghum in that its sugar is
stored in roots instead of im stalks. This means that the inmitial
sreparation stages for couverting sugarbeets iate alcobol will differ
from those used in preparstion of stalk sugar crops. However, we assume
here that these differences in preparatiom do not cause major differences
between the costs of processing sugar tubers into aleochol and the costs
of processing sugar stalks iato alcohol.

The cost of sugar beet feedstock to the alcohol producer fs assumed
sgual to the price sugar beet farmers receive frou raw sugar manufacturers.
The average sugar beet price in the U.S. from 1979 though 1981 was
£36.77/ton (USDA, 1980 to 1982).

Alceohol vields from sugarbeets have been estimated to be between
20.3 (SERI, 1980) and 27 (Hanway and Harlou) galloms/tom. Therefore,
sugar beer feedstock cost, assuming a price of $36.77/ten of sugar
beers, would he in the range of 51.36 go $1.8l/gallon of alcohel
produced.

The costs of processing sugar beets inteo fuel alcohol have been
estimated in ar least tweo studies. Domey put processing costs at
$.60/zallon of alcohel in 1979, with a feed byproduct credir of $.25/gal~
lan. Iz 198} dollars, this processing cost would be $.67/gsllon, and
the feed byproduct credir would be $.28/gallon. Tetal costs of producing
alcobol from sugar beets using data from che Doney study would range
from $1.7% ro $2.20/gallon when feedstock costs net of the feed byproduct

credic 3re added ro the cther fixed and operation Costs.
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in another ztudy (Galliam), the cost of cenverting sugar beets o
aloohol was also estioated to be $.60fgallon in 1979, The feed byproduct
credit, however, was only §.1i/gallen in that study. After adding in
feedstock costs, total alcohol production costs net of the feed byproduct
credgit in that study were between $1.91 and $2.36/gallon of alecohol, in
198t dollars.

Processing costs for comverting sugar beets to alcoliol were alse
derived from the SDSU study (based on corn) menticned in the sweet
sorghon section. The operating procedures and capital equipment of the
alcohwl plant described in the SISU stwdy would need to be adiusted to
handle sugar beets, but we assume here that ne significant changes in
eperating or eapital costs would be involved.

The SDSU alceohol plant (producing 175,000 gallons of 185 proef
aleohol anpuslly) bad a~.awal fixed and operating costs, not including
feedstock costs, of 51.17/gallen. With sugar beer feedstock costs of
berween $1.36 and 51.81/gallen, teotal costs for this size and type of
aleohel plant weuld be berween $2.53 and $2.98/gallon. Assuming 2
byproduct credir of S.Zﬂfgallapzf* total costs net of the byproduct
credic would ke from $2.33 to $2.78/gallen.

The cost dara presented in rhis discussion have been condensed into
the first row of Table 4~9, and are assumed to apply te aleohol production
in the U.5. and "low cost” LDCs. Where fixed cost data existed, esti-
zares of these costs were made for aleobol plants located in "medium

¥ ox

cost” and "high cost™ LDCs, ss well.

lf?he $.20/gallon figure is the average of the sugar beet byproduct

sredics shown in che Doney and Callian studies.
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Table 4-9. Estimate of Cests of Producing Fuel Alcohel in LICs and the
¥.5. from Sugar Beets.

Country Type Plant at/ Plant Bgf Plant GE!
$/gallon—ww—
Low Cost Countries :
and the 9.S. $1.75 - $2.2 $1.91 - $2.36 $2.33 - §2.78
Medium Cost Countries — — $2.41 - $2.86
High Cost Countries — —_—— $2.62 - $3.07

Ailthe annual output and alcchol proof of plant A is unknown {Doney). The
range is due to a range in per ton alcohol yield estimates of between
20.3 (SERYI, 1980) and 27 (Hanway and Harlom) gallons/ton. Processing
costs were not broken down into fixed and variable costs; therefore,
esrimates for mediim and high cost LDCs could net be made.

zfzhe anmual output and alcohel proof of plant B is unknown (Gallion).
The range in costs is due to a range in per ton alcohol vield estimates
of between 20.3 (SERI, 1980) and 27 (Hanway and Harlom) galloms/tom.
Processing costs were not broken down inte fixed and variable costs;
therefore, estimates for medium and high cost LDCs could not be made.

3/p1anr ¢ is assumed to produce 175,000 gallons of 185 proof alcohol
annually (Hoffmen and Dobbs). The range in costs is due to a range
in per tom alcohol yield estimates of between 20.3 (SERI, 1980) and
27 (Hanpway and Harlom) galloms/tom. -
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As shown in the table, per gallon costs range from a low estimate
of $1.75 in plant A for "iow cest™ LOCs and the U.S. te a high of $2.78
for this group of countries in plant C. For "high cost” LDCs, costs of
producing aleohel fuel from sugar beets are expected to range from $2.62
to 53.07/gallon. As with many of the other feedstocks discussed, if
aleohel producers cust pay the "food usage” price for sugar beets, the
cost may be too high for economical fuel alcohel production. On the
other hand, import restrictioms on sugar probably cause the market price
¢f sugar beets to exceed what & free marker cost of production would be.
Thus, if sugar beets were grown as an energy crop, cests to alcohol
producers for the feedstock might be lower than rhose used in our econ-
emic caleularions here.

4. Todder beets

Because of their very high fermentable sugar content, fodder beets
have potential to become an economical feedstock for fuel alcohol pro-
duction. AL present, however, fodder beets are not grown in large
quantities. Therefore, data concerning fodder beet vields and alcohol
vields from fodder beets are based on prelimimary experimental trials.

Ope study presenting such data was completed in 1983 (Hills, et
al., 1983). Fodder beets were grown on an experimental basis i{n Yolo
County, Califernia under irrigated conditions. Fodder beet production
costs were estimated to he $91%/acre, including a $50/acre charge repre-

senting return to the farm opersror. Estimated per acre zlcohol yields
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ranged Irom 6I1 to 811 gali@ns.§f

Thus, fodder beet feedstock costs im
this study were between $1.i2 aund $1.4%/gallenm of alcohel.

A study dome in New Zealand (Earl) in 1979 resulted in estimaced
costs of sroducing 200 proef alechol frow fodder beets under four differ-
ent levels of annual alcohol cutput (between 2.7 milliom and 3.3 milliom
gallons). The fodder beet feedstock was assumed to cost SSGIGBtgf, and
the costs of capital equipment were amortized at 107 over each item's
usefyl life. Depending upon the number of operating hours the plant was
assumed to function anmually (3,000 to 6,000 hours), total production
costs ranged from NZ $.29 to NZ $.36/L of alcohol produced. Im U.S.
ﬁéli@!ﬁzgf. indexed ro 1981, those costs would be $.34 to $.43/L, oF
$1.31 to $1.65/gallen.

Moo and Sachs analyzed the economic feasibilicy of using fodder
beets for fuel alcohol production (using 1981 data). In their study,
they 3ssumed that capital cescs (amortized at 15%) would be the same as
Zor an aleohol plant using grains for feedstock.

The zlcohel plant was assumed to preduce 30,000 gallons of 140
nroof alechel apnually. Using fodder beet feedstock, total production
costs for a plant of this type were estimated to be $2.25/gallon of

aleohol. This estimare included 2 credit for a feed byproduct, but the

§£?hese experimental vields were achieved under irrigated com-
diriens. They are relatively high compared to the alcohol yields reported
earlier iz this report:; those yields reported earlier would vepresent less
than oprimal or more average growing cenditions.

$/ane = Oven Dried Metric Tom.

Y0/y, 1979, New Zealand $1.00 = U.5. $1.05 (Esrl and Brown).
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amount of credit was not stated. Also not shown were the alcohol vields
expected from fodder beets.

Although not specifically built te process fodder beets, the alcohol
plant described in the SDSU study could bte modified to do se. As was
rhe case with sugar beets, such a modification was assumed not to cause
significant changes in fived or operating costs.

The SDSU plant is assumed to produce 175,000 gallons of 185 proef
alcohel annually. Capizal and non-feedstock operating costs for this
plant are estimated to ve S1.17/gallon of alcohol produced. Total
costs, including the fodder beet feedstock costs estimated in the Hills,
et al. study but no byproduct credi:z, would thus range from $2.29 to
32.86/gallon.

In aeither the Meo-Sachs study nor the Earl study was the amount of
byproduct cresit staced when fodder beets were the feedstock. Fodder
beets have roughly the same protein conrent per ton as sugar beets
{(Bavess; USDA, 1980b)}. For simplicity, the fodder beet byproduct credit
is assumed here to be equal to that of sugar beers~-5.20/gzllon of
alcohol-—even though more fodder beets than sugsr beets, by weight, are
required teo produce 2 gallom of alecohol. Therefore, the total alcohol
aroducrion costs in the SDSU plant ner of rhe byproduct credic would be
$2.09 to $2.46fgallon.

Mare recernt work on fodder bests at SDSU indicates preliminary cost
esrimasres of around $1.75%/gsllon, or siighetly higher, for alcohol pro-
duced from Fodder beers using seolid-phase fermentation technolegy in a
small~gcale plant (Gibhons, Westby, and Dobks). The byproduc: credit

in chese caleulasiens was 5.30/galleon of alcohol. These estimates
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aeed werification, however, through more detailed technical and economic
studies.

Table 4-10 shows what the costs, from the above studies, might
he for LDCs as well zs for the U.$. For "low cost” LDCs and the U.S..
per gallon costs of ethanol production from fodder beets range from
31.31 in the 2.7 wmillion gallon/year plant te 52,46 in the 175,000
gallon/vear plame. For "high cost” LDCs, the available data would
suggest a range of alcohol production costs from $2.38 to §2.78/gallon.

%. Jerusalem artichokes

In the past two or three years, enthusiasm for growing Jerusalem
arcichokes for fuel alecohol production has at times been high in parts
¢ rhe Dakoetas and Minnesota. At present, there is a very limited U.S.
marker for Jerusales artichokes,. Consequently, information on per acre
wields and growing costs for Jerusalem artichokes is based on experi-
mental growing plets and is not yer well-documented for dif ferent growing
conditions. Informarion on the costs of converting Jerusalew artichokes
inte fuel alecohol is even less readily available.

Estimared alcohel yields from Jerusalem artichokes range from 16.8
gallons/tan (Underkofler, McPherson, and Fulmer) to 30 gallons/ton
(Sachs, et 21.) . Falling withip that range were yields of 18 to 24
gallons/con from srtichokes grown in Nebraska test plots (University of
Xehraska). No dats concerning costs of growing Jerusalem artichokes
were found, However, as of December 1982, Jerusalem artichokes were
selling for seed ar $1.20/pound (Walker). Obviecusly, this lavel of

feedstock cost would be far too high for economical zlcohol production
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Table 4-10. CEstimate of Costs of ?roducing Fuel Alcohol in LDCs and the
¥.5. from Fodder Beets.

Country T¥pe Planc alf plant 82/ Planc ¢/
$/gallon:
Low Cosk Countries
and the T.S. $1.31 - $1.65 $2.25 $2.09 - $2.46
Medium Cost Countries — $2.40 §2.17 - §2.54
High Cost Countries ———— $2.78 $2.38 - 82.75

;f?lan: A is assumed to produce between 2.7 million and 5.5 million gal-
lons of 200 proof alcohol annually (Earl). This range accounts for the
range in cost estimates. The fodder beet yields were attained in New
Zealand. Estimates for medium and high cost LDCs could not be made
because total costs were not broken down into fixed and varizble costs.

ngiant B is assumed to produce 50,009 gallons of 190 proof alcochel annu-
ally. The fodder beet yields were attained under irrigatiom in
California (Meo and Sachs).

gj?lant C is assumed to produce 175,000 gallons of 185 proof alecohel anru-
ally (Hoffman and Dobbs). The range in costs is due to the range in
estimates of alcohol vield per acre (61l to 811 gallons, under irri-
gation in Califormia) (Hills, et al., 1883).,
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($80 to $1i43/gallom). However, the price of Jerusalem artichokes would
dren substantially if producers began to plant the crop in large guantity.

Oniy one study was found in which the total cost of producing fuel
aleohol from Jerusalem artichokes was estimated. That study, by Meo and
Sachs, involved an assumed plant with a standard dry milling process, in
which 50,000 gallons of 190 proof alecohol would be produced annually.
Capital costs were amortized at a 15% interest rate.

Results .f the study showed total alcohol production costs of
$2.06/ gallon. Credit for 2 feed byproduct was included in this figure,
but the smount was not specified. Cost of the Jersalem artichoke raw
feedstock also was not stated, but the cost was clearly far less than
the 51.20/pound being paid for Jerusalem artichoke seed in late 1982 in
South Dakota.

Cost figures from the Meo and Sachs study have been used to estimate
alcokol production costs for low, medium, and high cost LDCs using
Jeruszlem artichoke feedsrock. The costs, estimated using the procedures
already established for other crops examined in this chapter, are pre-
sented in Table 4-11.

As shown in the table, "low cost" LDC and V.S. alecohol producers
might expect costs of about $2.06/gallom, while "medium cost” LDC pro-
ducers could have costs of $2.21/gallon, and "high cost"” LDCs could have
costs of $2.59/ gallon. As with the other "mon~traditional” crops
examined in this report, these cost estimates are preliminary and rough.
vore detailed research is needed to predict with any confidence the

actual cost of producing fuel aleohel from Jerusalem artichokes.
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Table 4-~11. Estimate of Costs of Preducing Fuel Alcohel in LDCs and the
¥.8. from Jerusalem Artichokes.

Country Type Alcohol Plant alf
$/galion

Low Cost Countries and the U.S. _ 52.06

Mediuvm Cost Countries §2.21

High Cost Countries $2.59

EjThe plane is assumed to produce 50,000 gallons of 190 proef alechol
annually. The Jerusalem artichoke yields were attained under irri-
gation in Californmia (Meo and Sachs).
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C. Summary

Presented in this section have been data on costs of using alterma-
tive biomass feedstocks to produce fuel alcohol in the U.S. {(particularly
in ~he Northern Plains regiom) and in less developed countries. Twelve
crops were examined inm the anmalysis--seven starch crops and five sugar
CIOpS.

in everv study reviewed for which processing costs were available,
the cost of the feedstock was a large component of total alcohol pro-
duction costs, regardless of the crop being considered. Feedstock costs
per gallon of aleohol produced were generally dependent on two factaers:

(1) the cost per unit for growing the crop, or the established

market price for the crop, and

¢2) the alcohel yield per unit ¢of the crop.

1£ there is a well-estabiished market for z particular crop that
zlready pays farmers a price they consider to be prefitable, then am
slcchol producer can normally expect to pay at least that price for the
crop. Paying 2 high per unmit price for a feedstock may be acceptable if
the per unir alcchel yield from that crop is high and processing costs
are not especially high, However, if the per unit alcobel yield {or
potential yield) is relatively low or even averagc For one of these
crops, then the effect of competing against slternative uses for the
crop may be ro make the crop too expensive for fuel aleohol production.
Thar situation often occurs for rice and potatoes, as well as for sweet
notatoes if they ave produced in rhe 1V.5. However, swegtr potatoes grown
in the Philippines may not be 25 expensive as in the U.5. As shown

eariier in the texr, the costs of producing fuel alechol frem rice and
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potatoes are over one and one-balf times the cost estimates made for the
other crops examined. This is due to the high value attached te them,
througih: the market, #s food cwops.

The costs of producing fuel alcohol from most of the remaining
crops examined are ouch iowariif and, depending upon local gaseline
prices ané other factors, may well be low enough to make production
economically feasible iz sowe countries. However, when selecting one
crop as the "best™ fuel alechel crop im terms of the lowest production
<ost, several consideracfons must be kept in mind.

Estimates of the costs of producing fuel alcohel from these crops
have been made in 2 very preliminary manner. Many estimates were made
with assumprions based on theoretical feedstock and alcohol yields and
on untested production procedures. For some crops, little empirical
evidence was available wizh which to make these assumptions. As a
resylt, we have presented a wide range of cost estimates for alechol
production for mest of the crops.

When lookirg at cest estimates for the crops in this study, one
must consider the assumptions on which each estimate was based. Tor
example, three of che lowest cost estimates occurred im parr because the
auther of the parricular study estimated 3 byproduct credit significantly
higher thap that i most of the other studies. This was the case for
grain sorghue, in which 2z $.953/gallon estimated net cost of producing

alcohol included a $.52/gallon (1981 deollars) byproduct credit. For the

BV ) .
:iﬁfane exception may be vams, for which there were no available

cosr esrimares.
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31.17/gallon estimate using corn feedstock, a byproduct credit of
$.47/galion (1981 dolliars) was assumed.

In addition, sowe cost estimates for producing alcohol from certain
feedstocks were made assuming plants that produce as much as 30 million
gallens/year. This was dene for grain sorghum, corn, and Sugar
cane. Cost estimates using the other feedstocks were often limited to
slapes produciog 30,000 to 175,000 gallons/year, because of lack of data
for larger sized facilities, and because our primcipal interest in this
repert is in small-scale plancs. Some studies cited gave total alcohel
sroduction cost estimates without stating the size of plant assumed.

A summary of che cost estcimates for small-scale plants, and some of
unspecified size, is presented in Table 4-12. The lowest alcohel pro-
duction cost occurs when cassava is the feedstock ($1.09/gallon in low
cosz LDCs a2né the £.5.%. However, the wide variation in estimates
suggests that the differences io a.cohol production costs between the
nine crops with relatively low feedstock costs may not be significant,
overall. Depending upon the circumstances, all should perbaps be con-
sidered 3s potentiazl alcohel fuel feedstocks.

is already noted, the per unit cos. (or price) of a particular
commodity will be 3 major determinant o. its attractiveness as a feed-
srock for fuel zlechel production. Many times, this price is based on
alresdy established alrermative uses. It has aiready been indicated
chat the market price established for these alternmate uses may often
eliminare vice and potatoes as economical feedstocks for alcohol pro-
duetion. However, gralis scrghum, corn, SUZAr cane, sweet potaroes, and

sugar beets zlse have sgstablished mavrkets as food and feed products. In
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Table &~1Z. Costs of Producing Fuel Alcohol iz LDCs and the U.5. from Varicus
Feedstockst! .

Countrv Tvpe

Lew Cost Couatries

Czop and the U.S. Medium Cost Countries Bigh Cost Countries
$/£31100mmmmn

Grain sorghum $1.66 - $2.09 $1.76 - §2.25 $1.95 ~ $2.64
Corn $31.80 ~ $1.88 51.88 - §1.96 $2.09 ~ $2.17
Riced/ 53.57 $3.65 $3.96
Poratoes $3.67 ~ $6.70 $3.75 - 56.78 $3.96 - $4.99
Cassavad’ $1.09 - 52.19 $1.19 - $2.29 $1.64 - $2.54
Sveet potztoess!  $1.57 - $8.28 51.65 - $8.36 §1.86 - $8.57
Yans2! — -— —
Sugar cansd’ $1.80 - 32.8L $2.01 - §2.95 §2.16 - $3.35
Sueet sorgimm $1.65 - $3.50 §1.80 - 53.58 $2.18 - §4.06
Sugar beersl! $1.75 - §2.78 $2.41 — $2.86 $2.62 - §5.07
Fodder beets $2.09 - 52.46 $2.17 - $2.54 §2.38 - $2.78
Jerusalen .

artichekesZ! $2.06 $2.21 $2.59

}fxbsc of rhe esticares included here are for “small-scale™ plants, defined
generally as onpes that produce less than L millien gallons of alcohel anmually.
As moted in some of the other footmotes, however, costs for some plants of
"unspecified” size are included.

Zfenly one estimare of fuel alcobel productisn costs using these feedstocks was
made for each country L¥pPe.

3/1pe cost figures presentes for alcchol producticn using cassava feedstocks are for s
plane of unspecified size. The preof of alcohol is also umspecified.

5!Ihe large Tamge of cost estimates is due e the difference in feedstock cost between
ssvker prices fer sweer potasoes in che U.5. and the cost of growing sweet peotatoes
in the Philipsines, 3s weill a5 to 3 range in estimates of alcohol yield from L.7%
o 2.33 gallons/cwt.

%o esrimares of fuel 3lcohol preductien costs using yam feedstocks were available.

éffhe cest figyres presented for aleohol oreduction using sSugar <ane feedstocks are
for mlants of unspecified size. The proof of alechel is also unspecified.

-

Llvme lavesr cost Figure €521.75%/gallen) for sleoohel production usiag sugsr beet
fepdsrocks is for a plant of unspecified size. The proof of alechol is also
unspecified for rthat estimate,
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all byt the largest plants, their use as feedstocks for alcohel pro~
ducticn may alse be guestionable on economic graunds.égf This relatively
nigh oppertunity cost for conventiomal food and feed ¢rops has caused
atteation to be given recemtly te specialized "anergy” crops. Some of
these might not necessarily compete extensively with food and feed crups
for prime land, water, and other extremely scarce inputs.

Tn the cases of cassava, sweet sorghum, and fodder beets, the price
an aleohel manufacturer would pay for raw feedstock bas been assumed in

this report to be equal to the cost of growing the feeds:acks.igf

For
she fpedstock to be produced, the net return to the farmer for producing
the crop for aleohel production must be greater chan the net return for
sroducing that crop eor apy ocher crop for any other use (feed, food,
ete.) with rhe same land or other limicing resources. Caution is there-
fore peeded in interpreting the data from this study. For example, sugar
heors were valued on the basis of food-related market prices, whereas
fodder beers were valued on the basis of their production costs. The
sugsr from fodder bewts clso has potential food use, however. Thus, a
direet cemparison of the fedder beer and sugar beet feedstock cosLs

found in this report could overstate any cost advantage of fodder beets

over sugar beets as an alcobol feedstock.

12/
™ They are even expensive in the large plamts if conservative
estimares of byproduct crodits are assumed.

13/ " : i of

=2l mhe same holds true for Jerusalem arcicheokes. However, because
se lictle dats were availsble to estimare the <ost of growing Jerusalem
arrichekes, they are pot included in this discussien.
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It =may be possible for farmers to grow emergy crops and to equal or

exceed the net returns they received from growing traditional (oon-

enetgy) crops and, atbt the same time, for glcobel producers to obtain

feedstocks at affordable prices if one or both of the foilowing should

tome about:

{13

(2}

if the yield of fermentable biowass from cassava, sweet sor-
ghum, or fodder beets could be increased on a per acre basis
without properticonal increases in growing costs. Under this
condition, it may be possible for farmers to accept less money
per teon of energy crop but to increase total net returns per
aere, due to the increased volume of biomass they would har-
vest. 1If the increase in biomass yield is large encugh, per
acre net returns from producing energy crops may exceed that of
producing rraditional ecrops. At the same time, the feedstock
cost per gallon of alcohel produced could decline for the
aleohol manupfacturer.

if the alecvhel vield per ten of fermentable biomass from cas~
sava, sweet sorghum, or fodder beets could be increased
relative to their present yields without propertionsl in-
creszses in processing costs. Thus, at any given »rice per
unit of biomass, the cost per gallonm of alcohol would he

reduced.

Qf course, the same condirions could be also said to hold true for

rradivional food and feed crops (gorn, gorghum, ete.). However, much

move of the sgronomic research necessary to achieve such accomplishments

has been dome for traditional crops thap has been done for new, "energy”

Crops.
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In addition te research on increasing biomass and alcchel yields,

more detailed research is required to determine processing costs for

fyel alcohol made frowm mon~traditiomal crops. Research oo practical
harvesting and storage methods for specialized emergy crops is alse

aeeded.

3. Final remarks

it is obvious from the preceding discussion that there remain many
unknouns about alcohol production from the various crops amalyzed.
Further research is needed to answer many questions. However, the
following preliminary gemeral conclusicns can be drawn:

{1} There seems to be potential for ecomomic preduction of fuel
aleohol from "energy” crops such as cassava, sweer sorghum,
and fodder beers--under some circumstances.

(2} Xot enough is knmown about Jerusalem artichokes at this peint
in cime to draw definite conclusions about its feasibilicy as
3 fuel alcohol feedstock.

{3) Because of possible harvesting and storage problems, sweet
sorghum dees net yet lock as attractive for alcohol production
as ¢o cassava or fodder beets., Also, in the Northerm Plains
region of the U.5., the climate may not be as conducive to
sweer sorghum as it Is te fodder beet production, and cassava
is restricred ro warmer climates.

(L) Preliminmary cost dats indicare that small=-scale alechol
produccion from cassava is relatively low cost, ar least in

some countries, compared £o other crops for which cosc
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estimates were available. Cassava is reported te produce

well op marginal soils amd in varied tropical and subtropical

ciimates. If so, it mav well provide a betler relurn on

these lands to farmers than do wmore traditiconal crops in

those areas. However, cassava is already grown in many LUCs

as a food crop.

In examining the data presented in Table 4-12, it appears that
cassava would often be the best econcmic choice for am alcohel fuel
fopdstock, at least in the tropical or subtropical climates where it can
be growm. Teral production costs using cassava feedstoek are as low as
$1.09/gallon in “low cost™ LICs.

For the Northern Plains region of the U.S., including South Dakota,
grain sorghum, corn, sweet sorghum, and sugar beet feedstocks provide
£for fuel alecohol producriom at low per gallom costs relative to other
feedsrocks examined. The lowest per gallon costs using these feedstocks
are ip the $1.65 ro §1.80 range.

Per gallon costs using sweet potatoes a.e in the same range when
rhe sweet potatoes are purchased ar the growing cost in the Philippines.
However, if rhey mus:t be purchased at recent U.S. market prices, then
the use of sweer potatoes as an aleohol fuel feedstock is definitely not
likelv to be economical.

The estimates mentioned above were for the U.S. and "low cost”™ LDCs
such as Brazil, where alcohol technology is reasonably well-developed.
For "medium cost” LDCs such ss Thailand, where costs of constructing
nlant facilities mey be somewhar higher, estimated alochol production

costs for cassava are $1.19 ro $2.29/gallon. For grain sorghum, cornm,
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sweet sorghum, and sugar beets, the costs range {rom $1.74 to $3.58/gal-
lom. Finally, for "high cost™ LDCs such as the Sudan, where construction
costs are presumably higher still, alcchel preduction costs using cassava
foedstock are estimated to be between $1.44 and $2.34/gallon. For grain
serghuz, corn. sweet sorghum, and sugar beet feedstocks, these costs
rigse to between 51.95 and $4.0&/gailon.

1t should be noted that, although most of the cost data presented
im Table 4=12 are for small-scale plants, some are for plants of Tunspec-
$1fi{ed"” size {see table footnotes). Thus, apprepriacte caution should be
exercised in making cost comparisons among feedstocks in the table.

Are any of these costs lew enough to make alechol production feasi-
ble? Alcohel produced and sold at a price covering the lower cost
estizates could be competitively priced relative to 1981 U.S. gasoline
prices if iz could replace gzascline ou & ome-to-omne pasis. However, the
substisution ratio for hydrous alcohol is more like 1.5 or 1.6. Alcohol
priced ar the highest cost estimates certainly would not have been
ecopemically competitrive with gasoline in the U.S. in 1981, even if it
were anhydrous and substirutable on a ome-to-one basis.

Generally spesking, gaseline prices are higher in most LDCs then in
rhe U.8. Therefore, £z is possible thar aleohol priced at the lowest
cost estimates would make alcohol production economically viable in some
LOCs. Depending upon the locsl conditions thar affect gasoline prices
{euantity demanded, gasoiine Iransporratlon COSLS, SLOTIZE COSLS, erc.},
even alcohol nriced at some of the medium or higher cost estimates may
srove to be ecormomiczlly competitive 3s a substitute for gascline in

cersain LDCs. Of course, the cost of growing crops may also currently
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be higher in many or most LDCs than we have assumed here. Food prices
aud, hence, prices of crops that can be used for food, are higher in
many LCs than in the U.S. Therefore, cur feedstock cost estimates
could be lower than would actually be the case in some LDCs. If so, per

gallom alcohol production costs would be higher than we have shown.
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¥, Food-Fuel Conflicts™

in the U.S., mest of the discussion and controversy surrounding
alecokol Sfuels has centered om the ecomomic profitabilicy of alcchel
oroduction and cu the emergy balance achieved through alcohel product-
ion. UOne other issue, which is often overlooked in time of grainm
surzluses, is the impact om food production and prices of diverting
cropland from food production to fuel production. The "foed-fuvel con-
£1ict™ issue is of particular importance to countries which are pet
grain importers. Many of the less developed nations of the world fall

inte this caregory.

A, Uverview

Repending upon 3 particular country's national policies and its
sgricultural and energy production situation, the production of alcohol
fuels may provide some national economic benmefits. Nomman Rask has
developed 2 grid chat classifies various countries according to their
sositions as: (a) surplus agriceltural producers, (b} deficit agricul-
rural preducers, (<) surplus enmergy producers, and {d) deficit energy
oroducers. 7That grid has been reproduced in Figure 5-1.

The countries in the upper lefthand corner of the grid in Figure
5«1 are the ones most likely to favor alcohol fuel production from
asgrieylzural products. These countries produce meore agricultural com-
modiries than thev comsume, but consume more energy than they produce.

Tor chese countries, in particular, a policy that encourages the
development of an alechol fuels industry might provide several favorable

immgers. Fiver, money formerly funneled teo energy exporting countries

Principal amuthors: Randy Hoffmen and Thomas Dobbs.



Figure 5-1. ¥ vy and Agrlcultural Self Sufflelency Chavacteristios of Selected Countrles,
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would stxy at home, improving foreiga exchange problems, if any exist.
As a result, more monev could be available for rural develapment. In
addirion, an alcohol fuels industry could provide more rural employment
and could also provide higher income for farmers, through higher prices
for agricultural commodities.

There could also be several negative impacts associated wirh such
an alcohol fuels policy. The first and foremost could be a reduction in
food supply, with a resulting rise in food prices. If crops are used
for fuel, then they canmot be fully utilized for food, though some
byproducts have potential use as feed or food. Orx, if food crops are
replaced by energy crops, them the amount of land, fertilizer, water,
and other inputs available for food crops is reduced. Im either case,
the food supply is cut back relative to potential, at ieast, and food
prices are likely to climb. The extent to which they rise in any spe~
cific country is dependent on that country's total agricultural pro-
duction and consumptiom. However, even if the country in which alchohel
fuel production is taking place has z surplus of agricultural commod-
iries, the world supply of food will decrease, causing general rises in
food prices im 31l countries which participate in internmational agricul-
tural trade.

Cecelski and Ramsay, in a 1981 report, provide data which help to
put intc perspective the amounr of biomass and land area needed to
replace cenventional liquid fuels in various countries throughout the
world., Their data also indicate the possible reduction in acres of
food~-producing land resulting from significantly expanded alcohol pro-

ducrion.
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in their study, bypothetical laand use requirements to replace
conventional liquid fuels with biomass fuels were computed for different
countTies using sugar cane, sweet gsorghum, corn, and cassava as alcohol
feedstucks. The resulls are reproduced in Table 5-1.

The data in Table 5-1 are only illustrative of general relationships
between alcohol productiom and land use, and some of the estimates of
crop yields are highly specrlative. It was assumed that approximately
1.5 L of alcohol would be required to replace each liter of conven-
tional liquid fuel. This substitution rate represents approximate
relative BTU values of convertional fuels and alcobol. The actual
substitution rate in any given situation can depend on the type of
conventional fuel being replaced, the design of engines, the extent oé
substitution, and other factors. The authors point out that "some coun—
tries with low liguid fuel requirements relative to their available land
areas--such as Indiz, Argentina, and Ethiopia--appear, a priori, to be
capeble of fulfilling their liquid energy consumption from biomass
utilizing 3 relarively small part of their total available arable or
forest land..." {(Cecelski and Ramsay, p. 1003). Thus, in countries like
these, the production of fuel alcohol from biomass may not have a large
impact on food production and food prices.

For countries with large liquid fuel consumption relative to their
availzbie land—like the Unired States, Egypt, and Cuba—-2 significant
portion of beth their total land area and of their current (1976) arable
and permanent croplands would be needed to produce enocugh alcohol fuel

to provide their tetal liquid fuel needs. This would probably result in
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2 significant reduction in food or feed production and a corresponding
rigse in prices.

A study done in Costa Rica (Celis U.., et al.} used a general equi-~
librium model to simulate the effects of alcohel fuel production on foed
production and prices in that country. In the simulation, there were
four distiileries availabie for aluohol production——each capable of
procducing 36 miilion liters of alcohol annually from sugar came feed-
stocks.

The simulations showed that as the first plant was utilized to full
capacity, no displacement of other ¢rops was observed, but new lands
were developed for sugar cane cultiwvation. Rice porducers adopted new
technologies that enabled them to produce a larger wvolume of rice,
resulting in lower rice prices. "This phenomenon . . . reflects the
fact that through comperition for productive resources brought about by
sugar production for alcohol, the large rice producers that have in-
vestments in mechines and processing plants try to improve agricultural
production to make more efficient use of scarce resources and to maintain
a level of income attractive enough for them to continue the activity”
{Celis U., et al., p. 47).

When the second aleohol plant was fully utilized, new lands were
again developed for sugsr came cultivation; zlso, other sugar cane
cropland was used ro grow sugar cane for alcohol instead of for sugar.
This caused an incresse in sugar prices. However, corn producers adopted
pew technoleogies and increased the volume of corn, resulting in lower

gorn prices.
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As the third alschol plant was arought inte preduction, more uew
land was developed for sugar cane production. More of the original
sugar cane cropland was switched from cane [OT sugar production te cane
for alcohol production. Rice growers zgain adopted mew techmologles,
attaining a greater velume of productien.

Finallvy, when the fourth slant came om line {producing a cumulative
total of 14646 million L of ajcohol/year}, sreas for the majoricy
of creps diminished, resulting in decreases in tie food supply. Most
erop prices inereased, with covn prices rising 45Z. The use of resources
for cane producticn forced 6,50 ha that had been previously used for
agricultural activities to be left uncultivated. Taus, in this study,
production of large volumes of fuel alcobol caused largze disruptious in
food production and foed prices.

Ts the Costa Rican study, the cost of importing parts and equipment
for producing aicohol, inputs for growing more sugar cane, and parts aud
equipment for distriburing and utilizing fuel alcokel resulted in a loss
of foreign exchange that exceeded the gain in foreign exchaoge associ-
arved with the reduced imports of petroleum based fuels.

Some researchers, such as Lester Brown (1980b), have hypothesized
that using crops for alechol fuel production would add ro the spreading
gap iz iocome and quality of life thar now exists between rich and noor
ceoples, especially in the LDCs. He srgues that the alcohol fuel pro-
duced would be used by the afflueat minority im these countries who own
automebiles, while the millions of people who already spend the majority

of their ipcomes on food would be faced with even higher foed prices.
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Brown (1980a) illustrates the effect on food producing resources
that alcohol fuel production could have by comparing human grain con-
summption with automobile grain cooswaption via the burning of alcohol.
Average per capita grain consumption in developing countries is about
480 pounds per vear, compared to 1,600 pounds in affluent countries.
Baged on 1978 average world grain vields, @.2 a:res would be needed to
satisfy the grain demands of a typisal LDC consveer and 0.9 acres would
be needed for the consumer in more affluent countries.

Brown reports that to run ~ typical American car totally on ethanel
would require over 7 toas of grain per vear, or about 8 acres of land.
An average Zuropean car weuld require less-—-abour 3 tons of grain annu-
ally, or just over 3 acres of land. Using gasohol at a 10 to 90 mix to
fael American cars would require 1,460 pounds of grain, or 1.7 acres of
land.

Chviously, a pelicy of energy crop production on a world-wide scale
(or even in North America, where much of the world's grain imports
originace} would result in substantially reduced acreages for food
production. )

There are some arguments that epergy crops could be grown without
eompeting with food production. These arguments are expressed in ome of
the fellowing ways:

(1} a particular country has idle (perhaps economically marginal)

iand that couvld be put inte energy crop production;

(2) 1if very high yvielding energy crops could be developed, then

fewer acres of food producing land would be needed for alechol

producrion.
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The argument that idle land can be put into energy crop production
has some poteantial shortcemings. Land that is idle now way ke that way
because of land tenure systems or varicus cost factors (léck.af roads,
drainage, etc.} that make it uneconomical to farm either for food or
fuel. Rewmovipg those constraints might make the land wore economical to
expand food production on thaan to use for fuel production. However, if
energy crops can be developed that are adapted to soils and climates
which are ecomomically unsuited for food crop production, then alcohol
fyel production might proceed without diverting land f£rom food produc—
tion. Avoidance of any food-fuel conflict would also depend on other
gearce vesources (water, fertilizer, etc.) not being diverted from food
production to energy crops on the previcusly idle land. These other
resources may be limited in some absolute semse or available in increased
quantities ounly at higher prices.

The idea of growing emergy crops which are very high yielding in
terms of alcohol production would seem to provide a plausible scenario
in which alcehol could be produced without diverting large porctioms of
land from food production. Thus, there might not be a significant
reduccion in the food supply. However, there are two opposing arguments
to this rhought. First, land is mot the only resource diverted from
¢crop production when energy <rops are produced. High yielding energy
crops may require large amounts of fertilizer, water, iabor, or machinery
that might have to be taken from food crop eaterprises. If so, the
likely resultr would be 3 decrease in food crop vields and an increase in
food prices. Second, If energy creops provided a higher net return per

hectare zhan food crops. then what is to stop farmers from diverting
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their land from food to emergy production? This conversion would in-
crease until the resulting rise in food crop prices and fall in energy
crop prices provided a new equilibrium between food crop acreage and
energy crop acreage--where planting an additional acre to either food
or energy crops would provide the same net return. Although the exact
point at which this new equilibrium would be reached is unkanown, the
general oulcome would probably be lower food supplies and higher food
prices. However, one needs to consider the amount of biomass needed for
a country's fuel alcohol program before drawing solid conclusions about
impacts on food prices. Depending on the alcchol fuel production targets
and e+ e food deficit-surplus situvation in a country, a very high
yvielding snergy crop grown on a relatively small land area might provide
the pecessary alcobol feedstock amounts without making significant dents

in the food seppiy.

B. Examination of particular crops

We turn now to an examination of how particular crops might fit
into the "food-fuel” equation.

Of the starch crops analyzed in this report, all are presently
being grown for food or feed somewhere in the world., Therefore, without
an expansion in acres or improvement in yields of these crops, their use
for alcchol preduction would certainly cut into existing world food
supplies.

One possibility for producing fuel alcohel without having major
effects on food production might be to use z crop thar is relatively

unfamiliar te some parts of the world and upon which little yield
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improvement research has been done. Among rhe starch crops, only cassava
can be placed in this category.

Cassava is reported to be adaptable to a wide variety of seil and
climatic conditions (Rask). Currenmtly, it is grown mainly as a subsis-
tence crop for rural poor im tropical countries (Goering). Obviously,
using cassava at present to manufacture alcohwl fuel in these countries
would cut intc the existing local food supply. However, if it could be
{ntroduced inte new regions where it could be grown on poorer soils
(leaving the better soils in their presemt use for food production),
then cassava ceuld possibly serve as an alcohol feedstock without causing
2 major disruption in food supplies and prices. However, if cassava
growth on poor soils requires large amounts of other inmputs {fertilizer,
water, ete.}, then those resources would not be available for food
production. Some reports indicate that cassava does not, at present,
require modern production inputs (Brcwm, 1980a).

The production of fuel alecohol from any of the starch crops would
also resuit in protein food or feed byproducts. To the extent that
these byproducts provide human food--either directly or through ani-
mals--they reduce the food-fuel conflict. They do not eliminate the
conflict, however, since the energy portiom of these starch crops can be
used for food/feed or fuel, but not both. Little information was dis-
covered on the palatability of the byproducts for direct human con-
summrion.

Maior probiems still exist in handling and storing these byproducts
when they have high moisture content. In addition, their use as live-

stock feeds is more applicable to developed nations tham te LDCs, where
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the consumption of animal protein is too expensive for many of the
people. Moreover, in most countries where the malnutrition problem is
widespread, the problem is one of energy and protein deficiency, not
Just of protein deficiency.

There are several sugar crops that could be placed in the same
category as cassava-—that is, they have net been produced over a wide-
spread area and there has not been extensive research on improving their
vields. O©Of the five supar crops examined in this report, sweet sorghum,
fodder beets, and Jerusalexm artichokes fall into this category. The
other two sugar crops examined, sugar came and sugar beets, are curreatly
used as food crops. Therefore, their use for fuel alcohol production
would directly cut into world food supplies unless their acreages wers
expanded,

Xot surprisingly, initial experimentation indicates that the best
vields for sweet sorghum, fodder beets, and Jerusalem artichokes are
likely zo oceur on soils thar are alse best for foed and feed crops.
whether these sugar crops can preduce satisfactory levels of fermentaw
bles for alcohol production on more marginmal soils is a question that
remains to be answered. Sugar beets, for example, are more salt tolerant
than many other crops. For that reason, they can sometimes be grown in
circumstances where other food crops camnet be grown econmomically.
Perhaps sddirvional research wmight show that to also be the case with
some of the other potential emergy crops.

As is the c¢ase with starch crops, byproducts produced when aleohol
is mede from sugar crops may partially offset the soreage diversions

frem food or feed crops. In this regard, sweet sorghum may hold particular
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promise. There exists the possibility of improving sweet sorghum var-
ieties to increase the graim vield. If this ¢ould be accomplished, more
grain from the crop would be available for feood or feed, while the sugar
iz the stalk could be used for fuel alcohol production. However, some
present variaties which have been develoned to imcrease grain production
have shown decreases in sugar vield. Thus, there would be lower zlcohel
vields from these varieties. Further research might be sucessful in
increasing grain yields without sacrificing stalk sugar yields.

It is sometimes proposed that the leafy tops of fodder beets and
Jerusalem arcichokes be used as livestock feeds, while the tubers are
wsed for alechol. However, at lsast for Jerusalem artichokes, ressarch
has shown that one caanot harvest m: Iinum yields of both tops and tubers
("Ja - The Mvth and the Realicy Evplained™). The yield trade-off between
tops and tubers is like , to be quite substantial for any such energy
crops. Thus, any argument that use of the tops substantially mitigates

the food-fuel conflicr must be regarded with extreme cauticn.
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ANNEX A

¥easyrement Couversions

Contained here are certain conversions of United States and metric
measurenent units. These conversions will be of use to individuals
wighing to determine and state inputs, cutputs, or costs found in this
report either in metric units or in U.S. umits.

Symbol When You Know Muiviply By To Find Symbol
MasSS (WGT)
oz ounces 28.0 grams g
1% pounds .45 kilograms kg
short tons 0.9 metric tons t
{2,000 1ib)
long tons 1.02 metric tons t
(2,240 1b)
£ grams 0.035 qunce oz
kg kilograms 2.2 pounds b
t metric tons 1.1 short tous
(1,000 kg)
t mecric cons 0.98 long tons
{1,000 kg)
VOLUME
£sp teaspoons 5.0 milliliters ml
tbsp tablespoons 15.0 milliliters ml
£1 oz fluid ounces 30.0 milliliters mL
e cups 0.24 liters L
pt pints 0.47 liters L
gt quarts 8.95 licers L
gal gallons (¥.5.) 3.8 liters L
gal gallons (Imp) 4.5 liters L
fr cubic feet 0.028 cubic meters m3
yd3 cublic yards 0.76 cubic meters m3
mi miliiliters .03 fluid ounces fl oz
L liters 2.1 pints Pt
L liters 1.06 quarts qt
L liters 0.26 gallons (U.5.} gal (U.S.)
L liters 0.22 gallons (Imp) gal (Imp)
7 cubic meters 35.0 cubic feet fe3
o cubic meters 1.3 cubic yards yd3
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ANNEX 2

Fuel Alschol Cost Tables in Terms

of U.S. Dollars per Liter®

*Explanatory footnotes to the tables are not included, since chey would
be the same as for corresponding tables in the text. Table Bl in this
amnex, for example, corresponds te Table 4-1 in the text: i.e., these
annex tables correspond to the tables in Chapter IV of the text.
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Table B-1. Estimaste of Costs of Producing Fuel Alcohel in LIKs and the
F.5. from Graizx Sorghum.

Country Tvpe Fiant A Planr B Plant €
S/L
iaw Cost Countries
and the U.S. $ .35 § .44 - 5 .48 § .25 -8 .30
Hediue Cost Cosmtries s .59 & 46 - § .50 § .27 - § .32
Hiph Cozx fountires $ .70 $ .52 ~ § .56 $ .33 -~ & .38

Table B~2 Estimate of Costs of Producing Fuel Alcohol in LDCs and the

.5, from Corm.

Countyry Type Plant & Plant B
art
oW Loet Countries
ang the U.S. $ .48 - 8§ .50 § .31 - § .33
¥edium Cost Countries $ .50 - 3% .52 § .33 - % .35
Bigh Cost Countries $ .35 - § .57 $ .39 - § .41
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Table B~3. timate of Costs of Producing Fuel Alcohel in LDCs and the
U.5. from Rice.

Country Iype

3/L
iow Cnst Countries zod the T.S. § .96
Medium Cost Countries $ .96
High Cost Countries $1.02

Table B~%4. Estimaie of Costs of Producing Fuel Alcchol in LDCs and the
.5, from Potatoes.

Country Type

$/L
Low Cosr Countries and the U.S. $ .97 -~ §1.24
¥Medium Cozt Countries $ .99 - §1.26

Hizh Cost Countries $1.05 - $1.32
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Table B-5. Estimate of Costs of Preducing Fuel Alcohel im LDCs and the
U.5. from Cassava.

Country Type Pilant A Plant B
$/L.
Low Cost Countries
and the U.S. $ .29 - § .58 § .42 - § .48
Mediem Cost Countries $ .31 - § .60 $ .44 - § .50
High Cost Countries $ .38 - § .67 § .49 - § .55

Table B~6. Estimate of Costs of Producing Fuel Alcohol im LDCs and the
t7.5. from Sweet Potatoes.

Countcry Type

$/L
Low Cost Coumzries and the U.5. $ &1 - 52.19
Wediwr Cost Countries 5 &4 - $2.21

Bigh Cost Countries 5 .49 - 52.25
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Table B-7. Estimate of Costs of Producing Fuel Alcohol in LbCs and the U.8, from Sugar Cane.
Country Type Plant A Plant Piant € Plant b Flant K Plant F
- e e G/ L e e e et s 73 1 e e

Low Cost Countrles .

and the U.8, § 6L -8 74§ 4B -5 02 52 -8 .65 § .6L -8 .74 $ .61 -% .74 § .68~ § .87
Medivm Cost

Countries ——— ——— 53 =5 66 5 .65~ 5 .78 § .64 -5 .77 § .02~ § B3

High Cost
Countries

-

+57

370 $ -75 - s -EB $ c?li - $ I83

$-83"$496

=
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Table B-3. <stimate of Costs of Producing Fuel aAlcohel in LDCs and the
.5, from Sweet Sorghum.

Country Ivpe Plant & Plant L Plaat C

Low Cost Countries

and the U.S8. $ .44 g W49 - 5 .89 § B4 - & ,92
Medium Cost Countries & .48 § .52 - & .94 $ .66 - 5 .85
Hirh Cost Countries & .38 § .59 - §1.08 § .72 - 51.00

Table 5-9. Estimate of Costs of Producing Fuel Alcohol in LDCs and the
U.S. from Sugzsr Beets.

Country Tvoe Plant A Plant B Plant C
§/ L
Low Cost Contries
andé rhe U.5, § L6 - 5 .35 § .50 - & .82 $ .62 - § .73
Medium Cosr Countries ———— —— $ .66 -5 .76

High Cost Ceuntries —_— — § .69 - § .81

i
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table B-1i. Estimate of Costs of Producimg Fuel Alcchol in LDCs and
the .5, from Fodder Beets.

Couvntry Trpe Flant 4 Plant B Plant C
$/L
Low Cost Countries
and the U.S. $ .35 - § &b g .59 § .35 - § .65
Medium Cost Coumtries —-— $ .63 $ .57 - § .67
High Cost Countries — s .73 § .63 - § .73

Table B-11. Estimate of Costs of Producing Fuel Alcohol in LDCs and
the ©.5. from .lerusalem Artichokes.

Countyy Type

$/L
Low Cost Countries and the U.3. $ .54
Medium Cost Countries $ .58

Bigh Cost Countries $ .68
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T3ble B-12. Costs of Producing Fuel Alcchol inm LDCs and the U.S. from
U-rious Teedstocks.

N\

Countrv Type

Low Cost Countries Medium High

Lrop _ and the U.S, Cost Counties Cost Counties
$/L

Crain Sorghum § .44 - § .53 $ .46 - S .59 § .52 - § .70
Corn $ .48 - § .50 $ .50 - 8 .52 $ .35 - § .57
Rice $ .9 $ .96 $1.02
Potaotes $ .97 - $1.24 $ .99 - 51.26 $1.05 - 81.32
Cassava $ .29 - § .58 $ .31 - § .60 $ .38 - § .67
Sweet Potatoees $ .51 - 52.1% § .44 - $2.21 $§ .49 - §2.26
Yar 3 s - -_—
Sugar Cane $ .48 - § .74 $ .53 -8 .78 § .57 - & .88
Sweet Sorghum § .44 - § .92 $ 48 - § .95 $§ .58 - $1.08
Sugar Beets 5 .46 - 5 .73 S .64 - 8 .78 $ .69 - § .81
Todder Beets $ .55 - & .63 § .57 - & .67 s .63 - § .73
Jerusalen

Artichokes $ .34 $ .58 $ .68




