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PREFACE

This paper is one of 2 series published by Volunteers in Techni-
cal Assistance to provide an intreduction to specific state-of-
the-art technologies c¢f interest to people in developing coun-
tries. The papers are intended to be used as guidelines to help
peopie choose technologies that are suitable to their sitvations.
They are not intended to provide comstruction or implementation
details. Pecple are urged to contact VITA or a similar organiza-
ticon for further information and technical assistance if they
find that a particular technology seems to meet their needs.

The papers in the series were written, reviewed, and illustrated
almost entirely by VITA Volunteer technical experts on a purely
veluntary basie. Some 500 volunteers were involved in the produc-
tion of the first 100 titles issued, contributing approximately
53.000 hours of their time. VITA staff included lLeslie Gottschalk
28 primary editer, Julie Berman handling typesetting and layout,
and Margavet (rouch as project manager.

Cliff Bradley and EKen Bunnion, co-authors of this paper,
specizlize in alcohol fuel production technologies. Bradley is a
microbiologist and PBunpion 2 chericel engineer at Renewable
Technologies, Inc. They have publiished several practical manuals
and beoklets in the field, and are currently researching and
developing new methods of improving the starch hydrolysis process
reguired for zlcohel fuel production. RPeviewere Kenneth Brunct,
C. %ene FEHaugh, and Daniel Irgold a2re aiso specialists in the
area. Brunot, senicr vice president for Wright Technology, was

formerly president of Wright Energy Nevada Corporation, where he
specialized in studies relating %¢ ethancl production using
gecthermal energy for process energy requirements. BEaugh heads
the Depariment of Bgriceltural Engineering at Virginia Poly-
teckrnioc  Institute. Ingeld ig 2 biophysicist by training and a
regearch engineer abt Appropriate Technology Corporation.

VITA iz a private, nonprofit organization that supports people
woreing  on technical problems In developing countries. VITA of-
fere information and sesistance zimed at helping individuals and
groups e select and ioplement technologies appropriate to their
sitvaviens. YVITA meintains an internatienal Inquiry Service, a
specialized documentation center, and & computerized roster of
velunteer  vechnlocgl consulnants; ranages leng-term field pro~
IEUTS zuslishes @ variery <f technical manuals and papers.
To maticn egbout VITR services ia general, or the
* ented in thiz paper, contact VITA at 1815 North
L te 200, Ariingmer, Virginiaz ZZ20% USA.




UNDERSTANDIRG ETHANOL FUEL PRODUCTIOR ARD USB

By VITA Volunteers Cliff Bradley and Ken Runnion

I, IBRTRODUCTION

This paper describes the production and use of ethanol (ethyl al-
cohol) as a liguid fuel. The production of ethanol is a well-
established technolcgy; however, the use of ethanol as a liquid
fuel is a complex subiject.

Ethanol was one of the first fuels used in automobile engimes. It
wasg used extensively in Germany during World War II and also in
Brazil, the Philippines, and the United States. During the post~
war period, as petroleum supplies became cheap and abundant,
gasocline largely replaced ethanol as an automotive fuel. Not
until the 1973s, when the suppiy of o0il was restricted, did
ethanol re~emerge as an alternative to or extendeir for petroleum-
based 1liqguid fuels (ethanol as an extender is added to these
fuels to increase their volume). Today, 12 countries produce and
use a significant amount of ethanol. 1In Brazil, for example, one
third of that country's automobiles uses pure ethwnol as fuel;
the remaining two thirds use mixturez of gasoline and ethanol.
France, the United States, Indonesia, the Philippines, Guatemala,
Costa Rica, Argentina, the Republic of South Africa, Renva,
Thailand, and Sudan are cther countries with government or pri-
vete ethanol fuel prograws. The programs are designed to reduce a
country*s dependence on costly imported fuel and to assist in
creating 2 new domestic fuel industry.

Pure ethanol can replace gasolinz in modified spark-ignition
engines, or it can be blended with gascline at up to 20 percent
concentration to fuel urmodified gascline engines. Blending
5erves twoe purposes: {1} it extends gasoline supplies, and (2)
as an octane enhancer, it replaces lead compounds in gasoline.
Ethanol can 2lsc be used in modified diesel (compression igni-
ticn) engines; however, this is not common.

The production and use of fuel ethanol can indirectly serve a va-
riety of needs. On 2 national level, ethanol cen improve balance
cf peyments by displecing imported petroleur with domestically
produced fuel. This may 2lso provide increased rural employrment
and alternative markets for agricultural commodities. ©On a com-
eenity eor individusl level, ethanol fuel production is often
viewed as 2 means to become independent of purchased fuels, ¢to
keep money within the local economy, and to provide an assured
fuel supply in the event ¢f shortages ¢f petroleum fuels.
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IX. OPERATINRG PRIRCIPLES

BETHANOL PRODUCTIOR

Ethanol fuel production is a combination of biclogical and physi-
cal processes. Ethanol is produced by fermentation of sugars with
yeast. It is concentrated to fuel grade by distillation. Figure 1
is @a schematic representation of the principal steps in fuel
ethanocl production.

Peedstocks, the base raw materials, are either sugar or starch-
containing creps. These "Biomass Fuel Crops” (tubers and grains)
commonly include sugar beets, potatoes, corn, wheat, barley,
Jerusalem artichokes, and sweet sorghum. Sugar crops such as
sugar cane, sugar beets, or sweet sorghum are extracted to pro=
duce a sugar-containing solution that can be directly fermented
by veast. Starch feedstocks, however, must be carried through an
additional conversion step.

Starch is & long “"chain™ polymer of glucose (i.e., many ¢glucose
polymer units bonded in a chain). Starches cannot be directly
fermented +o ethanol. They must first be broken down into the
simpler g¢lucose units through a process of hydrolysie. In the
hydrolysis step, starch feedstocks are ground and mixed with
water to produce a mash typically containing 15 to 20 percent
starch. The mash is then cooked at beiling point or above and
treated in seguence with two enzyme preparations. The first
enzyme hydrolyzes starch molecules to short chaing; the second
enzyme hydrolvzes the short chains to glucose. The mash is then
cooled re 30% £, and veast is added.

Yeasts are microerganisms that produce ethanocl. These microorga~
nisms a2re capable of converting sugar into alcchol by a biclogi-
cal process czlled fermentation. The following equation shows the
basic biological reaction in the conversion by fermentation of
one kilogram of glucose to ethanol, carbon dioxide, and heat:

yeast
cg ET:\ .’\QT '—w EQE:CH’?QH - zcoz + heat
& 12 & A
glucose ethancl carbon dioxide
1 ke a4 511 g + 485 g + 147 Kcal

Expressed in zoles, the eguaticn is as follows:

clucose ——————-3 ethanol ~ carbon dicxide + heat
. mole m———3 L meles v 2 moles
‘180 g £92 g t88g; {26.4 Kcal)

w
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Figure 1. Ethansl fuel Production Pracess
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Theoretically, the maxirum conversion efficiency of glucese to
ethaneol is 51 percent on a weight basis. However, some glucese is
uged by the veast for the production of cell mass and for meta-
bolic products cther thar ethanel. In practice, between 40 and 48
percent of clucose is converted to ethanol. With & 45-percent
fermentation efficiencry, 1,000 kilcograms of fermentable sugar
produce abeout 570 Iiters of pure ethancl. Conversely, about, 1,800
kilogrars of fermentable sugar are required to produce 1,000
liters of ethanci. Mash typically contains between 30 and 100
gramg o©of ethancel per liter (5 to 10 percent weight per volume)
when fermenteticn is complete.

Ethanol is separated fronm mash by distillation--a physical pro-
cess in which the copponents of e scolution (in this case, water
and ethancl] are separated by differences in beoiling peint or
vapor pressure.

Ethanol and water form an azectrope, or constant boiling solu-
t;on, of a“eht 2% percent alcohal and five percent water. The
five percent water cannot be separated by conventional distilla-

ticn., The pzo&ucticn of fuze, water—£free {anhydrous} ethanol
regquires & dehydration step follewing distillation. Dehvdration,
¢ relatively conplex step is ethanol fuel preduction, 1is accom=-
plicshed in one of twe ways., The first method uses a third
licuid, pmost comenly benzene, which ig added to the ethanol/
wakter mixtg "his changes the boiling characteristics of the
seiuticon, &l tenaratzen of anhydrous ethanol. The second
method emplov ar sieves that selectively absorb water on
the bagis of :h Q:enﬁe in molecular size between water and
ethanocl.

1
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The non~fermentalle sullids in distillied mash (stillage) contain
wariatle amounts «f fiber and protein, dependirg on the feed-
suock.  The liguid may 2ise contain soluble protein and other nu-
srients. The recevery of the protein and cother nutrients in stil-
lage for yse ez livestock feed car e essential for economical
erhane] fuel producrtion. Protein content will vary with feed-
stock, Some uraing le.g., <orn, harley:! vield a gol 1id by ~product
--disviiiery Jried grains (DDCr--that ranges from 2% ro 30 per-
cent  protelr and sakes an excellent feed for livestock. If the
processing equlprent iy constructed of stainless sreel and  proe
cessing Ig <grried ove under well-conrrolled conditions, the pro-
rein by-products can alse ve censumed by humans.

The S 1d etflivent, which is
3 &l ters of =ffluent  are
TS o desianed plants, some
of u o have a high Biclog-
F: re sf  grganic water
L It res Lreatment
& B stock and
o zcid  con-
* figlds.,

Fid
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ETHAROL END USE

Ethanol is a high-guality, stable liguid. Some of *he chemical
ané phvsical properties of ethanol are summarized in Table 1.

Table 1. Summary of Ethanol Properties

Property Ethanol
Chemical Pormulasvereeces e serscnronann CzﬂsﬁF
Molecular Weicht. .. ..o i nnnn.. cevesveenss 46.07

Density (20° Clevecnsrernonccnncnnesnnnneessss 0.791 gfce
Boiling Point f[al.eeecinvicnrerenrrecsnnennnees 78.5% C

Heat of Combustion [bl.......... caceenessnwnes 5625 Keal/l
Heat of Vaporization {clececiieieieencencnranas 9.225 Kcal/mole
Cotane Rating...crcevmscnsnancsonnsvrennannan ... 106-108

Stoichiometric Air/Fuel Fatico [dl.vcivvevene. 971

fa] Beiling point is the temperature at which a liquid changes
phase ancé becomes a2 gas: the point at which the vapor pres-
sure of the ligquid eguals the vapor preszure of the system.

bl PReat of combustion is the amount of heat civen off when a
unit guantity of any hydrocarbon f(e.g., ethanol) is burned
e carbon dioxide and water.

Frry
it
)

Beat of vaporization iz the heat input required tc change
tiguid av its beiling point to @ vapor at the same tempera-
ture fe.g., water at 100° C to steam at 100° C).

fd] The s+tocichicmetric air/fuvel ratio is the amocunt of air
necessary completely to oxidize (burn) the fuel.

Ethanol Use in Engines

Ethanc] s rmrast commenly used in transportation and agriculture
te fuel internal combustion, four~-cycle, spark-ignition engines.
v is used a2s z direct regplacerment for gascline, or it is blended
with gaseline as ar extender and octane booster.

-4
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The use of ethancl to replace cascline reguires modifications to
the carburetor, fuel system components, and often the compression
ratio. The efficient conversion of existing gascline engines re-
guires skilled, knowledcezble technicians.

Engines specifically designed and manufactvr-ed %o coperate on
ethanol fuel will generally be more efficient than nodified gaso-
line encines. Ethanol concentraticns of between 80 and 95 percent
can be used as fuel, which eliminates the need for sophisticated
dehydration systems end simplifies distillation. In many cases,
the conversion of engines to coperate con ethanol may be simpler
and more cost efficient thaen ethanol dehydration. The disadwvan-
tage of encine conversion igs that vehicle travel distance is li-
mited by the aveilable supply and distribution of ethanol.

Some "dual fuel”™ systems--that is, engines with a carburetor that
can operate either on ethanol or on gascoline--have been developed
on & limited basis. In Brazil, a significant portion of the
transportation fleet uses ethanol fuel in automebiles with spe-
cially desicned encines, manufactured by major international ap-
topobile companies.

In wnmodified enginee, ethanol can replace up to 20 percent of
the gasoline. Blending :thanol with gascline extends the gascoline
supply, and improves the guality of gasoline by increasing its
gctane vaiue. BAs an octane enhancer, ethanol can replace 1lead
compounds in gascline. There are advantages to using gasoline/
etharol ©lends rather than pure ethanol. Blends do not require
engine nedification. In this way, ethanol can be integrated
repidly with existing gasoline supply and distribution systems.
replacing lead compou unés with ethanol removes one of the princi-
pal alr pollution problems associated with gasoline.

The dJdisadvantase of using ethanol/gascline blends is that the
ethanol must be anhydrous, reqguiring a dehydration step in pro-
duction. If non-anbydrous ethanol is mixzd with gascline, the
blends will =separate inkto @ gasoline phase and 2 water/ethanol
phase, causing erratic engine performance.

Ir addivion to its vse in gascline~fueled automcbiles and in
truck or tractor engines, ethanol can be used in other types of
engines. For exara;e, sw3ll, four-cycle gasoline engines found in

spall-scale ag:zag rural eguipment (e.g., tillers, small trac-

tors) cen o n burn 80 to 95 percent ethanol as a direct re-
nlacement for aascline. GSuch engines fea by ethanol require
3 3 *

e )
minimal med: TEALICRS.

The use of ervhancl in specieally designed two-¢ycle encins~ has
been demenutrated on & limited basis. The probler of vsing etha-
mel in these engines is that the ethancl does not bHlend well with
lubricacting ©il. To¢ get arovnd this yrcblem. research ig under
way to find lubricating oils thar are not affected by ethanol.




Though ethanol use in diesel-fueled engines is feasible, it has
its liwmitaticns. Ethancl does not ignite under compression and
does not mix well with diesel fuel. Therefore, ethanol cannot be
used as a direct replacement for diesel fuel or blended with
diesel fuel for use in compression ignition engines. Ethanol can
be used as a replacement f{or dierzl fuel only if the engine is
fitted with giow piugs.

Ethanol c<an be used in supercharcged diesel engines fer up to
about 25 percent of the total fuel. This is done by carrying the
etpanel in & separate fuel tank and injecting it into the diesel
engine through 2 supercharger airstrean.

Ethanol cen also replace aviation fuel in aircraft engines.

Ethancl Use in Appliances

Ethanel <an be used In 2 variety of cosking, heating, and light-
ing applignces. In some cases, ethanol can be used in modified
appliances desicned EQ: conventional fusls. In other cases,
appliances designed specifically for ethanol fuel are required.

III. PLANT UESIGK VARIATIONS

This section describes briefly the processes and equipment neces-
sary for each principal step in ethanol fuel production. It also
provi ides e genergl discussion of the economiss of ethanol fuel
?:Gﬁ enioen. It is not reant te provide specific information on
plant design.
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re of feedstock chosen for ethanel fuel production has a
cant impact on plant design. Ethanol is produced from a
cf sugar~ or ckarc§~ccntaznxng crops, with modifications
&eslcu of the feedstock preparation processes. The
ications are reguired to accommodate the physical properties
he feedstock as well as the nature of the carbohydrate
2., Sugar vezgs’ starchl.
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Preparation eguipment is necessary 1o grind, pulverize, or ex-
tract the feedstock before it can he n"ﬂ~esaeé. Miiling eguipment
for feedstock preparaticn varies depending on such characteris-
tics of the feedstock as moist hfc centent, physical structure,
and fiber content.

Starch Bydrolysis

Starch-containing feedstocks reguire starch hydrolysis equiprment
including tanks, heat*ﬁg and cocling systems, agitation systems,
transfer pumps and monitoring instruments. Starchy feedstocks
have $¢ Le c:gnné before hydrolysis to @ particle size that can
pass through & 20-mesh screen.

Steanm circuliated thréugh heat exchangers is the most common means
cf hezting the mash therefere, starch hydrolysis heating re~
quirements pust be in fciuded in plent boiler capaciy.

Covling the mash from beiling te fermentation temperature
fabout  30° O is generally the determining factor in heat ex-
changer design. This is egpecially true in tropic.l climates
where cthe ambient temperature of the cooling water is relatively
high.
The agitaticon systems for starck  bydrolveis tanks must be ade-
guate to mix viscous {(thick) starch solutions efficiently. When
zarﬁb is heaved in water, it forms a very thick gel. Starch
gelatinizarticn it essen z;ai fcr efficient enzymatic hydrolysis.
Thor @hg? mixing of gelled starch mash is necessary to ensure
efficient hear excharnge a2nd enzyme acti vity.
Monitgring equipment for starch hydrolvsis includes thermometers
¢ rmeésure magh rerperarure and steam temperature, and pressure
JRUGeEs ¢ measure mash pressure if nsessurzzeq starceh hy&rclyals
ysters sre used. Tests 10 measure the efficiency of starch
drolysis are also necessary, Generally speaking, the feedstock is
the wpgat [rporsant elerment o determining the economics of eth-
arnol  production, and Ineff:cient starch hydrolysis car have a
Tajer ecunomil Inmpact on ethancl production.
Srarok b vs are of two general types: batch systems
srnd convs Batch systers consist of  tanks that are
Sized in roentation tank capacity and helding time.
The  wan “inh heat exchangers, aually internal
maile, ztear and oooling water The mash isg

TE




agitated by & motor eguipped with gear reduction and mixing
impellers. Transfer pumps capable of handling a2 high level of
s0lids are used to transfer the mash to fermentation tanks. With
very viscous feedstocks, heat exchange and mash agitation are
accomplished by pumping the mash through an external heat ex-
changer and back inte the tank. Batch systems are operated by
fiiling the tank, carryving out the multistep process of enzyme
hydrolysis, ané then pumping the entire mash volume into fer-
menters.

Continuous starch hydrolysis systems require meore scophisticated
equipment, but they are usually more efficient. <Continuous sys-
tems «generally use "Jet cookers," in which mash and steam are
wixed under opressure at temperatures of 105 to 150° C. Water,
feedstock, and eneyme are fed inte a premix tank at a2 controlled
rate, heated, ané pumped under pressure throuch the jet. The mash
is kept at high pressure and high temperatures for a few minutes,
then releazed £from the cocker to holding tanks, where it is
coeled and additional enzyme is added. The mash is then trans-
ferred to fermenters. The hich vressure and temperature of these
systems result in more efficient starch gelatinization and hy-~-
c:slyuih. These systeums requxre hxgh—pressare boilers and rela-
tively soph isticated systems for maintaining the mash under pres-

ure. Eguipment is sxzee on the basis of plant fermenter capacity
aﬁd mash residence time in cockers.

Fermentation

Fermentaticn takes plece in tanks equipped with agitation and
hezt exchangers to remove the heat generated by fermentation.
Tenk size 1s based on the concentration of sugar in the wmash,
fermentaticn time, final ethanol concentration, and plant pro-—
duction rate.

Final mash ethbanel concentraticn is a direct function of mash
sugar concentraticon. Within the lirmits of feedstock and yeast
ethanc. Tolerance, hiqher echanol concentraticns are desirable.
Maximyr vash ethencl concentration 1s about 10 percent weight per
velume. AL concentrations higher than 10 percent, vyeast are
killed. Gererally, feedstocks with high moisture content and
z¥gar wor starch concentrations less than 20 percent can be fer-
rented witheout dilutieon. Feedstocks with high starch or sugar
cencentrations reguire dilgtion. The sucar will be wasted if the
concentration s in excess of the amount necessary to produce the
mExirum amount of ethancl tglerated by the yeast.

Fermentarion s from 12 te 72 hours depending on
the amount o tart fermentation 2nd mash sugar
ConCentration ally equipped with multiple fermen-
tavion tarnks schedules t¢ provide a continuous
supnly of £ isrillation.

%




Cne of the mwost significant problems in ethanol production,
especially in spali-scale plants, is contamination of mash by
bacteria. Bacteria utilize sugars that would otherwise be con~
verted o ethanol. Good plant design and efficient fermentation
can control contamination wihout resorting to costly steriliza-
tion systems.

Distiilation

Distillation systems can either be batch or continuous. Choosing
one syster or the other is based on plant scale. Both types
teguire heating systems, usually steam {which can be from low-
pressure bollers), a2 distillation column, ané a condenser.
Figure I shows schermatics of these twe types of systems.

Bistillation column size and ethanol production rate are based on
the concentration of ethanol in the fermented mash, fermentation
Capacity, and production schedules. Small-scale plants--up o
about 100,000 liters annual ethanol production--can efficiently
use betch distillation systems. In batch systems, the entire mash
woclune iz passed, or cha*ged. to a large vessel called 2 still,
which iz then heated. The vapors are allowed to pass inte the
éistiilatisa column. Though batch systems are less efficient than

“tznn uE feed distillation systems, they are much easier to

¢ feed gystems, fermented mash is pumped at a con-
;:@Eled :at‘ into the distillation column, with heat intreoduced
2%t the nottom of the column Provision is made at the top of
the column to feed ﬁpfﬁcessed mash back through the systenm.
fentinucus feed coluons should be used in large-scale plants
where the improved effzﬁzercv Justifies the added complexity.

Dehvdration

The intended usge oI the ethancl determines the need for dehydra-
ticon sgystems to remove the five percent water that cannot be
seperated oy distiilation. If ethancl is to be blended with
aasel-ne, debydrat.on  is required. The presence of water in
erhanc! gasclirne blends resulwns in phase separation in storage
@r fuel tanks., Dehydration is not required if ethanol is to be
used to replace gasgline.  Ethanol can be used directly in modi~
fied engines at concentrations of ketween 20 and 95 percent.

rom stillage with solid/liquid
'igwen can range from simple
t as centrifuges sr vacuum f£il-

tillage can be recovered by
e *@ be stored or transported
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Paguve v Sohematics of Contingoys and Batch Diatitlation Syslons
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rnear the site of ethanel producticn with minimal separation or
processing.

-

Effluent Treatment

Productinn  of each vclume of fuel erhanol will generate about
nine volures of effluent. A pertion of the effluent can be re-
cycled and used to dilute high (uncentration feedstocks. JFowever,
even iIf the effluent is recycled, it can still cause a signifi-
cant pelleticon problem. To avoid polluticon of surface water or
ground water, the effluent must aﬁ&ergc microbiological degrada-
ticn; that is, the harmful organic matter contained in the
ffluvent wmus be broken down before the effluent is disposed of.
Thiz 1is ach_ anaercbically, aercbically, or by a sequential
combination of ube two metheds. Effluent degradation is wusually
done in a simple treaiment pond, followed by a stabilization
pond, 1f aecessa&g. Alternatively, the effluent can be fed to

tiogas digesters, combining energy production with waste treat-
ment,

Utilities

thanol producticn reguires water, boiler Ffuel, and transporta-
tien for ‘ﬂeds:rck ethanol, and by-products. Electricity may be
vEed to run purnps, stirring motors, process controls, and instru-
mentavion, hLut there are many units throughout the world that
;rnduce up owe 10,000 ga ilqns per vear without electricity. Water
is reguired fur mash dilution and coclirng in heat exchangers used
with starch mydrolysis systems, fermenters, and condensers.
Boillers used to generate process steam reqguire a low-cost, low-
Suality fuel such as natural gas, biogas, biomass, coal, residual
¢il, wor bagasse ‘bagasse iz crushed sugar cane or Leet refuse
from sugar making; Figh qu a*icf ligquid fuels or electricity are
negonarmical and i ficient f Hse 2t beller fuel. Finally, the
feedstook meeds to ransnor t¢ the plant; ané the products,
Loth ethanel a 2y -product aazmaz feed, need %o be transported
o the point of
The enersy reguiremerts for ethanol fuel productien vary
widel nilng or eQuipnent, process design, and feedstock. The
preeuction of wne liter of ethancl with a heating value of 5,625
Kegel/lliter would wypically requice 8890 o 1,200 Xcal for cocking,
=, 380 to 1,%0C Foal for distillavtion, 8080 to 1,000 Kcal for
dehydrarvicn, and about 300 Kcal to operate stirring motors and
pumns. T rg  of by-products from the production of one
titer of might reguire arn additiernal 600 to 700 Kcal. The
wroduonic anhvdrous ethanol and aried byv-products from
Srain--rep ‘ting the high range for process  energy--would
req Ll z, ¢ 2,880 Keal/lirer. The productiorn of 90 percent
gvk from sugsr feedstock without by-product drying~~repre-
sen whe low range for  process energy--would reguire 1,600 to
L, callliter,




The avalilabiliiy and the cost of vtilities are c¢ritical factors
bot in the sczle and the economics of alcohol production. Two
factors have contributed to the failure of ethanol “Lel projects
in developing countries: (1} plarts for the producticn of ﬁ*haﬂﬂ?
frel were s¢ large that the support utilities were unable to meet
their energy needs: and (1} the plants were sited so far from the
feedstock that transportation was not econcmical.
Plant Scaie
Fehanol fuel piants ramnce in size from a few thousand liters to
mere than 180 million Iiters of snnual production. The design and
operaticn ¢f srall-scale plan<ts can 'se greatly simplified by
combinine starch hydrolysis, fermentation, ard batch distillation
in mulii-purpose process tanks. The plants could include one or
several %tanks supplvirg fermented mash for a single distillation
ceiurn.  Plants op to about 100,000 liters of annual production
can  be desicned this way. Even larger batch plants can be con-
sidered if low-cost beoiler fuel is aveilable. With good technical
ageistance, srzll-scale batceh plants can be built and operated
with logel, copmurityv-level rescurces and skills.
Grezter operating efficiency can be obtained in larger plants by
separating starch bhydrelysis and fe:mentation in specially de-
signed seystemz ard using continuous feed distillaticn columns.
Genegrally, the aoreater capital cost and coperating complexity of
this fvpe of nliznt will be returned in operating efficiency.
Larce-gcale alcohol plarts require at least some employees with
relstively sophisticated managerent and technical skills. Plant
desicn, ecuipment, and constructicon eoften reqilire rescurces out-
side the local community.
CCST/ECCHTMICS
Iv Is culvt to provide cgeneral information about ethanol fuel
&CONO cecause producticn costs and product vaiuve depend on
Tlant ion, feedswock, pruduction scele, and end use.
vk ducrion includes hoth caplitel and operating costs. Two
e factores in cepitel costs for small batcen plants are
gta roivais gvsters and boiler capacity. In large plants,
eng G, aimy fon systers, and process contiol are rela-
z i ore zigni nr. Gernerally, <capital costg for alcochol
Dia arnge  feor SUE0 wo 81 (U.8.] per liter of annual pro-
guc capmcivy. Pased on figures from U.5. plants, capital
cos r Iivar of zmnual producticon capecity for very small and
ver ‘oe  mlants are generallv greater than these for inter~-
TatlEto-s0alE nts--1 to 10 millien lirers anneal production.
svhnancl wroduction, regardless of
ol fuel preoducticon to be profit-
feedsroek 1g esseptial. In small
- atively ilrpornant.
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igniticen engines. It is produced by bacterial fermentation of

arch- or sugar-conteining feedstocks and purified by distilla-
tion. The bacteria preoduce sthanol and acetone in addition to the
crincipal product, butancl.

The producticn of butanol has two disadvantages: (1} the fermen-
tatieon of butanol is difficult corpared with that of ethanol; and
{2} butanel fermentation produces less useful fuel per unit of
feedstock than ethanol fermentation with veast. Butanol has been
vroduced cormercially under wartime conditions. Today, however,
butanel Ie no Ionger produced commercially for use as fuel.

CURPERT RESEARCE ANXD DEVELCPMENT

Erhanel fuel grcé'ct;cn 18 2 well-established commercial tech-
nelogy. But it Is zisc a technclogy that has room to  improve.
That is why research and development efforts in cthanol fuel
preducticn are ongoing. The research areas relating to this
technology thet contincve to be addressed include (1} feedstock:
{2} starch hydrolvsis and fermentation process design; (3)
ethanel and b“-p*&duct end uses; and [(4) site-specific integra-
tion of ethanel production with loecal agricultural economics.

Peedstock is the most significant cost element in ethanol preduc-
tion. {uvestions of possible competition for prime agricultural
land, and impacts of ethanol producticn on food supply and dis-
tribution are crucial to the scocizl and economic success of this
technolocy. One important arez of research is the identification
of starch- and/or sugar-containing crops that can be grown on
poor land 2nd that reguire 2 minicum amount of ¢ultivation and
chemcaE inputs {e.g., fertilizers:. Such feedstocks must be
compatible with the local c¢limatic conditions, the water resour-

ceg, and whe soll type. They should not disrupt the local agrz—
cultursl eccnomy. Alternative feedstocks under evaluation in
varlievs warts of the world incliude sago palm, bamboc, sweet
potatees, osnd honey locust trees. Once potential crops are iden-
tifled, research will e directed toward increasing vields,
édapting  crops o specific siruaslions, and developing cultiva-
i, harvest, and Storage technigues.

Alvernative feedstocks will reguire research to adapt starch
hwairolvslis and fe ntation eguipment and procedures to the par-
ticular feedstock characteristics and concentration of ferment~
atie sugars. Ferrmentgrion researsch micht 2lgs include the selec-
tion ©f vesst stwrains for irproved fermentation efficiency. Im~
provexenns  couzld nelude increased tolerance te high sugar and
erhannl concenty ns, +«olerance to high fermentation tempera~-
Ture, of adapts vo parvicular feedstook characteristics.

Fese geds [n ethans]  and a3~;sc§;¢& en& uses would include
&g of technology and ecgnonics for yses of ethanol other
Tharn meror fuel; evaluatrion of  convergion  technigues for




specific types of engines: and evaluation of specific feedstocks
for recevery and use of byv-products.

Fesearch on i on of ethanol fuel production with agri-
cultural econom ¢ cover & broad range of tcpics, including
feedstock economi cultivation, vplant and equipment design
to £it specific local constraints, prccess fuel sources, impacts
on  emplovient snd income distribution. and effects on national

a7 oy P - .
Daiance of Eay ments.

Bowee

V. INTEGRATION

The successful introduction of ethanel fuel preoduction and use in
develeoping countries requires careful planning. The technology
must be integrated with local economic cenditions, available
Teggurces,  and potential end use of both the ethanol and its by-

he operating efficiency of large-scale ethanol plants

products. Th
nay  be creater than that of small-scale plants. However, this
£ficiency may be of little value if the plant is too large for
the available feedstock and support utilities or if the local
economics of food preduction and distributicn are disrupted.

vr o S

Ethanol pilants should be scaled so0 zhat demand for feedstock does
rot  disrupt  distribution systems and markets for agricultural
commodities. Support utilities and transportation should be able
o suppert the scale of ethanol production. One important, hidden
cost of large-scale ethanol plants is the cost of building or
cperading roads, water supply systems, pollution control systenms,
and electricity generating capacity. The method used to finance
these support systems is an important sconomic questicn.
Sisxillers dried crains (DDG)  are the maicer by-product commodity
resuliving from ethanol production. This high protein product is
2 excellent livestock feed, and feed lots could be located near
the ethsnel plant. Another extremelv important potential use of
thir prevein-rich material could be as 2 human food supplement.
End wse 2f the ethancl and by-products rmust be on 3 scale that
o - wrlon,  Techknical resources need to be available for
ara sung I necessary. If erharol is te be plended with
Qas keting apd distribution systems for ethanol and for
erh ne  blends rust be developed in paraliel with the
THSE nd cperztiun of ethanocl fuel plants.
. van erhance etrhanol production economics and
with well-designed small~ and medium-scale
e rlants can ofren take advantage of low value
Tke such as food processing waste or damaged or
variety of leow-vost toiler fuels such as biogas,
tper Lndustry of gower plantg, or biomass can be
TS & sealed wo matoelh the resources available
transport distancez. Dehydration can be elimi~
Iuous inowurnverted ergines. Altermatively, a

bk
Py




nupber o©f sral: ethanol plants can supply 80 to 95 percent etha-
nol to & centralized plant for dehydration and distribution. By-
product procesring can be reduced if the plant is scaled to
supply livestock feed demand in the imgediate area of the plant.

Small-scale plants are much simpler to build and operate than
large piants. ¥ith technical support, small-scale ethanol plants
can be built and operated using locally available skills and
rescurces. With the exceptisn of such eguipment as motors, boil-
ers, and comtrels, small-scale plants can be built in any reason-
ably well-eguipped machine shop, provided that technically sound
pians are available. Small-scale plants can alsc be mounted on
flat-bed trailers so they can be moved from site to site.

Starch bhydrolysis and ethanol dehydration are the two steps
reguiring long-term purchase of materials ocutside the 1local or
even national levei. The production of starch hydrolysis enzymes
end molecular sieves regquires relatively sophisticated technolo-
9¥ - Enzywes and molecular sieves are supplied by a number of
coppanies. As an a2lternative to purchasing these materials, they
can be manufactured in centralized plants for distribution to
zmall~scale ethanol plants.

VI. CBOOSIRG TEE APPROPRIATE TECENCLOGY

The decision to produce and use ethanol fuel requires addressing
both direct snd indirect technical and economic questions. These
guestions are important on any scale of development ranging from
an individual local decision to produce on a2 small scale to na-
tienal-level programs.

ext technical and economic guesticns in the decision to pro-

and use ethanol frel include the cost and the availability
eedstock; ethanel and by-product end uses and marketing; laws
egulations;: production scale; and selection of plant design
eguiprnent opticens.
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Lawes and reculations affecting etharcl fuel production will vary
from country to coeuntry. Variaticns mav alsc occcur between legal
2nd political Jjurizdictions within ccuntries. Pegulations must be
checked for each individual case. The principal regulations are
those that prevent the use of fuel etharcl for human consumption.
Generally, these reculations :eq iire that ethancol be denatured by
ing chemical agents to the ethanol to pake it unfit for human
urpticn. The most readily available deraturant for ethanol is
ine mized 2t one percent per volume. Other regulations may
Zischarges of liguid and gasecus effluents and occu-
onal safety and health. Laws dictating confermance to build-
cedes  ‘e.g., electric, plurbing, and fire safety codes) may
apply.
Uecisions regarding plant scale, equirrent, and process design
depend privarily on feedstock, <he availability of markets for
oaoth ethanol and its wy-products, and the availability of plant
financing. Economies of scale in ethane] fuel preductzcn are much
ilegs importent than well-planned integration of ethanol fuel pro-
dyction with agricultural econorics. icgal transportation, lecal
stilitnies, and end uges.
Indirect sooizl and economic guestions zre a2lso very important in
the decizicon 2o ;soéuce and use ethanol fuel. Economic decisions
recarding ethans! production may rely more on the ability to meet
Such clhitectives as irsrea*arg rural emglovment, achzev;ng energy
indepandence, and providing ai:e*naf;ve markets for crops than on
cirect evaluatien of preduction costs ard market values. Techni-
el decisicns regarding vlant scaie, process design, and equip~
ment  rma@y be influenced oy *hﬂ asility to meet such objectives as
the use of looal labeor and lecally manufactured equipment, the
cre & wf elirermative markets for sgricultural crops as feed-
o - #nd the local use of process energy,
noe of ethensl sf e viaulse alternative b0 gasoline has
re&lor coniroversies that can affect decisions regard-
fuel mreoducsion,
CEOVE TS cerns the guesrtion of net erergy  yield:
rher v mergy content of  the ethanol is qreater
ey gnsumed Lo zroduction,  With efficient technolo-
tgvocontent Sf erhanc! exceeds the direct ine-plant
2y Irputs Dy about 7 oto 1, How recent analy-
cok LTl gooount the energy i itiJate feed~
DoTr £t feedenock and pyods »  “alculated that
10T CCnSUTEs TGre erergy Ln ;s produced, The
se to this analysis is rkat erharol is not a pri-
Lroer  ratker, it lx an energy  convercion  and
I ethanol preducticn, low~guality, diffuse prie
occes are upgraded te 2 high-quallivy, liquid fuel.
teothe form of plant carbobydrate and low-guality
LT LOmVErtEG T¢ & Puwl suitable for  Use in trans-
mple rerms, rhe s rze ig that automobiles
TOC3FEIVE.  Whern et..a 18 viewed as  ap energy




CONVILSion SYsETEfn. i€ net energy guestion iz largely irrelewvant.
Nevertheless, the guestion is useful hecausge it points cut the
need Lo select those feedsteocks reguiring reiatlvely little
cultivation and low inputs of fertilizer zand chemicals, and the
need o - low-guality boiler fuels.

* The =second controversy surrounds the issue of food versus fuel;
that iz, whether the use of aericultural c¢rops for ethanol fuel
production will adversely affect the awount of land available for
food production and foaod supply, as w2ll as affecting food
trices. Thisz ig 2 complex guestion te¢ wh’ch there are ne absclute
answers. On the one hand, 2 large-scale diversion of food crops
Lo ethancl vyprodaction could reduce food supplies and increase
focd prices. oCn the other hand, a carefully planned and well-
integrated ethanol fuel industry sne: not necessarily result in
direct compesiticon for agrlcughur land and food supplies., Low-
value «orops crownd on marcginal lan a are often good alcohol feed-
stocks with poor feod value. Cultivation ¢f low-value crops may
contribute ¢ the economy through conversion to a high-vaine
preduct.  Increaszed rural employment may increase people's eco-
nomic @ccess o hish-guality food. Ethanol might also k& produced
from  asgricultursl commedities that would otherwise ke exported.
Sugar care, for example, may be werth nwore as a feedstock for
domestic fuel production to  displace imported petroleum than as
gr expori cror The izsue of food versus fuel emphasizes the
need o vianning but does not mean that ethanol fuel
produd TiOLE appropriate technelogy.
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