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UTILIZATION OF CELLULOSLC MATERIALS THROUGH ENZYMATIC HYDROLYSIS

I - FERMENTATION OF HYDROLYSATE TO ETHANOL AND SINGLE CELL PROTEIN *

byl
- Gerald R. Cysewskl'

and
Charles R, Wllke

Department of Chemlcal Engineering
and Lawrence Berkeley " Laboratory
"University of California-
“Berkeley, California 94720

~ ABSTRACT

Ethanol fermentationvstudies”were conducted with Saccharomyces

cerevisiae ATCC#4126, to determine the optimal‘conditiohs of oxygen'

| tension andvfeed sugar cOncentration. " In long term‘contihuous euiture
maximum“ethanoi production was found to .occur at 0;07.mmHg exygen
tension‘and 10% glucose feed concentration. Preliminary process
design and cest etudies are deveioped fbrfiadustrial scale fermev—'
tations to- produce ‘ethanol and Torula yeast from sugars obtalned

by enzymatlc hydroly31s of newsprint.

*This paper was prepar ed for presentatlon at the Flrst Chemical Concreas
of the North American Continent, Mexico City,. Mexico, December 1-5, 197¢



IN_TRODUC’I‘_ION |

.This paper, the flrst of a two part serles, presents new
_laboratory results for the alcohol fermentation and prellmlnary
process des1gns for'the,manufacture of_ethanol and Torula yeast
from sugars oroduced b? enzymatic hydrolysis of cellulose. These
'resulte are employed in:the second paper,to develop overall
material and energy‘balances and cost estimates for‘pfocessing of
‘a typical_celluloeic waste to ptoduce ethanol'plus by-product
yeast and electricity. | | |
| Although the alcohollc fermentation has been classically
thought of as totally anaeroblc, numerous workers have shown that
trace amounts of oxygen stimulate fermentation rates and that some

strains of the yeast, Saccharomyces cerevisiae actually require

oxygen as a growth factor (1) (2)(3). The stimulating effect of
trace amounts of oxygen is of an anabolic nature rather than

catabolic,'enabling the cells to synthesize unsaturated lipids

e
v

necessary for cellular membranes (4)(5). Because of catabolic
,represeion, when the.glucose concentretion is above 100-200 mg/1l,
the cataholic”metaboliem of Saccharomyces becomes primarily anaerobic
rather than‘aerobicreven at high_oxygen tensions (2) (3). However, |
at lower glocose concentration, the.metabolism switches from
anaerobic to aerobic'and the.Pasteur_effect_is observed. That is
to say, because the energy available for growthvper molecule of
glucose consumed increases, the epecific consumption‘of.gluCose
decreases (6) Further, it has been Shown that very high oxygen
tensions (above 300 mmHg) 1nh1b1t both cell growth and alcohol

production (6) (7).
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This work was then undexﬁakenvto guantify the effect of
oxygen and feed glucoséRCOncentratipns onbethandlpproduction.in.
‘continuous culture. From the optimal 1aboratory fermentation
condltlons, an industrial scale continuous fermentatlon plant was

de51gned and an economic evaluatlon c0nducted

EXPERIMENTAL PROCEDURES

Saccharomyces cerev1s1ae, ATCC #4126 was used 1n the con-

tlnuous alcohol fermentation studles in a 5 llter "Mlcro Ferm"
fermenter (Fermentatlon De51gn, Inc.). The pH s waS-. |
'pcontrolled w1th a Fermentatlon De51gn pH -RT recorder-controller
-module used ;n conjunctlon with an Ingold'761—351B comb;natlon
- pH electrode. The pH was held at 4.0ﬂby éutomatic addition-of
either GM H2804 or'6M NaOH. A continuous and constant flow of
medlum was pumped to the fermenter with a klnetlc clamp pump
(Sigmamotor model TM-2.0-2) from a 20 11ter reserv01r. A fer-
‘menter working volume of 2 literSIWas'maintained by an overflow
~ /port in thé side df the ferménter jar. “Air, sterilized by
filtration was sparged through thepferménter and the oxygen
tension measured with a New Brunswick,model_M1016-0202Vokygen
probe connected to a Leeds and Northruvapeedomavaype G recorder.
The oxygen tension was.controlléd by.changing the RPMpof the
impellef and/or the air rate. A temperature of 35.0°C was used

- for all the fermentation experlments.



The fermenter was filléd with two liters of fermentation
broth, shown in Table 1 and éutqclaved. (Wheﬁ the glucbse con-
centratién of the medium was changed, all ofher.components were
. changed by the same rati&;) The fermenter was inoculated with a
2% inoculum ahd at the end of batch growth (usually 12 to 16 hours
after inoculation) the medium feed pump waéiturned on. After
three fermenter volumes‘(i.e. 6 liters)uof broth passed through
the fermenter, iO @l samples of efflueh£ were collected every
4 hour$ and the cellfmaés concentration measured. ‘When the cell
mass remained éonstant bver a 12 ﬁqur period, steady state was
assumed and a 20 ml'sample was aseptically withdrawh from the
fermenter for analyéis. Experimental conditions were then changed

and a new steady state established.

ASSAY PROCEDURES

Ethanol Concentrations. Ethanol was measured by gas chromatography.
using an Aerogrpah 1520 G-L Chromatograph. A 6.foot 1/4 inch |
column packed with Chromosorb-W acid wash type 60-80 mesh waé used
with a flame ionization detéctor. The injector and detector
temperatures were 175°C_§nd the column oven operated isothermally

at 105°C.

Cell Mass. The cell mass_céncentra£ions Qere heasured optica}ly
using a Fischer Electrophotometer with a 650 mu filter. A calibra-
tion curve of cell mass versus.absorbanée was prepared by measuring
‘the absorbance of samples of varying cell concentrations. The cell.
mass (g d£y wt./litér) of these samples was détermined by centrifu-
ging the cells, washing twice with distilled water and drying.the

cells at 105°C uhtil no further weight change occurred.
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TBLE 1

| BASE FERMENTATION HEDIUM

COMPONENT* S * PER LITER
GLUCOSE (ANHYDROUS) 10 &
'YEAST EXTRACT (DIFCO) 85 6
NH,,CL S 1,32 6
MeSOy 7H0 . 0lle
CaCLy S 0.06 6
ANTI-FOAM (GENERAL ELECTRIC AF60) 02 W
TAP WATERTO | | 1 LiTer

*ALL SALTS AND GLUCOSE REAGENT GRADE.



Glucose concentration. Glueose was determined by theedinitro—

salicylic acid (DNS) and method (8).
RESULTS AND DISCUSSION

Initiallyfthe yeast showed a definite.optimu@ for both

ethanoi productioh and cell mass'preduction at 0.7 mm Hg oxygen
tension.. Above this oxygen tension.ethanol and cell mass produc—
tivities-declined. These findings are in dlrect agreement with the ”
vresults repbrted by Cowland (2). However, Cowland was able to |
adapt ' the yeas£ to high oxygen‘tensions and eliminate the inhibitory
effect of oxygen on celi production, but no gain in ethanol pro-
duction was reported.” The adaption process was aleo obseryed in
this werk. After approximately three weeks of continuoas operation,
it was observed that cultures developed the ability to sustain high
cell mass production rates at high oxygen tension. Furthermore,
the optimal ethanol prqductivity of the "adapted" cultufe was 42%
greater than "ﬁnadapted" yeast at conditions of complete substrate
utilization. | | |

| Figure 1 plote various'productivities obtained with the
adapted yeast against okygen tension at a dilution rate of 0.22 hrotl,
- As shown, tﬁe "adaptedﬁ yeast required an oxygen tension of only
0.07 mm Hg for optimai ethanol prbduction.' This is aniorder of
magnithde less than that tequired by the-"unadapted“ yeast, Also,
as is evident from Figure 2, above an oxygen ten51on of 1.7 mm Hg
_the cell mass product1v1ty drastlcally 1ncreased w1th a correspondlng

decrease in ethanol product1v1t1es An addltlonal point to be made

from Figure 1 1s the low fermentor product1v1t1es obtalned at zero
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oxygén tension, These data at zefo tension were dbtained using an
air saturatéd'feed and not éparging air thréugﬁ the . fermentor and,
hence, represent the operations of a continuous ethanol fermentaﬁion
- naively operated in an an;erobic»mode. (Similar low fermentor
prodﬁctivities'were obtained with "ungdapted“ yeast at zero oxygeﬁ
tension) . |

Once the culture had béén adapted to high oxygen tensions it
- could be deadapted by running the fermehtor at a low dilution rate
(0.05 hr_l) and étopping the air flow to the‘fermentor. The
adaption process could then be reinitiated by maintaining an oxygen
tension of 1;8 mm Hg for a period of 3 to 5 days. Because of the
aforementioned increase in ethanol produétivity and reduced oxygen
feqﬁirement the remaining expérimental studiés.were conducted with
"adapted" yeast.v | | |

The results of a typical continuous fermentation with an
adapted culture are shown invFigure 2. The fermentor ethanbl»
_ptoductivity, ethanol, glucose and cell mass concentration are
plotted against dilution rate. Ethaﬁol productivity is highest at
high dilution rates, however, a large percent of the glucose is |
_unfermented at.these conditions;  As a result; the férmentor mustvbe
operated at .a low dilution rate (0.17 hr—l) to obtain
complete utilization of the glucose, ‘Although not clearly shown
in'Figure‘Z, the‘giﬁcose cohcenfration\was independent of dilution

1 and could not be reduced below 0.3 wt%. This

rate below 0.19 hr~
rather high residual glucose level may be explained by the Pasteur
effect. Since air‘was_continuallybspafged_throughvthe fermentor to

maintain'the dptimum oxygen tension, the yeast metabolism became

more aerobic as the glucose level approaéhed 0.3% and catabolic
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repreésion lifted, resuiting.in a lower glucoée consumption rate,
Thué,‘to overcome this problem a second stage anaerobic

fermentation is needed. Experiments using a 1 liter.“mini—ferm"
‘(Fermentation Design, Inc.) as the second anaerobic'stagé did indeed
lower the residual glucose concentration to.0.02% at a total system

1

dilution rate of 0.13 hr ~,  (Total system dilution rate = medium

‘flow/(sum of volumes of both stages).

fiéures 3 -'5_illuStfate the effect of feed sugar concentration
on continuous aléohol production; - In these experiments the oxygen‘
tension was held at 0.67 mmHg. Figure 3 ploés the effluent’ethanol
conéentration against dilution rate.for variops sugar feed COhcéntra—
tions.' As the dilution rate increases the ethanol concentration drops
due to incomplete ptilization'of the glucosef- At high glucose con-
éentrations théethanoldrops more rapidly wi£h dilution rate because
alcohol inhibition becomes an imbortant factor as shown by Bazua and
Wilke (9). An explanation of £he continued steep decrease in alcohol
concentration at high dilution rates for the 12.1% feed is not clear -

- but may bé_due to a combination of ethanol and glucose inhibition.
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The dilutien rate required to ferment essentially all the
glucose in the feed is shown as a function of feed sugar: concentra—'
tion in Figure 4, The required dilution rate has a linear relation
to feed glucose concentration at low concentrations, butoas the |
feed concentration increases the curve bends toward lower dilution
rates. lThis.is dﬁe to alcohol inhibition, since higher sugar
concentrations imply higher ethanol concentrations when the sugar
is totally fermented. For the 163 sugar feed, 7;6% ethanol was
present_in the fermented broth and the specific cell ethanol |
productivity was reduced by 74% compared to conditions of negli;
gible alcohol inhibition. This agrees with the work of Bazua (9) .
who used ethanol-enriched feeds rather than producing the ethanol
by fermentation of concentrated sugar solutions.

Figure 5 is a combination of data presented in Figure 3 and
4, 'Defining "complete" substrate utilization as only'0.3 wt.3
sugar nnfermented, Figure 5 relates specific cell~productivity and.
fermenter productiVity to initial feed sugar concentrations. It
is interesting to note that an optimum fermenter product1VityA‘
~exists at a 10% sugar feed. Above this value the speCific cell
: productiVity decreases due to ethanol inhibition, while if the
sugar concentration decreases the cell mass drops, resulting inv
a lower fermenter productiVity even though the specific productivity
increases. It should be pointed out that_thevproductivities |
shown in Figure 5 are those at complete substrate utilization.and
not the maximum prodﬁctitities obtainablejfor a given.substrate

concentration.



‘|60-—’

Glucose feed concentration (g/[)

13 .

180

s
o
y

® S N
o . 8 >
] |

o0
O
A

D
O

t f.p 1 ] .g‘ RN AU T S lv R

Figure 4. Dilution Rate Necessary to Ferment

©

’ 0.l v- : .z - 03
Dilution rate necessory to ferment to 0.3% glucose

XBL753-2594A

to 0.3% glucose as a Function of Glucose
Feed Concentration (adapted culture).



| 8— — I I l T T 9 109
- ’ . Cell |
n Specific | i _
16 productivity 8 0.8
| 4+ <7 ~ 40.7 iE
|2 Fermenter 16 X 106 £
‘productivity / = =
. —— (8
folx . —5§, 405 3
o | 2
| dJa o 4 Q
8 4 e 04 o
6 438 403 5
E
o - &
4\ 12& Ho.2
21 fl‘ f(ll
ol | I I ! | L. | 1 0 -O
o) 2 4 6 8 10 12 14 I I8
| ‘Per cent- sugar in feed
Conditions at "Complete" Substrate Utilization
| | - XBL7511-9420

Cell mass, g/

Figure 5 Ethanol Productivities and Cell Mass Concentration

14

-as a. Function of Feed Sugar Concentration

(adapted culture).



QU0 U 4400004

15

PROCESS DESIGN AND ECONOMICS

' Using the optimél 1aboratory fermentation cbnditions
‘describéd aBove for édaptgd cultures, an industfial size fermen-
tation élant producing 24,000 gal/day of 95% ethanol was designed.
The fermentatioh substrate was taken to be sugars prqduéed from
the enzymatic hydrolysis of cellulosic waste as*proposed in thé
process design studiés of Wilke et al. (10). The design basis
is shown in'Tabié'z. -The hydrolysis product waS‘found_to be.70%
fermentable by Saccharomyces, thus requiring a 14.3% solution
of ﬁydfolysate sugars to obtain the optimum feed of 10% fermen-
'table'sﬁgaré. Pféliminary cost anaLysis éhowed it ecqnomically
favorable to concentrate the sugaf to 14.3%. The conceﬁtration
cosfs of 2.7¢/gal. of ethanol produced (see below) being moré
.thaﬁ offset by the savings in fermentation and-distillation costs .
as shoWn in. Figure 6. Avcomputer process model was used to design
and optimizé thé ethanol fermenﬁation plant and a single cell.
protein process which consumesche residua; sugars left after

the alcohol fermentation.
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Figure 7 shdws a schematicvflow diagram of fhe.ethanOl
fermentation process. The principal itemé of equiément corres—'
ponding tovthe'flow shéet are listed in Table 3. The'evaporator
" which cOncehtrates thé hydrolysaﬁe'sugar solutibn,ié not shown
although itvhas been ihcluded in the process cost analysis.

After the hydrolysate sugars have been evaporativély con-
centrated from 4.0% to a 14.3% SOlutioﬁ, protein and mineral
'supplements, shown in Tablé 4, are'miked with the sugars.
Sterilized by steam‘injecéion, the'fermenpafion broth is.distrib—'
utea to five cqntinuous fermenters, each opérating at a dilution

~ rate of 0.17 hr ' 4

. A low flow of air (8.0 x .10 '.VVM) is sparged
:thrbdgh the fermenters to méintain the oxygen tension at the
optimum levéi.of 0.07 mmHg. Thé fermented beer then passes to_two'
continuous centrifuges and the yeast is removed. The yeast is
subsequently dried and stored for sale as a protein feed supplement.
The clarifiedlbeer-from the_centrifuges is hext'distilled to
concenfrate the eﬁhanbltd 95 wf%; Aﬁ absorbef using the distillété
bottoms as the absorbing liquid, is employed.to recover éthanol
'loSt in the exit gases (air and CO,) from the fermenters. The

ethanél rich stream from the absorber is also fed to the main

distillation unit for final ethanol recbvery.
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TABLE 2

SUGAR CONCENTRATION 14,33, 70% FERVENTABLE
~ DILUTION RATE 017
- TEMPERATURE -3¢

CELL YIELD FACTOR, Y(X/S) 0.1
ETHANOL YIELD FACTOR, Y(P/S)  0.465

~ ETHANOL FERMENTATION DESIGN BASIS

19



Table 3

- | | Cost/Unit
Item Unit Specification No. of Units: $  FOB
Sugar Evaporator 7 effect,.-2.55xlo43’ft2 1 $186,000

» Total area _
Ethanol Fermentation Total $763,000
- Fermenter Vol, 2.44 xlo4 Gal. 5 51,400
Stainless steel constructlon
_ Agitator 10.8 H.P. stainless steel 5- 5,600
' construction
Air'compressor 35.5 H.P,. centrlfuger - 1l 19,900
: S type 30 psig. ' .
Air Filter 0.4x0.3 meters 5 200
' . glass fibers '
Media sterilizer . 4.2x0.6 meters 1l 2,900
' insulated stainless steel pipe
Preheat exchanget 2750 ft2 stainless steél 1l 49,200
- coupled with sterilizer ‘ _
Cooler exchanger 1190 ft2, stainless steel 1 28,800
coupled with sterilizer _ ' -
‘Heat .removal exchanger 245.3 ft2, stainless steel 5 10,400
coupled with fermenter : . ’ '
Solid feeds | Screw conveyor 4T/D 4 1,500 -
Nutrient mixing tank Vol. 4.6x10° Gal., 1 10,300,
and agitator Stainless steel
FSugar solution storage tank Vol. 4.6x104 Gal., 1 354,260.
: Stainless steel
vol. 4.6x10% Gal., 1 54,260

In plantvbeer'stbfage tank

Stainless steel

. 0T



Cost/Unit

Item Uhit Specification /No. of Units - §$ FOB
Centrifuges Nozzle typeAbowl,véoaHf | 2. 2' . $ 44,000
Yeaet SPray dryer .‘ - 1‘ 22,800_:
Product alcochol storage Vol. 770,000 Gal. 1 64,700

’ Carbon steel - : _
Pumps and driVere ‘10 2,400
Ethanol Recoverx Total $124,700
Dlstlllatlon column 5.2 ft dia, 76 sieve trays 1 4b,300 -
Condenser_‘ 890 ft2 carbon steel 1. 23,70b
Reboiler 630 £t2 carbon steel 1 19,000
'Preﬁeét e#changer. 990 ftz.cerbon steel 1 25,500
. 'Ethanol absorber .4 ft-dia; 23 ft high 1 7,200
' - 1" Raschig rings
SCP_Fermentation B | "Total . $ 659,000
Fermenter | Vol. 3.26x10% Gal. . , 2 v 45,200
- ' Stainless steel construction ‘
Agitator 136.3 HP $tainless steel 2 . 23,200 .
construction
5598 ft2 stalnless steel 2 - 77,400o

Heat removal exchanger

coupled with fermenter

constructlon

1<

0

0O bk b o

q
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Cost/Unit

“Item Unit Specification .No.”of Units $ FOB
'Air_cdmpressor 455 HP centfifuger 1 $126,900
: ' Type 30 psig
Air filters 1.4x0.4 meterg glass fibers 2 2,500
" Media Sterilizer 4.2x0.6 meters . 1 2,900
’ - insulated stainless steel pipe .
Preheat exchanger | 2750 £t2 1 49,100
coupled with sterilizer . stainless steel
Cooler exchanger 1190 £t 1 28,700
coupled with sterilizer stainless steel
Solid feeders _Screw conveyors 4 1,500
Nutrient mixing tank Vol. 4.6x103 Gal. 1 10,300 -
‘with agitator - stainless steel R
Yeast spray dryer 1 34,500
Centrifuge Nozzle type bowl 2 44,000
Pumps and drives 5 3,200

(44
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TABLE 4
T/DAY

coMPONENTL /T
(NH) SO, 90
M B
MeSOy, - 7Hy0 110
CACL 33

PROTEIN NUTRIENTZ 960

/L

6,06
0,26
0,14

4,76

365
016

0.08
2.86

MEDIUM RAW MATERIALS——ETHAWOL FERMENTATIOV

1; TRACE ELEMENTS ARE ASSUMED SUPPLIED BY

PROCESS WATER

2. AmBER BYF-300 AMBER LABORATORIES,

JUNEAU, WISCONSIN



* TABLE 5

TORULA YEAST

DILUTION RATE 0,32 HR'L

TEMPERATURE 40°C
CELL YIELD FACTOR, Y(X/S) 0,46
- SCP FERMENTATION DESIGN BASIS

24



SacoharOmyces cerevisiae used in the ethanol fermentatione
‘will ferment only‘70% ofbthe reducing sﬁgars in the h&dfolysate;
The renaining 30% ofvthevsugars_(xylose'and'cel}obiose) ate_fed
“tbagh.aerobicvfermentation process to‘ptodﬁce single.cell.pfotein.
from a Torula,yeaSt :Although'Tofula yeasts will fe*mentﬁthe
remaining sugars, 1t is a facultatlve aerobe . and does not produce
ethanol.' Table 5 llStS the de51gn assumption for the SCP. fermen—
tation.v |

- The SCP fermentatlon des1gn was based on data presented by -
Maxon and Johnson (ll)and Mandels and Weber (12) A
.Torula yeast was chosen s1ncev1t has been shown to_fermentvall
of the reducing sugars.present'in’the hydrolysate. (12) ' This
design'is of conrse speculative and is-included{to indicate
general processing eosts.'_Further‘data on'the'cell_mass’production}
from the residual‘sugars left after the ethanoiefetmentation is
needed. |

The single cell proteln fermentatlon, although not shown,
'resembles the alcohol fermentation process excludlng.the dis-
_tillation and absorption'columns; Of’oourse the aeration and
agitationffates are much higher for the production of cell mass.
The principal itemsvof equipment for the SCP fermentation are
described in Table 3. From:the distillation column the sugar
'SOlution is supplemented Qith minerals and protein comoonents
shown in Table 6. - Two parallel contlnuous fermenters operating.
at a dllutlon rate of-0.318 hr.l are.employedvln the SCP-fermen—

tation. In orde: to sat;sfy the oxygen demand'of the yeast an
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 TABLE 6

~ coMPONENTY $/T TN o/

-~ (NHy),, SO0, I
(MeS0y) +7H,0 10 051 3.4
CACL, 33 028 0.9

PROTEIN NUTRIENTZ 960  9.39 6,27

MEDIUM RAW MATERTALS--SCP FERMENTATION-

1. TRACE ELEMENTS ARE ASSUMED SUPPLIED BY
PROCESS WATER |

2, AmBER BYF-300 AMBER LABORATORIES
JuNEAU, WisconNsIN |
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aa air rate of 0.3‘VVM'and»a power per unit volumevratio of

1.38 HP/m3 was necessary. Also, the fermenters Were operated at

a total pressure of 2.6 .atm to enhance the oxygen transfer.*

After the yeast has been-removedafrom the broth by centrifugation,.

'the yeast stream is spray dried andfpackaged for sale.

Cost Estimation. A preliminary cost estimate was made for the

above mentioneq-ethanol and SCP fermentation processes to determine
the required capital.investment aﬁd‘cost per gallon'of 95% ethanol,

The general cost'estimatidn proceduresvwere those recommended
by Peters (13) and Gutherle (14) |

The flxed capltal cost is estlmated as a multlple of the
-purchased,cost“of the principal items of equipment, In-the
present‘case a ﬁultiplier*of_3.l_was usedbin‘conjunction with.the
FOB equipment costs listed in Tabie 3. The manﬁfaeturing cost is
subdivided into investment telated costs, labor'costs, utilityb
costs, raw material.costs and sugar costs. The sugar cost was.
v_taken at a base cest of 5.2¢/1b as presented.by Wilke, et_gl,_(lO);
. The steam and power'costs were estimated assuming that they WOuld_'
be generated using spent solids-from‘the hydrolysis.process_astfuel.
'A summary of utlllty costs are shown in Table 7. A base labor rate'
';of $5. 60/hr was assumed for the operatlon of the fermentatlon
process,

The fixedtcapital costs for the-qveralleprocessvare showntih
Table 8,' A total fixed capital of $5.37 x 10% is required to

produce‘24,000 gal/day of 95% ethano;_from_the hydrolysate sugars.

*These conditions were found to be optimal for the SCP fermentatlon
from a computer model of the fermentatlon process.
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TABLE 7

UNITS/HR,

UNIT ~ UNIT  SUGAR ETHANOL DISTILLATION SCP
| COST CONC. FERM, FERM,

POWER  KHH 1,06 5.8 146 8.8 762
CSTEAM 1000 LB 32.,5¢ 58 4.2 202 42

WATER 1000 GAL 12.8¢ =~ 24,5 21,5 114
COOLING |

UTILITIES COSTS
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TABLE 8 |
3105 7 OF TOTAL

'SUGAR CONCENTRATION 0,58 10,8
ALCOHOL FERMENTATION 2,36 -  43.9
DISTILLATION 0,39 7.3
SCP FERMENTATION 2,04  _3.80

| ~ TOTAL 537 100

CAPITAL INVESTMENT SUMMARY

29



30

A breakdown of ethanol productlon costs: lS shown 1n Tables‘9 and
ld}' Of the $l 05/gal production cost 68.6% is related to the sugar
“cost of 5.2¢/1b.

This is also reflected in the SCP fermentation processing
costs shown in Table 11. The'sugar costs amounts to 49% of the
'yeast production cost of 30,0¢/1lb. A soméwhat heévy charge is
made for nutrient supplements in the SCP process. The nhtrient
requlrement was based on the yeast cell mass composition assumlng
no vitamin or proteln components are in the hydrolyzate sugars.,
These media supplement costs would be reduced if agricultural or
municipal wastes, which contain many vitamins and minerals, were
hydrolyzed instead of tne newsprint used in the base design case
of -Wilke et al. (10).

The above costs for-ethanol and SCP.should be considered
within the context of the‘particuler cellulose prooessing scheme,
of which they would be a part. Such an anelysis is ptesented in
the following paper (IS),.in which alcohol is taken as the primary
product resulting from enzymatic hydrolysis of newsprint, and cost

credits are estimated for by—product yeast and electrical power.
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TABLE 9

¢/GAL

957 ETOH

- SUGAR CONCENTRATION 2.7
FERMENTATION 5.4
DISTILLATION | 2.5
YEAST RECOVERY 1.0

RAW MATERIALS 21,4
SUGAR 2.2
TOTAL  ° 105.2

PERCENT

OF TOTAL

2.6
5.1
2.4
1,0
18,3
8.6
100

* PROCESSING COST DISTRIBUTIOH--ETHANOL PRODUCTION
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TABLE 10

¢/GAL PERCENT
95% ETOA  OF TOTAL

INVESTHENT RELATED 7.5 7.2

LABOR - 1.6 1.5 .
UTILITIES | 2.5 2.4
RAW MATERIALS 21,4 18,3
SUGAR . 72.2. 68.6
TOTAL 1052 100

~ PROCESSING COST DISTRIBUTION--ETHANOL FERMENTATION
(INCLUDES DISTILLATION AND SUGAR CONCENTRATION)
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TABLE 11

¢/LB PERCENT
YEAST OF TOTAL

INVESTMERT -RELATED 1.6 5.3

LABOR RELATED 0.3 1,0

~ UTILITIES | 0,9 3.1
RAW MATERIALS 15,5 51,6
SUGAR COSTS ‘11,7 - 39,0
~ TOTAL 30,0 100

'PROCESSING COST DISTRIBUTION-~SCP FERMENTATION
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'CONCLUSIONS

Although careful control of oxygen tension and u51ng optlmum
feed sugar concentratlons in the alcohol fermentation may reduce
capltal expenditures by as much as 50%, sugar cost dominates the-
economics of ethanol production. Every ¢/1b of?sugar adds l4¢/gal
to the ethanol productlon cost, while the basic fermentatlon charges
excludlng sugar are only. 20¢ to 30¢ per gallon Thus, before |
ethanol fermentation process improvements-and optimization become
of equal economic 1mportance to sugar cost, the base sugar cost
must be reduced to 2¢ to 3¢ per pound.

However, the presented experlmental work does demonstrate the
.practicality of continuous ethanol fermentation. Under'the optimal
fermentation conditions, continuous alcohol production in the
laboratory fermenter has\been maintained for 60 days without

problems of contamination and strain degradation. -
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. ) .
'Figure Captions
" Figure 1 Pfé&uctivities as a Function of Oxygen‘Tension at
a Dilutioﬂ Rate of 0.22 hr 1 (édapfed‘yeast). |
‘Figure 2 .Results of Continuous Fermentation with Adapted
Yeast. 8.9%§lucose Feed, Oxygen Tension’0.0? mm Hg.
Figure 3 - Effluent Ethanol Concentration as a Function of
- Dilution Raté for Various Feed Sugar.ConcentratiOns
(adapted culture). i
Figure 4 ._Dilution Rate Necessary to Fermeht'to 0.3% Glucose
‘as a.Function‘of_Glucése Feed Concentrétion (adapted
culture). |
Figure 5 Ethanol ProductiVifies and Cell Mass Concentration
as a Function of Feed Sugar Concehtfation'(adapted
culture) . | | | |
Figure 6 Ethanol Production CoSts:Excluding Raw Materials
as a Function of Feed Sugar CohCentfétidn'v
Fiéure 7 Flow Diagram.for Ethanol-Torula Yeast ?roduction.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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