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Abstract This study presents an integrative design of ex-
periment (intDoE) methodology for process optimization
using a combination of experimental design, process
flowsheet simulation, and economic model. This multilay-
ered framework was implemented to simulate and opti-
mize a simultaneous saccharification and co-fermentation
(SSF) process of sugarcane bagasse to ethanol for improv-
ing process economic efficiency. Using intDoE based on
product titer and economic profit criteria, the SSF process
was designed for operation at optimal xylanase/cellulases
enzymes, optimal Scheffersomyces stipitis/Saccharomyces
cerevisiae yeast cells, and optimal oxygen supply to max-
imize ethanol titer and to minimize ethanol selling price.
The optimal SSF process achieved an ethanol titer of
81.5 g/L, equivalent to the minimal ethanol selling price
of 1.4 USD/gal. The results proved the efficiency of
intDoE approach that permitted the design and optimizing
of fully integrated processes which was not considered by
the traditional design of experiment methods. Hence, this
novel intDoE optimization tool is useful for bioprocess
design in which the integrated process simulation can be
performed to select the optimal operating conditions for
maximized production efficiency and process economy.
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Introduction

Due to concerns about finite fossil fuel resources and their
environmental impacts, efforts have been developed to replace
oil with biomass-derived fuels and chemicals that are renew-
able and essential for bio-based economy [1]. Biorefineries
using lignocellulosic biomass for bioconversion to transporta-
tion biofuels and chemicals are among the most promising
options. The focus has, therefore, shifted toward designing
sustainable biorefinery process that can be technological and
economical feasible and provide energetic and environmental
benefits. Simultaneous saccharification and co-fermentation
(SSF) process configuration has attracted many investigators
as a feasible option to reach high production efficiency [2] by
minimizing feedback inhibition effects of enzyme hydrolysis.
Efficient conversion systems of biomass-derived sugars to
ethanol required a completed utilization of both C6/C5 sugars
available which could be achieved using a yeast consortium
system of Saccharomyces cerevisiae and Scheffersomyces
stipitis [3]. In this study, we investigated and optimized the
integrated SSF process using yeast consortium for sugarcane
bagasse to ethanol conversion to design the optimal process
meeting technological and economic feasibility.

The biorefinery process is a complex, nonlinear network of
upstream and downstream process stages including pretreat-
ment, hydrolysis, fermentation, and purification in which each
involves multivariable process parameters. Changes in input
process parameters affect the performance of each processing
step (e.g., yield, titer) and of the entire integrated process due
to interdependency of these process units. Optimizing these

Electronic supplementary material The online version of this article
(doi:10.1007/s12155-017-9851-6) contains supplementary material,
which is available to authorized users.

* Pornkamol Unrean
pornkamol.unr@biotec.or.th

1 National Center for Genetic Engineering and Biotechnology
(BIOTEC), National Science and Technology Development Agency
(NSTDA), 113 Thailand Science Park Phahonyothin Road, Klong
Nueng, Klong Luang, Pathum Thani 12120, Thailand

Bioenerg. Res. (2017) 10:891–902
DOI 10.1007/s12155-017-9851-6

http://orcid.org/0000-0001-5447-826X
http://dx.doi.org/10.1007/s12155-017-9851-6
mailto:pornkamol.unr@biotec.or.th
http://crossmark.crossref.org/dialog/?doi=10.1007/s12155-017-9851-6&domain=pdf


process parameters is essential to the overall profitability of
lignocellulosic bioprocess, ethanol selling price. Developing a
cost-effective, commercial-scale biorefinery process, there-
fore, requires multivariable nonlinear optimization framework
that can capture impact of process parameters within one stage
of the process on the performance of a fully integrated process.
One of the process analysis tools frequently used for design of
optimal process conditions is design of experiment (DoE).
DoE facilitates the design of optimal process operations
through statistical analysis of variables affecting a process
and their responses based on a structured methodology [4].
Although DoE methodology provides optimization studies
of multivariable process parameters and how they affect pro-
cess output, the approach focuses on optimizing individual
processing step independently rather than optimizing the fully
integrated process as a whole [5]. Hence, the DoE only cap-
tures a section of biorefinery process and overlooks tradeoffs
incorporated among interdependent process stages.

Other optimization models have been developed for
biorefinery process design and selection. A systematic process
optimization of biorefinery configurations based on a linear
program (LP) was created by Bao [6]. The LP-based model
for economic value optimization of biorefining systems has
been implemented [7]. A multi-objective optimization model
to design optimal biorefineries based on financial and envi-
ronmental performances using a mixed-integer linear model
was also utilized [8]. These systematic optimization frame-
works, however, are based on linear models, which may not
be able to capture the inherently nonlinear nature of fully
integrated conversion processes. In addition, these modeling
studies were based on fixed values for process parameters
with no multivariable process optimization. Furthermore,
these optimization frameworks are not considered all process-
ing steps together as the fully integrated process thereby can-
not mimic the actual process operations with significant inter-
connection among processing steps. Hence, these modeling
tools may not be able to identify the true optimum process
operating conditions of the integrated process on the produc-
tion and profitability of cellulosic ethanol that would meet
processing technology and economic requirements.

The complexity and interconnection of integrated
biorefineries prompts the need for developing a novel optimi-
zation framework, which can integrate the nonlinearities and
multivariable involved in the fully integrated biorefinery pro-
cess. Process integration modeling platform for optimizing the
integrated SSF process based on efficiency and economic
criteria has also not yet been developed. Therefore, in this
study, we present the development and implementation of a
multilayered framework called integrative design of experi-
ment (intDoE) for the optimal design of bagasse-to-ethanol
SSF process. The methodology incorporates a bilayer,
interlinked optimization strategy based on experimental de-
sign of multivariable optimization (STATISTICA) and

process flowsheet/techno-economic modeling (SuperPro
Designer), which was not previously addressed in the litera-
tures. intDoE was implemented to optimize three key process
parameters of integrated SSF process which are enzymes dos-
age, yeast cells loading and oxygen supply, to identify the
optimal operating conditions to meet objective functions
based on maximized production (ethanol titer) and minimized
operating costs (minimal selling price). The optimal, cost-
effective sugarcane bagasse-to-ethanol SSF process yielding
a maximum ethanol titer of 81.5 g/L and minimal ethanol
selling price of 1.40 USD/gal was reported in this study. The
intDoE optimization tool using a combination of experimental
design and techno-economic process simulation can assist in
designing an optimal integrated biorefinery process with max-
imized techno-economic characteristics and profitability,
the reby enhanc ing the commerc ia l v iab i l i ty of
lignocellulose-based bioprocess.

Materials and Methods

Strain and Media

S. cerevisiae (Thermosacc® Dry yeasts; Lallemand,
Milwaukee, WI) and recombinant S. stipitis expressing
endoglucanase and xylanase enzymes [9] were the organisms
used throughout all experiments. The strains were routinely
maintained at 4 °C on YPD agar plate (yeast extract, 10 g/L;
peptone, 20 g/L; dextrose, 20 g/L and agar, 20 g/L) supple-
mented with an antibiotic as appropriate.

Raw Material

Pretreated bagasse used throughout SSF experiments was
prepared via stream pretreatment with 0.5% (w/v) H2SO4

at 121 °C for 30 min as previously reported in Unrean
et al. [10]. The biomass slurry after pretreatment was
washed and separated by filtration into a pretreated solid
fraction and a liquid hydrolysate fraction. The liquid hy-
drolysate formed during pretreatment was composed of
approximately 0.5 g/L glucose and 10–15 g/L xylose.
The pretreated solid was used for SSF experiment, while
the liquid hydrolysates were used for yeast cell cultivation
and enzyme production (Fig. 2). Inhibitors present in the
liquid hydrolysates were acetic acid (<0.5 g/L) and furfu-
ral (<0.1 g/L). Sugar composition in pretreated bagasse,
de termined by the Nat ional Renewable Energy
Laboratories (NREL) standard procedures [11], was
0.40 g-glucose and 0.25 g-xylose per gram bagasse.
Water-insoluble solid (WIS) content in the pretreated solid
was determined by washing the pretreated bagasse with
excess deionized water before drying in an oven at 80 °C
for 24 h and weighing.
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Yeast Cell Cultivation and On-Site Enzyme Production

Recombinant S. stipitis used in SSF was produced in aerobic
culture using molasses and bagasse hydrolysate mixture. The
culture media contained 0.75 g/L (NH4)2SO4, 0.35 g/L
KH2PO4, 0.07 g/L MgSO4·7H2O, 1 g/L yeast extract, molas-
ses, and bagasse hydrolysates at a concentration as indicated
in the BResults and Discussion^ section. The composition of
molasses in hydrolysate culture media was varied from 2.5–
10% (v/v) for optimizing yeast cells and enzyme production.
The use of hydrolysates in culture media provides several
advantages including eliminating water use in media prepara-
tion, reducing the loss of sugars present in hydrolysates, and
allowing yeast cells to adapt to pretreated biomass environ-
ment before use in SSF. The culture was carried out in a
cotton-plugged 500-ml shake flask with 30%working volume
and 1% (v/v) inoculum, grown for 12 h in YPD media prior to
use. Cultivation conditions were 30 °C and 200 rpm for 24 h.

S. cerevisiae used in SSF was cultured aerobically in the
culture media containing 0.75 g/L (NH4)2SO4, 0.35 g/L
KH2PO4, 0.07 g/L MgSO4·7H2O, 1 g/L yeast extract, and
5% (v/v) molasses under the same cultivation conditions as
recombinant S. stipitis. Yeast cells and crude xylanase en-
zymes harvested by centrifugation were being used for SSF
process.

Batch Simultaneous Saccharification and Fermentation

Batch simultaneous saccharification and fermentation (SSF) was
carried out in a shake flask at 30 °C, initial pH 5 with no pH
control, andwas composed of 10%WIS pretreated bagasse, 10%
(v/v) molasses, 0.75 g/L (NH4)2SO4, 0.35 g/L KH2PO4, 0.07 g/L
MgSO4·7H2O, 1 g/Lyeast extract, enzymes, and yeast cells. SSF
process diagram of S. stipitis/S. cerevisiae consortium with on-
site enzyme production is shown in Fig. 2. It should be noted that
the supplementation of 10% (v/v) molasses yields approximately
35 g/l fermentable sugars. Enzymes, yeast cell loading, and ox-
ygen supply were simultaneously optimized in batch SSF pro-
cess and their impacts on ethanol titer and production cost were
examined. The ratio of xylanase/cellulase enzymes and S. stipitis/
S. cerevisiae yeast cells was varied between 0 and 2.0U/FPU and
0–6.4 g-S. stipitis/g-S. cerevisiae, respectively. On-site crude
xylanase produced by S. stipitis and commercial cellulases
(Cellic C-TEC2, Novozyme DK) at total enzyme loading of
12.5 FPU/g-solid (equivalent to approximately 16 mg-protein/
g-solid) was used. Yeast cell load of 0.02 g-cell/g-solid was im-
plemented. Oxygen supply via agitation was also varied in SSF
process from 32 to 368 rpm, equivalent to oxygen transfer coef-
ficient (kLa) of 7.6–108.4 1/h. The value of kLa based onworking
volume and agitation rate was determined using an empirical

correlation kLa ¼ 16:61� n1:09 � A
V

� �0:87� �
previously re-

ported by Reynoso-Cereceda et al. [12] for shake flask operation.

Variables n and A
V represent orbital shaking speed and superficial

area per filling volume, respectively. Optimal process operations
for batch SSF was systematically determined using integrative
design of experiment (intDoE) optimization tool and was exper-
imentally validated. SSF kinetics was examined by sampling
1 mL culture for viable cell count and ethanol concentration
determination every 3 h for 12 h. All experiments were per-
formed in duplicate. The optimal batch SSF process was then
utilized in fed-batch SSF for high ethanol titer.

Fed-Batch Simultaneous Saccharification
and Fermentation

Fed-batch SSF experiments were started as batch at 30 °C,
initial pH 5 with no pH control, under optimal conditions for
enzymes, yeast cell load, and oxygen supply for 24 h before
feeding of additional pretreated solid, enzymes, and yeast
cells. Manual pulse feeding of pretreated solid applied in
fed-batch SSF was designed according to enzymatic hydroly-
sis rate as previously determined in Unrean et al. [10].
Cellulases and crude xylanase enzymes were fed along with
solid feeding to maintain enzyme load and ratio at the same
optimal values of 12.5 FPU/g-solid for cellulase and 2.5 U/g-
solid for xylanase as optimal batch SSF. Pulse feed profile for
addition of S. cerevisiae and S. stipitis were determined ac-
cording to cell death rate to replenish yeast cell loss in order to
maintain constant yeast cell ratio at the same optimal value as
batch SSF. Throughout fed-batch SSF in shake flask, oxygen
supply via kLa was constantly maintained at the optimal value
by increasing agitation (50–150 rpm) as shown in Fig. 6D in
correspondence to changing volume caused by the addition of
solid, enzymes, and yeast cells. Change in culture volume
along the fed-batch process was monitored manually through
weighing assuming density of 1 kg/L (Supplementary S3).

Batch and fed-batch SSF operation in bioreactor was car-
ried out in Labfors bioreactor (Infors HT, Switzerland) at
30 °C and initial pH 5 with no pH control. Oxygen supply
in bioreactor operation was maintained at the optimal value
via increased aeration rate instead of increased agitation
(Fig. 6e). The stirrer speed was kept at 100 rpm during batch
and fed-batch bioreactor run. Detailed feeding profiles for fed-
batch SSF in shake flask and bioreactor scales were summa-
rized in Fig. 6 and Supplementary S3. The 10% (v/v) molasses
was supplemented initially during batch process and the final
molasses content at the end of fed-batch SSF was equivalent
to 1.2% (v/v). Final WIS content accumulation during fed-
batch SSF was 22% in shake flask and 33% in bioreactor.
Higher accumulated WIS content was implemented in biore-
actor because of better mixing efficiency in bioreactor than in
shake flask. Samples (1 mL) were collected for analysis of
residual sugars and ethanol every 12–24 h for kinetics analysis
and fed-batch SSF lasted 108 h.
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Analyses

Cell Concentration Yeast cell concentration was measured
by cell dry weight during seed cultivation and by plate count
during SSF. The cell samples were collected via centrifugation
and washed with DI water. For cell dried weight determina-
tion, washed cells were transferred to a pre-weighed tube and
dried at 80 °C for 24 h and subsequently weighed. The con-
centration of viable cells was measured by counting colony-
forming units (CFU), after appropriated serial dilution incu-
bating for 24 h, on YE agar plate supplemented with 20 g/L
glucose (for determining total viable cells) and with 20 g/L
xylose (for determining viable S. stipitis). The plating method
can be reliably used for determining cell concentration in SSF
process since no agglomeration of cells nor adherence of cells
to solid matter was observed. the concentration of viable
S. cerevisiae was then determined by subtracting the concen-
tration of viable S. stipitis from the total viable cell concentra-
tion. Hence, plating on two different sugars, glucose and xy-
lose, permits monitoring for cell growth of S. cerevisiae and
S. stipitis individually.

Analysis of Enzyme Activity, Sugars, and Ethanol Samples
were centrifuged at 13,000 rpm for 5 min and the supernatant
was collected. Xylanase and cellulase enzyme activity in units
per milliliter and filter paper units per milliliter, respectively,
was determined according to the NREL protocol TP-510-
42,628 [13]. The concentration of sugars and ethanol was
measured by HPLC equipped with Aminex HPX-87P (for
sugars) or Aminex HPX-87H (for ethanol) column (Bio-
Rad, Hercules, CA, USA) and a refractive index detector.
Operating conditions of Aminex HPX-87H column were at
65 °C with 5 mM H2SO4 as the mobile phase at a flow rate of
0.6 mL/min. Operating conditions of Aminex HPX-87P col-
umn were at 80 °Cwith DI water as the mobile phase at a flow
rate of 0.6 mL/min. The concentrations were calculated from
the calibration curve of standard solution.

Yield and Rate CalculationCell growth rate was determined
from a slope of a natural log plot of cell concentration over
cultivation time. Ethanol yield was calculated by dividing to-
tal ethanol produced by total sugars present in SSF process.
Ethanol productivity was calculated as a slope from the time
profile plot of ethanol concentration over 24 h for batch and
48 h for fed-batch SSF process.

Integrative Design of Experiment for Integrated Process
Optimization

A novel methodology based on process optimization and sim-
ulation was developed and designated as integrative design of
experiment (intDoE) for modeling nonlinear characteristics of
integrated SSF process and for process optimization. Figure 3

shows a general description of the proposed mechanism of
intDoE for SSF process optimization. The intDoE is com-
posed of bilayer and interlinked modeling of [1] design of
experiment and [2] techno-economic analysis.

Design of Experiment Design of experiment (DoE) is a mul-
tivariable optimization tool which is relied on nonlinear re-
gression model for determining critical point (minimal/maxi-
mal) of output response based on statistical significance. The
model can be used for investigating nonlinear process mech-
anisms to study the individual effects of the factors as well as
the effect of the interaction between the factors toward process
output. In this study, three process variables which typically
influenced ethanol production in SSF process were analyzed:
xylanase/cellulase ratio, S. stipitis/S. cerevisiae cell ratio and
oxygen supply via agitation. Each factor was varied at three
factorial levels, coded as −1 (lowest value), 0 (middle value),
and +1 (highest value). The factors are varied together, instead
of one at the time. The 20 experimental runs with different
combinations of the three process parameters and levels based
on DoE analysis was summarized in Supplementary S1. The
SSF optimization experiments were performed for 12 h in
duplicate. STATISTICA (StatSoft Inc., USA) was employed
for all experimental designs and statistical and graphical anal-
ysis for evaluation of effects and interactions of the factors on
the output response.

Techno-economic Analysis SSF optimization experiments
with different process variables and different ethanol titer out-
put response were then estimated for their technological and
economical potentials using process simulations with
SuperPro Designer software (Intelligen Inc., USA). This
techno-economic modeling software permits process material
and energy balance calculation based on flowsheet simulation
and process cost analysis based on economic model. The sim-
ulated process was an integrated bagasse-to-ethanol conver-
sion process composing of the basic steps of diluted-acid pre-
treatment, yeast cell production, enzyme production, simulta-
neous saccharification and fermentation, downstream process
and utilities system (Supplementary S2). Techno-economic
analysis was based on a process scale model with the capacity
of 1 ton raw bagasse per batch. Materials and energy flows for
all streams in the integrated process were calculated based on
process parameters (e.g., yields, titers, rates) obtained from
experimental studies in this work. Process configuration, in-
put, output, and process economic analysis were previously
described in details in Unrean and Khajeeram [14] for up-
stream processing and in Wingren et al. [15] for downstream
processing. The integrated SSF process simulation under dif-
ferent process variables were economically evaluated based
on ethanol minimal selling price (MSP), determined as total
production cost (e.g., raw materials, utilities, and labor costs
associated with the integrated process) divided by liter of
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ethanol produced. The MSP refers to the ethanol price where
production cost and income of selling ethanol are equal. It
should be noted that the MSP is by no mean to determine
the exact selling price. Finally, the process economy in terms
of MSP along with the process titer of each SSF optimization
experiment was returned back to the DoE optimization model
to determine the optimal operating conditions with the highest
ethanol titer and the lowest MSP, which are output SSF pro-
cess targets in this intDoE model analysis.

Results and Discussion

Development of a lignocellulose-based process that meets
process efficiency and process economy requirements is es-
sential for industrialized biorefinery processing. We have de-
veloped an integrated bioprocess modeling tool, based on hy-
bridization of experimental design and techno-economic
models, to facilitate process design and optimization strate-
gies. The integrative model was utilized to design simulta-
neous saccharification and fermentation (SSF) process by
S. stipitis/S. cerevisiae cell consortium with on-site enzyme
production for maximized ethanol titer and minimized ethanol
minimal selling price.

Yeast Cell and Enzyme Production Optimization

The production of yeast cells and xylanase enzyme used in
SSF process were performed in batch fermentation of molas-
ses and liquid hydrolysates mixture. The impact of hydroly-
sates and molasses supplementation in culture media with
respect to yeast cell growth and xylanase enzyme production
was examined. Fig. 1a shows similar cell titer and xylanase
production in recombinant S. stipitis batch culture in the ab-
sence and presence of hydrolysates, indicating that the liquid
hydrolysates was not toxic to the yeast cell and can be used to
replace water during yeast cell and on-site enzyme production
processes. Although there is an acetic acid inhibitor (< 0.5 g/

L) present in the liquid hydrolysates, the concentration is like-
ly too low to have any significant inhibitory effect on yeast
cell growth. Cultivation of yeast cell in liquid hydrolysates
also allowed the cell to adapt to the pretreated biomass envi-
ronment. Previous study has shown that yeast cells pre-
cultivated in hydrolysates showed an improved robustness
against inhibitors, leading to enhanced fermentation capacity
of the yeast cell in SSF process [16]. Effects of molasses
composition in culture media were also examined in Fig. 1b
to determine optimal condition for efficient active yeast cell
and enzyme production. Comparison of cell titer at different
molasses composition in batch culture media showed a de-
crease in cell growth at decreasing concentration of molasses.
At 2.5%molasses culture, S. stipitis grew to a final cell titer of
5.15 ± 0.78 g/L which was more than a twofold reduction
compared to the titer obtained in 10% molasses culture under
the same condition. At decreasing percent molasses, less sugar
and nutrients are available for biosynthesis processes and cell
growth, resulting in reduced biomass production. The
xylanase produced in 2.5–10% (v/v) molasses cultures, how-
ever, was relatively similar suggesting that the molasses com-
position has little influence on enzyme production. No signif-
icant effect of molasses composition on yeast cell growth in
S. cerevisiae was observed (results not shown). Hence, in
integrated SSF process, 5%molasses in hydrolysates was cho-
sen as optimal culture media for the yeast cell propagation and
on-site xylanase production processes as it would minimize
the cost of culture media while enabling relatively high yeast
cell and enzyme production.

Development of Integrative Design of Experiment for SSF
Process Optimization

To design a commercial-scale biorefinery process, it is crucial
during process optimization to incorporate true estimates of
process parameters, nonlinear dynamic nature of
bioprocesses, and interdependency of processing units within
the entire integrated production process. Figure 2 depicts sche-
matic diagram of integrated SSF process implemented in this
study which included multiple process units from lignocellu-
losic feedstock (bagasse) to ethanol product. The pretreated
bagasse along with enzymes and yeast cells produced on site
were added to the SSF process. Owing to the complex, non-
linear nature of integrated bioprocess, optimizing the whole
SSF process would require multilayered framework for de-
signing cost-effective process configurations with feasible
techno-economic characteristics. In this work, a hybrid
bioprocess modeling framework called integrative design of
experiment (intDoE) was developed which incorporated a
two-layer optimization strategy based on experimental design
together with process simulation and techno-economic
models as depicted in Fig. 3. The two-level intDoE approach
would permit simultaneous investigation of multiple process
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Fig. 1 Optimization of S. stipitis cultivation in sugarcane bagasse
hydrolysates. a Effect of hydrolysates replacement in culture media
on yeast cell growth and enzymes synthesis. b Effect of molasses
(%, v/v) composition in hydrolysates media on cell growth and
enzymes synthesis during batch cultivation. Results are based on
average of two independent experiments
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parameters for optimization of fully integrated process in or-
der to maximize the profitability of the process based on pro-
duction efficiency and economic values. To the best of the
authors’ knowledge, this novel modeling framework for opti-
mization of integrated biorefinery process has not yet been
addressed in previous literatures.

As a case demonstration, we implemented intDoE for op-
timizing the integrated SSF process of sugarcane bagasse to
ethanol in order to determine optimum process conditions for
maximizing ethanol production titer and minimizing ethanol
selling price (MSP). The model analysis began with utilizing
experimental design based on central composite design
(CCD) to design optimization experiments (Supplementary
S1). CCD has proven to be an efficient tool for estimating
effects of multiple parameters and their interacting effects on

process outputs with minimized number of experiments and
high accuracy of predicting optimum [17]. In this work, the
following operating variables that can influence ethanol pro-
duction significantly in SSF process were optimized: [1]
xylanase/cellulase ratio, [2] S. stipitis/S. cerevisiae ratio, and
[3] oxygen supply. The optimized parameters in this study
were ranged from 0 to 2.0 U/FPU for enzyme ratio, 0–6.4 g/
g for yeast cell ratio and 32–368 rpm for agitation speed which
resulted in 20 experimental runs based on CCD design includ-
ing three blocks of five experiments with five center points.
These 20 process optimization conditions were experimental-
ly evaluated for their effects on ethanol production titer. It
should be noted that since the optimization runs were per-
formed under the same concentration of total sugars and fer-
mentation time, evaluating ethanol titer, yield, or productivity
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Fig. 2 Scheme of simultaneous saccharification and fermentation (SSF)
using S. stipitis/S. cerevisiae consortium with on-site enzyme production
under optimization in this study. Diluted-acid pretreated bagasse was
separated into solid fraction (pretreated biomass) and liquid fraction
(hydrolysates). Solid fraction was used in SSF process whereas liquid

fraction was applied for yeast cell cultivation and enzyme production
before adding to SSF. Process parameter targets (shown in blue) are [1]
xylanase/cellulase enzyme ratio, [2] S. stipitis/S. cerevisiae yeast cell ratio
and [3] oxygen supply, which was systematically optimized using
integrated process optimization tool (intDoE) as described in Fig. 3
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process optimization, design of experiment and [2] techno-economic

model describing process simultation and economic analysis. intDoE
which permitted process optimization by considering both process
efficiency and process economy simultaneously was applied to
determine operating conditions of SSF process yielding maximal
ethanol titer while minimizing ethanol minimal selling price (MSP)
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would result in the same optimum. Therefore, we have chosen
to consider ethanol titer as the only performance parameter.
The CCD-based optimization model was integrated with pro-
cess simulation. All process performance (yield, titer, rate) for
each operating condition was then sent to process simulation
of the whole bagasse-to-ethanol SSF process (Supplementary
S2) for materials and energy flows analysis using SuperPro
Designer simulation software, which was linked to a techno-
economic model for determination of ethanol minimal selling
price (MSP). Consequently, the MSP obtained from each sim-
ulated process operations was passed back to experimental
design for determination of the optimum process operating
conditions of the SSF process that resulted in maximal profit
based on ethanol titer and MSP.

Optimum SSF Process Design with Maximal Profitability

Influences of SSF process parameters, which were [1] xylanase/
cellulase ratio, [2] S. stipitis/S. cerevisiae ratio, and [3] oxygen
supply, on ethanol production titer and minimal selling price
were simultaneously investigated by integrative design of ex-
periment based on batch shake flask cultures (Fig. 4a–d). The
predicted response surface plot of ethanol titer and production
cost as a function of the process parameters indicated that

decreasing enzyme and yeast cell ratios as well as lowering
agitation speed to reduce oxygen supply promoted high ethanol
titer and low ethanol minimal selling price. According to the
integrated model, an optimum SSF operating condition for
maximal profit was predicted at xylanase/cellulase ratio of
0.20 U/FPU, S. stipitis/S. cerevisiae ratio of 0.5 g/g and agita-
tion at 100 rpm, equivalent to kLa = 26.3 h−1. Under these
optimum conditions, the ethanol titer was maximized at
44.7 g/L and the ethanol minimal selling price was minimized
at 20.6 baht/L (equal to 2.18 USD/gal based on the exchange
rate of 35.7 baht/USD). Compared with traditional experimen-
tal design, intDoE identified different optimum outputs
(Table 1). This is expected as intDoEmodeling approach incor-
porated both process efficiency and techno-economic charac-
teristics when determining optimal values. This was different
from traditional DoE which determined the optimum based
solely on process efficiency. Application of intDoE for integrat-
ed SSF process design predicted true cost-effective operating
conditions with 7% higher ethanol titer and 22% lower ethanol
production cost than traditional DoE application. Hence, the
intDoE approach is an effective tool for integrated process de-
sign and optimization to maximize profitability of the process.
Ethanol production titer and cost experimentally observed un-
der optimal conditions agreedwell with the predictive values by
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Fig. 4 Effect of SSF batch process parameters on ethanol production titer
and minimal selling price (MSP) by S. stipitis/S. cerevisiae yeast
consortium. a Ethanol titer at varying xylanase/cellulases and S. stipitis/
S. cerevisiae cell ratios. b Ethanol titer at varying S. stipitis/S. cerevisiae
cell ratios and oxygen supply via agitation. c Ethanol MSP at varying
xylanase/cellulases and S. stipitis/S. cerevisiae cell ratios. d Ethanol MSP
at varying S. stipitis/S. cerevisiae cell ratios and oxygen supply via agi-
tation. The data were average of triplicate SSF batch experiments. All
analysis were based on intDoE process optimization described in Fig. 3

which identified optimal SSF process for maximized ethanol titer and
minimized MSP at 0.2 xylanase(U)/cellulases(FPU) ratio, 0.5 S. stipitis
(g)/S. cerevisiae (g) ratio and 100 rpm agaitaiton equivalent to oxygen
supply at kLa = 26.3 1/h as shown in white asterisk. (E) SSF process
performance predicted by intDoE compared with experiment under opti-
mal conditions yielding ethanol titer of 44.7 g/L and MSP of 20.6 baht/L.
Consistency between model and experimental analysis validated intDoE
modeling approach
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intDoE model as shown in Fig. 4e, validating predictive capac-
ity of the model.

Integrated Fed-Batch SSF Enabling Economic Feasibility
of Bagasse-to-Ethanol Conversion

Optimum batch SSF shake flask using a consortium of
S. cerevisiae and S. stipitis with on-site enzyme production
outperformed batch SSF using a single-strain culture as shown
in Fig. 5a, b. The titer, yield, and productivity of ethanol was
improved by 14% compared to the single-strain batch SSF

culture. Kinetics of cell growth and ethanol production by
S. cerevisiae/S. stipitis consortium in optimum batch SSF pro-
cess are shown in Fig. 5c revealed a constant decrease in
viable cell number of both yeasts despite a continued produc-
tion of ethanol. The loss of viable yeast cell was likely a result
of stresses generated by a combined effect of multiple inhib-
itory compounds such as weak acids, aldehydes, and phenolic
compounds present in pretreated biomass [18, 19].
Interestingly, the death rate of S. stipitis was 45% lower than
that of S. cerevisiae, indicating that S. cerevisiae was more
sensitive to these inhibitors than S. stipitis did in the integrated
SSF process (Fig. 6a). This was expected as S. stipitis was
adapted to the inhibitors in pretreated biomass environment
when being propagated in mixed molasses and liquid hydro-
lysate culture media leading to improved tolerance compared
to unadapted S. cerevisiae which was propagated in a culture
media without hydrolysates.

Due to elevated cell death observed over time, a strategy of
feeding yeast cell is necessary to maintain sufficient active
yeast cell and optimum yeast cell ratio for higher ethanol titer
and lower production cost in integrated SSF process [20].
Fig. 6b–e presents the optimized feed profiles of pretreated
biomass, yeast cells, enzyme ratios and oxygen supply de-
signed based on the predictive optimum condition for maxi-
mizing ethanol titer and minimizing ethanol selling price. The
pulse feed profiles for S. cerevisiae and S. stipitis were de-
signed according to the death rate of each yeast strain in order
to maintain the yeast cell ratio at 0.5 g/g optimum in a small-
scale shake flask as well as in a scale-up bioreactor. The opti-
mal feed rate for pretreated biomass to achieve high overall
solid content was according to a previous design based on
enzyme hydrolysis rate to prevent a too high viscosity and

Table 1 Optimal SSF batch process determined by traditional design of
experiment (DoE) and integrative design of experiment (intDoE) are
compared for ethanol titer and production cost

SSF process conditions DoE intDoE

Xylanase/Cellulases ratio (U/FPU) 0.44 0.20

S. stipitis/S. cerevisiae cell ratio (g/g) 1 0.5

Agitation (rpm) 298 100

Oxygen transfer coefficient (1/h)a 86.2 26.3

Measured ethanol titer (g/L)b 41.62 44.66

Minimal ethanol selling price (Baht/L)c 26.42 20.65

a Oxygen transfer coefficient kLa was determined from working volume
and agitation rate based on empirical correlation by Reynoso-Cereceda
et al. [12] as described in BMaterials and Methods^ section.
b Ethanol titer obtained from batch SSF experiment under optimal condi-
tion determined by DoE and intDoE
cMinimal ethanol selling price was determined from techno-economic
model (see BMaterials and Methods^) based on process inputs and oper-
ations for each case. It should be noted that the MSP is by no mean to
determine the exact ethanol selling price.
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severe mixing problem in the SSF [10]. The enzyme feeding
was to ensure the optimum xylanase/cellulase ratio and was
initially maintained at 0.20 U/FPU initial during every pulse
addition of pretreated solid. To maintain constant oxygen sup-
ply at optimum kLa of 26.3 h-1, agitation rate was step-wise
increased along with the increasing working volume due to
addition of pretreated solid, yeast cells, and enzymes during
fed-batch SSF. The agitation rate was determined according to
the empirical correlation reported in Reynoso-Cereceda et al.
[12] which linked kLa value as a function of agitation rate and
working volume of shake flask with orbital mixing. Viscosity
impact on kLa was neglected in this study as relatively low
viscosity was observed during sampling throughout fed-batch
SSF, indicating that the enzymes performed quite well in hy-
drolyzing biomass even at high-solid content. This could be
because of the synergism of cellulase and xylanase which
enhances hydrolysis efficiency as well as the enzyme feeding
strategy which permits the addition of fresh enzymes to re-
plenish any degraded enzymes during fed-batch operation.
Nevertheless, the effect of viscosity may become significant
when operating at higher solid content. In such a case, viscos-
ity impact should be taken into consideration for the estima-
tion of kLa value. During scale-up SSF process in bioreactor,
the kLa value was kept at the optimum by maintaining a

constant aeration rate at 2 vvm based on a previous experi-
mental measurement of kLa-dependent aeration rate [21].

The optimal addition of pretreated solid combined with the
maintenance of S. stipitis/S. cerevisiae and xylanase/cellulase
ratios through feeding and oxygen supply at the optimum
throughout the SSF process in a shake flask led to a continued
ethanol fermentation to reach a high titer of 56.4 ± 1.3 g/L, a 1.3-
fold improvement in titer when compared with optimum batch
SSF process (Fig. 7a). A relatively constant ethanol concentration
over processing time does not mean that the fermentation was
stalled, instead a result of increasing volume caused by the pulse
feeding. As shown in Fig. 7a, the amount of ethanol produced
shown in grams constantly increased throughout SSF processing
time, indicating the continuity of ethanol fermentation. Small
concentration of the residual glucose and xylose was observed
at the end at approximately 0.4 g/L and 2 g/L, respectively,
indicating the good balance between enzymatic hydrolysis and
ethanol fermentation in the integrated SSF process. More xylose
remaining than glucose is expected as the rate of xylose con-
sumption by S. stipitis was typically lower than that of glucose.
The condition gives overall ethanol yield of 0.40 ± 0.02 g/g
equivalent to 80% of the theoretical and maximum ethanol pro-
duction rate of 1.05 g/L-hr (Table 2). Ethanol yield based on total
sugars and rate of ethanol production in shake flask fed-batch
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Fig. 6 Designing fed-batch SSF with on-site enzymes production by
S. stipitis/S. cerevisiae consortium. a Cell growth kinetics of
S. cerevisiae and S. stipitis during optimal batch SSF process (0.2
xylanase(U)/cellulases(FPU) ratio, 0.5 S. stipitis (g)/S. cerevisiae (g) ratio,
and 100 rpm agaitaiton at kLa = 26.3 1/h) . The natural logarithm plot was
applied to determine the death rate of S. cerevisiae (−0.35 1/h) and S.
stipitis (−0.19 1/h). Design of optimal feed profiles in fed-batch SSF in
flask (b) and bioreactor (c). Solid feeding (black) was based on enzymatic
hydrolysis rates as previously described in Unrean et al., 2015. The yeast

cell feed was designed according to each cell death rate. The pulse addi-
tion of each yeast cell (S. cerevisiae: orange line; S. stiptis: blue) was to
replenish cell death. Solid line represented accumulatedWIS content (%),
while dashed lines are accumulated yeast cells (g). Controlled oxygen
supply during fed-batch SSF operation. The kLa (cyan) was maintained at
optimal value through increasing agitation in flask (d) and increasing
aeration in bioreactor (e). Enzymes (green) and yeast cell (yellow) ratios
were also maintained at the optimal values throughout the fed-batch
process
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SSFwas decreased approximately 6 and 39%, respectively, com-
pared to batch process which could possibly be explained by
limited mass and heat transfer at higher solid operation as ob-
served in several previous studies [22, 23].

Scaling Up of Optimum SSF Based on intDoE Process
Design

To prove the scalability and commercial feasibility of optimum
SSF process designed by intDoE, the integrated SSF process
was scaled up in a 3-L high-solid bioreactor. Under optimum
operating conditions, maximum ethanol titer of 81.57 ± 1.64 g/l

was achieved in scale-up fed-batch SSF process. Figure 7b re-
veals time profiles for ethanol and residual sugars during fed-
batch SSF in high-solid bioreactor under the optimized yeast
cell, enzyme ratios, and oxygen supply. This is approximately
equal to 0.25 g-ethanol per g-dry pretreated bagasse. Detailed
feeding profiles for fed-batch SSF in shake-flask and bioreactor
scales were summarized in Supplementary S3. Material and
utility requirements for the optimal fed-batch, high-solid SSF
process were provided in Supplementary S4. Figure 7c com-
pares process performance of fed-batch, high-solid SSF in flask,
and bioreactor scales compared to batch SSF. Lower ethanol
productivity in SSF with higher solid loading was likely due to
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Fig. 7 Optimized fed-batch, high-solid SSF with on-site enzymes pro-
duction by S. stipitis/S. cerevisiae consortium. Fermentation kinetics of
fed-batch, high-solid SSF a in shake flask at 22% final accumulated WIS
and b in bioreactor at 33% final accumulated WIS. Concentration time
profiles for glucose (X), xylose (*), ethanol (●), total ethanol in gram (Δ),
and accumulated volume (%) during feeding are shown. The data are
average of duplicate experiments. c Comparison of ethanol production

performance in titer, yield, and productivity by 10%WIS batch and 22%
WIS fed-batch SSF in flask and 33% WIS fed-batch SSF in bioreactor.
The fed-batch SSF process based on the designed feed profiles in Fig. 6
achieved a maximum ethanol titer of 81.5 g/L, equivalent to the yield of
0.25 g-ethanol per g-dry pretreated bagasse, and was scalable from flask
to bioreactor

Table 2 Performance of
optimized fed-batch, high-solid
SSF process in flask and
bioreactor scales compared to
batch process

Batch

SSF in flask

Fed-batch

SSF in flask

Fed-batch

SSF in reactor

Solid load (%WIS)a 10% 22% 33%

Ethanol titer (g/L) 44.66 ± 0.06 56.35 ± 1.33 81.57 ± 1.64

Ethanol productivity (g/l-hr)b 1.90 ± 0.00 1.05 ± 0.00 0.65 ± 0.05

Ethanol yield (g/g)c 0.45 ± 0.01 0.40 ± 0.02 0.38 ± 0.01

a Solid content represented final accumulated water-insoluble solid (WIS) loading of pretreated sugarcane bagasse
in each process
b Ethanol productivity was calculated from the slope of ethanol concentration plotted against time of the first 24 h
for batch and 48 h for fed-batch
c Yield is based on total available sugars in SSF
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a gradually increasing concentration of inhibitors (e.g., weak
acids, phenolic compounds) in the pretreated biomass together
with an increase in ethanol end-product at high WIS content,
which are known to inhibit cell growth and viability [24].
Table 2 summarizes ethanol production performance in titer,
productivity, and yield achieved by integrated fed-batch SSF
process in both shake flask and bioreactor scale. Relatively
similar ethanol yield between small shake flask and bioreactor
scales confirmed the scale-up feasibility of the predictive SSF
process. The high titer of ethanol achieved by the optimum SSF
in this study also outperformed the previously reported values
which were approximately 40–70 g/L [23, 25–30], and could
potentially meet industrial requirements for economical ligno-
cellulosic ethanol production. The minimal selling price of eth-
anol by the optimal fed-batch, high-solid SSF process was 12.9
baht/L (equal to 1.4 USD/gal based on an exchange rate of 35.7
baht/USD), which was 38% reduction compared to the opti-
mum batch SSF making the integrated process highly compet-
itive with the current selling price in themarket at 1.76 USD/gal
(December 2016; www.tradingeconomics.com/commodity-
ethanol). Hence, application of intDoE for integrated SSF
process optimization together with high-titer fed-batch strategy
is an effective combinatorial approach for the development of
cost-effective bioprocess in order to meet technical and eco-
nomic requirements of biorefinery industry.

Conclusion

A bilayer optimization framework, integrative design of ex-
periment (intDoE), was proposed and implemented to analyze
fully integrated, nonlinear biorefinery processes. The optimi-
zation algorithm was composed of experimental design, pro-
cess flowsheet, and economic analysis which permitted inves-
tigation of several process parameters and multi-objective pro-
cess optimization. To demonstrate the utility of this novel tool,
process operations of simultaneous saccharification, and co-
fermentation (SSF) process of sugarcane bagasse to ethanol
using S. cerevisiae and S. stipitis consortium and on-site en-
zymes production were optimized via intDoE modeling. The
implicit correlations between process units in upstream and
downstream stages were taken into consideration during the
integrated process optimization. The SSF process parameters
including enzyme load, yeast cell dosage, and oxygen supply
were simultaneously optimized by experimental design which
was linked with process flowsheet and economic analysis to
evaluate how the change of these parameters affecting the
mass and energy flows and economic efficiency of the inte-
grated process. This hybrid optimization tool successfully
identified an optimum bagasse-to-ethanol SSF process for
maximizing ethanol production and process profitability
yielding high ethanol titer at 81.5 g/L with a minimal ethanol
selling price of 1.4 USD/gal. This intDoE modeling imparts a

degree of realism to the optimization of actual biorefinery
process which is essential for the design of optimal process
conditions meeting technological and economic feasibility.
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