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INTRODUCTION

We have, developed a simple yet useful dynamic simulator for the

anaerobic d iges t ion of c e l l u l o s i c feedstock. The incentive for t h i s simu-

l a t o r i s our need for guidance in design and opt imizat ion of an anaerobi-

d iges t ion process for volume reduct ion and s t a b i l i z a t i o n of low l e v e l

r ad ioac t ive wastes generated at Oak Ridge National Laboratory [ 1 , 2 ] . These

wastes are p r imar i ly b l o t t e r and other paper and co t ton /po lyes t e r c lo th ing .

Anaerobic d iges t ion wi l l convert a s u b s t a n t i a l mass (and hence volume) of

waste to gaseous products which can be f lared or simply re leased . The

remaining sludge w i l l contain the radionucl ides and is expected to have

only 5-10% of the o r i g i n a l waste volume. This s t a b i l i z e d sludge w i l l be

more su i t ab l e for disposal by shallow land b u r i a l than i s the o r i g i n a l

untreated waste. The liquid effluent will go to existing treatment fac i l i -

t ies for "hot" liquids at Oak Ridge National Laboratory (ORNL). An anaero-

bic digestion process ran be scaled to handle small or modest quantities of

waste and is expected to be vastly superior to incineration in this regard.

Operated by Martin Marietta Energy Systems, Inc., for the U.S.
Department of Energy under contract No. DE-AC05-840R21400.
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MODEL

Our dynamic simulation model is somewhat similar to other recent

rnodels [3-6], but it is more compact and incorporates the insoluble cellu-

losic feedstock. It is a three-culture model corresponding to the three

major bioconversion steps shown in Fig. 1. The cellulose hydrolyzers con-

vert cellulose to sugars, the acetogens convert sugars to acetic acid and

a s~all amount of other products, and the methanogens convert acetic acid

to methane and C02 [7]. In addition, each culture generates cell mass

from its own substrate and produces CO2 as a metabolic by-product. Note

that the H2 •+• CC>2 route to oethane is not included. We have found it

unnecessary to include this route in order to simulate our data (described

below) in a satisfactory manner.

Each nixed culture is assumed to grow according to Monod-type kinetics,

dX
— = X(u - kd) , (1)
dt

where

X = cell concentration,

U

_S + Ks 4- (S2/K±)_

S = substrate concentration,

Ks -- usual half-saturation constant,

Kj_ = substrate inhibition constant, and

k,j = specific death rate.

, specific growth rate, (2)
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Mass balance equations are written for the substrates and products in the

reaction scheme shown in Fig. 1. For example, the rate of change of acetic

acid (RAc) concentration in the digester is

dcHAc

dt

Subscripts A and M refer to acetogens and nethanogens, respectively.

Substrate and product kinetic rates are proportional to organism growth

rates through the 5 coefficients, which are calculated from conventional

yield factors and carbon stoichiometry. For example, ̂ n\c is the quantity

of acetic acid produced by acetogens per unit of acetogens produced, and

has units of g HAc/g acetogens. Similarly ^ is the quantity of acetic

acid converted to methanogens per unit of methanogens produced, and has

units of g HAc/g methanogens. The §'s are obtained fiom the relationships

j.n Table I [3,^,7], along with stoichiometric factors when necessary for

dimensional consistency.

Equations analogous to Eqs. 1-3 were formulated for the three cultures,

cellulose, sugar, acetic acid, methane, CO2 and other soluble carbon species

that are not substrates for methane and carbon dioxide and may accumulate.

The set of nine simultaneous differential equations comprise an initial value

problem that was solved using the ODE library routine on the DEC 10 system

at ORNL. To simulate batch-fed operation, the problem was reinitialized at

each feeding point to account for material f'id and withdrawn.
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EXPERIMENTAL STUDIES

A 75-L digester (New Brunswick, fencenter) is presently being operated

to determine design parameters for a larger digester to be built at ORKL,

The feed is a mixture of 90 wt % blotter paper, 7 wt % cotton/polyester

laboratory coats, and 3 wt % other absorbents to simulate the waste stream

at ORXL. The feed was wet-shredded by American Delphi, Inc., Westminster,

CA., to a particle size of ~1 cm. It is stored at 4°C in a ~10 wt % slurry.

The digester was inoculated with 4 L of anaerobic digester sludge from

the municipal treatment plant in Oak Ridge, Tennessee. Nutrients were

added in the form of salts and vitamins when cellulose was fed. During

the early start-up period, the cellulose concentration in the digester was

maintained at ~0.1 wt X and methanc.l was supplied at ~900 mg/L to favor

establishment of the toethanogens. After ~35 days, methanol was eliminated

and the cellulose concentration was gradually increased to ~1 wt %.

Additional sludge inoculum was added on several occasions.

Cellulose slurry and nutrients were added periodically and an equal

volume of liquid was removed. The contents of the digester were analyzed

daily for solids (volatile and total), volatile acids, soluble carbon

(total and organic), chemical oxygen demand, and the gas production was

aonitored continuously using a wet test -meter. The digester was operated

at 35CC with mild agitation at various solids concentrations and hydraulic

re'enticn tines.
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RESULTS

Experimental data and simulation resul t s are compared in Figs . 2-5.

Figure 2 shows the feed schedule and the long-term behavior of vo la t i l e

sol ids in the digester for the f i r s t 102 days during a typical experii<vnt.

The hydraulic residence time was typical ly 20 days during this period. The

experimental feed curve is the net cellulose added to the d iges ter , deter-

mined as input minus output at each feed point . In the simulation the

actual feed input was used and the corresponding effluent was calculated

from simulated conditions in the digester j u s t prior to feeding. Thus,

var ia t ions in the experimental and simulated feed curves are due to dif-

ferences in the effluent concentrations observed experimentally and calcu-

la ted in the simulation.

Figure 3 shows the long-term behavior of soluble carbon and gas pro-,

duction. The f i r s t 40 days were a s tar t -up period with negligible gas pro-

duction. The agreement between the experimental data and the simulation is

sa t i s fac to ry . No par t icu lar ef for t was made to adjust parameters in the

model to f i t the data with the exception of the fractions of sugar con-

verted to acet ic acid and to "other" soluble carbon. The parameters used

in this simulation are l i s t ed in Table I .

The vo la t i l e solids parameter shown in Fig. 2 is a combination of

microorganisms, undigest ibles , and ce l lu lose . This parameter is d i f f icu l t

to measure accurately in the digester due to the diff icul ty in obtaining a

representat ive sample n the larger suspended so l ids . For th is reason

there is more var ia t ion in the experimental data than is seen in the simu-

l a t i o n .
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Gas production rates are shown in Fig. 4. The agreement between

experiment and simulation is semiquantitative in both frequency and ampli-

tude. The experimental rates are dally averages during the week and three-

day averages over weekends. Some smoothing of the simulated gas rate was

introduced by printing the rates at the same intervals as the experimental

data were taken.

Gas production rates during a single feeding cycle are shown in Fig. 5.

The rectangles represent quantities of gas produced between readings of the

wet test meter, and the curve is the instantaneous rate from the simulation.

There is good agreement during the early period of maximum gas production,

although during the later period the simulation underestimates the actual

gas production. For this particular feeding cycle, the total simulated gas

production was ~80% of the experimental value. The experimental and simu-

lation data were obtained on days 98-104 of the same run shown in Figs. 2-4.

This simple rynamic simulation model for anaerobic digestion of a

relatively simple ceilulosic feed is capable of representing experimental

data in a satisfactory manner under stable digester operating conditions.

It is significant that the same parameters which successfully model the

long-term integrated behavior (Figs. 2 and 3) also successfully model the

long-term gas production rates (Fig. 4) and the short-term dynamic behavior

(Fig. 5). We are using the model to guide our further process development

work to establish optimal feeding schedules, solids loading, etc. It

should also be useful for designing start-up procedures and for process

monitoring of the full-scale anaerobic digester facility at ORNL, which is

scheduled for start-up in 1986. Successful development and use of this

simulation model in this application should encourage development and use

of similar simulations in other anaerobic digestion systems.
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TABLE I
Parameters for simulation model

37
0.
4.

50
14.
14.

24
2

4
5

Maximum specific growth rate, day *•

cellulose hydrolyzers 1.7
acetogens 0.325
methanogens 0.50

Specific death rate, day~*

cellulose hydrolyzers 0.04
acetogens 0.04
•ethanogens 0.02

Substrate half-saturation constant, g/L

cellulose
sugar
acetic acid

Substrate inhibition constant, g/L

cellulose
sugar
acetic acid

Product yield factor, g product/g cells

sugar from cellulose, via cellulose hydrolyzers 47.4
acetic acid from sugar, via acetogens 16.5
nethane from acetic acid, via methanogens 8.4
other products from sugar, via acetogens 4
CO2 from cellulose, via cellulose hydrolyzers 1.93
C02 from sugar, via acetogens 1.93
CO2 from acetic acid, via methanogens 12.5

Cell yield factor, g cells/g substrate

cellulose hydrolyzers from cellulose
acetogens from sugar -
methanogens from acetic acid

Initial concentrations, g/L

cellulose '
cellulose hydrolyzers
acetogens
nethanogens

Initial concentrations of species not shown were set equal to
zero. Concentrations of microorganisms were estimated to give
the desired start-up time. Simulation results at longer times
were relatively insensitive to these in i t ia l conditions.

0.
0.
0.

0.
0.
0.
0.

837
753
753

71
005
015
02



Figures

Fig. 1. Major biochemical conversion steps in the anaerobic digestion of
cellulose.

Fig. 2. Experimental and simulated carbon inventories for 75-L digester
showing cellulose feed and volatile solids. O = experimental net carbon
feed; X = experimental volatile solids; = simulated values.

Fig. 3. Experimental and simulated carbon inventories for 75-L digester
shoving gas and soluble carbon. + = experimental gas; /S = experimental
soluble carbon; = simulated values.

Fig. 4. Experimental and simulated gas production rates for start-up
through 102 days of operation. + = experimental values; = simulated
values.

Fig. 5. Gas production rates during a single feeding cycle. The rec-
tangles represent quantities of gas produced between readings of the wet
test meter, and the curve is the instantaneous rate from the simulation.
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Fig. 1. Major biochemical conversion steps in the anaerobic digestion of
cellulose.
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Fig. 2. Experimental and simulated carbon inventories for 75-L digester
showing cellulooe feed and volatile oolido. O = experimental net carbon
feed; X = experimental volatile solids; = simulated values.
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Fig. 5. Gag production rates during a single feeding cycle. The rec-
tangles represent quantities of gas produced between readings of the wet
test rr.ater, and the curve is the instantaneous rate from the simulation.


