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SUMMARY 

L ignoce l l u lose  i s  an immense p o t e n t i a l  resource f o r  t h e  p roduc t i on  o f  e thanol  and 
o t h e r  fermentation chemicals and f u e l s .  The r e c a l c i t r a n t  nature,  however, o f  t h i s  
m a t e r i a l  due t o  t h e  h igh  c e l l u l o s e  c r y s t a l l i n i t y  and the  l i g n i n  b a r r i e r  has tended 
t o  make the process economics u n a t t r a c t i v e .  
vege ta t i ve  forage crops may be good 
t h e i r  low l i g n i n  content .  

I n  t h i s  research p r o j e c t ,  we have tes ted  vege ta t i ve  a l f a l f a ,  vege ta t i ve  sudan grass 
and vegetat ive,  mature and e n s i l e d  sorghum species as p o s s i b l e  feedstocks f o r  e tha-  
n o l  product ion.  
hyd ro l y  i s  of these m a t e r i a l s  and f o r  the p ro jec ted  a l c o h o l  p roduc t i on  cos ts  f o r  a 

sudan grass t o  $2.58/gal lon f o r  vege ta t i ve  a l f a l f a .  Subs t ra te  cos ts  comprised the 
major  f r a c t i o n  o f  t h e  t o t a l  cos t .  Th i s  leads t o  t h e  conc lus ion  t h a t  a v i a b l e  p ro -  
cess economics depends on op t i ons  such as t h e  f o l l o w i n g :  
crops; s t i l l a g e  p r o t e i n  c r e d i t ;  co -hyd ro l ys i s  o f  s t a r c h  i n  immature g r a i n  component 
and shar ing o f  feedstock p roduc t i on  cos t  w i t h  mature g r a i n  ha rves t .  

As an a l t e r n a t i v e  t o  woody biomass, 
subs t ra tes  f o r  e thano l  f e rmen ta t i on  due t o  

Resul ts  a re  presented here f o r  t he  y i e l d  o f  sugars v i a  c e l l u l o s e  

25 x 10 2 ga l l on /yea r  p l a n t .  These costs  ranged from $1.68/gal lon f o r  vege ta t i ve  

use o f  unconventional 

Ii4TRODUCTION 

Dimin ish ing f o s s i l  f u e l  reserves and recent  dramat ic  i nc reases  i n  crude o i l  p r i c e s  
have prompted t h e  Un i ted  S ta tes  and o the r  o i l - i m p o r t i n g  na t i ons  t o  develop renewable 
sources o f  energy. 

So la r  energy could w e l l  c o n t r i b u t e  a s i g n i f i c a n t  p o r t i o n  o f  t h e  Un i ted  States energy 
consumption w i t h i n  t h e  nex t  decade. The p o t e n t i a l  i n  develop ing s o l a r  b io technology 
i s  immense ( l ) ,  no t  o n l y  f o r  l i q u i d  f u e l s ,  b u t  a l so  f o r  t h e  range o f  petrochemical 
s u b s t i t u t e s  which can be produced fe rmen ta t i ve l y .  

Ethanol has received considerable a t t e n t i o n  because i t  can be used as a clean-burn- 
i n g  gaso l i ne  extender  and octane-number improver .  Moreover, s ince  i t  can be conver- 
t e d  t o  o t h e r  chemicals, i t  i s  l i k e l y  t o  become a key chemical feedstock f o r  a renew- 
able resources chemicals i n d u s t r y .  

I n  the  near term, s ince  fermentat ion technology based on e a s i l y  fermentable subst rates 
(such as sugar and s ta rch )  i s  es tab l i shed ,  these m a t e r i a l s  are be ing used t o  produce 
ethanol f o r  gasohol. But t h o  feedstock cos t  represents  a l a r g e  f r a c t i o n  (more than 
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50%) o f  t he  cost  of producing ethanol .  
t h e  f i n a l  p roduc t  cos t  o f  e thanol  would soar .  

An a l t e r n a t i v e  and r e l a t i v e l y  cheap s u b s t r a t e  i s  l i g n o c e l l u l o s e .  The processing 
technology, however i s  n o t  f u l l y  developed as y e t .  
conver ted because o f  t h e  c r y s t a l l i n i t y  i n  c e l l u l o s e  s t r u c t u r e  and a l s o  s ince  l i g n i n  
s h i e l d s  c e l l u l o s e  and hemi -ce l l u lose  frm a t t a c k  by enzymes. 

The o n l y  b i o l o g i c a l  process which has been operated success fu l l y  a t  g r e a t e r  than the 
bench scale i s  based on mun ic ipa l  s o l i d  waste. 
(190 p roo f )  has been produced a t  75 gal lons/day from about 1 m e t r i c  ton/day of waste. 

The development o f  a l t e r n a t i v e  p rocess ing  technology us ing  the rmoph i l i c  anaerobes, 
f o r  conve r t i ng  l i g - o c e l l u l o s e  d i r e c t l y  t o  ethanol  i s  be ing pursued (3,4 f o r  example). 
Most cos t  analyses p r e d i c t  an e thano l  p roduc t i on  c o s t  w e l l  above $1.40/gal lon (5,6). 

I n  herbaceous p l a n t  m a t e r i a l s ,  c e l l  w a l l s  a r e  composed o f  c e l l u l o s e ,  l i g n i n ,  hemi- 
c e l l u l o s e  and minor amounts o f  gums, p e c t i n s  and o the r  compounds. The major  b a r r i e r  
t o  e f f i c i e n t  h y d r o l y s i s  o f  c e l l u l o s e ,  e i t h e r  by a c i d  or w i t h  enzymes, are complexes 
o f  l i g n i n  and hemice l l u lose  wi th c e l l u l o s e .  While cova len t  bonds between these coin- 
ponents have been demonstrated (7), l i m i t a t i o n  o f  h y d r o l y s i s  i s  thought  t o  be p r i -  
m a r i l y  due t o  sheathing o f  c e l l u l o s e  m i c r o f i b r i l s  w i t h  t h e  l i g n i n  hemice l l u lose  
m a t r i x  (8). Access o f  t h e  h y d r o l y s i s  c a t a l y s t  and reac tan ts  t o  t h e  g lucosy l  l i n k -  
ages i s  re tarded u n t i l  l i g n i n  i s  removed. 
n o c e l l u l o s i c  complexes t o  hyd ro l yzab le  form, i t  would seem reasonable t o  u t i l i z e  
sources o f  c e l l u l o s e  w i t h  minimal l i g n i n  con ten t .  Dur ing t h e  growth and develop- 
ment o f  p l a n t  c e l l s ,  l i g n i f i c a t i o n  occurs a t  a s tage a f t e r  c e l l u l o s e  b iosyn thes i s  
(9) .  
1 i g n i n  c e l l  ulose. 

The p o s s i b i l i t y  o f  us ing  sorghum f i b e r  f o r  biomass and f o r  papermaking p u l p  has a l -  
ready prompted numerous agronomic and chemical s tud ies  (10,11,12). Sweet sorghum 
i s  a t t r a c t i n g  i n t e r e s t  i n  t h i s  respec t  i n  a l l  a g r i c u l t u r a l l y  p roduc t i ve  reg ions o f  
t h e  Uni ted States;  h igh  sucrose hyb r ids  s u i t a b l e  even f o r  t h e  n o r t h e r n  s t a t e s  a re  
now a v a i l a b l e .  P o t e n t i a l  f o r  u t i l i z i n g  t h e  sucrose i n v e r t  sugar, and s t a r c h  con- 
t e n t s  as subs t ra tes  f o r  e t h a n o l i c  f e rmen ta t i on  and f o r  u t i l i z i n g  t h e  f i b e r  as a 
source o f  f ue l  energy or ,  a l t e r n a t i v e l y ,  o f  s y n t h e t i c  gas i s  p romis ing  b u t  i s  ham- 
pered by the  r e l a t i v e l y  poor  s t o r a b i l i t y  o f  harvested cane (13). 

The p r a c t i c e  o f  e n s i l i n g  forage m a t e r i a l s  has i n t e r e s t i n g  p o t e n t i a l  as a means o f  
s to rage  of t h e  f i b e r  feedstock f o r  a l coho l  p roduc t i on  schemes. Dur ing e n s i l i n g  t h e  
o rgan ic  ac ids produced from s o l u b l e  sugars by t h e  LactobamZZus and Streptococcus 
b a c t e r i a  may cause h e m i c e l l u l o s e - l i g n i n  sheath ing t o  break down, As a r e s u l t  t h e  
a c c e s s i b i l i t y  o f  water  t o  c e l l u l o s e  f o r  h y d r a t i o n  and o f  enzymes f o r  h y d r o l y s i s  i s  
r e p o r t e d l y  improved (14). 

I n  t h e  present  work exper imenta l  r e s u l t s  were obta ined f o r  t he  enzymatic h y d r o l y s i s  
O f  l o w - l i g n i n  forage m a t e r i a l s  ( a l f a l f a ,  Sudan grass and seve ra l  spec ies o f  sorghum) 
and a p r e l i m i n a r y  economic assessment f o r  t h e  a l coho l  f e rmen ta t i on  o f  such hyd ro l y -  
zates was made. 

I f  g r a i n  p r i c e s  were t o  r i s e  d r a m a t i c a l l y ,  

L ignoce l l u lose  i s  n o t  r e a d i l y  

I n  the Emert process (2)  e thanol  

Because o f  t h e  h igh  c o s t  of reducing l i g -  

This f a c t  suggests t h a t  v e g e t a t i v e  p a r t s  o f  p l a n t s  may be a source o f  low 

METHODOLOGY 

The experimental bas i s  f o r  t h i s  s tudy  was conducted t o  determine whether biomass a t  
an e a r l y  vege ta t i ve  stage o f  development was more r e a d i l y  hydro lyzed by c e l l u l o l y t i c  
enzymes than a t  t h e  mature s tage o f  development, which i s  cha rac te r i zed  by extens ive 
l i g n i f i c a t i o n .  Representat ive samples o f  forage c rop  m a t e r i a l s ,  i n c l u d i n g  a l f a l f a ,  
Sudan grass and sorghum i n  v e g e t a t i v e  and mature growth were assessed by t h e  e x t e n t  
of enzymatic h y d r o l y s i s  o f  l i g n o c e l l u l o s e  t o  glucose as a f u n c t i o n  o f  c e l l u l o s e  and 
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l i g n i n  content .  Experimental m a t e r i a l s  and methods used t o  o b t a i n  q u a n t i t a t i v e  i n -  
format ion about forage composit ion and enzymatic h y d r o l y s i s  have been d e t a i l e d  e a r -  
l i e r  (15) .  

Ethanol product ion cos ts  were obta ined f o r  a process f l o w  sheet s i m i l a r  t o  the  
Na t i ck  process ( 6 ) .  A s i m p l i f i e d  diagram o f  t h e  process ing operat ions i s  shown i n  
F igure 1. The process cons is t s  o f  mechanical g r i n d i n g  o f  the biomass, c e l l u l a s e  
product ion,  enzymatic h y d r o l y s i s  o f  the l i g n o c e l l u l o s i c  m a t e r i a l s ,  f i l t r a t i o n  o f  
t he  undigested s o l i d s ,  and p roduc t i on  o f  95% ethanol  u s i n g  convent ional  yeast  f e r -  
mentat ion and d i s t i l l a t i o n  technology. Enzyme h y d r o l y s i s  i s  assumed t o  occur ove r  
a 48-hour p e r i o d  a t  an enzyme load  o f  10 IU/gram o f  s u b s t r a t e  and w i t h o u t  enzyme 
recyc le.  

While t h e  l a b o r a t o r y  h y d r o l y s i s  da ta  repo r ted  i n  t h i s  paper was obta ined a t  an en- 
zyme load o f  86.7 IU/gram o f  subst rate,  i t  was found t h a t  h y d r o l y s i s  performed a t  
an enzyme load  o f  8.7 IU/gram o f  s u b s t r a t e  over  a p e r i o d  o f  48 hours gave 95% o f  
the o r i g i n a l  values. It i s  thus f e l t  t h a t  the h y d r o l y s i s  cond i t i ons  used f o r  t h e  
p l a n t  design w i l l  be r e p r e s e n t a t i v e  o f  t h e  l a b o r a t o r y  data. 

Forage biomass c u l t u r i n g  and ha rves t i ng  costs  were charged according t o  Saterson 
-- e t  a]. (16) a t  t he  f o l l o w i n g  l e v e l s :  

A l f a l f a  - ___  $26.78/MT 
Sudan Grass --_- $1 7.75/MT 
Sorghum (any species)  ---- $22.71/MT 

where the  sudan grass c o s t  was est imated assuming an average forage y i e l d  o f  22.15 
MT/ha (16) and the same ha rves t i ng  costs  as f o r  sorghum. 

A p r e l i m i n a r y  economic e v a l u a t i o n  (f 25%) was then  performed us ing  t h e  N a t i c k  i n f o r -  
mation (6) .  Since t h e  s o l e  experimental data a v a i l a b l e  was t h e  24-hour sugar y i e l d  
f rom the  enzymatic h y d r o l y s i s  o f  t h e  forage m a t e r i a l  i t  was f e l t  t h a t  a complete 
p l a n t  design would be u n r e l i a b l e  and somewhat premature a t  t h i s  t ime. 
t i o n  was then based on t h e  assumption t h a t  t he  cos t  o f  producing 1 g a l l o n  o f  95% 
ethanol  (w i thou t  charge f o r  t h e  c e l l u l o s i c  subs t ra te )  would be a constant  and inde-  
pendent o f  t he  subs t ra te .  
sugars a re  i n  the  s o l u b l e  form, t h e  cos t  o f  producing ethanol  i s  t h e  same no m a t t e r  
what the sugar source i s .  

The evalua-  

Th is  assumption e s s e n t i a l l y  means t h a t ,  as l ong  as t h e  

The cos t  o f  e thanol  p roduc t i on  was $1.32/gal lon accord inq t o  the  i l a t i c k  r e p o r t  ( 6 ) .  
a t  1978 p r i c e s  and w i t h  no subs t ra te  cos t  inc luded.  
an01 product ion cos ts  f o r  our  ana lys i s ,  t h e  Marshal 
update the  equipment cos ts  t o  t h e  t h i r d  q u a r t e r  o f  
1978 and o f  606.4 f o r  t h e  t h i r d  q u a r t e r  o f  1979 was 
increased a t  a r a t e  o f  7%/year over  t h e  Na t i ck  data 
cu la ted  on the  same bas is  as i n  t h e  Na t i ck  ana lys i s  

I n  o rde r  t o  generate the e t h l -  
b Stevens index was used t o  

979. An index o f  545.3 f o r  
used (17). Labor cos ts  were 

The remaining i tems were c a l -  

f i x e d  investment d e p r e c i a t i o n  - l 0 l / y e a r  o f  t o t a l  
p l a n t  on-stream f a c t o r  - 330 days/year 

p l a n t  overhead - 80% o f  t o t a l  l a b o r  cos t  
taxes and insurance - E%/vear of t o t a l  f i x e d  investment 

Th is  ana lys i s  generated an ethanol  p roduc t i on  c o s t  o f  $ l . l l / g a l l o n .  
n o t  r e f l e c t  any pret reatment  charges s ince  the re  i s  no need f o r  pret reatment  s teps 
when us ing vegetat ive forage crop m a t e r i a l s .  
a subs t ra te  charge was added t o  t h i s  cos t .  
according t o  t he  f o l l o w i n g  formula: 

Subst rate charge = 
($ /qa l l on  95% EtOH) (Glucos 

Th is  cos t  does 

To o b t a i n  t h e  t o t a l  p roduc t i on  cos t  
Th is  s u b s t r a t e  charge was c a l c u l a t e d  
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The main l i m i t a t i o n  of t h i s  economic a n a l y s i s  l i e s  i n  the  f a c t  t h a t  a 10% glucose 
syrup a f t e r  h y d r o l y s i s  as assumed i n  t h e  N a t i c k  s tudy may n o t  be p o s s i b l e  f o r  a l l  
t he  forage m a t e r i a l s  i nc luded  i n  t h i s  work us ing  an enzyme load  o f  10 IU/gram o f  
subst rate.  T h i s  would make a concen t ra t i on  s tep  necessary i n  some cases; however, 
s ince  no da ta  was a v a i l a b l e  on the  maximum subs t ra te  charge poss ib le  on t h e  hydro- 
l y z e r ,  no c a l c u l a t i o n s  were made i n  t h i s  s tudy f o r  t h i s  purpose. 

RESULTS AND DISCUSSION 

(Experimental) 

L i g n i n  content  i s  r e l a t e d  d i r e c t l y  t o  p l a n t  m a t u r i t y .  The convers ion o f  t h e  c e l l u -  
l ose  component o f  forage crops t o  g lucose by enzymatic hyd ro l ys i s  i s  r e l a t e d  i n -  
ve rse l y  t o  t h e  l i g n i n  content .  Genera l ly ,  h y d r o l y s i s  o f  c e l l u l o s e  f rom young p l a n t  
t i ssues  i s  s u p e r i o r  t o  t h a t  from mature t i ssues .  I n  Tables 1 and 2 and i n  the  f o l -  
lowing paragraphs a re  presented examples o f  these f i n d i n g s  from s t u d i e s  on a l f a l f a ,  
Sudan grass, sorghum s i l a g e ,  and brown-midr ib  sorghum mutants. 

Mature a l f a l f a  t i s s u e  conta ins p r o p o r t i o n a l l y  more l i g n i n  than does younger t i ssue .  
The percent  convers ion o f  c e l l u l o s e  p r o p o r t i o n a l l y  v a r i e s  from 41 percent  f o r  t he  
most mature t i s s u e  t o  84 percent  f o r  t h e  youngest p a r t s  o f  the p l a n t .  
sugar y i e l d s  from the  most e a s i l y  hydro lyzed t o p  segment o f  t h e  p l a n t s  are however, 
less than  those from t h e  mature bot tom segment because o f  t h e  h ighe r  c e l l u l o s e  con- 
t e n t  o f  the bot tom f r a c t i o n .  

Studies on whole p l a n t  samples o f  ha l f -grown and mature sorghum supported t h e  s t a t -  
ed r e l a t i o n s h i p s  between m a t u r i t y ,  l i g n i n  con ten t  and c e l l u l o s e  h y d r o l y s i s .  As 
an example, mature sorghum w i t h  6.5 pe rcen t  l i g n i n  gave 31 percent  o f  t h e o r e t i c a l  
conversion o f  c e l l u l o s e  w h i l e  v e g e t a t i v e  m a t e r i a l  w i t h  3.1 percent  l i g n i n  gave 47 
percent  conversion. 
ab le fermentable sugars which a re  e x t r a c t a b l e  from leaves and s t a l k s .  
ences were compensating and r e s u l t e d  i n  s i m i l a r  glucose y i e l d s  a f t e r  c e l l u l o l y t i c  
h y d r o l y s i s  o f  mature and o f  vege ta t i ve  sorghums. 

E n s i l i n g  would p rov ide  a means o f  s to rage  o f  vege ta t i ve  feedstock and a b i o l o g i c a l  
process t o  improve t h e  convers ion o f  c o n s t i t u e n t  c e l l u l o s e .  The h y d r o l y s i s  o f  t he  
s i l a g e  o f  t h e  same sorghum v a r i e t y  descr ibed above r e s u l t e d  i n  71 percent  t heo re t -  
i c a l  c e l l u l o s e  conversion as compared t o  t h a t  f rom t h e  mature sorghum equal t o  31 
percent .  
m a t e r i a l ,  changes i n  t h e  f i b e r  s t r u c t u r e  r e s u l t i n g  f rom e n s i l i n g  apparen t l y  improve 
a c c e s s i b i l i t y  o f  enzymes t o  t h e  f i b e r s .  Hyd ro l ys i s  o f  t he  c e l l u l o s e  i n  s i l a g e  may 
be enhanced b y  t h e  a c t i o n  o f  o rgan ic  a c i d s  (pH 4) on t h e  l i g n o c e l l u l o s i c  s t r u c t u r e s  
over  t ime.  Dur ing enzymatic h y d r o l y s i s ,  t he  l o s s  o f  t he  glucose p roduc t  t o  the  
acid-forming LactobaciZZus and Streptococcus b a c t e r i a  was prevented by a d d i t i o n  o f  
0.01% (w/v) o f  a g r i c u l t u r a l  grade t e t r a c y c l i n e  hyd roch lo r i de .  This l e v e l  o f  a n t i -  
b i o t i c  d i d  n o t  i n h i b i t  t he  f e t m e n t a t i o n  o f  t h e  hydro lyzed sugars by Saccharomyces 
cerev is iae .  

U n l i k e  sorchum, Sudan grass i n  v e g e t a t i v e  growth conta ined considerable amounts o f  
sugars which were e x t r a c t a b l e  from leaves and s t a l k s .  
added t o  the e x t r a c t a b l e  6.4 percent  g lucose and y i e l d e d  a t o t a l  o f  20.4 percent  
fermentable sugar  on a d r y  we igh t  bas i s .  Th i s  m a t e r i a l  conta ined 3.1 percent  l i g -  
nin, and the c e l l u l o s e  was conver ted t o  56 percent  o f  t h e o r e t i c a l  

Conversions of  c e l l u l o s e  averaging 75 percent  o f  t h e o r e t i c a l  were obta ined from 
brown m i d - r i b  sorghum mutant l i n e s .  The average l i g n i n  content  o f  these m a t e r i a l s  
was 2.6 percent. 
t e n t  61 percent  lower than i s o g e n i c  l i n e s  (19) .  
con ta ined  7.4 percent  e x t r a c t a b l e  g lucose and upon h y d r o l y s i s  y i e l d e d  a t o t a l  o f  

Fermentable 

Mature sorghum, b u t  n o t  vege ta t i ve  sorghum, con ta ins  consider-  
The d i f f e r -  

Since the  l i g n i n  content  o f  t h e  s i l a g e  was equal t o  t h a t  o f  t h e  mature 

C e l l u l o l y t i c  h y d r o l y s i s  

The l i t e r a t u r e  desc r ibed  mature bmr-mutants as hav ing  l i g n i n  con- 
These mutants i n  vege ta t i ve  growth 
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23.7 percent  glucose on a d r y  weight  bas i s .  

(Economics) 

The r e s u l t s  obta ined by a d e t a i l e d  ana lys i s  o f  t he  b ioconvers ion process of t he  
va r ious  forage m a t e r i a l s  a re  shown i n  Tables 3 through 8. 
shows t h a t  t he  t o t a l  f i x e d  investment f o r  a 25 x 106 g a l l o n s l y e a r  e thano l  p l a n t  
i s  est imated a t  about 57 m i l l i o n  d o l l a r s ,  o r  about $2 /ga l l on  o f  i n s t a l l e d  c a p a c i t y  
which i s  considered a reasonable f i g u r e  by most o f  t h e  researchers work ing i n  t h i s  
area. 
t o  about 71 m i l l i o n  d o l l a r s .  

Table 4 presents a breakdown o f  the ethanol  p roduc t i on  cos ts  from t h e  forage crops,  
w i t h o u t  a subs t ra te  charge. 
s ince  these m a t e r i a l s  do n o t  r e q u i r e  such pret reatment .  
processing costs  a re  est imated a t  $ l . l l / g a l l o n ,  we l l  below the $1.30-$1:75/gallon 
range repo r ted  by o t h e r  researchers (5,6). Enzyme p roduc t i on  i s  t h e  major f a c t o r  
i n  the  ethanol  cos t  (53% o f  t he  t o t a l ) ,  f o l l owed  by fe rmen ta t i on  and d i s t i l l a t i o n  
(30%) and h y d r o l y s i s  (171) .  Th is  f i n d i n g  s t resses once more t h e  need f o r  s t rong  
research e f f o r t s  i n  t h e  area o f  c e l l u l a s e  product ion.  

Estimates f o r  t he  e thano l  y i e l d  from the  forage crops i nc luded  i n  t h i s  s tudy a r e  
shown i n  Table 5. These est imates are based on a 45% ethanol  y i e l d  from glucose 
du r ing  anaerobic fermentat ion.  As expected, sudan grass and t h e  brown m i d r i b  mu- 
t a n t s  o f  sorghum show the  h ighes t  p o t e n t i a l  w i t h  r e s p e c t i v e l y  276 and 250 g a l l o n s  
of  EtOH/acre-year. The e n s i l e d  sorghum m a t e r i a l s  show t h e  second b e s t  p o s s i b i l i t y  
w i t h  an ethonol y i e l d  c lose  t o  220 gal lons/acre-year .  
ghum and vege ta t i ve  a l f a l f a  rank a t  t h e  bottom w i t h  r e s p e c t i v e l y  109 and 97 ga l /  
a cre-yea r . 
The est imated t o t a l  p roduc t i on  costs  a re  shown i n  Table 6. These costs  show t h a t  
vege ta t i ve  sudan grass and brown m i d r i b  mutants o f  sorghum a re  t h e  most promis ing 
subst rates w i t h  t h e  e n s i l e d  sorghum crops be ing the  second best .  T o t a l  e thanol  
product ion costs  a re  now a t  l e a s t  $ l .G8/gal lon,  w i t h  a l f a l f a  and F r o n t i e r  214 
sorghum reaching $2.58/gal lon o f  95% EtOH. 

A breakdown o f  the t o t a l  p roduc t i on  costs  presented i n  Table 6 can be seen i n  Table 
7. I t  can be observed t h a t  subs t ra te  costs  rep resen t  t h e  major f r a c t i o n  o f  t h e  t o -  
t a l  cost ,  ranging f rom a minimum o f  34% t o  a maximum o f  57%. Enzyme costs  rank 
second, ranging from 23 t o  352, f o l l owed  by fe rmen ta t i on  and d i s t i l l a t i o n  cos ts  
which vary from 13 t o  20% o f  t h e  t o t a l .  Hyd ro l ys i s  cos ts  represent  the  minor f r a c -  
t i o n ,  va ry ing  from 7 t o  11% o f  t he  t o t a l  p roduc t i on  cos ts .  

Table 8 shows the  est imated t o t a l  ethanol p roduc t i on  cos ts  f o r  a fe rmen ta t i on  y i e l d  
o f  50% (weight  o f  e thanol /weight  o f  glucose). 
duc t i on  costs  r e l a t i v e  t o  those i n  Table 6 i s  observed, r e f l e c t i n g  t h e  sma l le r  quan- 
t i t y  o f  forage raw m a t e r i a l s  requ i red  f o r  t he  same e thano l  p roduc t i on  r a t e .  The de- 
crease averages about lO&/ga l l on  and r e f l e c t s  t h e  h i g h  c o s t  o f  t h e  raw m a t e r i a l s  and 
t h e  need f o r  an e f f i c i e n t  subs t ra te  conversion a t  a l l  stages o f  the process. 

Observat ion o f  Table 3 

S ta r t -up  and work ing c a p i t a l  est imates b r i n g  t h e  t o t a l  c a p i t a l  investment  

:.lo pret reatment  cos ts  were i nc luded  i n  t h i s  t a b l e  
As a consequence, the  

Vege ta t i ve  F r o n t i e r  214 sor-  

As expected, a decrease i n  the  p ro -  

COdCLUSIONS 

The p roduc t i on  o f  e thanol  by fermentat ion of t he  glucose obta ined v i a  enzymatic 
h y d r o l y s i s  o f  the vege ta t i ve  forage crops considered i n  t h i s  s tudy r e q u i r e s  f u r t h e r  
research and development before economic f e a s i b i l i t y  can be a t t a i n e d .  The t o t a l  
product ion costs ranged from $ l .G8/gal lon f o r  vege ta t i ve  sudan grass t o  $2.58/ga1. 
f o r  vege ta t i ve  a l f a l f a .  These h i g h  costs  are n o t  t o t a l l y  unexpected s ince  the  f o r -  
age crops considered here have a h igh  cash value. 
obta ined i n  t h i s  s tudy do no t  account f o r  t he  use o f  reducing sugars o t h e r  than 

I t  should be noted t h a t  t h e  costs  
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glucose and do n o t  include any byproducts c red i t ;  i f  proper account of these c red i t s  
were observed, the costs reported i n  t h i s  study could be lowered by as much as 54t/ 
gallon. Since no pretreatment i s  required f o r  the vegetative forage mater ia l s ,  pro- 
cessing costs are about 30% lower than other published processing costs ( 6 ) .  
represents a considerable advantage o f  vegetative forage crops over other 1 ignocel- 
l u los i c  materials.  

Substrate costs consti tuted,  in most instances,  the major f rac t ion  of the  to ta l  pro- 
duction cos ts ,  varying from 34% t o  57%. I n  view of t h i s ,  an e f f i ce in t  subs t ra te  
conversion must be obtained a t  a l l  s tages  of the process. Enzyme production costs 
were also very important, ranging from 23 to  35% of the to ta l  cos t ;  t h i s  indicates 
the need f o r  continued research on ce l lu l a se  production technology. 

The to t a l  cap i ta l  investment f o r  a 25 million gallonslyear ethanol plant was found 
to be about 71 million do l l a r s .  This represents a fixed capital  investment of about 
$2/gallon Et0l-l capacity. 

I n  order t o  reduce subs t ra te  cos ts ,  one might e i t h e r  look f o r  less  expensive means 
of culturing and harvesting the  crops or t o  coupling to  other operations whereby the 
l ignocellulosics obtain a discounted value. Examples could be coupling a l f a l f a  
hydrolysis t o  a soluble protein ex t rac t ion  operation o r  harvesting sorghum grain and 
s t a lks  simultaneously b u t  separately.  
whose culture i s  indigenous t o  a growing area.  Such unconventional plants may have 
the same processing cos t s ,  y e t  may be obtained for  zero t o  ten cents/gallon of eth- 
anol product. 

These studies were de f in i t i ve  i n  showing how hydrolysis and endogenous sugar levels 
influence the y i e ld  of fermentable sugar.  This y ie ld  i s  a l so  proportional t o  the 
biomass y ie ld .  Saterson e t  a l .  (16) i n  work supported under a D.O.E. contract t o  
A . D .  L i t t l e  Corporation and Jackson (20) a t  Ba t te l le  Columbus Laboratories screened 
herbaceous plants f o r  potential  biomass production in ten regions of the contiguous 
United S ta tes .  
Some were unconventional as food and forage crops, but were good candidates in terms 
of t h e i r  projected biomass production poten t ia l .  Crops appropriate for  the Great 
Plains included 14 species of grasses and legumes a n d  9 species of unconventional 
crops and/or weeds. The comparative analysis of Heichel of cu l tura l  energy require- 
ments placed such crops h i g h  with respect t o  to ta l  energy y ie ld  (21 ) .  Sweet sorghum 
rated highest in tha t  study, but i n  terms of practical  ener y recovery, cane storage, 
and ju ice  expression present major d i f f i c u l t i e s  a t  present q 2 2 ) .  

Future crops f o r  alcohol fermentation may include other t rad i t iona l  food crops, cer -  
t a i n  weeds, syrup sorghum, Jerusalem artichoke, and the forage grasses. 
a r e  adapted t o  a wider range of growing conditions t h a n  other crops and a re  the more 
productive under adverse conditions. 
t e r i a l  they a re  more l i ke ly  t o  produce s igni f icant  y ie lds  of biomass than othercrops.  
They possess the more e f f i c i e n t  photosynthesis rou te ,  permit multiple cu t t ings  which 
maintain the plant a t  a h i g h  r a t e  of photosynthesis for a large pa r t  of the growing 
season, have low water requirements, and t h e i r  culture requires l e s s  energy than 
other crops. The use of such crops a s  raw materials may bring the cost  of fermenta- 
t ion ethanol down t o  the economically viable range. 

T h e  high cos t  of feedstock i s  a major ba r r i e r  to  the conversionof biomass t o  alcohol 
fue ls  (4). In order t o  reduce subs t ra te  cos ts ,  one m u s t  optimize the efficiency of 
e i t h e r  production o r  conversion. 
creased, when means of culturing and harvesting a re  the most energy e f f i c i en t  i n  
terms of cu l t iva t ion ,  i r r iga t ion  and f e r t i l i z a t i o n ,  and when the harvesting costs 
can be discounted, as with the simultaneous collection of grain and straw. Conver- 
sion costs are  re la t ive ly  reduced when the biomass requires no pretreatment in order 
to  obtain high percentage of ce l lu lose  hydrolysis,  when a s ign i f icant  proportion of 

This 

Alternatively,  one may obtain other substrates 

Many were plants whose cu l ture  was indigenous t o  a growing  area.  

The l a t t e r  

Since they a re  grown primarily f o r  plant ma- 

Production costs a r e  reduced when y ie lds  a re  in- 
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the  p l a n t  d ry  ma t te r  i s  s o l u b l e  fermentable sugar, and when the  fe rmenta t ion  system 
can u t i l i z e  bo th  c e l l u l o s e  and hemice l lu lose  h y d r o l y s i s  p roduc ts .  

For these reasons, i t  i s  impor tan t  t o  study s imu l taneous ly  t h e  agronomic and b i o -  
chemical aspects o f  a p o t e n t i a l  b i o l o g i c a l  conversion feedstock as a p roduc t ion-  
conversion system ( 1 ) .  An advantage gained by the  p r o d u c t i o n  o f  g r e a t  q u a n t i t i e s  
per  u n i t  area o f  biomass i s  o f f s e t  i f  t h e  c e l l u l o s e  i s  r e s i s t a n t  t o  h y d r o l y s i s .  
On the o t h e r  hand, m a t e r i a l s  conta in ing  r e l a t i v e l y  l i t t l e  l i g n i n  can be hydrolyzed 
very e f f i c i e n t l y  and would be very a t t r a c t i v e  as feedstock if biomass y i e l d s  were 
reasonable. The balance between t h e  p o t e n t i a l  f o r  p roduc t ion  and conversion must 
be known i n  a c o n t r o l l e d  comparative exper imental  s e t t i n g .  

REFERENCES 

1. 

2. 

3. 

4. 

5.  

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

V i l l e t ,  R.H. 
mass: Recommendations f o r  R&D. Vol. I. SERI/TR-332-360. Golden, CO:  S o l a r  
Energy Research I n s t i t u t e .  

1979. Biotechnology f o r  Producing Fuels and Chemicals from B i o -  

Emert, G.H. and R. Katzen, (1979). Chemicals f rom Biomass by Improved Enzyme 
Technology. ACS/CSJ J o i n t  Chem. Congr. Hawai i .  
Wang, D. I .C. ,  I. B i o c i c ,  I., H . - Y .  Fang and S.-D. Wang. 1979. D i r e c t  Mic ro-  
b i o l o g i c a l  Conversion o f  C e l l u l o s i c  Biomass t o  Ethanol .  Proc. DOE 3 r d  Ann. 
Biom. Energy Syst.  Conf. p. 61. 

Pye, E.K. and A.E. Humphrey. 1979. Produc t ion  o f  L i q u i d  Fuels from C e l l u l o s i c  
Biomass. Paper presented a t  the  T h i r d  Annual Bimiass Energy Systems Conference 
DOE meeting, Golden, CO. June 5-7, p.  69. 

Wilke, C.R., R.D. Yang, A.F. Scianianna and R.P. F r e i t a s .  1978. Raw 1- later ia ls 
Eva lua t ion  and Process Development S tud ies  f o r  Conversion o f  Biomass t o  Sugars 
and Ethanol .  Paper presented a t  the  Second Annual Symposium on Fuels from 
Biomass. D.O.R. meeting, Troy, i’lew York. June 20-22. 
Spano, L., A. A l l e n ,  T. T a s s i n a r i ,  14. Mandels and D . Y .  Ruy. 1978. Reassess- 
ment o f  Economics o f  Ce l lu lase  Process Technology: For Produc t ion  o f  Ethanol 
f rom Ce l lu lose .  Paper presented a t  the  Second Annual Symposium on Fuels f rom 
Biomass. DOE meeting, Troy, New York. June 28-22. 

I.lorrison, 1.14. 1974. S t r u c u t r a l  I n v e s t i g a t i o n s  on the  Lignin-Carbohydrate 
complexes o f  LoZiwn perenne. Biochem. J. 139, 197-204. 
Po le in ,  J. and 8.  Bezhck. 
n i f i e d  C e l l u l o s i c  M a t e r i a l s .  Wood S c i .  Technol. 11 :275-290. 

Esau, K. 1953. P l a n t  Anatomy, 2nd ed. John Wiley and Sons, N.Y 

White, G.A., T.F. Clark,  J.P. Cra igmi les ,  R.L. I - t i t che l l ,  R.G. Robinson, E.L. 
Whiteley and K.H. Lessman. 1974. Agronomic and Chemical Eva lua t ion  o f  Selec- 
t e d  Sorghums as Sources o f  Pulp. Economic Botany. 28:136-144. 

Crookston, R.K., C.A. Fox, D.S. H i l l  and D.N. Moss. 1978. Agronomic Cropping 
f o r  Maximum Biomass Product ion.  Agronomy Journa l .  70:899-902. 

Schmidt, A.R., R.D. Goodrich, R.M. Jordan, G.C. Marten and J.C. Meiske. 1976. 
Re la t ionsh ips  Among Agronomic C h a r a c t e r i s t i c s  o f  Corn and Sorghum C u l t i v a r s  and 
S i l a g e  Q u a l i t y .  Agronomy Journal .  68:403-406. 

L ip insky ,  E.S., S. Kresov i tch ,  T.A. McClure and W.T. Lawhon. 1978. Fuels f rom 
Sugar Crops. T h i r d  Q u a r t e r l y  Report t o  U.S. DOE. TID-28191. 
Leatherwood, J.M., R.E. Mochr ie,  E.J. Stone and W.E. Thomas. 1963. Ce l lu lose  
Degradation by Enzymes Added t o  Ens i les  Forages. J. Da i ry  S c i .  46:124-127. 

1977. I n v e s t i g a t i o n  o f  enzymatic h y d r o l y s i s  o f  l i g -  

291 



15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Linden, J.C., W.S. Hedr ick,  A.R. Bloreira, D.H. Smith and R.H. V i l l e t .  
Enzymatic Hydro l ys i s  of t h e  L i g n o c e l l u l o s i c  Component from Vege ta t i ve  Forage 
Crops. i n  3 io technol .and Bioeng. Symposium No. 9. ( i n  press) 

Saterson, K.A. and M.K. Luppold. 1979. Herbaceous Species Screening Program - 
Phase I .  DOE Contract  ET-78-C-02-5035-AOOO. 
Marshal l  & Stevens Equipment Cost Index.  1979. Chemical Engineer ing,  8&(24), 
p. 7 November 5. 
Goering, H.K. and P.S. Van Soest. 1970. Handbook No. 379. ARS-USDA. Wash- 
ington,  D.C. 

F r i t z ,  J.O., R.P. C a n t r e l l ,  V.L.  Lechtenberg, J.C. A x t e l  and J.M. H e r t e l .  1979. 
F i b e r  Composition and IVDMD o f  Three bmr Mutants i n  Gra in and Grass Type Sor- 
ghums. Abst racts  o f  Crop Science Soc ie ty  o f  America Annual Meetings. p .  128. 

Jackson, D.R. 1979. Common Weeds and Grasses May Prove t o  be Valuable Sources 
of Energy. Biomass D iges t  1 (no. 11):2. 

Heichel ,  G.H. 1975. Energet ics  o f  Producing A g r i c u l t u r a l  Sources o f  Cellulose. 
B iotechnol .  Bioeng. Symp. No. 5:43-47. 

L i p i n s k i ,  E.S., S.  K resov i t ch ,  T.S. McClure and W.T. Lawhon. 1978. Fuels 
from Sugar Crops. 

1979. 

DOE Q u a r t e r l y  Report TIC-28191. 

Production 

Hydrolysis Grinding 
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Figure 1. Sinipllfied process f l o w  diagram for ethanol production from 
vegetative forage crops. 

292 



e 
N 

293 



rn (Y 

c - - c - c 
a - 
n 
Y 
0 I- 

= 
N. 
Y) 

m 
I? 

L 0 

-I 

c u 
L 
0 

n 

- - 
Y 

c 

a 
Ln 

0 

4 
e 

e 
VI 

u 
..a " e 
CI 

m 
Y 
0 I- 

- 

I - 
h In 

N 

m. 

0 

t 
Y 

m 
..a e c 

- 
x - 
D 

Y 

Y 
Y) 

a 

Y n 
u 

e 
Y u a Y 

294 



m u l  
02 

(Oh C N  O h  -- 

* I C )  

hf. 
. .  
r- 

oul O h  -- 

295 



6 

I 
m 
0 L n -  

C O I  o m  

ne -- 

e m  

no 
N O  

e- m -  

2 

h 

0 N 

h v) 

- 
0 m 
L 
> 
m - 
0 

Y m 
c 

296 


