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Abstract - -  Mass and energy balance method was used to analyze the variation of theoretical biomass 
yield and oxygen yield based on the intracellular lipid accumulation in oleaginous yeasts. Maximum biomass 
yield decreases with the increase of lipid content. For the oxygen yield, however, the trend is obscure because 
it depends not only on lipid content, but also on energetic yield. Attention is drawn to the possibility that data 
consistency in continuous culture of the oleaginous yeast may be checked by the method of mass and energy 
batance. 

INTRODUCTION THEORY 

Many research workers have been searching for lipid 
accumulating microorganisms as a potential producer of 
edible lipids [1]. Various microorganisms accumulate 
substantial quantities of intracellular lipid. Oleaginous 
yeasts are of particular interest in the industrial realiza- 
tion of microbial lipid production, because they ac- 
cumulate a fairly large quantity of intracellular lipid (up 
to 60%). Further, composition of the yeast lipids is very 
similar to that of palm oil. Unicellular nature of yeasts is 
also advantageous for the design of bioreactor system 
because of the relatively low viscosity of culture broth. 

However, oleaginous yeasts showed low biomass 
yield as compared with the non-oleaginous  
microorganisms [2]. Thermodynamic energy content of 
oleaginous yeasts should be higher than that of non- 
oleagi~ous yeasts, because the lipid is an energy rich 
compound. Thus, the traditional yield analysis based 
only on mass (i.e., weight) is not adequate in this case. 

The objective of this paper is to analyze the biomass 
yield and oxygen yield in oleaginous yeast growth using 
mass and energy balance method [3-6]. Emphasis is 
drawn to the possibility that the mass and energy 
balance method may be used to check the consistency 
of experimental data in the chemostatic growth of 
oleaginous yeasts. Mass and energy balance method is 
also useful for the prediction of biomass yield from 
various substrates. 

* To whom correspondence should be addressed. 

Mass and energy balance method was developed ex- 
tensively in the last decade [3-6]. Elemental balance 
equation of microbial growth (3) may be written, 

CHmO 1 + aNl-ls+bO2~ yCHpOnN q + zCH,OsN t 
+ dCO~ + cH20 (1) 

where nitrogen source is NH 3. In this equation, CHIn O ~, 
CH pO nNq and CH r O sNt denote the elemental composi- 
tion of substrate, biomass and product, respectively. A 
carbon balance in eq. (1) may be written 

y + z + d =  1 (2) 
where y is biomass carbon yield and z is product carbon 
yield. 

The balance of both parts of equation (1) with respect 
to the available electrons results in 

~'s + b(-4) = Y"/b + Z~rP (3) 
whereTs = 4 + m - 2 1  

7b = 4 + p - 2 n - 3 q  
7 p =  4 + P ' - 2 s - 3 t  

Reductance degree, l)', is the number of equivalents 
of available electrons/g atom carbon based on carbon 
(=4), hydrogen (=l ) ,  oxygen (=-2),  and nitrogen 
(=-3).  A value of -3 is used for nitrogen because the 
reductance degree o[ nitrogen in biomass and an~monia 
is -3. Equation (3) may be written in another form 

4biTs= y(Tb/~) + z (~/70= l (4) 

Because the heat evolved per equivalent of available 
equivalent) [6], eq. (4) may be used as an energy balance 
which leads to 
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of lipid content (83. 

s -b ~ + ~ P ~-- 1 (5) 
where 

e = 4b/7 s (6) 
~7 = y (7b/7 ~ (7) 
G : z G t ~ 9  (8) 

The term s, is a fraction of the available electrons in 
substrate transferred to oxygen and then evolved as 
heat, ~ is a fraction of the available electrons in substrate 
(i.e. energy) transferred to biomass, and ~: e gives a frac- 
tion of the substrate energy incorporated into ex- 
tracellular product(s). Equation (2) and (5) may be used 
to check the data consistency in continuous culture in a 
way to see whether sum of three terms on the left hand 
side of the equations gives unity. 

is termed as energetic yield for biomass formation 
[3]. ,7 may be correlated with biomass yield, Y• as 
follows; 

~7 = (~,t, TblasIs) Yx/, (9) 
where % and o b are the weight fractions of carbon in the 
organic substrate and biomass, respectively. Heijnen 
and Roels [7] reported that the average values of 7~ and 
a b calculated from the data available in the literature 
were 4.17 and 0.489, respectively and the coefficient of 
variation is less than 5% for both 7t, and %. Therefore, 
70 and o~ may be assumed to be constant for non- 
oleaginous microorganisms, whereas the assumption is 
not valid for oleaginous microorganisms, because ther- 
m o d y n a m i c  energy con ten t  of the o leag inous  
microorganisms increases with accumulation of the in- 
tracellular lipids [8]. For most of the microorganisms, 

eq. (9) becomes 
= (2-0iasT~). Y x/s (10) 

D A T A  ANALYSIS A N D  DISCUSSION 

R e l a t i o n s h i p  b e t w e e n  l ip id  content  a n d  e n e r g y  
c o n t e n t  o f  h i o m a s s  

Recently, Eroshin and Krylova estimated o b and 7 b 
for oleaginous yeasts which were grown on ethanol [8]. 
o" b and ab7 b are plotted as a function of lipid content in 

Fig. 1. Fig. 1 clearly shows that the energy content (abTo) 
of oleaginous yeasts increases with the accumulation of 
intracellular lipids. Least square correlation between 
lipid content, L(%), and ObTb gives 

Ob'~/b : 0.0308L + 1.6 ( l l )  
This linear relationship is valid for glucose grown 
oleaginous yeasts, although it was derived from ethanol 
grown oleaginous yeasts [2]. 
Corre la t ion  b e t w e e n  theore t i ca l  "ix/, m~ a n d  l ip id  
conten t  

For the correlation between energetic content of 
substrate and energetic content of microbes, eq. (9) 
should be modified to include the energetic content 
dependent term using eq. (11). Equation [9] becomes 

= ((0.0308L + 1.6)/a~Ts) Y xjs (12) 
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Fig. 2. Biomass yield as a function of energy 

conten t  in subs t r a t e .  
a) oxalate, b) formate, c) cit rate, 

d) succinate, e) glucose, f ) mannitol, 

g) glycerol, h) methanol, i ) ethanol 

(1) eq. (10; (2) 30% lipid content, eq. (13); 

(3) 50% lipid content, eq.(13). 
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Theoretical maximum yield may be calculated by 
replacing ~ by 1 (because ~ must be less than 1). 

Yx~s max = (a~7~)/(O.0308L + 1.6) (13) 
Graphical representation of eq. (13) is shown in Fig. 

2. Fig. 2 poses several interesting points. Firstly, max- 
imum biomass yield increases linearly with %T~ of 
substrate (i.e. it is energy limited) when the substrates 
are less reduced than o~ 7~ of 1.6-2.3. Secondly, above 
this point, theoretical Y x/s , ~  deviates from the predic- 
tion of energy conservation, because the theoretical 
Y ~  ~ ,  is limited by the availability of carbon atom (i.e. it 
is carbon limited). In the region of carbon limitation, the 
extra energy is dissipated as heat or another by- 
products. Thirdly, Yx/s max decreases with the increase of 
intracellular lipid content, as was expected [2]. Four- 
thly, the shifting point of energy limitation to carbon 
limitation increases with the lipid content. It is in- 
teresting, because it means that the oleaginous yeasts 
utilize highly reduced substrates more efficiently than 
the non-oleaginous microorganisms. 
Dependence  of o x y g e n  yie ld  on  J7 and 0"bT b 

Considering that the bioreactor productivity is 
limited by oxygen transfer capacity, biomass yield on 
oxygen, Y,go, is of great importance in the design of any 
bioreactor system. Since the expense of b moles of ox- 
ygen provides y gram-atoms of biomass carbon as 
shown in eq. (1), 

y1_2 
ab (14) Y~lo =3-~ 

Replacing b by eq. (3) results in 

3 Y 
Yx/o 2obTb )'8-- Z 7~, (15) 

"Yb Y 

If we consider the case where extracellular products are 
not formed, eq. (15) may be simplified to 

3 y 
Yx/o 2abIb 7~ (16) 

~,~ - y  

Replacing y by eq. (7) results in 

3 r/ (17) 
Yx/o 2crbYb 1 -  

which can be further simplified using the average value 
of ~ t,Tb (= 2). 

r/ (18) Yx/o =0.  75 1 -  r/ 

Equat ion (18) is val id  for the non-o leag inous  
m i c r o o r g a n i s m s .  For  the  case  of o l e a g i n o u s  
microorganisms, eq. (17) should contain the lipid con- 
tent (energy content) dependent term using eq. (l 1). 

3 ~ (19) 
Yx/o 2 (0 .0308L+1 .6 )  " 1 - ~  
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(1) eq.(18). (2) 30% lipid content, eq.(19); (3)60% 

lipid content, eq. (19). 

Graphical interpretations of eqs. (18) and (19) are shown 
in Fig. 3. It is evident from Fig. 3 that biomass yield on 
oxygen, Y~r increases with the energetic yield 7, 
and the specific metabolic heat generation, Qcal 
(Cal/g biomass), decreases with ~. Equally impor- 
tant is that Y~o decreases with the increase of lipid con- 
tent if ~/does not change with lipid content (direction A). 
However, r /seems to depend on the lipid content as is 
analyzed in Table 1 [9]. In this case Y,r increases with 
the increase of lipid content (direction B). Yoon & Rhee 
[10] and Ratledge & Gill [11] found that the specific ox- 
ygen uptake rate under lipid accumulating condition 
(nitrogen source limited) is considerably low as com- 
pared to non lipid accumulating condition (carbon 
source limited). 
Data c o n s i s t e n c y  in c o n t i n u o u s  cu l ture  of  
Rhodotoru la  glutinis 

In our previous paper [12], biomass yield decreased 
with dilution rate and decreased also with the decrease 
of lipid content, which is contradictory to the theoretical 
prediction provided in Fig. 2 and eq. (13). Thus, the data 
was analyzed using mass and energy balance equation 
which is given in eq. (5). The fraction of substrate energy 
transferred to oxygen, e, is calculated from the specific 
oxygen uptake rate. In Table 2, the sum of r and r~ 
should be close to unity if there is no formation of ex- 
tracellular by-products. At the dilution rate of 0.02-0.03 
hr -~, e '+ 7/approaches to unity, although it is not close 

Korean J. Ch. E. (Vol. 2, No. I) 



84 J.G. Pan and J. S. Rhee 

Table I. Energy balance of o leaginous yeast ,  

Candida 107 (9). 

N-limited 

D (hr-') Yx/s L (%) ab7 b z/ (D1)  

0.03 0.545 21.8 2.27 0.774 0.388 

0.06 0.602 37.1 2.74 1.032 0.058 

0.08 0.431 32.3 2.595 0.699 0.114 

0.10 0.408 27.9 2.46 0.627 0.154 

0.13 0.522 23.2 2.315 0.755 0.172 

0.17 0.528 20.5 2.231 0.736 0.24 

0.21 0.493 19.5 2.201 0.678 0.31 

C-limited 

CONCLUSION 

Mass and energy balance method was successfully 
applied to the prediction of biomass yield on the carbon 
substrate and the oxygen. The variation of energy con- 
tent of oleaginous yeast needs the yield analysis based 
on this method Data consistency of continuous culture 
was checked by the energy balance based on 
distributive conservation of the substrate energy into 
biomass, heat and product. 

a 

b 
C 

d 
m 

0.03 0.475 9.2 1.883 0.56 0.054 
1 

0.06 0.50 9.4 1.890 0.59 0. 102 L 

0..10 0.51 9.0 1.877 0.596 0.168 n 

0.14 0.516 9.7 1.9 0.612 0.229 P 

0.17 0.516 12.2 1.976 0.637 0.267 q 
0.19 0.50 13.3 2.01 0.628 0.303 Qc~ 

0.21 0.50 14.2 2.04 0.637 0.330 

to unity. However, a dramatic decrease of ~ + ~ is ob- 
s 

vious as the dilution rate increases. A large deviation of 
t 

+ 77 from unity means that the term, ~ p, could not be 
assumed to be zero. Accordingly, accumulation of ex- 
tracellular by-products could be a suggestive cause for Y 
the decrease of biomass yield with the increasing dilu- Y~Js 
tion rate. It is worthwhile noting that the mass and 
energy balance method may be an invaluable one in Y~s max 
checking the data consistency both in batch culture [13] Y,~o 
and in continuous culture [14]. Recently, extracellular 
mannan was detected in batch culture of R. glutinis in 7.b 
our laboratory, although it is not quantified systematical- 7p 
ly in continuous culture at present. 7s 

Table 2. Energy balance of oleaginous yeast, ~p 

Rhodotorula g lut inis  I I 2). 

D (hr ') Y L (%) eb7 b 77 ~ rj + t 

NOMENCLATURE 

0.02 0.34 49.8 3. 13 0. 666 0. 122 0.788 

0.03 0.37 40.0 2.832 0.655 0.118 0.773 

0.04 O. 30 34.6 2.504 O. 473 - -  - -  

0.05 0.222 20. 1 2.216 0.308 0.087 0.395 

0.07 0.233 17.0 2.124 0.309 0.097 0.406 

0.09 0.195 14.1 2.034 0.248 0.073 0.321 

ff b 

a s 

mol NH2/1 carbon equivalent of substrate 
mol O2/1 carbon equivalent of substrate 
mol H20/1 carbon equivalent of substrate 
mol CO2/1 carbon equivalent of substrate 
atomic ratio of nitrogen to carbon in 
substrate 
atomic ratio of oxygen to carbon in substrate 
lipid content (%) 
atomic ratio of oxygen to carbon in biomass 
atomic ratio of hydrogen to carbon in 
biomass 
atomic ratio of nitrogen to carbon in biomass 
specific metabolic heat generation (Cal/g 
biomass) 
atomic ratio of hydrogen to carbon in pro- 
ducts 
atomic ratio of oxygen to carbon in products 
atomic ratio of nitrogen to carbon in pro- 
ducts 
biomass carbon yield (fraction of organic 
substrate carbon in biomass) 
biomass yield (g biomass/g substrate) 

theoretical biomass yield maximum 
biomass yield on oxygen (g biomass/g ox- 
ygen) 
reductance degree of biomass [eq. (3)] 
reductance degree of product [eq. (3)] 
reductance degree of substrate [eq. (3)] 
fraction of substrate energy evolved as heat 
fraction of substrate energy incorporated in- 
to products 
fraction of substrate energy converted to 
biomass 
weight fraction of carbon in biomass 
weight fraction of carbon substrate 
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