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ANAEROBIC DIGESTION OF CEZLII'LOSIC WASTES: ___ 
PILOT PTANT STUDIES 

2). D. Lee and T. L. DonaPdsan 

Anaerobic d i g e s t t o n  is  a p o t e n t i a l  Iy a t t r a c t i v e  
technology f o r  volume reduct ion  of low-level r ad ioac t ive  
c e l l u l o s i c  wastes. A s u b s t a n t i a l  f r a c t i o n  of the  waste i s  
converted t o  off-gas, and a rda t i t -e ly  sma'bl volume nf blo- 
l o g i c a l l y  s t a b i l i z e d  sludge i s  produced. Process clevelopnient 
work has been completed using a 75-L d i g e s t e r  t o  veriEy rates 
and conversions obtained a t  the  bench sealc. Star t -up and 
operating procedures have been developed , and e f f  lrient was 
generatea for c h a r a c t e r i z a t i o n  and d i s p o s a l  studies.  

Three rims Basting 3 6 ,  90, and 423 d were m d e  u a i  
and batch-fed condi t ions .  So l ids  s o l u b i l t z a t i o n  rates and gas 
product ion rates were a p p r o x h a t e l y  double the  target t: values  
o f  0.6 g o f  cetl~xlose per L of r e a c t o r  volume per d and 0.5 I, 
of off-gas per L of reactor per d. Greater than 80% destruc- 
t i o n  of s o l i d s  was obtained. Pre l iminary  e f f l u e n t  charac- 
t e r i z a t i o n  and d i s p o s a l  s t u d i e s  were completed. A simple 
dynamic process  model has been cons t ruc t ed  to a i d  i n  process 
des ign  and f o r  use i n  process monitoring and c o n t r o l  of a 
la rge-sca le  d i g e s t e r .  

1 .  INTRODUCTION 

Disposal  of s o l i d  low-level r a d i o a c t i v e  waste is an increas ing  

problem f o r  the  nuclear indus t ry .  The Oak Ridge Nat ional  Laboratory 

( O W )  gene ra t e s  about 2300 m3 of low-level waste each year ,  of which 

-350 m3 is  cel lulosic  and r e a d i l y  arwnable t o  b t o l o g i c a l  degradat ion.  

T h i s  waste i s  c u r r e n t l y  placed i n  t renches  i n  the bpn~ la l  grounds after 

a po r t ion  has been compacted. In  the t r enches ,  it is sub jec t  eo n a t u r a l  

b i o l o g i c a l  decomposition, which l e a d s  t o  i n s t a b l a i t y  and subsidence 
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i n  t he  b u r i a l  grounds. One a l t e r n a t i v e  d i s p o s a l  technorJgy is  inc ine ra -  

t i o n ;  however, t h i s  approach s u f f e r s  from s u b s t a n t i a l  off -gas cleanup 

requirements  and poor economics i n  t h e  case of small i n c i n e r a t o r s  t o  

handle r e l a t i v e l y  s m a l l  volumes of material. 

Another a l t e r n a t i v e  is t he  anaerobic  d i g e s t i o n  of the c e l l u l o s i c  

f r a c t i o n  of the s o l i d s .  Anaerobic d i g e s t i o n  o f f e r s  the a t t r a c t i v e  

p o t e n t i a l  to  reduce the volume of wastes by convert ing a s u b s t a n t i a l  

f r a c t i o n  of the s o l i d s  t o  methane (CHq) and carbon dioxide ( C O 2 )  and 

producing a b i o l o g i c a l l y  s t a b i l i z e d  sludge t h a t  is better s u i t e d  f o r  

b u r i a l  than is  the o r i g i n a l  waste. The anaerobic  d i g e s t i o n  process  is 

s i m i l a r  t o  t h a t  f o r  a r e s i d e n t i a l  s e p t i c  tank and t h e  s t a b i l i z a t i o n  of 

s ludge as p r a c t i c e d  in the  municipal wastewater t reatment  i ndus t ry .  

The major biochemical r e a c t i o n s  are i l l u s t r a t e d  i n  Fig. 1. F e a s i b i l i t y  

s t u d i e s ,  a prel iminary process  des ign ,  and a c o s t  estimate have been 

c a r r i e d  out  f o r  implementation of an anaerobic  d i g e s t i o n  p l a n t  t o  treat 

a c t u a l  wastes a t  ORNL. 
1-3 

1 
The i n i t i a l  f e a s i b i l i t y  s tudy  explored the rates and e x t e n t  of 

m i c r o b i a l  d i g e s t i o n  of b l o t t e r  paper,  c l o t h ,  s a n i t a r y  napkins,  and pine 

sawdust i n  shake f l a s k s ,  ba t ch  s t i r r e d  r e a c t o r s  , and fed-batch s t i r r e d  

r e a c t o r s .  The s t i r r e d  r e a c t o r s  had working volumes of 0.6  and 4.0 L; 

the shake f lasks  had 0.1-L working volumes. The s t i r r e d  r e a c t o r s  were 

ope ra t ed  at  1% w / v  so l ids  c o n c e n t r a t i o n  and gave c e l l u l o s e  degradat ion 

rates of 0.1 t o  1.2 g of c e l l u l o s e  per  L of r e a c t o r  volume p e r  d (g/L*d) 

and gas  rates of 0.3 t o  1.1 L/L*d .  From these r e s u l t s ,  a c e l l u l o s e  

deg rada t ion  rate of 0.6 g/L*d and a gas  production rate of 0.5 L/L-d 

were chosen f o r  a p re l imina ry  conse rva t ive  process  design. 
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The prelimFnary process  design and the cos t  estimate2 were based on 

anaerobic  dfges t ton  of a wet-pulped c e l l u l o s i c  materials mixture that  

i s  batch-fed t o  the d i g e s t e r .  

needed to treat the OWL waste a t  a s o l i d s  concent ra t ion  of 1 t o  2%. The 

f3.owslaeet f o r  the process  (Ffg.  2) inc ludes  saipar:atiori of the solids 

r emin ing  a f t e r  diges”,ion from the  water, which vl.11 be created i n  the  

ORNL low-level waste  evaporator system. The s o l f d ~  can be mixed wi th  a 

cement g rou t  f o r  l a n d f i l l .  It appea r s  tha t  a t o t a l  volume reduct ion  of  

A 94,5-m3 (25,000-gal) d i g e s t e r  woul.d be 

-80 to 90% W i l l  be poss ib l e  tavlth t h i s  ~ ~ C M X S S .  

Process development work was i n i t i a t e d  t o  provide scale-up d a t a  and 

ope ra t ing  experience €o r  the  design arid operat ton of the  f u l l - s c a l e  

d i g e s t e r  at QRNL. The experimental  work was c a r r i e d  out  i n  1-, 14-, 

and 75-L d i g e s t e r s  using a feed inaterial t h a t  simulated the c e l l u l o s t c  

materials found i n  the ORNL low-l.evej. r ad ioac t ive  wa.ste, Goals of t h i s  

work included the development of dependable start-up techniques for the 

d i g e s t e r  determinat ion of the  v i a b i l i t y  of the proposed ba tch  feeding 

method ., and de termtna t ion  of d i g e s t e r  opera t ing  cond i t ions  The. l a t te r  

included cons tdera t  I o n  of: s o l i d s  eoncent ra t ion  pH, a l k a l i n i t y ,  l i q u i d  

r e c y c l e ,  supplemental  municipal anaerobic s ludge ,  1on.g-ter-m operattog 

s t a b i l i t y  and solids d e s t r u c t i o n ,  and the  need f o r  supplementation w i t h  a 

minera l  and vi tamin sol.ration. The e a r l y  results were reported i n  ref. 3.  

Two runs w e r e  conducted i n  the 75-L d i g e s t e r  t o  determine the most 

re - t iab le  s t a r t -up  methods. These  tes ts  r e s u l t e d  i n  a s tandard  skwt -up  

technique that uses low coneent ra t ions  of CellulQSe ~1115: supplemental  

methanol t o  decrease the  length  o€ t i m e  required f o r  s t a b l e  operat.ion. 
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This  f i n a l  r epor t  d i scusses  the  t h i r d  r u n  wi th  the  75-L d i g e s t e r ,  

which l a s t e d  f o r  4 2 3  d. A mathematical  model of the d i g e s t i o n  process ,  

which included the ba tch  feedfng schedule ,  was developcd f o r  use .in 

guid ing  process  developme [it work and even tua l  process  c o n t r o l .  T h i s  

dynamic model i s  descr ibed  i-n ref. 3 .  V e r i f i c a t i o n  of the model with 

exper imenta l  d a t a  is presented  i n  t h i s  r epor t .  

2 .  EXPERIMENTAL PK<OC'%DORES 

2 . 1  SUBSTRATES, NUTRIENTS, AND INOCULUM 

The d i g e s t e r s  were operated on s imulated (nonradioactfve 1 I.ow-leve1 

s o l i d  waste composed of 90% b l o t t e r  p a p e r ,  7% c o t t o n / p o l y e s t e r  ( 3 5 / 5 5 )  

I a b c o a t s ,  and 3% s a n i t a r y  napkins. The feed  which w a s  shipped t o  

American Delphi ,  h e . ,  Westminster,  C a l i f o r n i a ,  f o r  wet-shredding , was 

r e tu rned  t o  OWL as a -10% s l u r r y  of -1-em p a r t i c l e  s i z e >  and store! a t  

4 ° C .  When a d i g e s t e r  requi red  f eed ing ,  an appropr i a t e  amount of feed  w a s  

measured and added t o  the  d i g e s t e r .  Severa l  samples w e r e  analyzed f o r  

s o l i d s  con ten t ,  and the  average value of 9.72 w t  % vola t j i l e  s o l i d s  was 

used t o  determine the  amount of s l u r r y  i3dded t o  the d i g e s t e r .  The 

n u t r i e n t s  f o r  the d i g e s t e r  ope ra t ion  have been descr ibed  previous ly .  
3 

The inocula  used t o  seed %he d i g e s t e r s ,  and a l s o  added t o  the  

d i g e s t e r s  occas iona l ly  to i nc rease  gas rates during some upse t  cond i t ions ,  

were obta ined  from s e v e r a l  S O U T C ~ S .  The d i g e s t e r s  were i n i t i a l l y  seeded 

us ing  s ludge f roin the  bottom superna tan t  sample poin t  of the anaerobic  

d i g e s t e r  a t  the Oak Ridge West End S e ~ a g e  Treatment Plan t  (ORWESTP). If 

p o s s i b l e ,  a po r t ion  of the  s ludge was added t o  the  d i g e s t e r  the  sane day 

as ohtad-ned, while  the  re4nainder w a s  s t o r e d  ( f o r  a maximerni oE 2 weeks) at 

4°C €OK la ter  add i t ion .  Other s ludge w a s  obtained from the  ANFLOW d i g e s t e r  
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a t  the  Love's Creek t rea tment  p l an t  i n  Knoxvil le ,  T e n n e s s e e ,  and from the 

Kuwahee Treatment P l a n t ,  a l s o  i n  Knoxville. 

2.2 ANALYTICAL PROCEDURES 

The samples of d i g e s t e r  con ten t s ,  seed s ludge ,  and feed were analyzed 

f o r  t o t a l  and v o l a t i l e  suspended s o l i d s  (TSS and VSS), a l k a l i n i t y ,  pH, 

and f i l t e r e d  and u n f i l t e r e d  chemical oxygen demand (COD) using Hach COD 

v i a l s  according t o  Standard Methods.4 - 

s e v e r a l  i n d i v i d u a l  v o l a t i l e  a c i d s  ( a c e t i c ,  p ropionic ,  i s o b u t y r i c ,  b u t y r i c ,  

T o t a l  v o l a t i l e  a c i d s  (TVA) and 

i s o v a l e r i c ,  and v a l e r i c )  were analyzed using a Varian 3700 g a s  chromat- 

ograph wi th  a 3.2-mm-diam, 2-m-long column conta in ing  60/80 Carbopak/0.3% 

Carbowax 20 p1/0.1% W3P04 a t  120°C wi th  a helium carrier and a flame ion i -  

z a t i o n  d e t e c t o r .  G a s  product ion w a s  measured wi th  a wet-test meter. G a s  

composl t ions w e r e  measured on a Sigma 11 g a s  chromatograph wi th  a 

Poropak-Q column. 

2 . 3  ANAEROBIC DIGESTER PILOT PLANT 

2 . 3 . 1  Desc r ip t ion  of the 75-L Digester 

The 75-L d i g e s t e r  is  a s tandard  i n d u s t r i a l  fermenter  wi th  a s soc ia t ed  

in s t rumen ta t ion  and piping t h a t  w a s  purchased from the  New Brunswick 

S c i e n t i f i c  Company as a u n i t  (Fig.  3 ) .  Its working volume is -65 L. The 

r e a c t i o n  vessel, i s  made of 316 s t a i n l e s s  steel ,  j acke ted  f o r  temperature 

c o n t r o l ,  and equipped wi th  pH c o n t r o l  and a g i t a t i o n  speed adjustment .  It 

was madiffed f o r  ope ra t ion  as an anaerobic  d i g e s t e r  by removing the gas  

spa rge r  and the  i n t e r n a l  b a f f l e s .  The t h r e e  tu rb ine  impe l l e r s  on t h e  

a g i t a t o r  s h a f t  were rep laced  by a single 17.8-cm propel le r - type  a g i t a t o r  

(L igh tn in  A310, Mixing Equipment CO.),  which provided improved pumping 
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a c t i o n  t o  suspend the  l a r g e r  p a r t i c u l a t e s  w i th  less v i o l e n t  mixing ac t ion .  

An a d d i t i o n a l  sampling system was added t o  the d i g e s t e r  t o  o b t a i n  more 

uniform samples  of t he  con ten t s .  The sampler c o n s i s t e d  of a top-entering 

1.27-cm-OD s t a i n l e s s  s teel  tube t h a t  could be r a i s e d  o r  lowered t o  any 

v e r t i c a l  p o s i t i o n  t o  o b t a i n  a sample of t he  d i g e s t e r  con ten t s .  The 

sampler w a s  operated by p r e s s u r i z i n g  the  d i g e s t e r  w i th  n i t r o g e n  and then 

opening the sample valve.  

2.3.2 Operating Procedures 

The t h i r d  run of the d i g e s t e r  w a s  i n i t i a t e d  by adding a seed c u l t u r e  

t o  the  f eed  mixture of 0.1% c e l l u l o s e ,  m t h a n o l ,  and n u t r i e n t s .  The seed 

s ludge ,  which w a s  obtained from the  ORWESTP, w a s  added i n  o r d e r  to o b t a i n  

a 3 vo l  % sludge concen t r a t ion  i n  the  d i g e s t e r .  The s t a r t - u p  per iod and 

t h e  o p e r a t i o n  of t he  d i g e s t e r  through the f i r s t  s i x  months are descr ibed 

i n  r e f .  3. 

The d i g e s t e r  c o n t e n t s  were sampled d a i l y  during the week, and the  

q u a n t i t y  of gas  produced w a s  recorded d a i l y .  The sampling procedure 

f o r  t he  d i g e s t e r  included taking two 200-mL samples, which w e r e  analyzed 

s e p a r a t e l y  f o r  TSS and VSS, and averaging the r e s u l t s .  The remaining 

ana lyses  (COD on f i l t e r e d  and u n f i l t e r e d  samples, i n d i v i d u a l  v o l a t i l e  

a c i d s  and TVA, and pH and a l k a l i n i t y )  were performed on a pooled sample. 

The volume of sample removed, t he  volume and con ten t  of the material f e d  

t o  the  d i g e s t e r  ( i f  any) ,  and the  t i m e  of sampling and feeding w e r e  

recorded. 

The d i g e s t e r  w a s  operated i n  t h e  batch-fed mode; t h a t  is, the volume 

of f e e d  t o  be added w a s  c a l c u l a t e d ,  and then the same volume of material 

w a s  withdrawn from the d i g e s t e r  and r ep laced  by f r e s h  feed.  The f r e s h  
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f eed  o f t e n  included n u t r i e n t  s o l u t i o n s  and, i n  the  e a r l y  p a r t  of the  run,  

a d d i t i o n a l  sludge. The usua l  feed  mixture contained about 200 g (dry  wt)  

of c e l l u l o s e  material i n  a t o t a l  volume of 4.0 L (see r e f .  3 ) .  The 

feeding  schedule va r i ed  according t o  the type of experiment and ranged 

from no feedings  f o r  a per iod of 1c2 weeks t o  feeding d a i l y  f o r  s e v e r a l  

weeks. Usual ly ,  the  d i g e s t e r  w a s  fed  twice weekly. I n  a d d i t i o n ,  t he  

c e l l u l o s e  conten t  was var ied  from less than 200 g t o  500 g per  f eed ing ,  

w i t h  one feeding of 1500 g of c e l l u l o s e .  For s e v e r a l  months, when simu- 

l a t e d  w a s t e  w a s  not  a v a i l a b l e ,  Solka-Floc ( a  commercial powdered c e l l u -  

l o s e  formula t ion)  w a s  used as the c e l l u l o s e  feed material. 

During much of the opera t ion  wi th  Solka-Floc, the  d i g e s t e r  w a s  

operated t o  s imula te  recyc le  of superna tan t  from a s e t t l i n g  s t e p  i n  a 

l a r g e  system. A l l  of the  e x t r a  d i g e s t e r  e f f l u e n t  withdrawn d a i l y  w a s  

saved and allowed t o  sett le.  New feed  f o r  each day w a s  prepared using 

t h e  e f f l u e n t  as the  l i q u i d  t o  suspend the c e l l u l o s e .  

3.  EXPERIMENTAL RESULTS AND DISCUSSION 

Opera t iona l  d e t a i l s  of the  f i r s t  200 d of run 3 have been descr ibed  

3 
i n  d e t a i l  i n  an earlier r e p o r t ;  t h e r e f o r e ,  they are simply summarized 

here .  Normal ope ra t ion  wi th  s imulated c e l l u l o s e  feed w a s  c a r r i e d  out  f o r  

t h e  f i r s t  215 d. Operat ion wi th  e f f l u e n t  superna tan t  r ecyc le  began on 

day 216 and ended on day 341. Solka-Floc w a s  used as the  feed  c e l l u l o s e  

s t a r t i n g  on day 238 and continued through day 359. During the  f i n a l  

phase of ope ra t ion ,  a s t a r v a t i o n  tes t  (day 385 through day 4 0 1 )  and a 

l a r g e  batch-fed tes t  (day 414 through day 423)  were completed. An exten- 

s i v e  compilat ion of the opera t ing  d a t a  from these  tests is  g iven  i n  the  

Appendix. 
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A summary of the  o v e r a l l  r e s u l t s  of run 3 i s  shown i n  Table 1. 

Average va lues  f o r  t he  parameters l i s t e d  were c a l c u l a t e d  by d iv id ing  the 

t o t a l  Cor each by the  t o t a l  number of samples f o r  each. The hydraul ic  

r e t e n t i o n  t i m e  (HRT) w a s  c a l c u l a t e d  f o r  each day based on the amount of 

sample withdrawn and fed .  Average va lues  were c a l c u l a t e d  f r o m  the d a i l y  

va lues ;  the  maximum and min-imum values  f o r  the  parameters were obtained 

from d a t a  a f t e r  the s t a r t -up  phase of ope ra t ion  had been completed. 

Table 1. Diges te r  performance over 423-d batch-fed r u n  

Minimum Parameter Average Maximum 

TSS, g / L  9.40 37.36 1.66 

vss, g / L  8.23 34.54 I. 4 4  

COD, g / L  10.38 3 3 . 3 4  1.50 

TVA, g / L  0.41 2.56 0.001 

A l k a l i n i t y ,  g/L 2.74 5.10 1.13 

TVAIalkal ini ty  0.16 1.26 0.0004 

HRT, d 52 90 120.70 5.60 

Diges te r  volume, L 61.80 74.20 47.50 

PH 6.79 7.55 5.80 

VSS rate,  g/L=d 1.83 6.63 0.01 

Gas ra te ,  L/L=d 1.18 5.83 0.01 
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Table 2 desc r ibes  the  carbon balance on the  d i g e s t e r  f o r  the dura- 

t i o n  of run 3.  The t o t a l  amount of carbon f ed  w a s  c a l c u l a t e d  based on 

the  known amount of s y n t h e t i c  feed  and i t s  carbon content .  The gas  pro- 

duced is the  amount of gas  measured by the  wet-test meter, co r rec t ed  t o  

s t anda rd  cond i t ions  and no water vapor,  and divided by 22.4 t o  o b t a i n  the  

mol of carbon. The mol of s o l i d  carbon removed were c a l c u l a t e d  based on 

t h e  volume of t he  sample removed and the experimental  VSS determina t ion  

f o r  t h a t  day. The so lub le  carbon removed w a s  c a l c u l a t e d  based on the  

volume removed and the so lub le  COD t h a t  w a s  exper imenta l ly  measured. 

The carbon balance was then found by d iv id ing  the  t o t a l  carbon out by 

t h e  t o t a l  carbon in .  For run 3 ,  93% of the  carbon fed  w a s  accounted for 

by the  carbon out  as g a s ,  s o l i d s ,  and so lub le  carbon. The remaining 7% 

can  be a l l o c a t e d  i n  p a r t  t o  l o s s  of material during s e v e r a l  e q u i p m n t  

f a i l u r e s  (descr ibed  l a t e r ) .  

Table 2. Carbon balance f o r  423-d r u n  

Carbon (mol) 

Source I n  ou t  

Feed 1602 

O f f  -gas 

Solids '  

1144 

173 

Soluble  a 173 

T o t a l  1602 1490 

a 
Inc ludes  pe r iod ic  e f f l u e n t  and con ten t s  of d i g e s t e r  a t  te rmina t ion  

of run. 
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The t h i r d  ba t ch  experiment was s t a r t e d  using concen t r a t ions  of 0.1% 

c e l l u l o s e  and 300 q g / t  methanol, along wi th  ORWESTP anaerobic  d i g e s t e r  

s ludge at  3% v/v concen t r a t ion .  The Concentrat ion of c e l l u l o s e  w a s  

g r a d u a l l y  inc reased ,  and the  TVA c o n c e n t r a t i o n  was  c l o s e l y  monitored t o  

prevent  t he  r ap id  bui ldup t h a t  had i n h i b i t e d  earlier batches. '  The gas  

product ion averaged 0.02 t o  0.05 L/L*d as the s o l i d s  concen t r a t ion  w a s  

i nc reased  t o  3000 ng/L ( 0 . 3 % ) .  A f t e r  70 d ,  s t a b i l i t y  w a s  a t t a i n e d  a t  a 

s o l i d s  concen t r a t ion  of 0.65%, a gas product ion rate of 1.2 E/L*d,  and a 

s o l i d s  degradat ion rate of 1.45 g/L*d. These rates exceeded t h e  design 

rates of 0.6 g c e l l u l o s e / L * d  and 0.5 L gas/Led a t  an HRT of 35 d, 

During the next  30 d ,  t he  feeding i n t e r v a l  w a s  decreased and t he  

amount of c e l l u l o s e  i n  the f eed  was i nc reased ,  As a result, t he  s o l i d s  

c o n c e n t r a t i o n  i n  the  d i g e s t e r  i nc reased  t o  more than 1.5%. During one 

5-d per iod,  the d i g e s t e r  was f e d  d a i l y  at  an HRT of 16 d.  The gas pro- 

d u c t i o n  w a s  g r e a t e r  than 0.5 L/L*d during t h i s  time, but the propionic  

and b u t y r i c  a c i d  components of the TVA began t o  slowly i n c r e a s e ,  causing 

an  i n c r e a s e  in t h e  r a t i o  of TVA t o  a l k a l i n i t y ,  as shown i n  Figs.  4 and 5 

nea r  day 100. Impending problems In  the  d i g e s t e r  are i n d i c a t e d  when the 

r a t i o  of TVA to a l k a l i n i t y  is >0.5, A h e a l t h y  d i g e s t e r  has a r a t i o  <0.3. 

Severa l  methods w e r e  employed t o  lower t h e  TVA concen t r a t ion  and 

the r a t i o  of TVA to alkalinity. These included (I) reducing the f eed  

rate, ( 2 )  i nc reas ing  the  NRT t o  50 d ,  and (3) decreasing the  at  a 

low feed  c o n c e n t r a t i o n  t o  d i l u t e  t h e  TVA by washing it out.  The best 

r e s u l t s  were obtained wi th  the  t h i r d  method; a f t e r  14 d ,  t h e  TVA w a s  

reduced by 60%, while the  feed concen t r a t ion  and the HRT had increased 

s u f f i c i e n t l y  t o  g i v e  a d i g e s t e r  s o l i d s  c o n c e n t r a t i o n  of >1% and an WZT 
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of 25 d.  A t  t h i s  p o i n t ,  t h e  d i g e s t e r  developed the  a b i l , t y  t o  degrade 

p rop ion ic  and b u t y r i c  a c i d s ,  r e s u l t i n g  i n  TVA/alkalinity (ALK) r a t i o s  

of (0.1. 

Figures  4-12 g i v e  an o v e r a l l  p i c t u r e  of t he  r e s u l t s  of the 423-d 

experbmental run. Figure 4, as p rev ious ly  d i scussed ,  i s  a p l o t  of the 

L J - ~  and shows peaks a t  days 50 t o  150, again near day 300, and also a t  

day 360. The l a t t e r  two peaks occurred during changes i n  the  feeding 

rates and co inc ide  w i t h  peaks on the TVA/ALK g raph  i n  Fig. 5. When the  

peaks occurred i n  the TVA/ALK r a t i o ,  t he  pH w a s  r a i s e d  to i nc rease  t h e  

a l k a l i n i t y .  The l a r g e  peaks were u s u a l l y  caused by a l o s s  of d i s so lved  

CO2 due t o  plugging of the wet-test meter wi th  foam, p r e s s u r i z a t i o n  of 

the d i g e s t e r ,  rup tu re  of the d i g e s t e r  rup tu re  d i s k ,  and subsequent loss 

of p re s su re  (and d i s so lved  CO,). Figure  6 is a p l o t  of t h e  d i g e s t e r  pH; 

the deep d i p s  around 300 d correspond t o  the high WA/ALK d i scussed  

above. Very l i t t l e  pH c o n t r o l  w a s  requtred over the course of the run, 

and the  pH was f a i r l y  s t a b l e  between 6.5 and 6 .9 ,  depending on the time 

since feeding.  

ms-h 

The l i q u i d  volume i n  the d i g e s t e r  during t h e  course of t h e  run (see 

Ffg. 7)  w a s  held a t  65 L during the f i r s t  PO0 d and then  va r i ed  from 61 

t o  69 L up t o  day 200. A t  t h a t  p o i n t ,  t h e  volume w a s  reduced t o  -58 t o  

60 L, where it w a s  maintained u n t i l  t h e  u p s e t s  near day 300. 

u p s e t s ,  shown by a sudden decrease and slow i n c r e a s e  i n  volume, occurred 

whean t he  d i g e s t e r  foamed and plugged the wet-test meter, causing the  

d i g e s t e r  rup tu re  d i s k  t o  rup tu re  and s e v e r a l  l i ters  of d i g e s t e r  con ten t s  

t o  be l o s t .  The volume w a s  g r a d u a l l y  r e s t o r e d  t o  i t s  o r i g i n a l  l e v e l  by 

wJft!drawing only enough material from t h e  d i g e s t e r  f o r  sample  a n a l y s i s  

and f eedfng the usua l  amount. 

These 
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Figure 8 shows the experimental  r e s u l t s  f o r  the  d i g e s t e r  s o l i d s  

de te rmina t ions  f o r  VSS, TSS, and I n e r t  suspended s o l i d s  (ISS). The ISS 

va lue  is the  d i f f e r e n c e  between the  TSS and VSS values .  The d a t a  show 

cons iderable  scatter, p r imar i ly  because of t he  d i f f i c u l t y  i n  obta in ing  a 

r e p r e s e n t a t i v e  sample of the  con ten t s  a f te r  the  d i g e s t e r  had been f e d .  

This  problem is  caused by l a r g e  clumps of s o l i d s .  The l a r g e  peaks t h a t  

occur g r a d u a l l y  r e s u l t  from increased  feed rate o r  feed concen t r a t ion  and 

are the  expected behavior.  The d i g e s t e r  becomes acclimated t o  the  h igher  

f eed  rates, and then the  VSS and TSS va lues  decrease and tend t o  s t a b i -  

l i z e .  The ISS va lues  increased  during feeding  of the s imulated waste but  

decreased when Solka-Floc w a s  fed  in s t ead .  The ISS va lues  were a l so  used 

t o  determine whether representat- tve samples had been obtained because the  

ISS should be r e l a t i v e l y  cons tan t  from day t o  day. 

The so lub le  COD (see Fig.  9) m a s u r e d  on cen t r i fuged ,  f i l t e r e d  

s a m p l e s ,  w a s  a measure of the  amount of c e l l u l o s e  that  w a s  soluhlized but  

not  ye t  converted t o  CH4 o r  C02. The TUA, al-though a p a r t  oE t he  COD, 

w a s  not a large f r a c t i o n  after the  f i r s t  200 d. Af t e r  recyc le  ope ra t ion  

commenced, the  COD increased  but  w a s  not  a s soc ia t ed  wl th  a concurrent  

rise i n  the  amount of measured TVA presen t .  

Figure 10 i s  a graph of the  gas  product ion rate. A peak of almost 6 

L/L*d w a s  reached, but  t y p i c a l l y  the rates va r i ed  from 0.5 t o  -4.0 L/L*d. 

The high va lues  amounted t o  >250 L of gas from the  d i g e s t e r  i n  a day. 

The a s soc ia t ed  s o l i d s  degrada t ion  rates, shown i n  Fig. 1 1 ,  are more 

erratic than  the gas  rates because they are c a l c u l a t e d  from the exper i -  

menta l ly  measured values  of VSS. The rates va r i ed  from -0.8 t o  2.0 

g/L*d during the  f i r s t  300 d of the run, and from 2.0 t o  6.5 g/L*d from 
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-300 t o  400 d. F igures  8, 10, and 11 show the  c y c l i c a l  na ture  of the  

batch-€ed ope ra t ion  as the f i n e  s t r u c t u r e  on the  p l o t s .  The g a s  and 

s o l i d s  rates and the VSS concen t r a t ion  i n i t i a l l y  inc rease  a f t e r  feeding 

and then g r a d u a l l y  decrease  u n t t l  t he  next feeding.  

Figure 12  shows the  conversion of the  s o l i d s  t o  gas  and the  t o t a l  

convers ion  of s o l i d s  t o  gas and so lub le  carbon during the  progress  of the  

run. The f i r s t  100 d are the  s t a r t - u p  per iod ,  a€ter which the  d i g e s t e r  

convers ion  s t e a d i l y  increases up t o  the  end of the tun. The conversion 

t o  gas  reaches almost BO%, while  the  t o t a l  s o l i d s  d e s t r u c t i o n  ends a t  a 

po-tnt where almost 90% of the t o t a l  c e l l u l o s e  has  been converted t o  a 

so lub le  carbon or  gaseous product.  

Seve ra l  sho r t -  and long-term experiments  were conducted during the 

extended run. Among t hese  w a s  an experiment designed t o  s i m u l a t e  the  

o p e r a t i o n  of the d i g e s t e r  wi th  r ecyc le  of the  superna tan t  from an 

e f f l u e n t  s e t t l i n g  s t e p  t o  provide the l i q u i d  t o  s l u r r y  the en te r ing  

feed .  The experiment w a s  performed by saving a l l  of the  e x t r a  e f f l u e n t  

from the d i g e s t e r  i n  a cold room a t  4°C i n  a 50-L b a r r e l ,  where i t  w a s  

al lowed t o  sett le.  The scum was skimmed off the  top wi th  a 4-mesh 

sc reen ,  and the  superna tan t  w a s  used t o  suspend Solka-Floc f o r  feeding 

t h e  d i g e s t e r .  The scum (undigested c l o t h  fragments ,  string, e t c . )  and 

 he s o l i d s  from the  bottom of the  b a r r e l  were reserved f o r  g r o u t  fo r -  

mulat ion s t u d i e s .  The r ecyc le  experiment was run during days 216 through 

341 (125 d) .  During t h i s  t i m e ,  a t o t a l  of 23.8 kg of c e l l u l o s e  s o l i d s  

was f e d ,  including 1.7  kg of prepared s imulated feed and 22.1 kg of 

Solka-Floc a f t e r  the  supply of s imulated waste w a s  exhausted.  An i n t e r -  

e s t i n g  r e p r e s e n t a t i o n  of t o t a l  l i q u i d  r ecyc le  ope ra t ion  can be obtained 



v i a  comparison wi th  a ba tch  r e a c t o r  which is  f ed  an equiva len t  amount 

of c e l l u l o s e .  I n  t h i s  case, the ba tch  d i g e s t e r  would i n i t i a l l y  r equ i r e  

23.5 kg of feed  i n  58.7 L ( a  s o l i d s  concen t r a t ion  of 40.58% w/v).  The 

batch-f ed l iqu id- recyc le  d i g e s t e r  requi red  125 d t o  process  t h i s  much 

feed .  

During the recycle  ope ra t ion ,  the  so luble  organic  f r a c t i o n  ( so lub le  

COD) of the d i g e s t e r  con ten t s  increased  af ter  d a i l y  feedings  were begun 

a t  day 269; however, the inc rease  w a s  apparent ly  not caused by an 

increase i n  the  v o l a t i l e  a c i d s  t h a t  w e r e  m a s u r e d  (see  Fig.  13). The 

peaks i n  the TVA graph co inc ide  wi th  the  beginning of d a i l y  feeding (day 

269) and the a f te rmath  of the  inc iden t  descr ibed  ear l ie r  i n  which a rup- 

t u r e  d i sk  w a s  blown. Some oxygen contamination of the  d i g e s t e r  then 

occurred ,  and a gene ra l  upset  followed. A period of s e v e r a l  days w a s  

requi red  t o  recover  the  rates and concen t r a t ions  t h a t  w e r e  p re sen t  before  

t h e  inc iden t .  

Another test involved the d e l i b e r a t e  s t a r v a t i o n  of the  d i g e s t e r  f o r  

a period of 17 d near  the end of the 423-d run. When samples were with- 

drawn, an equal  volume of water was added; on two days,  a minera l -nut r ien t  

s o l u t i o n  w a s  added. The d i g e s t e r  was fed t w i c e  during the  2 weeks t h a t  

fol lowed;  then i t  was fed  1500 g of Solka-Floc a t  one t i m e .  The gas  and 

s o l i d s  degrada t ion  r a t e s  were monitored over the  next s e v e r a l  days u n t i l  

t h e  d i g e s t e r  w a s  shut  down. The r e s u l t s ,  shown i n  Figs.  14-17, show t h a t  

t h e  d i g e s t e r  w a s  responsive t o  the  feedings  and produced high gas  rates 

a f t e r  the  1 5 0 0 2  feeding.  The s o l i d  l i n e  i n  Fig. 17 is the  model simula- 

t i o n  (descr ibed  l a t e r ) .  



27 

t 
g c 0 
.rl 
W

 
(d

 
k
 

a, 
!5. 
0
 



28 

a
 aJ 

b
) 

W
 



29 



30 



3%
 

I
 

I 
+ 

/I_---’ 
---=+=-- 

-
-
-
-
-
a
.
 

+ + + 
.’- 

1 



3 2 

4 .  EFFLUENT DISPOSAL STUDIES 

o op t ions  f o r  disposing of the l i q u i d  and sludge e f f l u e n t s  have 

been proposed f o r  the O W L  f a c i l i t y  (Fig.  2). The f i r s t  is hydrofrac- 

t m x ,  using the e x f s t i n g  f a c i l i t y  at O m .  This  opt ion is bel ieved t o  be 

t e c h n i c a l l y  f e a s i b l e ,  a l though t h e r e  are ques t ions  concerning pumpabili ty 

and p o t e n t i a l  plugging of t he  i n j e c t i o n  s l o t  by the undtgested s o l i d s .  A 

sui t .able  g r o u t  r e c i p e  could probably be developed Such ques t ions  would 

nzrd t o  tae resolved through f u r t h e r  experimental  s t u d i e s .  However, hydro- 

f r a c t u r e  i s  not k i n g  a c t i v e l y  considered a t  t h i s  t i m e  because of the 

u n c e r t a i n t y  concerning continued ope ra t ion  of the  hydrof racture f a c i l i t y .  

The second op t ion  for e f f l u e n t  d i s p o s a l  is  f i x a t i o n  of t he  s ludge i n  

CoilCrete f o r  b u r i a l  and t reatment  of the l i q u i d  e f f l u e n t  i n  t h e  low-level 

waste evaporator  system. A s o l i d s - l i q u i d  s e p a r a t i o n  would he c a r r i e d  out  

$0 gPve a sludge wi th  s a t i s f a c t o r y  water content  f o r  cement formation and 

a l i q u i d  wi th  s a t i s f a c t o r y  p r o p e r t i e s  f o r  t he  evaporator  system. I n i t i a l  

s t u d i e s  t o  c h a r a c t e r i z e  the  l i q u i d  f r a c t i o n  were made. 

I s s u e s  t o  be addressed for t reatment  of the l i q u i d  by evaporat ion 

inc lude  the phys ica l  behavior  during evaporat ion ( e . g . ,  foaming), carry-  

over o f  organ ic s  t o  the  condensate ,  and the na tu re  of the r e s i d u a l  con- 

c e n t r a t e .  S tud ie s  have shown t h a t  the pH of the  d i g e s t e r  e f f l u e n t  is 

-7 and t h a t  the c o n c e n t r a t i o n  of weak organic  a c i d s  ranges up t o  0.15 N. 

The acid concen t r a t ion  can be reduced through improved ope ra t ion  of t he  

d i g e s t e r .  After n e u t r a l i z a t i o n  t o  pH 10, t h e  l i q u i d  foams excess ive ly  at  

the b o i l i n g  p o i n t ,  bu t  the foaming can be c o n t r o l l e d  w i t h  antifoam. I n  

the waste evaporator  system, the  d i g e s t e r  e f f l u e n t  wauld be d i l u t e d  wi th  

other  wastes, which should minimize Eoaming . 

- 
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Measurements of pH, COD, t o t a l  and ino rgan lc  carbon, and TYA i n  the  

d i g e s t e r  e f f l u e n t  , the  concen t r a t e ,  and s e v e r a l  candensate f r ac t ions ;  are 

shown i n  Table 3 f o r  two separate l i q u i d  samples. The f i r s t  sample was 

taken before the  d i g e s t e r  began t o  a c t i v e l y  convert  the h ighe r  a c i d s  Lo 

CHk and C02; the  second was taken some t i m e  after t he  conversion began. 

It  can be seen t h a t  most of the  COD and acdds remain i n  the concen t r a t e  

r e s i d u e ,  although some lighter acids m y  be c a r r i e d  i n t o  the condemate ,  

Based on these s t u d i e s ,  i t  has been p r e d i c t e d  t h a t  the addftlon a€ 

d i g e s t e r  e f f l u e n t  t o  the evapora to r  system w i l l  have no adverse e f f e c t s  

on t h e  water qual.ity of White Oak Creek. 
5 

S t u d i e s  on f i x a t i o n  a€ the  s o l i d s  i n  conc re t e  have not been completed, 

t personnel experienced i n  t h a t  area have i n d i c a t e d  t h a t  no unusual 

problems are t o  be expected. 

5. PROCESS SIMULATION 

5.1 DESCRIPTION OF MODEL 

A dynamic th ree -cu l tu re  s imula t ion  m d e 1  corresponding t o  the  three 

major bioconversion s t e p s  shown i n  Pig. 1, has been developed t o  a i d  in 

process  development work. I n  the model, t h e  c e l l u l o s e  hydrolyzers con- 

v e r t  c e l l u l o s e  t o  s u g a r s ,  t he  acetogens convert  sugars  t o  acetic acid nzxl 

a small amount of o t h e r  p roduc t s ,  and the  methanogens convert  a c e t i c  acid 

t o  (334 and CO2. In a d d i t i o n ,  each c u l t u r e  g e n e r a t e s  cel l  mass from b t s  

own s u b s t r a t e  and produces CQ2 as a lnetabralic by-product. Note that  tire 

W 2  + C02 rou te  t o  icethane is  not included. W e  have found I t  unnecessary 

t o  include the lat ter p rocess  i n  o r d e r  t o  s imula t e  our data i n  a s a t t s -  

f a c t o r y  manner. An extended d i s c u s s i o n  of the  model s t r u c t u r e  and para- 

meters can be found i n  r e f .  3. 
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Table 3. C h a r a c t e r i z a t i o n  of e f f l u e n t  f r a c t i o n s  rollowing 
evapora t ion  and concen t r a t ion  

Chemical . 
oxygen T o t a l  Inorganic  V o l a t i l e  acidsa 

Sample PH demand carbon carbon as acetic ac id  
(WJL) (rqg/L) (nlg/L) (rq&/L) 

- 

Sample 1, September 1983 

O r i g i n a l  e€ f l u e n t  

Concent rate 

F i r s t  condens ate 
f r a c t i o n  (20 mL) 

Second condensate 
f r a c t i o n  (250 mZ) 

Third condens ate 
f r a c t i o n  (250 mL) 

6.43 13,200b 9,470 

10.21 16,500 4,735 

9.95 460 4,090 4 , 080 

9.05 140 420 400 

8.10 90 120 100 

Sample 2, September 1984 

O r i g i n a l  e f f l u e n t  6.70 5,400 

Concentrate 73,200 

F i r s t  condensate 175 

Second condensate 

Third condensate 

Fourth condens at e 

F i f t h  condensate' 

Composite (1-4) 

163 

78 

75 

750 

120 

1,060 

24 

18 

14 

550 

175 

20 5 100 30 

110 50 26 

35 10 16 

32 0 38 

340 70 50 

170 120 27 

a 
The f i r s t  and second condensate samples in Sample 1 contained some 

This  sample contained solids t h a t  were included i n  the chemical 
lower-boiling o rgan ic s  , such as formic a c i d ,  t h a t  were not resolved.  

oxygen demand. The o t h e r s  were clear l i q u i d s .  S i m i l a r  samples w i t h  no 
s o l i d s  contained 7000 t o  8000 mg/L of COD. 

evapora t ion .  

b 

C This sample contained some of the bottoms t h a t  "burped over" during 
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5.2 SIMULATION RESULTS 

Experimental  d a t a  and s imula t ion  r e s u l t s  are compared i n  Figs .  17-20. 

Figure 17 shows the gas  product ion rate d a t a  f o r  the experiment and 

s imula t ion  f o r  a 70-d per iod during which the d i g e s t e r  w a s  s t a r v e d  and 

then  f e d  a s i n g l e  l a r g e  concen t r a t ion  of c e l l u l o s e .  The sfmulat-ion 

f o l l o w s  the experimental  d a t a  s e m i q u a n t l t a t i v i l y ,  although the peaks and 

v a l l e y s  are more exaggerated.  The gas  rate i n  the  s imula t ion  f a l l s  t o  

z e r o  about a week a f t e r  the s t a r v a t i o n  per lod beglns,  while t h e  experi-  

mental  rate never does f a l l  a l l  t he  way t o  zero.  The s imula t ion  a l s o  

p r e d i c t s  a h ighe r  peak for .the g a s  rate after feeding the l a r g e  concen- 

t r a t i o n  of c e l l u l o s e .  I n  g e n e r a l ,  the  s imula t ion  p r e d i c t s  a faster 

response t o  p e r t u r b a t i o n s  than is produced in the  d i g e s t e r .  

Figure 18 shows the long-term behavior  of v o l a t i l e  s o l i d s  i n  the 

d i g e s t e r  f o r  t he  du ra t ion  of the 423-d run. I n  the s imula t ion ,  t he  actisal 

f e e d  input  t o  the  experimental  d i g e s t e r  was used as the s imula t ion  batch 

f e e d  and the corresponding e f f l u e n t  w a s  c a l c u l a t e d  from sirniilated con- 

d i t i o n s  i n  the  d i g e s t e r  j u s t  p r i o r  t o  feeding.  Thus, v a r i a t i o n s  in the 

experimental  and simulated feed curves are due t o  d i f f e r e n c e s  i n  the 

e f f l u e n t  concen t r a t ions  observed expe r imen ta l ly  and c a l c u l a t e d  i n  the  s i m u -  

l a t  ion. 

The v o l a t i l e  s o l i d s  parameter shown i n  Pllg. 18 i s  a combination of 

microorganisms, u n d i g e s t i b l e s ,  and eel lul .ose This  parameter i s  df f -  

f i c u l t  t o  measure a c c u r a t e l y  In  the d i g e s t e r  because of the d i f f i e u l . t y  i n  

ob ta in ing  a r e p r e s e n t a t i v e  sample of the l a r g e r  suspended p a r t i c u l a t e  

s o l i d s ,  as discussed earlier.  For t h i s  reason, more v a r i a t i o n  i s  pre!;ex:k: 

i n  the  experimental  d a t a  than is  seen i n  the s imulat ion.  
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The sirnulation d a t a  were p r i n t e d  out  using the  same b a s i s  as t h a t  

used f o r  the experimental  da t a .  For example, the gas  product ion was 

t o t a l e d  f o r  a per iod and then divided by the l e n g t h  of the per iod t o  g ive  

an  average rate f o r  the i n t e r v a l ,  analogous t o  the experimental  da t a .  

The rates are theref  o r e  i n t e g r a t e d  averages and not i n s t an taneous  values  

f o r  a g iven  t i m e ,  This  method causes  cons ide rab le  smoothing of the simu- 

l a t € o n  da ta .  

NQ p a r t i c u l a r  e f f o r t  w a s  made t o  a d j u s t  parameters i n  the  model t o  

f i t  &he experimental  d a t a ,  with the  except ion of the f r a c t i o n s  of sugar  

converted t o  acetic a c i d  and "other '* s o l u b l e  carbon. The parameters 

used i n  t h e  s imula t ion  were obtained p r i m a r i l y  from published r e p o r t s .  

They were held cons t an t  throughout t he  423-d period of the s imulat ion.  

Figure 19 shows the long-term behavior of the gas  product ton rate 

3 

f o r  the d u r a t i o n  of t he  run. The f t r s t  40 d c o n s t i t u t e d  a s t a r t - u p  

pe r iod  wi th  n e g l i g i b l e  gas production. The gas  production rate was 

c a l c u l a t e d  by d iv id ing  the t o t a l  gas  produced f o r  a per iod by the l e n g t h  

of t he  per iod and then d iv id ing  by the c u r r e n t  d i g e s t e r  volume. The 

s i m u l a t i o n  gas rate w a s  c a l c u l a t e d  by adding the CWL+ and C02 produced f o r  

a g iven .pe r iod  and d iv id ing  by the l e n g t h  of t h a t  period and the  volume 

of the d l g e s t e r .  The agreement between the  experimental  d a t a  and the 

s i m u l a t i o n  is  s e m i q u a n t i t a t i v e  i n  both frequency and amplitude. 

F igu re  20 shows a comparison of the experimental  and s imulated 

s o l i d s  deg rada t ion  rates. The rates were computed f o r  the experimental  

d a t a  by s u b t r a c t i n g  the  VSS value f o r  the c u r r e n t  day from t h e  VSS of the  

p rev ious  day ( a f t e r  adding the f eed  and s u b t r a c t i n g  the sample  from the  

p rev ious  day) and then d iv id ing  by the  e l apsed  t i m e .  This  method r e s u l t e d  
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i n  some scat ter  because of the problems mentioned previously i n  obtaining 

a r e p r e s e n t a t i v e  sample of t he  VSS each day. The VSS f o r  the s imula t ion  

w a s  c a l c u l a t e d  by a d d h g  the biomass f o r  t he  c e l l u l o s e ,  i n e r t s ,  and 

organisms provided by the s imula t ion  f o r  each day and then proceeding 

as f o r  t he  experimental  d a t a  at the  same t i m e  i n t e r v a l s ,  w i th  the same 

volumes of f eed  and e f f l u e n t  and the same feed  c e l l u l o s e  content .  . 

6 .  SUMMARY 
< I  . ) a -  ' -  

The process development work on t h i s  p r o j e c t  has l e d  t o  the fol lowing,  

accomplishments, obse rva t ions ,  and conclusions:  
-5 I L d $  IV- 

i- \ 
1 .  Rates and y i e l d s  obtained i n  earlier scout ing s t u d i e s  have bee J 

- r -  
v e r i f i e d  at  a nominal 75-L scale. The s o l i d s  degradat ion rate, 

t h e  gas  production rate,  and the  e x t e n t  of s o l i d s  degradat ion * I 

have s u b s t a n t i a l l y  exceeded the or iginal .  design values  used i n  

L i  

t h e  prel iminary design of the ORNL f a c i l i t y . 2  

equipment size or an i n c r e a s e  i n  throughput c a p a c i t y  by a f a c t o r  

of -2 i s  ind ica t ed .  

A r educ t ion  i n  

-b,;- r JF 
2. Start-up procedures have been developed and t e s t e d  f o r  t he  case 

of sewage sludge inocula .  A r e l a t i v e l y  low concen t r a t ion  of 

c e l l u l o s l c s  (-0.1%) and supplementation wi th  lnethanol are 

d e s i r a b l e  t o  avoid i n h i b i t i o n  by r e a c t i o n  in t e rmed ia t e s  and 

t o  promote establ ishment  of the proper organisms. The t i m e  

r equ i r ed  f o r  s t a r t - u p ,  1 t o  2 months, appears t o  be s a t i s f a c t o r y  

from a p r a c t i c a l  s t andpo in t .  
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3 .  The d i g e s t e r  was operated f o r  an extended per iod of time wi th  

v a r i e d  feed  composition and feed  rate under condi t ions  of almost 

t o t a l  recyc le  of the d i g e s t e r  e f f l u e n t  superna tan t .  The d i g e s t e r  

w a s  ab l e  t o  t o l e r a t e  and recover  from process  upse ts  wi th  l i t t l e  

l o s s  of e f f  i c i e n e y  under a l l  t e s t e d  condi t ions .  

4 .  A s i m p l e  dynamic process  model has been developed t h a t  s a t i s f a c t o r i l y  

s imulate  s the  e x  pe r i m e  n t  a1 dynamic behavior unde r s t a b  1 e opera t ing  

c o n d i t i o n s ,  as w e l l  as some process  upset  condi t ions .  The value of 

t h i s  model l ies i n  i t s  u t l l - l t y  for process  c o n t r o l  and o p e r a t i o n a l  

guidance f o r  a ful l -scale  d i g e s t e r .  

5. T h e  d i g e s t e r  was operated f o r  more than 4 months using a r ecyc le  

c o n d i t i o n  i n  which the  l i q u i d  f r a c t i o n  of the e f f l u e n t  w a s  recycled 

t o  s l u r r y  the f eed ,  thereby reducing the q u a n t i t y  of l i q u i d  e f f l u e n t  

f o r  d i sposa l .  That procedure r e s u l t e d  i n  somewhat h igher  concentra- 

t i o n s  of t he  so lub le  carbon spec ie s ,  but  the  s o l i d s  d i g e s t i o n  rates 

were not  no t i ceab ly  i n h i b i t e d  by their presence.  

6 .  The d i g e s t e r  w a s  s t r e s s e d  by s t a r v a t i o n  (no c e l l u l a s e  feed  €o r  up t o  

2 weeks) and feeding  a h igh  c e l l u l o s e  concen t r a t ion  ( f i v e  times the 

normal d a i l y  feed  amount) w i th  no apparent  ill e f f e c t s .  Another 

stress involved t h e  l a c k  of rn lc ronut r ien ts  (usua l ly  suppl ted  once or 

t w i c e  each week w i t h  a feed ing) ,  and t h a t  procedure r e s u l t e d  i n  a 

slowing of the rates of gas  product ion and VSS degradat ion.  The 

d l g e s t e r  recovered r a p i d l y  when the  n u t r i e n t s  were reintroduced.  

7. The d i g e s t e r  w a s  operated p e r i o d i c a l l y  at 1.5 t o  2.5% v o l a t i l e  

solids wi th  no apparent  problems except  f o r  a foaming problem t h a t  

occurred at the high gas  rates and occas iona l ly  c a r r i e d  foam and 
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s o l i d s  i n t o  the  off-gas system and plugged the  wet-test meter. The 

foaming could be con t ro l l ed  by the  a d d i t i o n  of a s u i t a b l e  ant i foam 

agent .  
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