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GRAPHICAL ABSTRACT

Mathematical modeling of a fermentation process is crucial in understanding and predicting dynamics
of the process, which can be used in process improvement, design and control
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Conclusions: All models tested were applicable in modeling high gravity (HG) ethanol fermentation from sweet sorghum juice by
Saccharomyces cerevisiae.
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ABSTRACT

Background: Mathematical modeling of a fermentation process is crucial in understanding and predicting
dynamics of the process, which can be used in process improvement, design and control. The present
study aimed to develop Monod-based kinetic models to describe cell growth, substrate consumption
and ethanol production by Saccharomyces cerevisiae NP 01 under high gravity (HG) fermentation of sweet
sorghum juice (SS]).

Results: The fermentation using an initial total sugar (TS) concentration of 240 g/L resulted in 113.3 g/L of
ethanol production, with 90.9% TS consumption and a fermentation efficiency of 94.4%. Growth of the yeast
in terms of specific growth rate was found to be inhibited at a threshold TS concentration of 65 g/L, and the
maximum specific growth rate, Monod constant and inhibition constant were 0.45 1/h, 19.5 g/L and 0.002 L/
(g-h), respectively. Monod-based models incorporating substrate and product inhibition terms showed high
applicability to describe the changes of cell, TS and ethanol concentrations, based on the values of bias fac-
tor, accuracy factor, coefficient of determination and root mean square error.

Conclusions: The Monod-based models fitted the data equally well as compared with the logistic, modified
Gompertz, and Weibull models, despite estimating the value of different kinetic parameters. These results
demonstrated that all the models tested were applicable in modeling HG ethanol fermentation.
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Nomenclature

e Euler’s number (2.71828)

i Inhibition constant (L/(g-h))

Ks Monod constant (g/L)

Ksp Saturation constant for product formation (g/L)

L Lag time (h)

n number of observations

P Product concentration (g/L)

Py Initial product concentration (g/L)

P Maximum product concentration (g/L)

Pxm Production concentration that causes growth inhibition
(g/L)

q Specific product formation rate (1/h)

(m Maximum specific product formation rate (1/h)

R Maximum rate of production formation (g/(L-h))

S Substrate concentration (g/L)

S* Threshold substrate concentration (g/L)

t time (h)

TS Total sugar concentration (g/L)

TSni Initial total sugar concentration (g/L)
X; Experimental data at time i

X Biomass concentration (g/L)

Xo Initial biomass concentration (g/L)

Xm Maximum biomass concentration (g/L)
Yi Predicted data at time i

Yoys Product yield on substrate (g/g)

Yx/s Biomass yield on substrate (g/g)

Greek letters

o Scale parameter used to indicate how fast substrate is
consumed

B Shape parameter determining the direction of the con-
cavity of the curve

u Specific growth rate (1/h)

Um Maximum specific growth rate (1/h)
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1. Introduction

Bioethanol is one of the most widely used biofuels in modern
society, owing to its renewability and environmental friendliness
[1]. It is typically used in the form of gasohol after blending with
gasoline at different proportions, i.e., 5% to 85% by volume [2].
According to the outlook by the Organization for Economic Co-
operation and Development (OECD) and the Food and Agriculture
Organization of the United Nations (FAO), the global consumption
of ethanol fuel was over 117 billion liters in 2020, and this will be
increasing to over 132 billion liters in 2030, with the majority of
ethanol (ca. 88%) being produced from corn and sugarcane [3]. This
large and increasing consumption of first-generation (1G) ethanol
would inevitably lead to the competitive utilization of biomass
for food and fuel productions [4], resulting in competition with
food security [5]. This problem is believed to be mitigable by using
second-generation (2G) ethanol that is produced from inedible bio-
mass, e.g., lignocellulosic materials and wasted starch-rich biomass
[1,6,7,8,9,10]. However, low saccharification efficiency and ethanol
yield, as well as the use of cost-intensive processing technology,
are still the major hurdles impeding the large-scale production of
2G ethanol [11,12].

Besides the carbohydrate-rich biomasses, other high-potential
ethanol feedstocks are those that are sugar-rich, e.g., sweet sor-
ghum juice (SSJ). Sweet sorghum (Sorghum bicolor L. Moench) is
a C4 plant that can be cultivated in temperate regions. Aside from
its short production cycle, this plant has advantages of being resis-
tant to drought, salinity and flooding [13,14], and has lower
requirement of fertilizer and water as compared with sugarcane
and corn [14,15]. Juice of sweet sorghum also has similar composi-
tion to sugarcane juice [15] as it contains sucrose, glucose and fruc-
tose as the major components [14], making it readily usable in the
existing sugarcane ethanol production facility. However, compar-
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ing with the use of sugarcane juice, fermentation of fresh SSJ tends
to result in lower ethanol titer as SS] has lower sugar yield [15]. In
this regard, SSJ can be concentrated and fermented under high
gravity (HG: 180-240 g/L of sugars) or very high gravity (VHG: >
250 g/L of sugars) conditions to achieve higher ethanol content
[16,17]. This strategy has long been demonstrated to effectively
improve ethanol yield [18], which consequently helps to reduce
distillation costs [17]. However, in view of process performance
and economics, VHG fermentation might not be practically feasible
as the growth of the ethanol producer is usually inhibited by the
high osmotic pressure, leading to prolonged fermentation time,
low ethanol productivity, and incomplete substrate utilization
[17,18]. These have been demonstrated experimentally in a study
of Camargos et al. [17] and Laopaiboon et al. [19], where the
growth of Saccharomyces cerevisiae and other ethanol producers
were retarded in sugarcane molasses-based medium containing
250 g/L of sugar, and SS] containing 280 g/L of sugar, respectively.
Furthermore, although the use of VHG fermentation could save
energy for ethanol distillation and stillage treatment [20], it might
not be actually economically viable since the concentration of sub-
strate was very energy intensive, and the advantage of energy sav-
ing in ethanol recovery step was not prominent [21]. The use of HG
fermentation, on the other hand, encounters less problem of sub-
strate inhibition and still gives satisfactory ethanol yield [19].
Therefore, it is considered a more suitable process for large-scale
ethanol fermentation.

HG fermentation of SS] has been widely investigated in the past
decades. Literature survey revealed that most studies aimed
mainly to improve the growth and osmotolerance of the ethanol
producers to achieve higher ethanol titer. Process improvement
by, for example, nutrients supplementation, e.g., yeast extract
and dry spent yeast, and aeration have been investigated [16]. Fer-
mentation conditions, e.g., inoculum size, initial sugar concentra-
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tion, agitation rate and temperature, have been optimized [22,23],
and different fermentation modes and strategies, e.g., fed-batch
[17], repeated-batch [24], and continuous [25] fermentations, as
well as cell immobilization [23], and microaeration [26], have been
tested. However, less attention has been paid to process modeling
despite this being important to understand the process dynamics
and predict the process performance, which are essential in the
improvement, design and control of the process [27]. Furthermore,
most of the relevant studies reported either the development of
Monod-based model [25,28] or the use of other unstructured mod-
els [29] to predict changes during the fermentation, and no direct
comparisons on the applicability of these models have been
reported, leaving a question as to which equation would be more
suitable for process modeling. Therefore, with the advantages of
HG fermentation, and the limited information on the applicability
of Monod-based and other unstructured models on ethanol fer-
mentation, the present study investigated the use of concentrated
SS] as the substrate for HG ethanol fermentation. Based on the
results, Monod-based models were developed to predict the
dynamics of cell growth, total sugar (TS) consumption, and ethanol
production, and their applicability was compared with other
unstructured models, i.e., logistic, modified Gompertz, and Weibull
models, through the calculation of bias factor (BF), accuracy factor
(AF), coefficient of determination (R?), and root mean square error
(RMSE).

2. Materials and methods
2.1. Microorganism and inoculum preparation

S. cerevisiae strain NPO1 was used as the ethanol producer. It
was isolated from a starter of Sato (Thai rice wine) and has been
preserved in the Bioalcohol Fermentation Research Laboratory at
the Faculty of Technology, Khon Kaen University, Thailand [16].
Inoculum was prepared by growing the yeast in 100 mL of yeast
extract and malt extract (YM) medium comprising 3 g/L of yeast
extract, 3 g/L of malt extract, 5 g/L of peptone and 10 g/L of glucose,
at 30°C, 200 rpm for 18 h. After that, the culture (10%, v/v) was
transferred to 350 mL of SS] containing 100 g/L of TS and further
incubated under the same conditions for 15 h. The active yeast
cells were then harvested by centrifugation at 8,000 rpm for
10 min before used as the inoculum.

2.2. Preparation of sweet sorghum juice and ethanol production
medium

Stalks of sweet sorghum cv. KKU40 were provided by the Divi-
sion of Agronomy, Faculty of Agriculture, Khon Kaen University,
Thailand. These were milled using a sugarcane juice extractor to
obtain sweet sorghum juice (SSJ), which contained ca. 51 g/L of glu-
cose, 43 g/L of fructose, and 61 g/L of sucrose [30]. SS] was subse-
quently concentrated by heating to increase the soluble solid
content from 16.6 to ca. 65°Brix. The concentrated SS] was stored
in plastic bags at —20°C until use. Ethanol production medium
was prepared by diluting the concentrated SS] with distilled water
to 240 g/L of total sugar (TS), and supplementing with 9 g/L of yeast
extract without pH adjustment [29]. Initial pH of the ethanol pro-
duction medium was 4.54.

2.3. Ethanol fermentation

Five-hundred mL Erlenmeyer flask containing 350 mL of etha-
nol production medium was closed with an airlock and autoclaved
at 110°C for 28 min [24]. After that, S. cerevisiae NP 01 was inocu-
lated into the ethanol production medium to obtain an initial cell
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concentration at ca. 5 x 107 cells/mL. The fermentation was carried
out at 30°C and agitation rate of 100 rpm for 60 h. Samples were
taken at time intervals for the determinations of biomass growth,
sugar consumption, and ethanol production. The sample was cen-
trifuged at 13,000 rpm for 10 min, and the cell pellet was used for
cell dry mass (CDM) determination, whereas the supernatant was
used for TS and ethanol analyses. This experiment was conducted
in triplicate, and the mean and standard deviation of the mean
are reported.

2.4. Analytical methods

CDM was determined gravimetrically after washing the cells
twice with distilled water and drying at 90°C until a constant
weight was reached. Concentration of TS was determined using a
phenol sulfuric acid method [31] using glucose (AR grade) as the
standard. Ethanol concentration was determined using gas chro-
matography using 2-propanol as the internal standard [24]. Yields
of biomass (Yx;s) and ethanol (Yp;s) on TS were calculated using
Equation 1 and Equation 2, respectively, where X, is the final
CDM concentration (g/L), X is the initial CDM concentration
(g/L), TSy is the initial TS concentration (g/L), TSg;, is the final TS
concentration (g/L), and EtOH is the ethanol concentration (g/L).
Equation 3 was used to calculate the fermentation efficiency,
where Yp/s1n is the theoretical yield of ethanol obtained from a sto-
ichiometric conversion of sucrose to ethanol (0.54 g/g).

XFin — Xlni

Yxs = m Equation 1
EtOH .

Yps = TS, — TS Equation 2

E _ Ypgs .

[ rerm = 37— > 100 Equation 3

P/S,Th

2.5. Modeling of yeast growth, substrate consumption and ethanol
production

2.5.1. Estimation of maximum specific growth rate and Monod
constant

Concentrated SSJ was diluted with distilled water to contain 40
to 220 g/L of TS, supplemented with 9 g/L of yeast extract, and
autoclaved at 110°C for 28 min. After that, inoculum of S. cerevisiae
NPO1 was transferred to the juice at 10% (v/v), and the cultures
were incubated at 30°C, 100 rpm for 24 h. Samples were collected
at time intervals and used for CDM measurement. For each TS con-
centration, CDM concentrations were plotted against time in a log-
linear scale, and specific growth rate (u) of the yeast was estimated
as the largest slope of the plot, which represented the exponential
phase of the yeast growth [32]. To obtain the value of maximum
specific growth rate () and Monod constant (Ks), a plot between
1 and TS concentration was fitted with a substrate inhibition
model proposed by Tseng and Wayman [33] [Equation 4]. The inhi-
bition constant (i) in Equation 4 represents the severity of inhibi-
tion caused by the substrate, and S* is the threshold TS
concentration (g/L), beyond which inhibition of growth is
observed.

HenS
Ks+S

u= —i(S-5" Equation 4

2.5.2. Mathematical modeling

For batch fermentation without substrate and product inhibi-
tions, dynamics of cell growth and ethanol production can be
described using Equation 5 and Equation 6, respectively. In the
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absence of inhibitors, £ and g obey Monod kinetics [Equation 7 and
Equation 8, respectively].

% =X Equation 5
Z—I: =qX Equation 6
= Kl: “fs Equation 7
q= Kimf 5 Equation 8

However, during a HG fermentation, the high concentrations of
sugar and ethanol can be the inhibitory factors hampering the activ-
ity of the cells [25]. For this reason, Equation 5 and Equation 6 were
modified by incorporating terms representing the substrate and pro-
duct inhibitions. Considering that both high substrate concentration
and the presence of ethanol could be inhibitory to cell growth, terms
for substrate inhibition [33] and product inhibition [34] were added
to Equation 7, and the resulting equation was substituted to Equa-
tion 5, yielding Equation 9 for describing cell growth during the fer-
mentation. On the other hand, for ethanol production, a product
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inhibition [34] term was added to Equation 8, and the resulting
equation was substituted to Equation 6, yielding Equation 10. As
for substrate consumption, since sugar is mainly consumed for cell
growth, cell maintenance, and ethanol production [28], the rate of
substrate consumption can be described by Equation 11, where m
is the maintenance coefficient (1/h).

aX ([ WS . . P .

Vi KKs s i(§-S )) (1 - m)} X) Equation 9

ap qmS P .

P KKSP +S) <1 _E)} X) Equation 10
as 1 /dX 1 (dP .

3= Vs (dt) + _Yp/s (E) +mX Equation 11

To compare the applicability of the Monod-based models
[Equation 9, Equation 10, Equation 11], based on our previous
study [29], logistic [Equation 12] and modified Gompertz [Equa-
tion 13] models were used to fit the cell growth and ethanol pro-
duction, respectively. As for the substrate consumption, Weibull
distribution [Equation 14] was used to fit the TS profile [35]. The
value of o in Equation 14 indicated the rate of TS consumption,
i.e., the smaller o indicated rapid TS consumption. The value of g
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Fig. 1. Growth, total sugar consumption and ethanol production by S. cerevisiae NPO1 growing on sweet sorghum juice containing 240 g/L of total sugar.

Table 1
Ethanol production from sweet sorghum juice under high gravity conditions.

Microorganism Sugar concentration Sugar consumption Ethanol production Ethanol yield Fermentation efficiency Reference
(g/L) (g/L) (g/L) (glg) (%)
S. cerevisiae SEMF1 185 180 86.2 0.48 88.9% [38]
S. cerevisiae NRRL Y-2034 200 - 70.6 - 87.35 [22]
Yeast strain CAT-1 226 - 97.8 - 87.0° [21]
Industrial strain (PAN) 237 2133 103.7¢ 0.50 92.6° [14]
S. cerevisiae KKU-VN8 200 - 89.32 - 96.32 [39]
S. cerevisiae SSJO1KKU 240 229.9 118.12 0.51 94.4° [19]
S. cerevisiae NPO1 241.5 219.5 1133 0.51 94.4° This study

2 Calculated using Equation 3.

b Calculated based on an ethanol yield of 0.511 g-ethanol/g-glucose as reported in the original paper.
¢ Calculated from ethanol productivity and fermentation time reported in the original paper.
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Fig. 2. Specific growth rate of S. cerevisiae NPO1 growing on sweet sorghum juice
containing 40 to 220 g/L (A), and correlation between the calculated and
experimental data (B). The dashed line in (A) represents the threshold concentra-
tion of total sugar (65 g/L). The solid line in (B) represents a correlation coefficient of
1, and the dashed lines in (B) represent 95% prediction band.

determines the direction of the concavity, i.e., the curve is concave
upward if g < 1, concave downward if 8 > 1, and linear if g = 1. Sol-
ver function of Microsoft Excel 2019 was used for curve fitting by
minimizing the residual sum of square value. For the modeling
using the Monod-based models, the Euler's method was used.

Xoexp (nt)

1- [(32) (1 - exp ()]
P=Py+ {Pm X exp <7exp (i—“j(L - t)) + 1)}

e (BY__ 1 [ty
e\Ts,,) = 2303 \a

2.5.3. Validation of the models

Bias factor (BF), which is a multiplicative factor by which a
model overestimates or underestimates the data, and accuracy fac-
tor (AF), which is a measurement of the mean difference between
the observed and predicted data, were used to validate the models.
Ideally, the values of BF and AF are 1, which indicate no deviations
between the observed and predicted data. BF and AF were calcu-
lated using Equation 15 and Equation 16, respectively [36]. Follow-
ing the assumption given by Germec et al. [37], the model was
considered “good” if 0.95 < BF < 1.11, it was “acceptable” if

X =

Equation 12

Equation 13

Equation 14
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0.87 < BF < 0.95, or 1.11 < BF < 1.43; and it was “unacceptable”
if BF < 0.87 or BF > 1.43. On the other hand, if 1.00 < AF < 1.20,
the model is “good”; if 1.20 < AF < 1.30, the model is
“acceptable™ and if AF > 1.30, the model is “unacceptable”. Fitting
accuracy of the models was assessed using the coefficient of deter-
mination (R?), which was obtained through a plot between the pre-
dicted and experimental values, the root mean square error (RMSE)
[Equation 17], and the calculation of 95% prediction intervals using
SigmaPlot version 14.

BF = 10(2_1080i/x)/n) Equation 15

AF = 102 1o i/x)i/m) Equation 16

Equation 17

3. Results and discussion
3.1. High gravity ethanol fermentation from SSJ by S. cerevisiae NP0O1

Fig. 1 shows that S. cerevisiae NPO1 could grow well on SSJ con-
taining 240 g/L of TS. pH of the medium decreased from 4.54 to
4.17 after 12 h. Then, the pH value slightly increased and the value
was 4.35 at the end of fermentation. A log-linear plot of the bio-
mass concentration against fermentation time (data not shown)
revealed that the cells entered the exponential phase after the
inoculation without observable lag phase. The exponential growth
phase lasted until 20 h, and the cells entered the stationary phase
afterward. The specific growth rate estimated during zero to 20 h
was 0.115 1/h. The final cell concentration was 10.0 = 0.5 g/L (ca.
2.5 to 2.7 x 108 cells/mL). Corresponding to the yeast growth, TS
concentration dropped rapidly from 241.5 + 1.3 to 50.5 + 5.8 g/L
during the first 24 h, and further decreased slowly to 22.0 £ 0.6 g/
L at the end of the fermentation. Ethanol production was observed
at as early as 6 h, and the concentration increased steadily to 98.
0 + 0.0 g/L at 24 h. Prolonging the process to 60 h resulted in a
slight increase in ethanol concentration to 113.3 + 2.3 g/L. Based
on the initial (1.2 g/L) and maximum (10.2 g/L) biomass concentra-
tions, TS consumption of 219.5 g/L (90.9% consumption), and the
ethanol production of 113.3 g/L, Yx;s and Yps were calculated to
be 0.04 g-biomass/g-TS, and 0.51 g-ethanol/g-TS, respectively.
The fermentation efficiency of this process was 94.4%. Ethanol
yield and fermentation efficiency obtained in this study were
slightly higher than those reported by Zhao [38], Phutela and Kaur
[22], Larnaudie et al. [21] and Rolz et al. [14], possibly due to the
differences in yeast strains and fermentation conditions. Further-
more, it was found that ethanol production achieved in the present
study was among the highest values reported in the literature
using SSJ as the substrate (Table 1), indicating that S. cerevisiae
NPO1 was a highly efficient ethanol producer. Based on the results,
it could be calculated that around 1.89 kg of TS (equivalent to 12.2
L and 12.7 kg of fresh SSJ, assuming that the density of SSJ contain-
ing 16°Brix was 1.04 g/mL [13]) would be required to produce 1 kg
of ethanol (0.78 L of ethanol). This was equivalent to 61.42 L of
ethanol per ton of fresh SSJ and 41.5 L per ton of sweet sorghum,
assuming juice extraction ratio of 67.3% [13].

3.2. Estimation of pmax and Ks for S. cerevisiae NPO1 growing on SSJ

In microbial cultivation, the microbial growth rate can be
related to the concentration of substrate through the Monod kinet-
ics, which describes the change of i as a function of a single limit-
ing substrate concentration. According to the equation, u increases
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with increasing substrate concentration, approaching p,, at high
and saturating substrate concentration [40]. However, in some sit-
uations, e.g., under HG conditions, high substrate concentration
could be inhibitory to microorganisms (u decreases rather than
approaching u,), and the Monod model inadequately describes
this change. In the present study, the value of u only increased,
from 0.346 + 0.063 to 0.356 + 0.030 1/h, when TS concentration
was increased from 40 to 70 g/L. Further increasing the TS concen-
tration to 220 g/L resulted in a large drop of u to 0.093 + 0.003 1/ h
(Fig. 2A). This suggested that inhibition of growth occurred at TS
concentration beyond 70 g/L. The high concentration of fer-
mentable sugars in the medium was thought to cause high osmotic
pressure (hyperosmotic stress) that could affect the cell-cycle pro-
gression and cause changes in gene expression of the cells [41],

23

adversely affecting cell growth. Hyperosmotic stress could also
cause changes in cellular physiology, e.g., budding manner, and
retardation in cell division [42]. Decreases in cell viability were
also reported as a result of changes in the cell membrane fluidity
[43]. In the present study, the typical Monod model could not sat-
isfactorily describe the change of y, and therefore Equation 4 was
used. The equation fitted the data well with R?> of 0.9528
(Fig. 2A). The value of pup, Ks, and i was estimated to be 0.45 1/h,
19.5 g/L, and 0.002 L/(g-h), respectively. Based on curve fitting,
the reduction of u started at a threshold concentration (S*) of
65 g/L. The degree of inhibition increased with increasing TS con-
centration since the difference between TS and the threshold con-
centrations (S — S*) became larger. The model precited that the
value of ;t would be decreased linearly with increasing TS concen-



A. Salakkam, N. Phukoetphim, P. Laopaiboon et al.

Table 2
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Kinetic parameters estimated for biomass growth, total sugar consumption and ethanol production using Monod-based and other models. The values of bias factor, accuracy

factor, R?, and RMSE are also shown.

Monod-based models

Equation 9 Equation 10 Equation 11
(cell growth) (ethanol production) (substrate consumption)
Im 0.30 Im 4.8 Yx/s 0.44
Ks 21 Ksp 240 Yp/s 0.53
i 0.00005 P 116.8 m 0.00
s* 65
Prx 86.9
BF 0.87 BF 1.08 BF 0.95
AF 1.18 AF 1.11 AF 1.11
R? 0.9789 R? 0.9972 R? 0.9978
RMSE 2.332 RMSE 9.764 RMSE 29.809
Logistic, modified Gompertz and Weibull models
Equation 12 Equation 13 Equation 14
(cell growth) (ethanol production) (substrate consumption)
Xo 0.7 Py 1.8 TSini 245.55
Xm 10.0 Pm 108.8 o 18.66
Im 0.25 Rm 7.2 B 1.86

) 7.4
BF 0.97 BF 1.05 BF 0.36
AF 1.11 AF 1.14 AF 2.92
R? 0.9888 R? 0.9989 R? 0.9882
RMSE 1.148 RMSE 4.421 RMSE 38.092

tration, and no growth (u = 0 1/h) would be observed at ca. 280 g/L
of TS. To validate the model, BF and AF were calculated, yielding the
values of 1.06 and 1.11, respectively, indicating that the model had
a good fit for the data set. The plot between the calculated and
experimental data shows that the data points lie within the 95%
prediction interval (Fig. 2B), confirming the accuracy of the model.

3.3. Modeling of biomass, ethanol and total sugar profiles

Data for biomass concentration were fitted using the Monod-
based equation [Equation 9] and logistic model [Equation 12].
Equation 9 fitted the data well with R? of 0.9789, though it slightly
underestimated the biomass concentration during the first 20 h. In
terms of R? the logistic model gave a better fit, with the R? of
0.9888, due to the closer estimation of biomass growth during
the first 20 h (Fig. 3A). RMSE value of Equation 12 was also lower
than that of Equation 9 as seen in Table 2, confirming that the
logistic model fitted the data better. Nevertheless, almost all the
data estimated by both equations lied within the 95% prediction
band (Fig. 3B), and the values of BF and AF for Equation 9 and
Equation 12 were similar (Table 2) and were in the range of good
fit. These implied that both models could well be used to predict
the growth of the yeast. Based on the results given in Table 2, it
can be seen that the Monod-based and logistic models estimated
different kinetic parameters that were not interrelated [44]. For
instance, Equation 9, which was developed based on Monod model,
gave more details on the kinetics of cell growth, i.e., pm, Ks, i, S*,
and Pxm, whereas Equation 12 gave only the values of Xo, Xm,
and pim,. The logistic model [Equation 12] did also not give informa-
tion about the inhibition of growth that might have occurred as it
does not have an inhibition term. Using Equation 9, it was possible
to assess qualitatively the effects of substrate concentration and
ethanol production on cell growth. For instance, the value of p,
obtained in this experiment (0.30 1/h) was lower than that
observed previously (0.45 1/h), while the value of Ks was slightly
higher (21 against 19.5 g/L). Furthermore, the value of i was much
lower in this experiment (5 x 10~ against 0.002 L/(g-h)). These
suggested that the ethanol present in the fermentation broth
exerted inhibitory effects on growth of the yeast, and this effect
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was stronger than that of high TS concentration (hyperosmotic
pressure) alone. This was supported by Zhang [45] who reported
that the end product or ethanol was the primary factor inhibiting
yeast growth and fermentation activity. Cell growth and ethanol
production were inhibited with the final product concentration,
increasing only slightly with an increase in the initial substrate
concentration. In our study, the Px,, value of 86.9 g/L was pre-
dicted to be the threshold concentration of ethanol, above which
inhibition of growth occurred. Difference in Py, value depends
on yeast strain and fermentation processes [45,46].

Equation 10 and Equation 13 fitted the ethanol production data
well with R? of 0.9972 and 0.9989, respectively (Fig. 3C). Despite
the RMSE of Equation 13 was lower than that of Equation 10, all
the data predicted by these models lied within the 95% prediction
band (Fig. 3D), and BF and AF for both equations were very similar
(Table 2) and were in the range of good fit. These suggested that
the models could be used to describe the production of ethanol
under the conditions tested. Again, although these models satisfac-
torily described the profile of ethanol, these predicted values of dif-
ferent parameters. Equation 10 predicted the value of maximum
specific ethanol production rate (q,,) to be 4.8 1/h, with Ksp of
240 g/L. The maximum ethanol production was predicted to be
116.8 g/L, which was slightly higher than the experimental value
(113.3 g/L). The values of g, and P, and u, obtained using
Equation 9, can be used in process control to, for instance, predict
the time required to produce desired amount of product as demon-
strated by Doran [47]. On the other hand, Equation 13 predicted
that the maximum ethanol production was 108.8 g/L, slightly
lower than the experimental value. However, it estimated the max-
imum ethanol production rate (R,,) to be 7.2 g/(L-h) and a lag time
of 7.4 h. These values are useful for understanding, or better still,
predicting the performance of the cells in response to the fermen-
tation conditions. Furthermore, the rate of product formation and
the final product concentration could be used in combination with
mass balance equations to design and control the process [48].

Equation 11 and Equation 14 were used to fit the data for TS
consumption. Both equations fitted the data well, with R?> of
0.9848 and 0.9882, respectively. Equation 11 underestimated TS
concentration after 20 h, and estimated Yx;s and Yps to be 0.49
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and 0.50 g/g, respectively. The cell maintenance coefficient was
estimated to be zero, which is typical as this is normally very
low and could be negligible [25,49]. Inspection of the Yx;s and Yp,
s revealed that Yps was very close to the experimental value
(0.51 g/g), but Yx;s was around 12 times that of the experimental
value. The overestimation of Yx;s was thought to be due to the con-
sumption of TS to produce other metabolites, such as glycerol and
organic acids (e.g., acetic, succinic, and pyruvic acids), that were
not quantified in the present study [19]. Despite the discrepancy
between the experimental and predicted values, the predicted Yy,
s was similar to that reported in the literature, which ranged from
0.48 to 0.5 g/g [25,49]. As for Equation 14, it largely underesti-
mated TS concentration after 32 h of the process and predicted a
complete consumption of TS. The value of g was 1.86, indicating
the downward concave curve of the TS profile. The large underes-
timation of TS concentration toward the end of the process using
Equation 14 led to BF and AF of 0.36 and 2.92, respectively, which
were outside the range of good fit. Furthermore, RMSE of Equation
14 was larger than that of Equation 11, i.e., 38.092 against 29.809.
These indicated that Equation 11 was more suitable to fit the TS
profile in the present study.

4. Conclusions

The present study investigated the production of ethanol from
SSJ using S. cerevisiae NPO1 under HG conditions. As high as 113.
3 + 2.3 g-ethanol/L, with an ethanol yield of 0.51 g/g-TS and fer-
mentation efficiency of 94.4%, was attained after 60 h of fermenta-
tion. Growth of the yeast, ethanol production and TS consumption
could be described well using Monod-based kinetic models con-
taining substrate and product inhibition terms. The use of logistic,
modified Gompertz, and Weibull equations, were compared with
the Monod-based models. Based on the calculation of BF, AF, R?,
and RMSE, it was found that all the models tested, except for the
Weibull model, fitted the data well, and could well be used to
describe or, better still, predict the performance of the process.
However, since each model estimated the value of different kinetic
parameters, it was considered that modeling of a fermentation pro-
cess could be conducted using more than one model to obtain a
more complete set of kinetic parameters for subsequent develop-
ment and up-scaling of the process.
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