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UTILIZATION OF CELLULOSIC MATERIALS THROUGH ENZYMATIC HYDROLYSIS

II; PRELIMINARY ASSESSMENT OF AN INTEGRATED PROCESSING uCHEME

by

Charles R. Wilke
Gerald R. Cysewski
Ren Der Yang
‘ Urs von Stockar
. Lawrence Berkeley Laboratory and
Department of Chemical Engineering
University of California
Berkeley, California 94720

ABSTRACT

An 1ntegrated proce551ng scheme is descrlbed for the con;
version of a hellu1051c waste (newsprlnt) to sugars by enzymatlc
hydroly51s-and then\to ethanoI and yeast_by fermentatlon._ The
unconverted solids are burned to.produce precess'enetgy::eqﬁite-_
ments and“surplus electrical powet. Preliminary designs and cost
studies are developed to»pfovide.rough perspective oﬁ tﬁeﬁpotential

economic feasibility of this method of cellulose utilization.

*This paper was prepared for presentatmn at the First Chem1ca1 Congress
of the North American Cont1nent Mexico- C1ty, Mex1co, Decernber 1 - 5 1976.



-_INTRGDUCTION"

The‘preoeaing ?aperv(l)‘and an'earlierorepbrt (2) have
desoribed the.oackground°data and seperate process design studies
for enzymatic hydroly51s of newsprint and fermentatlon of sugars
to ethanol and single cell protein (Torula yeast) Thlsvpaper
will describe a further study in which these processes are con-
sidered together in an 1ntegrated process1ng scheme to produce
ethanol yeast and electrical power. Newsprlnt was selected as a
representative cellulosic substrate because of the avallablllty
of information'on‘its_hydiolysis and related processing oharacter-
istics., Other:cellhloslc materials ultimately may prove to be the
‘ feedstock of choice. Furthermore, it is recognized that.the_
proposed process is not an optimum scheme since consideratioﬁ is
not given to_recoVery of the hemicellulose_sugars nor toimorebb
aophisticatedbpre-treatmeﬁts to remove or break'downrlignin'orioi"
to hydrolysis. | | | |

The main purpose of the de51gn analy51s is to provide a.
' prelimlnary assessment of the economic fea51b111ty and enerxrgy

efficxency of this type of cellulose processing.

PROCESS DESCRIPTION

Figure 1 is a schematibvflowvdiagram for the_processing
scheme., Mass flows of the principal streams are indicated on

N

. tho diagram:

Hydroly51s

. The hyar01y51s sectlon is 1dentlcal to that described by

Wilke, Yang and von Stockar for the same 1nputs_(2). Table 1
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FEED (-20 MESH NEWSPRINT) 885 TON/DAY

© CELLULOSE CONTENT: €17 (QRY)

ENZYME ACTIVITY = 3.5 FPA
- CELLULOSE HYDROLYSIS = - 50%, 40 HR., 45°C
~ ENZYME RECOVERY -~ 347 G
~ PRODUCT (AS GLUCOSE)® 238 TON/DAY -
~ PRODUCT CONCENTRATION 4% |
- CELL RECYCLE FRACTION = 0,65

BASE DESIGN CASE SPECIFICATION |

' 'I‘able l'

U A »ASSumed;newsprlnt composition: 61% ‘0. cellulose, 21%_
Co 11gn1n ’ 16% hemlcellulose , and 2% other.

' ,2;; Representatlve sugar comp051t10n - 72% glucdse,.22% cellbbibéé,
S 44% xylose, 1.5% mannose. ' S _ :



~

gives the base dase_deéign_speéificatioﬁ. A detailed equipment
descfiption has beén presented previously (2). |

| The brimary plant feed consists of 885 tons per day of news-
- print cbntaining 6% moisture.i.By means of moderate shredding'ahd
.hammermilling the feed is reduced to approximately -20 mesh. The
size reduction is not critical so long as the ma;erial'wiil form
aqueous suspensipns which can be pumped, agitated, and filtered.
An additibnal 66 tons per day of feed material is diverted to the
. first enzyme induction ferﬁentor after sterilization with sfeam.
The produdt,sugar stream from the hydrolyzer is contacted counter-
cdrrently in 3 mixer-filter stages with feed solids for enzyme
_recovery. Each ﬁixer filter stage.consists of a mixing tank to
érovide 30 ﬁinutes céntaCt time and a horizontal belt vacuum filter
to separate'fhe solids from the liquid., A fotal eﬂzYme recovery
of 95% isvprediCted by theéry based on laboratory adsorption -
studies (3). | | H

| Hydrolysis is conduéted’qver 40 hours at 45°C at a solid/liquid

ratio of 1/20 w/w based on inputs to the hydrolyzer. ‘The latte¥ ’
consists of 5 égitatéd cylindricél concrete digestors of the type
used for éolid wéste treatment in sanitary engineering. Cellulose

‘conversion of 50% is assumed, at an overall enzyme strength
1

equivalént to 3.5 FPA” in the hydrolyzer (3). Provisioh'is-made
for recycle of a portion of.the‘proauct.sugar solution (plus enzyme)
back to thé hydrolysis vessel. A sugar concentration of 4.0% is

obtained for the case shown. A range of sugar levels is possible

lFilter‘Paper Activity
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depending]bn‘the mode of operation and amountIOf sugar recycle

employed. Make-up enzyme'is produced in a ﬁWo—stage'fermentation

systen, emp}oying the fungus Trichodefma'viriderM94l4 (4)

" obtained from the U.S. Army Natick.Laboratories | Cell growth is
.obtalned in the first stage at a dllutlon ‘rate of 0.2 hr -1
bemploylng a medlum contalnlng 1% product sugars plus mlnefals and
protein nutrient, fs - ,The induction system is
"Operated a£ an Qvera;; dilution rat‘e_of‘vO.Ol?_1 excluding the cel;
recycle stream. Both Stagesvempiby agitated stainless steel

vessels operated‘at;30°cvwith aeration rates of 0.15 and 0.015 v;ﬁ.m,
in'the growth and induction stages, respectively. Thé gfoﬁth stage
_feed'is sterilized in a heat exchange systém (not shown). The
induction'section effluent.is péssed through a éentrifuge frsm
whichsa portion'of.the underflow is fed back to . the first induction
,stage. Tén induqtion sfages_in series are émbléyéd. The flow | |
"qﬁaﬁtities,in Fig. 1 cortesponds to a cell‘recycle fraction of‘

6.65; Recycle fracﬁion is thé‘fractidn of cells leaving the‘lasﬁ
induction stage which is returnéd'to the first stage. For the

case shown the use 6fjrecycle will maintain the cell density in the‘
iinduction'system at 7 gﬁvper liter, assumingInegligiblevgrowth

in the induction system when newsprint is empio&ed._ This latter
assumption is conservétive‘since some cell growth will.oscur. The
fesultant eﬁzymevproduction is'sufficient to provide anisnzyme
concentfétion of 3;5 FPA invthé hydrolyzér;, A portion of ‘the
centrifuge uhderflow is filtéfed ahd-the'Cells are discarded to

maintain adequate cell Viability.'



TABLE 2

» TOTAL
| | BTU/ZUNIT . BTU X 100
~ CELLULOSIC FEED®  7,200/LB 571
CALCOMOL 952° 10,651 723
YEAST CAKE * 5,500/LB 7.6
scP* 5,500/LB 15
~ POWER I3 13,6
TOTAL OUTPUT = 108.5
NET EFFICIENCY, % 19

SUMMARY OF ENERGY. QUANTITIES

Unit energy values are based on heats of combustlon to -
produce gaseous products This represents the lower unit
heating value, since the heat of vaporization of the water
produced during combustion is not recovered
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Ethanol Fermentation:(l)

The sugars from the hydrolysis section are concentrated to
14.3% in a seven effect e?aporator and distributéd to five con-
tinuous ferméntors. Yeast is recovered by centrifugation and
spray d;ied.' The 4.9% ethanol'sblutioh from\the;fermehtor plus
the agueous stream cdntaining the alcohol rembved from the carbon
“dioxide are COnéentrated‘by_distillation to pgoduce 81.5 tons per
day of 95% ethanol, equivaient to 25.2 géllons per ton of plant
feed, 16.6 tons per day of yeast are recovered from the still

bottoms,

$.C.P. Fermentation (1)

Following'yeast removal, the bottoms stream from the -ethanol
distillation containing the hemicellulose sugars and residual
glucose at 4.6% concentration are supplied to the fermentation

process to produce 32,8 tons per day of Torula yeast.

Steam and Power Generation

1913 tons per day of residual‘solids from the hydrolysis and
enzyme induction sections containing 67% moisture'and a heat of
combustion of 2040 BTU/1b (Wet basis) are fed to a boiler furnace
and multi-stage turbine generator for production of electriéity
and process steam. Although some details of handling the com-
bustion proqéss remain to be worked out, if is assumed for the
present estimate that the power élant'economicﬁywill‘be similar
to those presehted by Héhmond (S) adjﬁstéd to operatioh.at.a 95% _
on étream'efficiency. Except for their high-moisture'content'the

solids are attracted as avfuelﬂbecause of their ready availabiiity
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and negligible sulfuf;and low ash'coﬁtent;.

Aftef Hammond (5);‘assuﬁing freeefuel,‘furnace efficiencyvbf
82%.and an overall conversion efficiency of 25% based on feed to
the furnace it is estima;ed that power can be pfoduced'for $0.01
per kilowatt hour. The process SteamlrequiremenF comprises ebeut
56%-0f the steam flow, which enfers the turbines at 600 psia and
exhausts at 0.5 psia. It is assumed .thatvproeess steam
can be withdrawn at 40 psia from an interﬁediate turbine stage
Qithout serious.effect on the generation system. Based on the 1oes
of equivalent elecﬁrieal power at 1¢/kwh due to the process steam
withdrawal the steam will have a value of 27¢ per 1000 lb. With
an additional 5.5¢ for distribution, the total process steam coet

is estimated at 32.5¢ per 1000 1b. | | |

A total of 132,000 1b steam/hr and 12,800 kw of electricity
are produced in the combuetion system of which..4,000 kw.are.in

excess of the process requirements,

- Energy Balance and Thermal Efficiency

Figure 2 shows the flow of energy among thepvaribus p;oceSsihg
operations., Eﬁergy quantities are expressed as‘the heat ef com-
bustion of the process streams, except for steam'which i;eexpressed
‘as avaiiable'BTU fof process heat exchange (934.BTU/lb) and |
electrical power which is expreseed‘es kw or és equiQalent thermal
BTU's

| Table 2 summarizes the energy input ahd outputs inethe form -
of newsprint, ethenol,dyeaét cake,vsingle éell'protein and

6

electricity. Net energy of 108.5 x 10 BTU/hr is produced from an
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' inpUt,of'57l X lOG.BTU/hr; for a net‘tﬁermél-efficiency of 19.0%.
"However, if it.is considéred that each BTU of’electfical_powe;_
représents 4 BTU in ferms of heat-of’coﬁbﬁstion of the furnace
feed, the overéll efficiency on a éroduct heat~¢oﬁbuétion basi$

becomes. 26%.

COST ANALYSIS

Table 3 summarizes tﬁe products of ‘the process, production
costs and eétimatea market va}ue of the by—products. The pro-
ductién‘cost for ephanol'and\for Tofﬁla yeast ar¢>those estimated
in the precéding péper (1). Yeést céké and Torula yeast Qalues
‘are based on the current quotation for distillers yeast (6).. A
credit of 1¢ per kwh is #aken'assuming that the surplus power-v
~can be sold for 2¢ per'kwh'at the process sitef | |

NO credit is taken for the Torula yeast since_fheﬁmarkét
‘value is'just'equal to the estimatéd production cost;.'However, the
yeast value defrays_thé cost of producing the résidual éﬁgars in
the hydrolysis section. Also, the yeast fermentation can be
viewed as a means of waste treatmén£ to permit;ré-dse of water
in the process. An alternative procedure could be eﬁployméﬁt of -
anaerobic'digestion to produCé methane gas from the_residﬁal
sugars. In any caée,'water re-use is.aﬁ essential consideration
in view of the large quantities”fequiredviﬁ the enzymatic
hYdrolySié operétion, | |

;  0n the_basis-of the agéumed by—produbt_crédits, the,ana;ysié
*ind?capésfthat 95%‘eﬁhanol‘might be prodﬁcéd f.o.b; the”piantvfor

aﬁdﬁt”61¢ pef gallon,'assuming zero cost for the cellulosic feed.



TABLE 3-

'PRODUCT SUMMARY AMD OVERALL COST ANALYSIS

g PRODUCTIOL COST

ASSUMED MARKET VALUE

BY-PRODUCT COST

CREDIT PER GALLON

TONS/DAY  UNIT ¢ PER UNIT G/UNIT ~ETHANOL, ¢
ETHANOL (95%) 81,5  GALLON 04 - -
CARBOH DIOXIDE 113,00 -- - .- -
CYEAST CAKE -~ 16,6 LB - 30 40
TORULA YEAST 32,8 1B 30 30 -
KiH 1 2 y

ELECTRICITY -

21
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.Table 4 sumﬁarizeélthe'estimated eapitei investmentj.

~Table 5 giées the estimated incremental increaee in‘alcohol
coet per gallon under economic assumptions_more representative
-Ofdthe private economy wdth respect to interest'rates and taxes
and withda_coet of $20 per ton for the cellulosic feed. Under
these'assumptions the cost of ethanol wduld beconme about $1.67 per -

gallon, somewhat in excess of the present market price.

DISCUSSION

'The foregoing analysis suégests tnat as energy costs increase
and petrochemical raw materials become scerCe,,produetion of'.
‘.ethanpl from cellulosic materials could beceme,a viable alternative{
However, it should be emphasized that the processing’methods"'

- described here invoive many'undertednties and essnﬁptions which
require_further study before a firm economic assessment can be
'made; | |
The process1ng scheme is admlttedly inadequate and will be
superseded as/research_contlnues. Further by- product values should
benobtainable.through utilization'of the hem1cellulose-sugars~and "
iignin._~Also, the enzymatic hydrolysis procees, wnich'isdcentral
to the.overall scneme,sheuld'be_suSCeptible_to further‘improrement
' through the,development of mdre effective'enzyme sYstems, of more
.economical-enzyme productidn,'end methods for‘enzyme recovery and_r-
_re—use.: | |

Many sources of ccllulose exist aﬁong agrlcultural and forest
residues which can be made avallable as the need for ethanol and
'other_potentlal products increases suff1c1ently-to make‘thelr

collection economically attractive. As such developments occur



 TABLE 4
HYDROLYSIS @0 $23.4 x 108
ALCOHOL anp SCF FERMENTATION (1) 5.4 x 109
~ POWER PLANT 4.6 x 10°

TOTAL - 334 x 106

CAPITAL INVESTMENT SUMMARY

c 14
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TABLE 5

" ¢/GAL INCREASE
~ OFETOH COST
3% TAXES 9,0
12% INTEREST ~ 18.0
$20/T0N FOR CELLULOSICS 794

INCREME\lTAL EFFECT OF VARIABLES ON PRODUCTS’-

15
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greater consideration should be given to coordination of the
'produétion of cellulose with food. Ultimately, of course, cellulose

[

might be grown specifically as a chemical and energy resource.
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Figure Captions

Figure 1, Material Balance Flow Diagram for Intégfated
Processing Scheme,
‘Figure 2. Energy Balance Flow Diagram for Intégrated Processing

Schenme,



—

003044000275
' C 17

References

1.

2,

Cysewski, Gerald .and C.R. Wilke, "Utilization of Cellulosic

‘Materials Throﬁgh Enzymatic Hydrolysis. TI. Fermentation _
of Hydrolysate to Ethanol and Single Cell Protein," Biotechhnol. '

and Bioeng. (preceding paper, this vclume).

Wilke C.R., Ren Der Yang and Urs Von Stockar, "Preliminary

Cost Analyses for Enzymatic Hydrolysis of Newsprint,"
Symposium on Enzymatic Conversion of CellulosicAMaterials:
Technology and Applications, Boston, Mass., Sept._8—10,1975;
LBL-4408.. (to be published‘in;Biotéchnol and Bioeng.)

‘'Wilke, C.R., and R.D. Yang, SITRA Symposium on Enzymatic

Hydrolysis of Cellulose, Hameenlinna, Finland, March 1975.

Mandels, M., J. ﬁeber, and R, PariZek, Appliedeicrobiol.

21, 152 (1971). 3 _

Hammond, O. and M.B. Zimmerman, Technology Review, July 1975,
p. 43. '

Chemical Marketing Reporfer,vJanuary 12, 1976.



LEGAL NOTICE

This report was prepéred 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.




5

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





