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CHAPTER 19 

ECONOMIC OUTLOOK FOR THE PRODUCTION 
OF ETHANOL FROM FORAGE PLANT MATERIALS 

A. R. Moreira and J. C. Linden 

Department of Agricultural and Chemical Engineering 

0. H. Smith 

Department of Agronomy 
Colorado State University 
Fort Collins, Colorado 

R.H. Villet 

Solar Energy Research Institute 
Golden, Colorado 

The potential of solar biotechnology is immense, not only for liquid 
fuels, but also for the range of petrochemical substitutes that can be 
produced by fermentation [1]. Since fermentation based on easily fer­
mentable substrates such as sugar and starch is established, these mate­
rials are being used to produce ethanol for gasohol in the near term. 
However, the feedstock cost represents a large fraction (more than 500/o) 
of the cost of producing ethanol. If grain prices were to rise dramatically, 
the final product cost of ethanol would soar. An alternative and rela­
tively cheap substrate is lignocellulose. The processing technology, how­
ever, is not fully developed as yet. Lignocellulose is not readily converted 
because of cellulose crystallinity and also since lignin shields cellulose and 
hemicellulose from attack by enzymes. The only biological process which 
has been operated successfully at greater than the bench scale is based on 
municipal solid waste. ln the Emert process [2], ethanol (190 prooO has 
been produced at 284 liter/day (75 gal/day) from about 1 metric ton/day 
of waste. The development of alternative processing technology using 
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thcrmophilic anaerobes, for converting lignoccllulosc directly to ethanol 
is being pursued [3 ,4) . Most cost analyses predict an ethanol production 
cos t well above $0.40/l [5,6) . 

In herbaceous plant materials, cell wa lls are composed of cellulose, 
lignin, hemicellulose and minor amounts of gums, pectins and other 
com pounds. The major harrier lo efficient hydro lysis of cellulose, ei ther 
by acid or with enzymes, arc com plexes of lignin and hemicellulose wi th 
cellulose. While covalent bonds between these components have been de­
monstra ted [7), limitation of hydrolysis is thought to be primarily due to 
sheathing of cellulose microfibrils with the lignin-hemicellulose mat rix 
(8) . Access of the hydrolysis catalyst and reactants to the glucosyl 
linkages is retarded until lignin is removed . Because of the high cost o f 
reducing lignocellulosic complexes to hydrolyzable form , it would seem 
reasonable lo utili ze sources of cellulose wi th minimal ligni n cont ent. 
During the growth and development of plant cells, lignification occurs al 
a stage after cellulose biosynthesis (9) . This fac t suggests that immat ure 
vegetable part s o f plants may be a source of readily ava ilable cellu lose. 

The possibility of using sorghum fiber for biomass and for papcr­
making pulp has already prompted nu merous agronomic and chemical 
studies [10- 12). Sweet sorghum is a tt racting interest in this respect in all 
agr iculturall y producti ve regions of the Un iteu States; high-sucrose hy­
brids suit able even for the northern slat es arc now available . Potential 
for utilizing sucrose inve rl sugar anu slarch as substrates for ctha nolic 
fermentation and for utili zing the fiber as a so urce of fuel energy, or 
alternatively, of synthetic gas is promisi ng hut is hampered by the rela-
1 ively poor storab ilit y of harvested cane 113) . The pracl ice of ensiling 
forage materials has int eresting potential as a means of storage of the 
fiber feedstock for alcohol production schemes. During cnsi ling, the 
orga nic acids produced from soluble suga rs hy the Lacto/Jaci/111s and 
Strcptucoccus bacteria ma y cause he111ice ll11lose-li g11i 11 sheathi11g lo break 
down. A s a re~u ll , the acressihi lil y of waler lo cellulose for hydratinn 
and of enzymes for h yd rnly~is is reportedl y improved I 141. 

The experimental basis for the econo r11ic study dl'scri hed in this chap­
ter consis1ed of obtai ning samples of sclcc1cd her haccous plant ~ pc:cics 
and subj ect i11g 1lrem to en1.ymalic hyurnlysis. The res ult s of 1his work 
have been pre v io11 ~ l y rcporled I 1 'i I. Our objective is Io provide a pre­
li minary cco11or11 ic a sw~s 11r e111 of lhe alcol 1ol fc:rnwn1a1io11 potential o f 
I h c~e ~pec i c~ ha ~ed 011 pr ojccted yield~ a11d lithoral ory res ult ~ . 

METllOHOLO<;Y Hm FCO NOl\,11{' ASSESSMENT 

1-"1ha11ol p1od11c1i 1111 co,.ls llTll' i'o .1 i11l'll l"r ;r pron·\ ~; .\ i111il ;11 lo thl' 
N;11ick p111cc \ ', if1i. /\ \ i111pl ili n l d1 ;q•1;r1111d 11..- 111•11T'·' i111•. op1· 1a1i1111 ~ i' 
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shown in Figure I . The process consists of mild mechanical size-reduc­
tion or the biomass, cellulase prod uct ion , enzymatic hydrolysis of the 
lignocellulosic materials, filtration of the undigested solius and produc­
tion of 95"7o ethanol using conventional yeast fermentation and distill a­
tion technology. Enzyme hydrolysis is assumed lo occur over a 48-hr 
period al an enzyme load of 10 IU/ g of substrat e and without enzyme 
recycle. 

While the laboratory hydrolys is data reported in this paper was ob­
tained al an enzyme load of 86. 7 IU/g of substrate, ii was found that 
hydrolysis performed al an enzyme load of 8.7 IU/g of subst rate over a 
period of 48 hr gave 950/o of the or iginal va lues. II is thus fell that the 
hydrolysis conditions used fo r the plant design will be representative of 
the laboratory data . 
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Prudut li on 

Cellul dse 

r i 1 t r.tt ion 

Ste• i I 1u t ion 
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S tl.'11111 
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Ccntri f uiJ 11l ion _ ____. ~ 11t•11 t Yra<>t 
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l'ii:un· I. Si111plilil'l l pru1·t·" flu" diag 1a111 for r 1h ;1110 1I p1"d11diP11 f1p111 
l"<Tl'l; rlill· fllt;l t! <' L"ll l l" · 
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Forage biomass culturing and harvesting costs were charged according 
to Saterson et al. (16} at the following levels: 

• alfalfa, $26.78/metric ton 
• sudangrass, $17.75/metric ton 
• sorghum (any type), $22.71/metric ton 

where the sudangrass cost was estimated assuming an average forage 
yield of 22.15 metric ton/ha (16) and the same harvesting costs as for 
sorghum. Figure 2 shows two of the species selected for this anafysis. 

A preliminary economic evaluation ( ± 250Jo) was then performed using 
the Natick information (6). Since the sole experimental data available 
were on the 24-hr sugar yield from the enzymatic hydrolysis of the forage 
material, it was felt that a complete plant design would be unreliable and 
somewhat premature at this time. The evaluation was then based on the 
assumption that the cost of producing I liter of 950Jo ethanol (without 
charge for the cellulosic substrate) would be a constant and independent 
of the substrate. This assumption essentially means that, as long as the 
sugars are in the soluble form, the cost of producing ethanol is the same 
no matter what the sugar source is. 

The cost of ethanol production was $0.35/I ($1.32/gal), according to 
the Natick report (6), at 1978 prices and with no substrate cost included. 
To generate the ethanol production costs for our analysis, the Marshall & 
Stevens index was used to update the equipment costs to the third quarter 
of 1979. An index of 545.3 for 1978 and of 606.4 for the third quarter of 
1979 was used f 17). Pretreatment charges were calculated based on Ny: 
strom's estimates (18) assuming that the substrate would pass through a 
ball-milling size reduction to 40 mesh hefore enzymatic digestion. Al­
though detailed pretreatment studies were not pe1 formed in this project, 
it is believed that the pretreatment costs as calculated here are fail'ly 
conservative, and an even milder pretreatment may result in similar cellu­
lose conversion during enzyme hydrolysis. Labor costs were increased at 
a rate of 7%/yr over the Natick data. The remaining items were cal­
culated on the same basis as in the Natick analysis: 

• depreciation - 100/o/yr or total fixed investment 
• plant 011\lream lartor - 3:10 days/yr 
• plant overhead - HO"lo of total lahor cmt 
• taxc~ and insurance - 211/o/yr of total fixed inwslmenl 

To obtain the total production cml a s11hs1ratc 1.:harge was added lo 
this cml as rnkulaled an.:mding lo !he followi11µ formula: 
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1-'il'urc 2. Field-grown sudangrass (top) and forage sorghum (bo1t11111), 
representing two of the species used in these studies (provided hy 
Ile Kalb Aglkse;ird1, Inc.). 

'~ J,: 



forage crop cost 
substrate charge ($/metric ton) 

($/I of950Jo ethanol) glucose yield x ethanol conversion x (I liter ethanol/0.789 kg) 
(kg/metric ton) (kg/kg) 

The main limitation or this economic analysis lies in the fact that a 
IOOfo glucose syrup after hydrolysis as assumed in the Natick study may 
not be possible for all the forage materials included in this work using an 
enzyme load or to IU/g of substrate. This would make a concentration 
step necessary in some cases; however, since no data were available on 
the maximum substrate charge possible on the hydrolyzer, no calcula­
tions were made in this study for this purpose. 

RESULTS AND DISCUSSION 

Experimental 

Lignin content is related directly to plant maturity. The conversion of 
the cellulose component of forage crops to glucose by enzymatic hy­
drolysis is related inversely to the lignin content. Generally, hydrolysis of 
cellulose from young plant tissues is superior to that from mature tissues. 
In Tables I and II and the following paragraphs are presented examples 
of these findings rrom studies on alfalfa, sudangrass, sorghum silage and 
brown-midrib sorghum mutants. 

Mature alfalfa tissue contains proportionally more lignin than does 
younger I issue. The percent conversion or cellulose proportionally varies 
from 41 OJo for the most mature tissue to 841t/o for the youngest parts of 
the plant. Fermenlable sugar yields from the most easily hydrolyzed top 
segment of the plants are, however, less than those from the mature 
bottom segment because of the higher cellulose content of the bottom 
fraction. 

Studies on whole plan! samples or half-grown and mature sorghum 
supported the staled relationships between maturity, lignin conlenl and 
cellulose hydrolysis. As an example, malure sorghum wilh 6.50/o lignin 
gave 31 "!o of lhe theoretical conversion of cellulose while vegetative 
material wilh 3.1 O/o lignin gave 470/o conversion. Mature sorghum, b111 

not vegelat ive sorghum, contains considerable ferment a hie sugars which 
are extractable from leaves and stalks. The differences were compen­
sating and resulted in ~imilar glucose yields after ccllulolytic hydrolysis 
of matme and of vegetalive sorghums. 

h1siling would provide a nu·am 111' slot age of vegelal ivt• ll'l'd~tod and 
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·1·ahle I. Enzymatic Hydrolysis Prod11cls and Theoretical 
Conversion or Cellulose lo Glurose hom 1-·orage (:rops al 

Various Stages or Maturlly 

Total Exlraclable Net 
Glucose Glucose Hydrolysis• ('ellulose 

( '.onverslon ~ 
(mg glucose/ g dry substrate-day) ( OJo) 

Dekalb FS-25A + Sorghum 
Vegetative 155 0 155 47 
Mature 151 57 94 31 
Silage 188 0 188 71 

Frontier 214 Sorghum 
Vegetative 103 0 I03 34 
Silage 175 0 175 68 

Sudangrass, Vegetative 204 64 140 56 
Brown-Midrib Mutants of Sorghum 

(vegetative, field-grown) 
bmr6 215 61 154 75 
bmr 12 251 80 171 77 
bmr 16 236 84 152 <>II 
bmr17 257 74 183 89 
bmr 18 288 69 159 70 

Alfalfa (first culling, vegetative) 
Top NA 
Next-lo-top NA 
Nexl-lo-bollom NA 
Bollom 128 5 123 43 

Alfalfa (second culling, vegetative) 
Top 89 0 89 84 
Next-to-top 113 I 112 77 
Next-lo-bollom Ill 130 55 
80110111 148 4 144 41 

- ---------~- -------
"By difference. 
h Values obtained hy dividing net hydrolysis by respective cdlulose conlenh from Table II 

and multiplying hy 100. 

a biological process to improve the conversion or constituent cellulose. 
The hydrolysis of the silage of the same sorghum variety described above 
resulled in 71 % themetical cellulose conversion as compared to lhat 
from !he mature sorghum equal to 31 Ofo. Since the lignin content of the 
silage was equal to that of lhe mature material, changes in the fiher struc­
ture resulting from ensiling apparently impwve accessihility of l'tl7ymes 
to the fibers. I lydrolysis of the cellulose in silage may he enhanced by the 
action of organic adds (resulting pit - 3.8-·4.5 in well-cnsilcd material) 
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T11hle II. Hber l'omposlllon of 1•or11ge Sorghum V11ril"lics 
(O/o, dry weigllt b11sis)• 

('ell· Add 
Soluble Detergent 
Material Fiber llemlcellulose Cellulose l.lgnln 

Dekalb FS-25A + Sorghum 
Vegetative 40.6 38.9 20.5 33.0 3.1 

Mature 37.6 39.0 23.J 30.4 6.5 

Silage 38.7 37.0 24.J 26.3 6.7 

Frontier 214 Sorghum 
Vegetative 44.2 38.8 17.0 30.3 3.9 

Silage 45.1 35.3 19.5 25.9 4.5 

Sudangrass, Vegetative 45.6 29.7 24.7 25.2 3.1 

Brown Midrib Mutants of Sorghum 
(vegetative) 
bmr6 51.0 26.5 22.5 20.5 4.4 

bmr12 48.3 25.4 26.3 22.J 1.9 

bmr16 51.9 26.9 21.2 22.0 2.5 

bmr 17 50.I 24.2 25.7 20.5 2.2 

bmr 18 51.7 26.4 21.9 22.7 1.9 

Alfalfa (first wiling) 
Top 68.0 26.9 5.1 18.6 7.8 

Next-lo-top 54.9 39.6 5.5 23.8 12.9 

Next-10-bollom 49.0 45.4 5.6 26.7 13.6 

Bollom 39.4 46.I 14.5 28.9 15.9 

Alfalfa (second cutting) 
Top 83.5 15.8 0.7 10.5 4.8 

Next-to-top 73.0 25.6 1.4 14.8 8.0 

Ncxt-lo-bollom 56.8 39.I 4.2 23.7 10.3 

Bottom 43.7 50.I 6.2 34.9 13.8 

~--- ·--··----- -- ------- -~ ·----

"Analysis by permanganate oxidation prn~cd111c ol" (ioc..ing and Van Socsl 1191. 

on lignocellulosic structures over lime. During enzymalic hydrnlysis, lhe 
loss of the glucose producl to the acid-fo1 ming Lac/o/Jad/lus and Strep­
tococcus bacteria was prevented by add ii ion of 0.01 O/o (w/v) of agricul­
tural grade lclracyclinc hydrochloride. This level of antihiotic did not in­
hihil the fermentation of the hydrolyzed s11ga1s hy S11ccl1t1m111_1·n•s ccrc-

1•isiae. 
Unlike sorghum, sudangrass in vcgclalive growth co11lai11ed consider-

able a111011nh of sugars 1ha1 were exlraclahk from leaves and stalks. 
Cellulolytic hydrolysis added lo the exlral"lahk 6.4 11/o gl11rnse and yielded 
a tolal of 20.4"/u fennenlahlc sugar 011 a dry weight hasis. This 111a1e1ial 
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contained 3.1 O/o lignin, and lhe cellulose was converted to 560/o of theo­
retical. 

Conversions of cellulose averaging 750/o of theoretical were obtained 
from brown-midrib sorghum mutant lines. The average lignin conlent of 
these materials was 2.60/o. The literature described mature brown-midrib 
mutants as having lignin content 61 percent lower than isogcnic normal 
lines (20). These mutants in vegetative growth contained 7.40/o extract­
able glucose and on hydrolysis yielded a total of 23.70/o glucose on a dry 
weight basis. 

Economics 

The results obtained by a detailed analysis of the bioconvcrsion pro­
cess of the various forage materials are shown in Tables Ill to VIII. 
Table Ill shows that the total fixed investment for a 95-million-liter/yr 
ethanol plant is estimated al about $59 million, or about $0.62/l or in­
stalled capacity, which is considered a reasonable figure by most of the 
researchers working in this area. Startup and working capital eslimates 
bring the total capital investment to about $74 million. 

Table IV presenls a breakdown of the ethanol production cosls from 
the forage crops without a substrale charge. The processing costs are 
estimated at $0.33/I, well below the $0.35-0.45/I range reported by other 
researchers [5,6). Enzyme production is the major factor in the ethanol 
cost (470/o of the total), followed by fermentation and distillation (26%), 
hydrolysis (15%) and pretreatment (120/o). This finding stresses once 
more the need for slrong research efforts in the area of cellulase produc­
tion. 

T11hle Ill. t:s1i111111rd C11pi111I lnvestmrnl for • 
95-million-liler/yr F.lhauol l'lant ($I ,IKIOs, 

l"hird Q1111rler 1979) 

t:nzyme t:tll11n11I 
Pretrralmrnl Production ll)drol)sis l1 rodut·tion lotal 

l\laio1· l'q11ipmc11t 1,3:!0 17,2-IJ IU50 I ~.11111 47.094 

Ill l\itl' lnn·stmcnl 4(12 1,116'> WK .J,!-12 h,hKI 

(icncral Scr\"icc Fal"ilitics 179 1,911 I.Hf> l,4-11 ~ •. 179 

I olal l'i'l'd lnn·stmcnt 1.%1 21,02-1 1·1,80.J 21.171 54.159 

S1a1111p (8.5 11 "• Tl I) 5,029 

\\"1•1~i11~ Capital (l6.5 8 'o TH) 9, 761 

rota( ( "apila( ln\"l"Slllll'nl 71,94'1 
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Table IV. Cost (C/1) Analysis, Ethanol from Cellulose• 

Enzyme Ethanol 
Pretreatment Production Hydrolysis Producllon Total 

Total Material 
Total Utilities 
Total Direct Labor 
Total Direct Cost 
Plant Overhead 
Tax and Insurance 
Depreciation 
Factory Cost 
Percent Total Cost 

1.40 
2.10 
0.20 
3.60 
0.16 
0.04 
0.21 
4.01 

12 

•Basis: 9S9/e ethanol, no substrate charge. 

8.88 
l.S7 
1.37 

11.82 
I. IO 
0.44 
2.22 

IS.SS 
47 

0.3S 
1.20 
0.82 
2.37 
0.66 
0.31 
l.S6 
4.90 

IS 

O.SI 
3.16 
1.30 
4.97 
1.04 
0.4S 
2.26 
8.72 

26 

11.14 
8.03 
3.69 

22.76 
2.96 
1.24 
6.2S 

33.21 
100 

Estimates for the ethanol yield from the forage crops included in this 
study are shown in Table V. These estimates are based on a 450/o ethanol 
yield from glucose during anaerobic fermentation. As expected, sudan­
grass and the brown-midrib mutants of sorghum show the highest poten­
tial with, respectively, 2583 and 2338 liters of ethanol/ha-yr. The ensiled 
sorghum materials show the second best possibility with an ethanol yield 
close to 1900 liter/ha-yr. Vegetative Frontier 214 sorghum and vegetative 
alfalfa rank at the bottom with respectively 1016 and 903 liters/ha-yr. 

The estimated total production costs arc shown in Table VI. These 
costs show that vegetative sudangrass and brown-midrib mutants of sor­
ghum are the most promising substrates with the ensiled sorghum crops 

' being the second best. Total elhanol producrion costs are now at least 
$0.48/I, with alfalfa and Frontier 214 sorghum reaching $0. 72/I of 950/o 
ethanol. A breakdown of the tolal production costs presented in Table 
VI can be seen in Table Vil. II can be observed that substrate costs repre­
sent the major fraction of the total cost, ranging from a minimum of 
31 OJo to a maximum of 540/o. Enzyme costs rank second, ranging from 22 
to 33%, followed by fermentation and dislillation costs, which vary from 
12 to 18% of the total. llydrolysis and pretreatment costs represent the 
minor fraction, varying from 5 to 1()0/o each of the total production 
costs. 

Table VIII shows the estimated total ethanol production costs for a 
fermentation yield of 5011/u (weight of ethanol/weight ol glucose). As 
expected, a decrease in the product io11 cml s rel at ivc to those in Ta hie VI 
is observed, reflecting the smaller quantity of forage raw 111aterials re­
quired for the sa111e ethanol product ion rate. Thl' dcnease avl'rages 
ahout 31f /I and reflect" the high co<;t oft hl' raw malcrials and the need for 
efficient \Uh~trale co11ve1<.ion at all stage<. ol the process. 
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Ra" 'taterials 

D<>kalb FS-:5 . .\ - Sorghum 
\'<>getatt'<' 
\lature 
Silage 

F~,,nri<>r :1_. 
\·eg~tati\ e 
Silage 

Su..:angrass. \"<>g<>rari'e 

Table VI. Estimated Total Ethanol Production Costs from 
Se\leraJ Forage Materialsa 

Substrate 
Cost 

($/metric ton) 

22.71 
22.71 
22.71 

:~.il 

22.71 

Substrate Charge 
to Ethanol Cost 

($/I 95 010 Ethanol) 

0.26 
0.26 
0.21 

0.39 
0.23 

Brown-:1.lidrib \lutams of Sorghum, Vegetative (average) 

. .\lialfa. \·egerati' <' (a,erage) 

17.75 

22.71 

26.78 

0.15 

0.17 

0.39 

Total Ethanol 
Production Cost 

($/I 9511Jo Ethanol) 

0.59 
0.59 
0.54 

o.n 
0.56 

0.48 

0.50 

0.72 

-E:hanol processing costs = 33.2IC/l (from Table IV). Ethanol yield during glucose fermentation = 45% on a weight basis. 

Table VII. Relati"e Cost Factor Analysis of 
Ethanol Production Costs from SenraJ Forage Materialsa 

Enzyme Ethanol 
Raw Vlaterials Substrate Pretreatment Production Hydrolysis Production 

Dekalb FS-25A - Sorghum 
Vegetati•e ~ 7 26 8 15 
\1ature 44 7 26 8 15 
Si lag<' 39 7 29 9 16 

Frontier 214 Sorghum 
Vegetative 54 s 22 7 12 
Silage 41 i 28 9 IS 

Sudangrass. Vegetative 31 8 33 IO 18 

Bro..,n-Midrib .\-futants of Sorghum, Vegetative (average) 34 8 31 10 17 

Alfalfa. V<>getative (average) 54 5 22 7 12 

"Figures given are °'o of total cost. 
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'fable V Ill. Eslhnaled Tolal Ethanol Prod11ction Costs 1·rom 
Se,·eral t'orage Malerials• 

Raw Maleri11ls 

Dekalb FS-25A I Sorghum 
Vegetative 
Mature 
Silage 

Frontier 214 Sorghum 
Vegetative 
Silage 

Sudangrass, Vegetative 

Brown Midrib Mutants of Sorghum, 
Vegetative (average) 

Alfalfa, Vegetative (average) 

·----------
S11bslrnle <:barge lo 

l':llurnol Cosl 
($/I 950/o EIOll) 

0.2J 
0.24 
0.19 

0.35 
0.20 

0.14 

0.15 

0.35 

Tolal Elh1111ol 
Prod11clion C.:C1sl 

($/I 950/o EtOll) 

0.56 
0.51 
0.52 

0.68 
0.53 

0.47 

0.47 

0.68 

"Ethanol processing costs = 33.21«/I (from Table IV). Ethanol yield during glucose 
fermentation = 500/o on a weight basis. 

CONCLUSIONS 

The production of ethanol by fermentation of the glucose obtained via 
enzymatic hydrolysis of the vegetative forage crops considered in this 
study requires further research and development before economic feasi­
bility can be allained. The total production costs ranges from $0.48/I for 
vegetative sudangrass lo $0.72/I for vegetative alfalfa. These high costs 
are not totally unexpected, since the forage crops considered here have a 
high cash value. II should be noted that the costs obtained in this study 
do not account for the use of reducing sugars other than glucose and do 
not include any by-product credits. If these credits were included, the 
costs reported in this study could be lowered by as much as 14¢/1. Since 
only a mild pretreatment is required for the vegetative forage materials, 
processing costs arc at least about 1()11/o lower than other published pro­
cessing costs (6). This represents a considt·rahle advantage of vegetative 
forage crops over ol her lignoccllulosic materials. 

Substrate costs constituted, in most instances, the major fraction of 
the total production costs, varying from 31 lo 54 11/o. 111 view uf this, a11 
cffidc111 suh\lrate c1111vcrsio11 11111sl he oh1ai11nl at all sla)!cs uf the pro­
<.:ess. l'.111y111c producli1111 cmls w1•n.· also very i111porta111, 1at1)!i11g from 
22-330/o of the total cml; I his indicalt's the 11eed fot co11ti11ued rest·ard1 
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on cellulase production technology. The total capital investment for a· 
95-million-liter/yr ethanol plant was found to be about $74 million. This 
represents a fixed capital investment or ahout $0.6211 ethanol capacity. 
To reduce substrate costs, one might either look at less expensive means 
or culturing and harvesting the crops or coupling to other operations. 
Examples could be coupling alfalfa hydrolysis to a soluble protein 
extraction operation or harvesting sorghum grain and stalks simul­
taneously but separately. Alternatively, one may obtain other substrates 
whose culture is indigenous to a growing area. Such unconventional 
plants may have the same processing costs, yet may be obtained for 
0-3¢/l or ethanol. 

_These studies were definitive in showing how hydrolysis and endog­
enous sugar levels influence the yield or fermentable sugar. This yield is 
also proportional to the biomass yield. Saterson et al. (16) in work sup­
ported under a Department or Energy contract to A. D. Little Copora­
lion and Jackson (21) al Battelle Columbus Laboratories screened her­
baceous plants for potential biomass production in JO regions of the 
contiguous United States. Many were plants whose cullure was indig­
enous to a growing area. Some were unconventional as food and forage 
crops, but were good candidates in terms of their projected biomass pro­
duction potential. Crops appropriate for the Great Plains included 14 
species of grasses and legumes and 9 species of unconventional crops 
and/or weeds. The comparative analysis of Heichel of cultural energy 
requirements placed such crops high with respect to total energy yield 
(22). Sweet sorghum rated highest in lhal study, but in terms of practical 
energy recovery, cane storage and juice expression present major diffi­
culties at present 113). Future crops for alcohol fermentation may include 
other traditional food crops, certain weeds, syrup sorghum, Jerusalem 
artichoke and forage grasses. The laller arc adapted to a wider range of 
growing conditions than other crops and are the more productive under 
adverse conditions. Since they are grown primarily for plant material 
they are more likely 10 produce significant yields of biomass than other 
crops. Warm-season grasses possess the more efficient photosynthesis 
route, permit mulliple cuttings which maintain the plant at a high rare of 
photosynthesis for a large part of the growing season, ha\e low water 
requirements, and their culture requires less energy than other crops. The 
use of such crops as raw materials may bring the cost or frn11entation 
ethanol down to the cconomkally viable range. 

The high l·ost of feedstock is a major harrier lo the conversion or bio­
mass to alcohol fuels (-l). To reduce substrate costs, one n111sl optimize 
lht· dTiciency of eitht·r prod11dion or conversion. Production 1:osts urc 
reduced when yields arc increased, whe11 means of n1huring and ha1vest-
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ing are the most energy efficient in terms of cultivation, irrigation and 
fertilization, and when the harvesting costs can be discounted, as with 
the simultaneous collection of grain and straw. Conversion costs are re­
duced when the biomass requires no pretreatment to obtain high per­
centages of cellulose hydrolysis, when a significant proportion of the 
plant dry matter is soluble fermentable sugar, and when the fermentation 
system can utilize both cellulose and hemicellulose hydrolysis products. 
For these reasons, it is important to study simultaneously the agronomic 
and biochemical aspects of a potential biological conversion feedstock as 
a production-conversion system [J ). An advantage gained by the produc­
tion of great quantities per unit area of biomass is offset if the cellulose is 
resistant to hydrolysis. On the other hand, materials containing relatively 
little lignin can be hydrolyzed very efficiently and would be very attrac­
tive as feedstock if biomass yields were reasonable. The balance between 
the potential for production and conversion must be known in a con­
trolled comparative experimental setting. 

SUMMARY 

In this research project, we have tested vegetalive alfalfa, vegetative 
sudangrass, and vegetative, mature and ensiled sorghum species as pos­
sible feedstocks for ethanol production. Results were presented for the 
yield of sugars via cellulose hydrolysis of these materials and for the pro­
jected alcohol production costs for a 95-million-liter/yr plant. These 
costs ranged from $0.48/I for vegetative sudangrass to $0.72/I for vege­
tative alfalfa. Substrate cosls comprised the major fraclion of the total 
cost. This leads to the conclusion that feasible process economics depend 
on options such as use of unconvenl ional crops, st ill age protein credit, 
cohydrolysis of starch in immalure grain component and sharing of feed­
stock production cost with mature grain harvest. 
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