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   This work  illustrates how  the biomass energetic  yield may  be estimated  from  several

difllerent sets  of  mcasured  values  and  how  the results  of  such  estimates  may  be analyzed.

It shows  that mass-energy  balances may  be effectively  used  to  indicate when  difllerent

sets  of  measurements  give similar  est{mates  of  biomass energetic  yield and  also  to shew

when  products  appear  to be present.
   Five diflbrent estirnatcs  of  biomass energetic  yield are  compared  tegether  with

estimates  of  product energetic  yield and  weight  fraction nitrogen in biomass using

experimental  values  of  biomass concentration  of  Hltnsenuta Polymoipha, feed and  cMuent

mcthanol  concentrations,  oxygcn  consumption  rate,  rate  of  ammonia  feeding, and

dilution rate.  Relatively good  agreement  of  the five diflbrent estimates  of biomass

energedc  yield is obtained  when  thc methanol  feed concentration  is 2.4 gll; howcver,

when  the  feed concentration  is 4.0 gtl, products appear  to be present,  and  the  biomass

eneTgetic  yield  is lower.

  Improvements  in instrumentation and  the

advent  of  computer  coupled  cultivation

systems  have resulted  in an  increased interest
and  use  of  material  and  energy  balances in

microbial  cultivation.  In this work,  the

results  from six diflbrent continuous  culture

experiments  are  used  to illustrate the  appli-

cation  of  material  and  energy  balances which

utilize  the  facts that (1) the  heat evolved  per
available  electron  transferred  to oxygen  is

relatively  constant  for a  wide  range  of  organic

substances,t-5)  and  (2) in the  biomass, the

number  of  equivalents  of  availablc  electrons

per g-atom  carbon  and  the weight  fraction

carbon  are  relatively  constant,i,5)  Using
these  concepts,  Minkevich  and  Eroshinids-ig)
have  related  mass  and  energetic  yields and

applied  these concepts  to the  production of

biomass  on  organic  substrates.  In this work,

biornass yields are  estimated  using  experi-

mentally  measured  values  of  dilution rate,

organic  substrate  concentration,  biomass
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concentration,  oxygen  consumption,  and  am-

monia  consumption,  Some  of  the  experi-

mental  results  ofthis  study  have been reported

elsewhere.2o)

Materhls  and  Methods

 Hbnsenuta palymorpha DL-1  was  groMrn  in  continuous

cultute  on  methanol  in a  medium  of  the  fo11owing com-

position (per i): KH2P04  1g, MgS04･7HzO  O,5g,
NH4Cl  O.8 g, FeS04･6HtO  O.25 g and  trace  nutrients:

CaC12･2H20  O.66 mg,  CuSOt5H20  O,16mg,  ZnSOe

6HsO  O.18mg,  MnS04･4H20  O.15mg, and  CoC12'
6H20  O.18mg.  The  cultivation  was  carried  out  at

370C, pH=4,5,  and  p02;700/. saturation.  The

measurement  methods  have been described previous-
ly.2e,2i) Additional information on  the cultivation

incthods  is also  given elsewhere.20}

        Mass-energy  Balances

  The  mass-energy  balance method  employed

in this work  is based on  the  chemical  balance

equation  for microbial  growth.i}
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Yield CoeMcients of  Yeast

     CH.Oi+aNH3+b02

      ==JcCHpOnNeTITzCHrOsNt

        +(1  
-J,-z)

 CO,+cH,O  (1)
In this equation  CH.Oi  denotes the  elemental

composition  of  the organic  substrate,  CHp-
OnNe  is the  elemental  composition  of  the

biomass, and  CHrOsNt  represents  the  ele-

menta1  composition  of  the  products (when
more  than  ene  product is present, CHrOsNt
is taken as  the average  elemental  composition

of  the  products). The  subscripts  denote

numbers  of  atoms  of  hydrogen, oxygen,  and

nitrogen  per carbon  atom.  The  coeMcients

Jc  and  z  are  the  fractions of  substrate  carbon

converted  to biomass and  product, respective-
ly.

  Equation  (1) describes the  transfbrmation

of  organic  substrate  to biomass, products,
COR,  and  H20.  Nitrogen  in the  biomass
has the  same  valence  as  ammonia  and  is not

oxidized  in the  process ofbiomass  production.
Equation  (1) may  be  balanced  by  finding the
number  ef  available  electrons  transferred  to

oxygen･  If 7s, 7b, and  7p are  defined as  the

number  of  equivalents  of  available  electrons

per quantity of  organic  substrate,  biomass,
and  product, respectively,  each  containing

one  g-atom carbon,  then  an  available  electron

balance for equation  (1) gives'
    7s+b(nv4)=:yc7b+t7p (2)
where

    7s==4+m-21

    7b=4+P-2n-3g

    7p=:4+r-2s-3t

and  where  the number  of  equivalents  of

available  electrons  is taken as four for carbon,
one  for hydrogen, minus  two  for oxygen,

and  minus  three  fbr nitrogen.  Equation (2)
may  be rearranged  to give

      74.b+7'%b+-Fv7',rrP"==1 (3)

Sjnce the  heat ofreaction  per available  elctron

transferred  to oxygen  is almost  constant  for
all of  the  organic  melecules  included in equa-

*
 Equation  (2) may  also  be ebtained  by  balancing

 equation  (1) with  respect  to  nitrogen,  hydrogen, and

 oxygen.
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tion (1), equation  (3) may  be considered  to be
a  mass-energy  balance. In its present form,
the  oxygen  consumption,  b, biomass carbon

yield, 2c, and  the product  carbon  yield, z, are
balanced. The  first term  gives the  fraction
of  available  electrons  in the  organic  substrate

which  are  transferred  to oxygen,  or  in terms
of  energy,  the  fraction of  chemical  energy  in
the  organic  substrate  which  is converted  to
heat; that  is,

       Q  -4b

     
-QL,7-,-7s

 (4)

where  Q. is the heat evolved  in biomass  pro-
duction per amount  of  organic  substrate

containing  one  g-atom carbon  and  Qe is
approximately  27kcal per equivalent  of

available  electrons  transferred  to oxygen.i-s,22)

  The  second  term  in equation  (3) gives the
fraction of  available  electrons  in the  utilized

erganic  substrate  which  are  incorporated into
the  biomass. This term  is the biomass ener-

getic yield coeMcient  <n)
          bb
     n===Jc 

r''
 (5)

         7s

when  equation  (3) is considered  as  an  energy

balance.

  The  third  term  in equation  (3) gives the

fraction of  availavle  electrons  in the organic

substrate  which  are  transferred  to products.
It has also  been defined energetically  asi3"is)

     4p=Z''//,-" (6)
where  4p is the  fraction of  the chemical  energy

in the  organic  substrate  which  is incorporated
into extracellular  products. Equation (3)
may  be written  as  an  energy  balance; that  is,

     
tQ9J/7s+n+gp=-i

 (7)

  The  biomass energetic  yield coeMcient,  v
may  be related  to the  mass  yield coeMcient

based on  organic  substrate,  Ys, using  equa-

tion  (5); that  is,i)

     v=- ie7ig y, (s)

where  as  and  ab  are  the  weight  fractions of

carbon  in the  organic  substrate  and  biomass,
respectively.
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  The  energetic  yield coeficicnt  may  also  be

related  to the  mass  yield coeMcients  based on

oxygen.i)  From  equations  (3), (5), and  (6),
          , 4n

     -Ve:=r?b-=-il,a=i--g-.-)' (9)

where  1, is in terms  of  g-atoms  carbon  in
                                   .
biomass per g mole  oxygen.  In mass  units,

     Yo--g-t%--,e-==-2.,7i(1-3tni-4.-)- (lo)

  Equations (5), (8), (9), and  (IO) relate  the

biomass  energetic  yield coeMcient  with  other
                        - -
 mass  yield coeMcients.  It is  convenient  to

 select  the  energetic  yield coeMcient  for esti-

 mation  because of  its fundamental importance

 and  because  this leads to a  better conceptual

 or  physical understanding  of  the experimental

 results.  The  energetic  yield also  has the

 conveFient  range  from zero  
to

 
one

 
fbr

 
all

 orgamc  substrates.

  Nitrogen consumption  may  be used  as  one

 of  the  measured  variables  in estimating  n.

 In equation  (1), the  moler  nitrogen  con-

 sumption  (a) per unit  quantity of  consumed

 organic  substrate  containing  one  g-atom
 carbon  is

     a==lcgtzt  (11)
 or  from  equations  (5) and  (6)

      .=xs.g-n+2LE,!tg-p-  (12)
          >tb 7P
'
 Similarly, the  ratio  of  oxygen  consumption

 to organic  substrate  consumption  may  be

 related  to ". Combining equations  (4) and

 (7) gives

      b== 
t-4S

 (1 -n-4p)  (13)

 Equatiens (12) and  (13) may  be used  to obtain

       g==i.?
Zf,r"

,

'

-

S7'

l;, 
'(i4)

 which  may  be used  with  exygen  and  nitrogen

 consumption  rate  measurements.  Other

 similar  ratios  may  be easily  obtained  using

 carbon  dioxide production, heat evolution,

 and  other  combinations  of  variables.

   In this  work,  the  estimation  ofbiomass

 energetic  yield coeMcients  was  considered

where  biomass production was  the  primary

goal, but product formation may  have been

present. Under  these conditions,  values  of

n may  be estimated  assuming  that  Cp=:O
using  equations  (8), (10), (12), (13), and

(14). Comparison  of  the results  will  usually

show  whether  or  not  products are  present.
Organic substrate,  biomass, and  oxygen  rate

data  give a  direct estimate  of  the  fraction of
chemical  energy  in the  organic  substrate

which  is converted  to  preducts, 4p. Com-
bining cquations  (8) and  (13) gives

            
4b-ab7b

 ys (15)     4,=1-
            7s                as7S

        Results and  Discussion

  The  experimental  results  are  shown  in
Table  1. Table  2 contains  estimated  values

ef  various  parameters  which  are  usefu1  in

understanding  and  interpreting these  ex-

perimental results.  Values of  the biomass
weight  yield based en  organic  substrate,  ICs,

were  estimated  using  the data in Table  l and

the  equation  Ys=X7(S,-S).  The  values

of  the biomass  weight  yield based on  oxygen

consumption,  Yb, were  estimated  from  the

ratio  of  the productivity, DX]  and  the  oxygen

consumption  rate.  The  estimates  of  the

weight  firaction nitrogen  in the  biomass, A,

were  obtained  from the  ratio  of  the  nitrogen

consumption  rate  to the productivity, DX.
The  values  of  the biomass  energetic  yield
                                   .
coeMcients  were  estimated  using:  equatron

 (8) to estimate  ors  from  biomass  and  organic

substrate  concentration  measurernents;

equation  (13) to estimate  no,,s from oxygen
consumption  rate,  organic  substrate  con-

centratiens,  and  dilution rate;  equatiQn  (10)
tQ estlmate  nro from  biomass productivity,                      - -
DX,  and  oxygen  consumption  rate;  equation

 (12) to estimate  nN,s from nitrogen  consump-
                                  .
 tion rate,  organic  substrate  concentration,

 and  dilution rate;  and  equation  (14) to esti-

 mate  nN,o, from  nitrogen  consumption  rate

 and  oxygen  consumption  rate.  In equations

 (10), (l2), C13), and  (14), gp==Owas assumed

 when  the  estimate  ofn  were  obtained;  that  is,

 product  formation was  assumed  to be negligi-

 ble. Values  of  the product  energetic  yield
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Exp.no.Dilutionrate,
 D

 hr-1Methanol

 concentration,  git
Feed,
 So

1234a*4b*56

EMuent,
  s

O. 107O.
 135O.
 141O.

 122O.

 122O.

 143O.

 154

4,O4.

 084.02.42.42.42.4

Cell con-  Nitregen Oxygcn
centratlon  consumption  consumption

 X, glt rate,  g 2VTt-hr rate,  gtt-hr

oO.

 024O.

 O15O.

 O061O.
 O061O.
 O08o.

 cao

1. 491.34L5O.

 90LOLOO.

 95

O. O133o.

 or43O.

 OI98O.

 O124O.

 Ol24O.

 Oll7O.

 Oll8

O. 38tO.

 430O.

 472O.

 281O.

 281O.
 337O.

 349

*
 In cxperimcnt  4, two  values  of  biomass concentration  lll}'l'e' obtained;  hol lev'e' r, only

 one  value  of  each  of  the  other  mcasured  variables  was  obtained.

coeMcient,  gp, were  estimated  using  equation

(15). These values  depend on  the  measured

values  of  dilution rate,  organic  substrate

concentrations,  biomass concentration,  and

oxygen  consumption  rate.  The  biornass was
characterized  by  assuming  7b==4.2, 7eab=:
2.0 er  ab=O.476,  and  e==O.16. These
numerical  values  were  based on  the  average

values  for a  variety  of  yeasts.i,5> They  were

used  where  needed  in estimating  values  of

the  energetic  yield coeMcients.

  The  results  in Table 2 show  that  there  is
variation  from experiment  to experiment  in
the values  of  the various  yield parameters  and

that  the  various  estimates  ofn  are  not  in close
agreement  for a  number  of  the  experiments.

The  estimated  values  of  A also  show  some

variation.  In experirnent  4 the  estimates  of

A are  considerably  larger than  in the  other

experiments.  Large values  of  A result  when

nitrogen  censumption  is large relative  to

biomass production. In Table2,  experiment

4, note  that  the  estimates  of  biomass energetic

yield .requiring nitrogen  consumption

measurements,  nN,s  and  nN,o!, are  also

large when  A is large. Equations (12) and

(14) show  that  nN,s and  nN,oa increase
linearly as  nitrogen  consumption  increases.

  In the  calculations  leading tQ the results  in
Table 2, the  value  g=O.16  was  used  fbr the
ratio  of  nitrogen  to  carbon  atoms  in the  bio-
mass.  The  average  value  ef  the  esdimate  of

the weight  fraction nitrogen  in the  biomass is
A==O.09. For  ub==O.476  and  e=O.l6,  the

corresponding  value  is A==O.089. Thus,

g==O.16 appears  to be an  appropriate  value

for use  in estimating  values  of  nN,s and

nN,o!; however,  a  slightly  smaller  value

would  appear  to be more  appropriate  in
experiments  1, 2, 5, and'  6. Using asmaller

Table  2.Estimated values  of  yieldcoeMcients.

Exp,no, Mass ratios Biomass cnergetic  yield  coeMcient

lh Vo A nysnoz,s  nvonN,s

      Product energetic

      yield coeMcicnt,
vN,o!  gp

I23

 4a

 4b56Ave.

O. 37O.

 33O.

 37O.
 38O.

 42O.

 42O.

 38O.38

O. 42O.

 42O.

 45O.

 39O.

 43O.

 43O.

 42O.

 42

O. OB3O.

 079O.
 oo3O.

 113O.

 102O.

 082O.

 081O.

 090

O. 33O.

 29O.

 33O.

 33O.

 37O.

 37O.

 34O.

 34

O. 41O.

 4Bo.

 "O.

 36

O. 34O.
 36O.

 40

O. 36O.

 36O.

 37O.

 34O.

 37O.

 36O.

 36O.

 36

O. 31O.
 26O.

 35O.
 42

O. 34O.

 32O.

 33

O. 34O.

 32O.

 39O.

 40

O. 34O.

 34O.

 355

O. 08O.

 19O.

 11O.

 03ooO.

 02o.

 os
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value  of  g would  result  ;n larger estimated

values  of  nN,s and  nN,o, than  those  shown  in

Table 2.
  The  estimated  values  of  gp, the  fraction of

organic  substrate  energy  converted  to pro-
ducts, suggest  that  products  may  have been

formed in appreciable  quantities in some  of

the  experiments.  In experiments  1, 2, and

3, the  estimates  ofgp  exceed  gp=O.05; that is,
more  than  5%  ofthe  substrate  energy  appears

to have been converted  to products in these
     'experlments.

 .

  Estimates of  the  biornass energetic  yield
based on  oxygen  consumption  rate  and

organic  substrate  consumption  rate,  "o,,s,
are  larger than  the  correct  value  when  pro-

ducts are  formed in a  significant  quantity,
This can  be seen  from equations  (8), (13),
and  (15) which  show  that  gp=not,s-ovs･
In Table  2 the estimated  values  of  biomass

energetic  yield, no,,s, are  larger in ex-

periments 1, 2, and  3 than  in experiments  4,

5, and  6. In experiments  1, 2, and  3, the

values  of  no,,s are  the  largest estimates  of  n
in each  of  the respective  experiments.

  The  estimates  of  biomass  energetic  yield
based on  substrate  consumption  and  biomass

production, nys, are  thc  mest  direct estimates;

that  is, the accuracy  of this estimate  is not

infiuenced by product formation. These

estimates  range  from vvs=O.29  for ex-

periment 2 to nrs==O.37  in experiments  4b
                              values  cor-and  5. The  smaller  estimated

 respond  to experiments  where  product  for-

 mation  appears  to be present. In experi-

 ments  3 and  4a, the  smallest  estimate  of  n for

 each  respcctive  experiment  is nvs. In

 experiments  1 and  2, the  estimates  of  nrs are                                .
 suppoted  by the  nitrogen  consumption  

meas-

 urements;  that  is, nN,s==O.31 and  nN,ot==

 O.34 compared  to Tys=O.33 in experi-

 ment  1 and  j,n experiment  2, nN,s=O,26

 and  nN,ot :O.32  compared  to nys==O.29.

 In experiments  4, 5, and  6 the estimates  of
                                      .

 nvs are  supported  by oxygen  consumption

 rate  measurements  with  addhional  support
                                .
 provided by nitrogen  consumptien  

rate

 measurements  in experiments  5 and  6. Ex-

 periments 5 and  6 are  the  only  experiments  
in

ERIaKsoN  et  at,                     [J, Fermcnt.  TechnDl.,

which  the  direct estimate  of  biomass energetic

yield, nrs, is within  10%  of  all of  the other

estimates  (not,s, nro, nN,s, and  nN,oz for

the  same  experiment).  There is no  evi-

dence of  product formation in these  two

experiments.  The  conditioms  fbr these  two

experiments  were  identical except  for a  small

change  in dilution rate  and  the  results  are

also  similar.  One  can  reasonably  conc!ude

that  all  the measurements  are  virtually  correct
                .
for these two  exper!ments.

  Examination of  Table  1 and  2 shows  that

in the experiments  with  So=:2,4 (experiments
4, 5 and  6), product  formation as  indicated by

estimates  ef  4p is small  while  in the  other

cxperiments  where  S,==4.0, estimates  of  Cp
are  O.07 or  greater. Biomass  yields, as  indi-

cated  by Ys and  "vs and  supported  by some

other  measurements,  appear  to be larger

when  S,==2.4 than  forSe==4.0. For  Se==2.4,

the  dilution rate  which  results  in the  maxi-

mum  yield of  biomass is not  clearly  identifi-

able  from the  results  of  these  experiments.

The  estimates  of  biomass energetic  yield from

experiments  4, 5, and  6 do  not  difler signifi-

cantly  from one  another  when  the nitrogen

measurement  in experiment  4 is neglected.

Using all of  the  measured  values  in experi-

ments  4, 5, and  6 and  obtaining  average

values  gives "vs==O.35, Tot,s=O･35,  nro=
O.36, nN,s==O.36,  and  nN,o,=O.36.  The

 average  of  all estimates  for these three

 experiments  is n  ==O.36.  0mitting the  large

nitrogen  measurement  in experiment  4 gives

n=O.35  rather  than  O.36.

   Experiments 1, 2, and  3 do not  show  any

 clearly  identifiabie variation  with  dilution

 rate  when  all of  the  results  fbr these  experi-

ments  are  carefu11y  examined.  For  these

 three  experiments,  average  values  of  the

 respective  estimates  are  nrs==O.32, no2,s==

 O.tl4, nyo=tO.36, nv,s=O.31, and  nN,ot==

 O.35, and  the  average  value  of  the product

 energetic  yield coeMcient  is gp=O.13. Neg-

 lecting the  oxygen  measurements  because of

 product  formation gives n ==O.31  as  the  average

 values  of  cstimates  from nys and  nN,s･

   The  biomass energetic  yield based en  bio-

 mass  and  exygen,  nre, is the  availab!e
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electrens  transferred  to the biomass divided
by the  sum  of  the  available  eiectrons  in the
biomass  and  those  transferred  to oxygen.

The  estimated  values  of  nro give the biomass
energetic  yield based on  the  fraction of  the
energy  in the organic  substrate  which  is
actually  utilized;  that  is, any  energy  contained
in products is excluded  in the  estimates  of

lvo in Table  2. For  all of  the  experiments,

the  average  yield, nyo, is O.36. The  values

is in close  agreement  with  the  estimates  from
experjments  4, 5, and  6 where  products are

not  present.

  When  nitrogen  consumption  is not  in-
fluenced by product formation, the  biomass
energetic  yield based on  nitregen  and  oxygen,

nN,ot, is also  an  estimate  of  the  biomass
energetic  yield based on  the  fraction of  the
energy  in the  organic  substrate  which  is
actually  uti]ized,  Theaverage  value  ofnN,ot

is O.355. This value  is similar  to the average

value  of  O.36 from biomass and  oxygen  and

the  average  values  of  all the yields when

products are  not  present.

  The  only  product  which  was  measured

experimentally  was  formaldehyde. Meas-
ured  concentrations  were  less than  one  mgfl

in al! experiments.  For experirnents  l, 2,
and  3, the  average  estimated  value  of  gp is
O.13. Forfbrmaldehydeasproduct,z==O.195
when  7p=::4.0 and  gp=O,13; the  correspond-

ing formaldehyde concentration  when  S,==:
4 gll is O.73 g/t. This  result  and  the  measured

values  fbr formaldehyde shDw  that  formal-
dehyde does not  contribute  significantly  to
the values  of  4p. Formic acid  is another

possible product; however,  7p=2.0  for formic
acid.  Thus,  for gp==O.I3, z=O.39,  and

when  Se=4g/l, the  corrosponding  formic
acid  concentration  is 2.2 g/l. Concentrations
this large in the  broth are  very  doubtful.
Products with  higher values  of  7p have
smaller  values  of  z  and  smaller  concentrations

for the  same  value  of  4p. Consider, for
example,  hexadecanoic  acid,  Ci6H320z. In
this case,  7p=5,75,  and  z=O.136  when  4p==
O.l3; when  S,---4g/l, the  corresponding  hex-
adecanoic  acid  concentration  is O.27g/t,
This value  is about  one  order  of  magnitude

smaller  than  the corresponding  formic acid

concentration.  Extracellularpolysaccharides
may  also  be present. The  calculation  here
is identical to that for formaldehyde.

  Measurement  errors  are  always  present in
experimental  work  and  are  frequently of

significant magnitude  in fermentation ex-

periments. Biomass measurements  may  be
in error,  for exarnple,  if optical  density is
used  and  the  calibration  curve  is not  correct

because of  mutations  or  changes  in dilution
rate.  At low  dilution rates,  oxygen  and

ammonia  consumption  rates  are  smal1  and

measurement  errors  are  frequently larger.
With  small  laboratory equipment  accurate

oxygen  consumption  measurements  are  much

more  diMcult to obtain  than  with  large
scale  equipment  where  good  gas balance
measurements  can  be obtained.

  Because  of  the  dirnculty of  accurate  meas-

urement,  greater confidence  in the accuracy

of  the  results  is obtained  when  estimates  from
two  or  more  different sources  of  data are  in
agreement.  In this work  the  biomass ener-

getic yield estimated  from biomass  and  organic

substrate  m ¢ asurements  is in reasonably  goed
agreement  with  at  Ieast one  other  estimated

energetic  yield. Thus, the  aclditional  ex-

perimental results  prQvide supporting  evidence

that  the biomass energetic  yield estimates

from biomass and  organic  substrate  are

reasonably  accurate.  In expcriments  4, 5,
and  6 the average  yield, nys=O.35,  is very

close  to the other  average  yields, and  in
experiments  1, 2, and  3 the average  values

nys==O.32 and  nN,s==O.31  are  very  close  to
each  other.

  It is important to point out  that  for the
estimates  ef  product energetic  yield, gp, no

supporting  measurements  are  available;

that is, the  results  depend on  the  accuracy  of

the  measurements  of  oxygen  consumption

rate,  substrate  concentrations,  biomass con-

centration,  and  dilution rate.  For example,
if errors  in measuremenbs  of  oxygen  uptake

rate  are  present, this could  result  in estirnated

values  ef  Cp>O.
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             Conclusions

 Five diflhrent estimates  of  biornass energetic

yield are  compared  together  with  estimates  of

product  energetic  yield and  weight  fraction

nitrogen  in the  biomass using  experimental

values  of  biomass conceptration,  feed and
                                 i
eMuent  organic  substrat ¢  concentratsons,

oxygen  consumption  rate,  rate of  ammonia

feeding, and  dilution rate.  Relatively good
agreement  of  the five diflbrent estimates  of

energetic  yield is obtained  when  thc  organic

substrate  feed concentration  is 2.4gll and

dilution rate  is in a  range  from O.122 hr-i te

O.l54hr-i. When  the  values  from three

diflbrent dilution rates  are  averaged,  the

estimated  biomass  energetic  yields are  O.35

when  based on  either  biomass and  organic

substrate  or  oxygen  and  organic  substrate

measurements,  and  O.36 when  based on  either

biomass and  oxygen,  nitrogen  and  oxygen,  or

nitrogen and  organic  substrate  measurements.

  For organic  substrate  feed concentrations  of

4.0 g/t, products appear  to be present; how-

ever,  there  is reasonably  good agreement

when  average  estimates  of  biomass energetic

yield from biomass and  organic  substrate

 (nrs==O.32) are  compared  with  those  from

nitrogen and  organic  substrate  measurements

 (nN,s==O.3I). The  average  estimates  of

biomass energetic  yield are  about  IO%  lower

when  So ==4  gll as compared  to results  for

S,==2.4 grl at  similar  dilution rates.  No

 significant  variation  of  biomass energetic

yield with  dilution rate  was  observed  at

 dilution rates  above  O.l hr-i.

  This work  illustrates how  the  biomass

 energetic  yield may  be estimated  from  several

 diflbrent sets  of  measured  values  and  how  the

 results  ofsuch  estimates  may  be analyzed.  It

 shows  that  materjal  and  energy  balances

 may  be effectively  used  to indicate when

 diflt:rent sets  of  measurements  give similar

 estimates  of  biemass  energetic  yield and  also

 to show  when  products appear  to be present.

             Nomenclature

 a =molesofammoniaperquantityoforgan-

     ic substrate  containing  one  g-atom car-

[J. Ferment. Technol.,

    bon, g mole/g-atom  carbon

b ==moles  of  oxygen  per quantity of  organic

    substrate  containing  one  g-atom carbon,

    g-molefg-atom  carbon

c ==moles  of  water  per quantity of  organic

    substrate  containing  one  g-atom carbon,

    g moles  per g-atom carbon
D  =dilution  rate,  hr-i

t =atomic  ratio  of  oxygen  to carbon  in

    organic  substrate,  dimensionless
m  ==atomic  ratio  of  hydrogen to carbon  in

    organic  substrate,  dimensionless
n  =atomic  ratio  of  oxygen  to carbon  in

    biomass, dimensionless

p :=atomie  ratio  of  hydrogen to  carbon  in

    biornass, dimensionless

Q. ==heat  evolution  in fermentation per qu-

    antity  of  organic  substrate  containing

    one  g-atom carbon,  kcallg-atom  carbon

Qe=heat evolution  per equivalent  of  oxygen,

    kcallg equiv.

g ==atomic  ratio  of  nitrogen  to carbon  in

    biomass, dimensionless
r ==atomic  ratio  of  hydrogen to carbon  in

    products, dimensionless
S rr-organic  substrate  concentration  in the

    fermentor and  eMuent,  glt
So =organic  substrate  concentration  in the

    feed to  the  fermentor, gll
s =atomic  ratio  of  oxygen  to carbon  in

     products, dimensionless

t =atomic  ratio  of  nitrogen  to  carbon  in

     products, dimensionless
X  =biomass  concentration  in the  fermentor,

     g/t
 Yo==biomass  mass  yield based on  oxygen,

     dimensionless
 Ys ==biomass  mass  yield based on  organic

     substrate,  dimensionless

yc ==biomass  carbon  yield (fraction of  orga-

     nic substrate  carbon  converted  to bio-

     mass),  dimensionless

"e ==biomass  yield per mole  of  oxygen,  g-

     atoms  carbon  in biomasslg mole  Ou

 z  =fraction  of  organic  substrate  carbon  in

     products, dimensionless

 7b =reductance  degree of  biomass, equiva-

     lents ofavailable  electronslg-atom  carbon
                                   .
 7p =reductance  degree of  products, equiva-

.
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    lents of  available  erectronslg-atom  car-

    bon

7s  =;-reductance  degree of  organic  substrate,

    equivalents  of  available  electronslg-atom

    carbon

  ==fractien  of  chemical  energy  in organic

    substrate  which  is converted  to products,

4.

    dimensionless

n ==fraction  of  chemical  energy  in organic

    substrate  which  is converted  to biemass;

    the subscripts  vs;  ot,s;vo;  N,s;  and  N,oe

    identify the  mcasured  variables  used

    in each  estimate,  dimensionless

ob  ==weight  fraction carbon  in biomass, di-
    mensionless

as  =weight  fraction carbon  in organic  sub-

    strate,  dimensienless
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