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Abstract

Background: The integration of first- and second-generation bioethanol processes has the potential to accelerate
the establishment of second-generation bioethanol on the market. Cofermenting pretreated wheat straw with a
glucose-rich process stream, such as wheat grain hydrolysate, in a simultaneous saccharification and fermentation
process could address the technical issues faced during the biological conversion of lignocellulose to ethanol. For
example, doing so can increase the final ethanol concentration in the broth and mitigate the effects of inhibitors
formed during the pretreatment. Previous research has indicated that blends of first- and second-generation sub-
strates during simultaneous saccharification and fermentation have synergistic effects on the final ethanol yield, an
important parameter in the process economy. In this study, enzymatic hydrolysis and simultaneous saccharification
and fermentation were examined using blends of pretreated wheat straw and saccharified wheat grain at various
ratios. The aim of this study was to determine the underlying mechanisms of the synergy of blending with regard to
the yield and volumetric productivity of ethanol.

Results: Replacing 25% of the pretreated wheat straw with wheat grain hydrolysate during simultaneous saccharifi-
cation and fermentation was sufficient to decrease the residence time needed to deplete soluble glucose from 96 to
24 h and shift the rate-limiting step from ethanol production to the rate of enzymatic hydrolysis. Further, a synergistic
effect on ethanol yield was observed with blended substrates, coinciding with lower glycerol production. Also, blend-
ing substrates had no effect on the yield of enzymatic hydrolysis.

Conclusions: The effects of substrate blending on the volumetric productivity of ethanol were attributed to changes
in the relative rates of cell growth and cell death due to alterations in the concentrations of substrate and pretreat-
ment-derived inhibitors. The synergistic effect of substrate blending on ethanol yield was attributed in part to the
decreased production of cell mass and glycerol. Thus, it is preferable to perform simultaneous saccharification and
fermentation with substrate blends rather than pure substrates with regard to yield, productivity, and the robustness
of the process.

Keywords: Ethanol, SSF, Substrate blending, Pretreated wheat straw, Saccharified wheat grain, Process integration,
Hydrolysis, Fermentation, Blending synergy, Fermentation dynamics

Background

Bioethanol was estimated to constitute 63% of all biofuel

production in 2018 and is expected to continue being an

important element in the decarbonization of the trans-
*Correspondence: michael.persson@chemeng.lth.se portation sector [1]. The bulk of the bioethanol that is on
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such as sugarcane and corn, whereas second-generation
bioethanol, which is made from lignocellulosic feedstock,
makes up a small share. However, a transition from first-
generation to second-generation biofuels produced from
agricultural, forestry, and municipal waste has been rec-
ommended, due to issues with direct and indirect land
use change that have been linked to the production of
first-generation biofuels [2]. Despite the interest in sec-
ond-generation bioethanol, the transition from first-
generation ethanol production to the second-generation
process has been slow. Several issues related to produc-
tion economy, such as conversion efficiency and capital
expenditures, have been identified as some of the most
significant barriers to the continued commercialization
of second-generation bioethanol [3, 4].

A design choice that affects capital expenditures and
the potential conversion efficiency of an ethanol plant is
whether to operate it in a simultaneous saccharification
and fermentation (SSF) or separate hydrolysis and fer-
mentation (SHF) configuration. The SSF configuration
requires shorter residence times versus SHF [5, 6]. In a
techno-economic analysis of a softwood-based ethanol
plant [7], the SSF configuration outperformed SHF eco-
nomically. The improved process economics were partly
attributed to lower capital expenditures that resulted
from the shorter residence times required in SSF.

Ethanol yield is another important process parameter
that must be considered to achieve acceptable process
economics, because the cost of feedstock is one of the
largest contributors to the price of biofuels [8], account-
ing for one-third of the total production costs [4]. Thus,
maximizing the conversion efficiency of each step in the
process is critical in achieving favorable process econom-
ics in second-generation ethanol production. The effects
of the process configuration—SSF or SHF—on the pro-
cess yield are unknown. Certain studies have reported
higher ethanol yields for SSF [6, 7, 9], whereas others
claim that SHF has better yields [5, 10]. Thus, a greater
understanding of strategies for increasing ethanol yields
in SSF processes is needed if the benefits of decreased
residence times in SSF processes are to be capitalized.
One method of improving the ethanol yield and pro-
ductivity in an SSF process, which in techno-economic
analysis has also been shown to have competitive process
economics compared to traditional production methods
[11], is the integration of first- and second-generation
processes by substrate blending.

Certain cases of the integration of first- and second-
generation SSF processes—specifically, the blending
of starchy and lignocellulosic substrates—have been
reported to outperform cases without substrate blending
with regard to ethanol yield [12, 13]. These findings indi-
cate the existence of a synergy that improves the ethanol
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yield, arising from blending these types of substrates in
SSE. However, due to the high inter-sample variability
that is often found in these types of processes and the
small effects that have been reported, further examina-
tion is needed to verify this synergy and determine its
underlying mechanism.

Presumably, the synergistic effect during SSF should
originate from factors that affect enzymatic hydrolysis
or the performance of the fermenting organism. Adding
nonenzymatic protein during the enzymatic hydrolysis
of second-generation materials improves its yields [14,
15]. Whole wheat grain, the first-generation material
that is used in [12], has a high protein content (11.2%
to 21.1%) [16], perhaps explaining the synergistic effect.
Conversely, replacing some of the feedstock in a second-
generation SSF process with a first-generation process
stream changes several parameters that could alter the
metabolism and growth of yeast, including the initial glu-
cose concentration, as described by Monod kinetics [17];
the concentration of pretreatment-derived inhibitors
[18, 19]; and the concentration of assimilable nitrogen
sources, vitamins, and minerals [20]. Previous studies on
blending first- and second-generation substrates did not
determine whether the synergy was attributed to effects
on enzymatic hydrolysis or yeast metabolism and growth
[12, 13].

In this study, the effects of blending saccharified wheat
grain (SWG) and pretreated wheat straw (PWS) on
ethanol yield and productivity during SSF, using Sac-
charomyces cerevisiae as the fermenting organism, were
examined. In addition, a separate set of hydrolysis experi-
ments were performed according to design of experiment
(DoE) methodology to determine the effect of substrate
blending on enzymatic hydrolysis. Our aim was to deter-
mine the extent to which SWG can be used to mitigate
the effects of pretreatment-derived inhibitors on etha-
nol productivity; verify the synergistic effect of blend-
ing SWG and PWS on ethanol yield; and attribute these
effects to the fermenting organism or the enzymatic
hydrolysis of the lignocellulosic material.

Results

Final ethanol yields in SSF

Figure 1 shows the SSF ethanol yields after 96 h for pure
substrate reference cases and the cases with substrate
blending. All blends resulted in ethanol yields by SSF that
were higher than the values predicted in the absence of
synergy. These data suggest that blending substrates has a
synergistic effect on process yields. Further, all cases with
SWG present had a smaller inter-sample spread in the
yield after 96 h compared with pure PWS, suggesting that
replacing some of the PWS with SWG stabilized the SSE.
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Fig. 1 Measured and predicted ethanol yields after 96 h in SSF of
SWG and PWS blends and pure substrate references

The lowest yield was 24.3% after 96 h, occurring in a
pure PWS sample, attributed to the incomplete con-
sumption of glucose. In this case, after 96 h the residual
concentration of glucose was 26.7 g/L. Because the con-
centration of ethanol continued to increase between 72
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and 96 h, in this low-yield case, a higher ethanol yield
would likely have been attained if the experiment had
been allowed to progress. However, because a main argu-
ment for choosing the SSF process configuration was that
it reduces the residence time that is required compared
with the SHF configuration, longer operational times
were beyond the scope of this study.

Glucose consumption and rate limitations

Figure 2 shows the changes in the concentration of glu-
cose in the fermentation broth during the SSF of the
SWG and PWS blends. The glucose consumption rate
with pure PWS was initially slower than that at which
glucan was hydrolyzed to glucose, as evidenced by the
accumulation of glucose rather than its depletion. The
concentration of soluble glucose dropped to below 2 g/L
after 24 h for all cases in which SWG was present. In
contrast, with pure PWS, it took 96 h for glucose con-
centrations to fall to comparable levels in 2 samples,
whereas glucose accumulated for the entire duration in
the remaining sample. Considering these data with the
observation that ethanol concentrations continued to
increase even after glucose concentrations declined to
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below 2 g/L when SWG was present, as shown in Fig. 3,
we conclude that the rate-limiting conversion step shifted
between these cases. Whereas all cases with SWG were
rate-limited by the conversion of cellulose to glucose—
i.e., by enzymatic hydrolysis—the pure PWS SSF was
rate-limited by the conversion of glucose to ethanol—i.e.,
fermentation.

Figure 4 shows the average concentration of furfural in
the SSF broths during the SSF experiments. Whereas the
concentration of furfural fell below the limit of detection
in the first 12 h in all cases with SWG@G, it did so between
24 and 48 h with pure PWS. This finding indicates that a
25% reduction in the initial concentration of inhibitors—
as seen comparing pure PWS (0:1) with the lowest pro-
portion of SWG (1:3)—effects a 50% to 75% decrease in
the time that is required for complete removal of furfural
from the system.

Glycerol production during SSF

To determine the underlying causes of the synergistic
behavior with regard to ethanol yield (Fig. 1), the pres-
ence of the metabolic byproduct glycerol was meas-
ured. Figure 5 shows the final concentrations of glycerol
in the SSF with the SWG and PWS blends. The lowest
average concentration of glycerol was observed with an
SWG:PWS ratio of 1:3. Further, excluding pure PWS, the
average concentration of glycerol in the broth after 96 h
increased as the fraction of SWGQG in the solids rose. Also,
whereas pure PWS elicited a higher average glycerol yield
than the 1:3 SWG:PWS ratio, it had the highest variance
in glycerol yield of all cases, underscoring the importance
of process stability when replacing some of the PWS with
SWG. These results (Fig. 5) indicate that there is an opti-
mal SWG:PWS ratio with regard to minimizing glycerol
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production. The dip in glycerol production could explain
in part the synergistic behavior in ethanol yield.

Figure 6 shows the concentration of glycerol in the fer-
mentation broth during the SSF of the SWG and PWS
blends. The increase in glycerol concentration plateaued
after 24 h for all cases with SWG (1:3, 1:1, 3:1, 1:0) but
continued steadily with pure PWS (0:1) throughout the
experiment.

Hydrolysis DoE

When fitting linear regression models to the hydrolysis
yield data from the hydrolysis experiments, no model
achieved a coefficient of determination that was higher
than R*=0.117. The model with this value was the most
complex, considering all of the main, quadratic, and
interaction effects. None of the factors in this model had
a significant effect (P <0.1) on the hydrolysis yield. These
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Fig. 6 Concentration of glycerol in the SSF broth over time. From the SSF of SWG and PWS blend experiments

results suggest that in the range of conditions in this
study, there were no systematic changes in the hydrolysis
yield of structural carbohydrates with regard to the mass
loadings of SWG or PWS. In addition, there was no sig-
nificant difference (p=0.55) between the average hydrol-
ysis yields under the DoE conditions (78.1 4 8.0%)—i.e.,
the blended conditions—and the average yields with pure
PWS (81.0 4 0.4%).

Discussion

The results of the SSF experiments, as seen in Fig. 1, indi-
cate a synergistic effect on the final ethanol yield, due
to the blending of SWG and PWS. In this case, synergy
was defined as a positive deviation from the values that
were predicted with the assumption that the final ethanol
yields for blends would be a linear combination of those
with pure substrate. This synergistic effect was supported
by the finding that the final ethanol yield for all samples
with blends exceeded the predicted values, consistent
with previous studies that showed favorable yields when
blending first- and second-generation substrates during
SSF [12, 13].

In yeast, glycerol production is a means of reoxidizing
NADH to NAD + to maintain the intracellular redox bal-
ance, a process in which glucose is consumed [21, 22]. As
seen in Fig. 5, with the exception of pure PWS, higher-
SWG blends resulted in greater average glycerol yields.
Because glucose was the only substrate for ethanol pro-
duction in the SSF experiments, any glucose that was
diverted to the production of glycerol could be viewed
as directly limiting the potential ethanol yield. There are
several potential explanations for the changes in glycerol
production with SWG (1:3, 1:1, 3:1, and 1:0).

One potential cause of glycerol production during
anaerobic fermentation is the growth of yeast cells. The
formation of yeast cells under anaerobic conditions cre-
ates a surplus of NADH [21, 23]. To maintain the intracel-
lular redox balance of yeast during growth, the formation
of 100 g of yeast is associated with the production 124.2 g
glycerol [21]. The main factor that is expected to affect
the final yield of yeast cell mass, when changing the
SWG:PWS ratio, is the concentration of pretreatment-
derived inhibitors that originate from the PWS, including
furfural, hydroxymethylfurfural (HMF), and acetic acid.
These substances inhibit cell growth [18, 19, 24], and
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furfural lowers the yields of yeast cell mass [24]. Thus, it
is possible that the changes in final glycerol yield, with
blended substrates and pure SWG, are attributed in part
to changes in the amount of cell mass produced. Notably,
in addition to the loss in glucose due to glycerol produc-
tion, the higher concentrations of glycerol would thus be
associated with further losses in glucose due to increased
cell formation.

Another potential contributing factor to the changes in
glycerol production is related to the mechanism by which
inhibitors are mitigated in yeast. When furfural and HMF
are present during fermentation using S. cerevisiae, cell
growth and ethanol production are initially slowed while
inhibitors are reduced to their corresponding alcohols by
alcohol dehydrogenase [25]. This reduction is dependent
on NADH, resulting in a surplus of NAD +, as shown for
the reduction of furfural in S. cerevisiae [26]. The excess
NAD + that is produced during this process reflects less
of a need for glycerol production for the reoxidization of
NADH, as posited by a study in which glycerol produc-
tion fell in the presence of furfural [24]. This mechanism
together with the argument that inhibitors decrease yeast
production, and therefore glycerol production, both
support the notion that the presence of inhibitory com-
pounds in part explain the decline in glycerol production
and increased ethanol yield.

In addition to the reoxidization of NADH, yeast can
produce glycerol as an osmolyte to counterbalance extra-
cellular osmotic pressure [27]. Based on the design of the
SSE experiments, altering the SWG:PWS ratio entailed
a change in the initial solute concentration. Considering
the initial concentration of soluble sugars alone, the val-
ues in the SSF experiment ranged between 32 g/L (pure
PWS) and 105.1 g/L (pure SWG). Thus, osmotic pressure
might have been a factor in the production of glycerol.
A previous study on the effects of extracellular osmotic
pressure on the production of glycerol during anaerobic
fermentation, using S. cerevisiae as the fermenting organ-
ism, found that varying the initial concentration of glu-
cose between 50 and 200 g/L resulted in glycerol yields
between 0.020 and 0.027 g/g [28]. However, this varia-
tion in yields did not appear to correlate with changes in
glucose concentration. Because the initial solute concen-
trations in the SSF with the SWG and PWS blend were
within the range in [28], the changes in glycerol produc-
tion that we observed are unlikely to have resulted from a
response to extracellular osmotic stress.

Another potential cause of the changes in final etha-
nol yield in the SSF experiments could be a change in
the efficiency of the enzymatic hydrolysis. If shifting
the SWG:PWS ratio affected the hydrolysis yield dur-
ing SSEF, the amount of available glucose would have
been affected, in turn changing the attainable ethanol
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yield. Adding nonenzymatic protein during the enzy-
matic hydrolysis of lignocellulosic materials can increase
hydrolysis yields [14, 15]. Because the crude protein con-
tent of the solids in the SWG was approximately 12%, we
aimed to determine whether blending SWG and PWS
would have an effect on the hydrolysis yield. However, as
seen in the hydrolysis DoE experiments, no systematic
changes in the hydrolysis yield with respect to changes
in the mass loading of SWG or PWS were observed. A
systematic response to a change in the SWG:PWS ratio
would have been expected had blending SWG and PWS
had a synergistic effect on the hydrolysis yield of struc-
tural carbohydrates.

The concentrations of protein in the experiments
with the lowest amounts of SWG might have been suf-
ficient to fully realize any beneficial effect on hydrolysis.
However, as seen when comparing the overall average
hydrolysis yields for all conditions in the hydrolysis DoE
experiments, there were no significant differences from
the yield with pure PWS. This finding suggests that the
proteins in SWG do not behave like the proteins in pre-
vious experiments with regard to improving hydrolysis
yields [14, 15]. Thus, we conclude that the experimental
results show no evidence that SWG and PWS synergize
in improving the enzymatic hydrolysis yield of struc-
tural carbohydrates in the range of conditions that we
established.

Rate limitations and process robustness

Two of the main observations in the SSF experiments
relate to changes between pure PWS (0:1) and the pres-
ence of SWG (1:3, 1:1, 3:1, 1:0). With pure PWS, the con-
version of glucose to ethanol was rate-limiting, whereas
that of cellulose to glucose was rate-limiting in all other
cases. In the cases with SWG, cellulose to glucose con-
version rate limitation was evidenced by the rapid con-
sumption of soluble glucose, followed by continued
ethanol production for the duration of the experiment,
indicating that glucose was released and converted to
ethanol, even after measured concentrations of glucose
were at the level of depletion. Conversely, with pure
PWS, glucose to ethanol conversion rate limitation was
reflected by the accumulation of soluble glucose, demon-
strating the inability of the yeast to convert glucose at the
rate that it was produced (Fig. 2).

The second observation relates to the robustness of SSE.
With pure PWS (Fig. 1), the ethanol yield after 96 h had
a higher spread compared with when SWG was present.
The change in robustness was further exemplified by the
variation in the capacity of the yeast to assimilate soluble
glucose during the experiment with pure PWS (Fig. 2).

A potential explanation for both observations relates to
the dynamics of yeast viability during the experiments.
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Changing the SWG:PWS ratio is expected to affect the
yeast mass yield during SSF. However, this ratio should
have an even greater effect on the general dynamics of
yeast viability. When the SWG:PWS ratio shifts, the ini-
tial concentration of soluble glucose and the concentra-
tion of pretreatment-derived inhibitors are altered. The
case with pure SWG had the highest initial concentration
of soluble glucose and the lowest concentration of pre-
treatment-derived inhibitors, whereas pure PWS resulted
in the opposite pattern. With blended substrates, the
concentration of glucose and inhibitors changed linearly
between these endpoints.

The specific growth rate of microorganisms is linked to
the substrate concentration, according to Monod kinet-
ics [17], with greater substrate concentrations resulting
in higher growth rates. In contrast, pretreatment-derived
inhibitors lower specific growth rates concentration-
dependently [18, 24]. Also, growth can be halted com-
pletely when several inhibitors are added simultaneously
[29]. Further, at sufficient concentrations, pretreatment-
derived inhibitors may kill yeast cells [18].

Considering these findings, the observations in the SSF
experiments could be explained as follows. With pure
PWS, high concentrations of inhibitors and the initial
unavailability of substrate could have resulted in low cell
growth rates relative to that of cell death. A high rate of
cell death versus growth would have resulted in a net loss
of viable cells in the presence of pretreatment-derived
inhibitors. Because the rate at which the inhibitors can be
decreased by yeast depends on the total concentration of
yeast [18], losing viable yeast cells would result in slower
conversion of inhibitors.

This model is consistent with the results in Fig. 4, in
which the time for complete elimination of furfural rose
2- to 4-fold with pure PWS compared with the second
highest initial concentration of inhibitors (1:3). That
volumetric ethanol productivity depends on the con-
centration of viable yeast and is negatively affected by
pretreatment-derived inhibitors [18, 24, 30] explains why
fermentation was the rate-limiting conversion step with
pure PWS. Thus, the shift in the SWG:PWS ratio from
0:1 to 1:3 likely changed the cell growth and death rates
sufficiently to switch the rate -limiting conversion step
from fermentation to hydrolysis.

Further, had the growth and death rates been similar, it
could explain the instability with pure PWS, because any
small change that affects either rate would be sufficient
to alter the overall trajectory of viable cell mass in the
system. A change of this nature could have an escalating
effect on the system in either direction—higher growth
would increase the cell mass, in turn mitigating the
inhibitors more easily, whereas greater cell death would
have the opposite effect.
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These findings have implications for improving the
robustness and reliability of SSE. If the outcome of SSF
cannot be reliably predicted, ethanol producers run the
risk of economic losses due to poor conversion of the
feedstock and increased lead times. The findings in this
study suggest that replacing part of the feedstock in a
PWS-based SSF process with SW@ is a viable strategy for
stabilizing the performance of the yeast when feedstock
with high concentrations of inhibitors is used. There are
many potential benefits of integrating an ethanol plant
using wheat straw as feedstock with an ethanol plant
that uses wheat grain as its feedstock. Doing so obvi-
ates the need for detoxification of PWS upstream of the
fermentation step; reduces capital expenditures related
to fermenters, because volumetric productivities are
less affected by the dynamics of cell growth; and lower
process costs that are associated with yeast production,
because less cell mass would be required to achieve simi-
lar productivities.

Conclusions

An ethanol production plant that is configured to blend
SWG and PWS in a combined SSF process addresses
many of the issues that arise in the biochemical conver-
sion of wheat straw to ethanol. Our main finding was that
replacing a small portion of the solids in a pure PWS SSF
with SWG mitigates the negative effect of pretreatment-
derived inhibitors, on the volumetric productivity of
ethanol. Further, blending SWG and PWS showed slight
synergistic behavior with regard to ethanol yield, most
likely due to changes in the production of glycerol and
cell mass—not to systematic changes in the enzymatic
hydrolysis of structural carbohydrates.

Materials and methods

Wheat straw and wheat grain mixture

Winter wheat straw was collected near Kege, Denmark.
The straw was air-dried to a moisture content below 10%
before it was chopped into 5-10 cm pieces and stored
at room temperature before pretreatment. A grain meal
mixture that comprised 90% wheat, 5% triticale, and 5%
barley was kindly provided by Lantménnen Agroetanol.

Saccharified wheat grain

The grain mixture was saccharified in a 2-step enzymatic
hydrolysis procedure, consisting of a liquefaction and
saccharification step. A 20-L evaporator (Rotavapor®
R-153; Biichi Labortechnik AG, Flawil, Switzerland) was
used for both steps of the hydrolysis. The grain mix-
ture was mixed with water to a dry matter content of
approximately 25%. In the first step, the grain slurry
was supplemented with 0.5 ml/kg dry matter of Bacillus
licheniformis a-amylase (Sigma Aldrich, Denmark) and
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liquefied at 90 °C and pH 5.5 for 3 h. In the second step,
the slurry was saccharified with 1 ml/kg dry matter of
Aspergillus niger amyloglucosidase (Sigma Aldrich, USA),
which had an activity of 260 U/ml, at 60 °C and pH 5 for
24 h. After saccharification, the SWG was frozen and
stored before use.

Pretreated wheat straw
The wheat straw was soaked overnight in an aqueous
solution of 0.2% H,SO, at a solid:liquid ratio of 1:20 in
sealed buckets. Then, the straw was pressed in a 25-L fil-
ter press (Tinkturenpressen HP25M, Fischer Maschinen-
fabrik GmbH, Germany) to a dry matter content of 44%.
Next, the wheat straw was steam-pretreated in a 10-L
reactor (Process & Industriteknik AB, Kristianstad, Swe-
den), as described in [31]. The conditions for the steam
pretreatment were 190 °C for 10 min using saturated
steam, based on the optimized conditions for the steam
pretreatment of wheat straw [32]. The pretreated wheat
straw was stored in sealed buckets at 4 °C before use.

Analytical methods

Compositional analysis

The carbohydrate and lignin content of the wheat straw
and PWS was determined per National Renewable
Energy Laboratory (NREL) standards [33]. The mono-
meric and oligomeric sugar content and the content of
the degradation products in the liquid fraction of the
PWS were measured per standard NREL procedures [34].

Crude protein content

The crude protein content in the wheat grain and SWG
was estimated using a nitrogen correction factor of 6.25,

Table 1 Composition of PWS and SWG
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multiplied by the total nitrogen content. Total nitrogen
was measured on an N/Protein Analyzer (Flash EA 1112
Series, Thermo Electron S.p.A., Rodano, Italy), equipped
with a carbon trap (soda lime), water trap (silica gel),
CuO and Pt/Al203 catalysts, and a Teflon and activated
carbon separation column, using a thermal conductiv-
ity detector. Prior to analysis, the samples were dried in
a 105 °C convection oven. Before separation, the samples
were combusted in the presence of oxygen by Dumas
method to reduce the nitrogen in the samples to nitrogen
gas [35]. Aspartic acid was used as a calibration standard.

Composition of material

The results of the compositional analysis of the PWS
are listed in Table 1. The glucan content in the PWS was
68.3 +0.6%, consistent with previous findings on the pre-
treatment of wheat straw under the same conditions [12,
36]. The furfural (3.8 g/L) and HMF content (0.5 g/L) in
the PWS liquid was also in the range of reported values
under similar pretreatment conditions [36, 37]. The SWG
was analyzed for its glucose content and concentration
of insoluble residues, but the composition of the latter
was not examined, because we deemed that any carbo-
hydrates in the residues would have had a minor impact
on the final soluble glucose concentrations. This assump-
tion was based on the finding that starch-free residues
of wheat meal have a glucan content of 17.5+0.1% [12].
Further, another study reported that the glucose yields
from the enzymatic hydrolysis of the structural glucan
in untreated starch-free residues from wheat meal were
2-4 times lower than what could be achieved by pretreat-
ing the starch-free residues [38]. These data indicate that
any release of glucan from the starch-free residue would

PWS SWG
WIS Liquid Liquid
Components Percentage of DM Components Oligosaccharides Monosaccharides Components
Glucan 68.3+0.6 Sugars, g/L Soluble solids, g/L
Mannan 05+04 Glucose BDL* 48 Glucose 2054433
Xylan 43+001 Mannose BDL* 1.0 Insoluble solids, g/L
Galactan 03403 Xylose 59.8 282 Crude protein 325407
Arabinan 06402 Galactose BDL* 35 Residual mass 223+14
ASL 09400 Arabinose BDL* 4.5
AlL 287405 Inhibitors, g/L
Total ash 51+£00 Acetic Acid 46
Furfural 38
HMF 0.5

Composition of water-insoluble solids (WIS) in PWS is expressed as percentage of WIS dry matter. Components dissolved in PWS liquid are expressed as
concentrations. All components of SWG are expressed as concentrations.* below detection limit
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have a negligible impact on the measurements during
SSF compared with the contribution from glucan from
structural carbohydrates in the PWS and soluble glucose
in the SWG liquid.

Analysis of SSF and hydrolysis samples

The liquid samples from the SSF and hydrolysis experi-
ments were first centrifuged in Eppendorf tubes at
13,000 rpm for 10 min. The supernatant was then passed
through 0.2-um syringe filters and stored in a freezer
before analysis. The ethanol, glycerol, organic acid, and
carbohydrate content of the liquid samples from the SSF
experiments was determined by high-performance liquid
chromatography (HPLC) using a refractive index detec-
tor (RID-10A, Shimadzu, Kyoto, Japan), with an Aminex
HPX-87H column for separation. The carbohydrate con-
tent of the hydrolysis samples was determined by HPLC
using a refractive index detector (RID-10A, Shimadzu,
Kyoto, Japan), with an Aminex HPX-87P column for
separation.

SSF of SWG and PWS blends

The SSF experiments were performed in 2-L Labfors
bioreactors (Labfors 3,Infors AG, Bottmingen Switzer-
land) with a working mass of 900 g. The fermentors and
equipment were sterilized prior to the addition of PWS
and SWG. The temperature during SSF was maintained
at 35 °C during the experiment. The pH was set to 5 and
controlled automatically by the addition of a 10% w/w
NaOH solution. The mass loadings of PWS and SWG
were set to achieve the desired PWS solids:SWG solids
ratio. Deionized water was added to dilute the substrate
blend to a total solids loading of 15% for all cases. A nutri-
ent solution was prepared separately and added to the
fermentors before inoculation to a nutrient concentra-
tion of 0.5 g/L (NH4),HPOy, 0.025 g/L MgSO,, - 7H>O,
and 1 g/L yeast extract. Ethanol Red yeast (Lesaffre,
France) was used at an initial concentration of 3 g/L of
dry yeast. Before inoculation, the dry yeast was activated
with deionized water, at 5 times the solids weight of the
yeast, and incubated at 35 °C for approximately 30 min.
A Cellic Ctec2 enzyme preparation was used at 15 FPU/g
glucan. The glucan content during fermentation was
based on an estimate of the combined contributions of
glucan from the PWS and SWG.

Experimental design: SSF

To determine whether blending SWG with PWS during
SSF would induce a synergistic response with regard to
ethanol yield and productivity, 5 experimental conditions
were applied: 3 blended cases and 2 for a pure substrate
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reference. The ratios of SWG to PWS in the 3 blends
were 1:3, 1:1, and 3:1, on a dry weight basis. In the first
pure references case, only SWG was added (1:0), and
the second reference consisted only of PWS (0:1). The
total initial solids loading was kept constant at 15% for
all conditions. The SSF experiments were performed in
triplicate.

Synergy model

The final ethanol yields for the blended substrate cases in
the SSF experiments were compared with a prediction of
the final ethanol yield. The prediction was based on the
assumption that the final ethanol yield in the blended
cases would be a linear combination of the ethanol yield
in the pure substrate reference cases. The predicted val-
ues for the ethanol yield were calculated per Eq. 1:

YEtOH, pred = YP\X/S, pure - Xpws + YSWG, pure * Xswa»

(1)
where YEoH, pred is the predicted final ethanol yield,
Ypws, pure is the average final ethanol yield for pure PWS,
Xpws is the fraction of PWS in the total solids, Yswa, pure
is the average final ethanol yield for the pure SWG, and
Xswg is the fraction of SWG in the total solids. If the
yields in the blended substrate cases were higher or lower
than the predicted yields, substrate blending would be
considered to have a synergistic or antagonistic effect on
the final ethanol yield, respectively.

Enzymatic hydrolysis DoE

To separate the effects of substrate blending on enzymatic
hydrolysis from those on fermentation, a separate set of
hydrolysis experiments were performed in 50-ml Falcon
tubes with a working mass of 20 g per sample. The exper-
iment was designed as a 3-level, 2-factor full factorial
experiment with 4 centerpoint replicates. The 2 factors
were the solids loadings of SWG and PWS, respectively.
The experimental design can be seen in Table 2. A refer-
ence hydrolysis experiment with pure PWS was also per-
formed in triplicate, using the same procedure as in the
other hydrolysis experiments. The total solids load in the
pure PWS reference case was set to 10%.

The experiment was initiated with the addition of a
Cellic Ctec2 (Novozymes, Denmark) enzyme prepara-
tion. The hydrolysis was carried out in a hybridization
incubator (Combi-H12, FINEPCR, Seoul, Korea) for 96 h
at 35 °C with 7-mm-diameter steel ball bearings for mix-
ing. Fifteen FPU/g glucan of enzymes were added during
hydrolysis, the glucan content of a sample was estimated
as the combination of PWS and SWG glucan. The tem-
perature (35 °C) was chosen to replicate the conditions
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Table 2 Experimental design for enzymatic hydrolysis DoE
experiment

Condition PWS solids mass loading  SWG solids mass
(% of total mass), % loading (% of total
mass), %
1 2.5 2.5
2 50 2.5
3 75 2.5
4 2.5 50
5 50 50
6 7.5 50
7 25 7.5
8 5.0 75
9 7.5 7.5
10 50 50
11 5.0 5.0
12 50 50

used in the SSF experiment. Penicillin and streptomycin
were added at 10,000 units/L and 10 mg/L, respectively.
To maintain a stable pH during the hydrolysis, 50 mM
citrate buffer, pH 4.8 was added when the samples were
diluted to the desired solids loading according to the
experimental design.

Response surface regression

The data from the hydrolysis experiment were fitted to a
response surface model by linear regression. In addition
to the 12 sample points in the full factorial experiment,
supplementary replicates of certain points were obtained,
amounting to a total of 33 data points in the range of the
full factorial design. The resulting dataset was used for
the linear regression and can be seen in Additional file 1.
The response variable in the regression analysis was the
hydrolysis yield of structural carbohydrates, as defined in
Eq. 2:

MGy, fin — MGly, init

Yhyd MGlucan, tot * X Anhydro , 2)
where Yhyq is the final glucan hydrolysis yield; mgyy, fin
is the mass of soluble glucose at the end of the experi-
ment; Mgy, init iS the mass of soluble glucose at the start
of the experiment; 71Gycan, tot is the mass of glucan in the
sample at the start of the experiment, based on the mass
of SWG and PWS that were added to the sample; and
Xanhydro is an anhydro correction of 1.11 for the hydroly-
sis of glucan to glucose. Main effects, interaction effects,
and quadratic effects were considered during the fitting
of the model.

Page 10 of 11

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513068-020-01791-z.

Additional file 1. Conditions and hydrolysis yields of structural carbo-
hydrates for enzymatic hydrolysis experiments within boundaries of Dok
conditions and with pure PWS reference

Abbreviations

SSF: Simultaneous saccharification and fermentation; SHF: Separate hydrolysis
and fermentation; SWG: Saccharified wheat grain; PWS: Pretreated wheat
straw; DoE: Design of experiment; HMF: Hydroxymethylfurfural; HPLC: High
performance liquid chromatography.

Acknowledgements
The authors are grateful to Krisztina Kovacs, Miguel Sanchis, Mirjam Victorin
and Noah Weiss for their comments on the manuscript.

Authors’ contributions

MP designed the study with input from MG and OW. MP performed the
experimental work. MP analyzed the results together with MG and OW. MP
prepared the manuscript and MG and OW reviewed the text. All authors read
and approved the final manuscript.

Funding

Open access funding provided by Lund University. Funding was provided by
the Swedish Energy Agency. The Swedish Energy Agency was not involved
in the design of the study, collection, analysis and interpretation of data or in
writing the manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 14 May 2020 Accepted: 21 August 2020
Published online: 05 September 2020

References

1. Murdock HE, Gibb D, André T, Appavou F, Brown A, Epp B, Kondev B,
McCrone A, Musolino E, Ranalder L: Renewables 2019 Global Status
Report. 2019.

2. Azapagic A, Hall J, Heaton R, Kemp RJ, Ocone R, Shah N, Smith P, Swithen-
bank J, Chilvers A, Jeswani H. The sustainability of liquid biofuels. In.: Royal
Academy of Engineering; 2017.

3. Advanced biofuels. What holds them back? In.: International Renewable
Energy Agency; 2019.

4. BalanV: Current challenges in commercially producing biofuels from
lignocellulosic biomass. ISRN biotechnology 2014, 2014.

5. Alfani F, Gallifuoco A, Saporosi A, Spera A, Cantarella M. Comparison of
SHF and SSF processes for the bioconversion of steam-exploded wheat
straw. J Ind Microbiol Biotechnol. 2000;25(4):184-92.

6.  Dahnum D, Tasum SO, Triwahyuni E, Nurdin M, Abimanyu H. Comparison
of SHF and SSF Processes Using Enzyme and Dry Yeast for Optimization
of Bioethanol Production from Empty Fruit Bunch. Energy Procedia.
2015;68:107-16.


https://doi.org/10.1186/s13068-020-01791-z
https://doi.org/10.1186/s13068-020-01791-z

Persson et al. Biotechnol Biofuels (2020) 13:156

20.

21

22.

23.
24.

Wingren A, Galbe M, Zacchi G. Techno-Economic Evaluation of Producing
Ethanol from Softwood: comparison of SSF and SHF and Identification of
Bottlenecks. Biotechnol Prog. 2003;19(4):1109-17.

Landalv I, Waldheim L, van den Heuvel E, Kalligeros S. Building Up the
Future Cost of Biofuel. Brussels: European Commission, Sub Group on
Advanced Biofuels; 2017.

Toméas-Pejo E, Oliva JM, Ballesteros M, Olsson L. Comparison of SHF and
SSF processes from steam-exploded wheat straw for ethanol production
by xylose-fermenting and robust glucose-fermenting Saccharomyces
cerevisiae strains. Biotechnol Bioeng. 2008;100(6):1122-31.

Ask M, Olofsson K, Di Felice T, Ruohonen L, Penttild M, Lidén G, Olsson

L. Challenges in enzymatic hydrolysis and fermentation of pretreated
Arundo donax revealed by a comparison between SHF and SSF. Process
Biochem. 2012;47(10):1452-9.

. Joelsson E, Erdei B, Galbe M, Wallberg O. Techno-economic evaluation of

integrated first- and second-generation ethanol production from grain
and straw. Biotechnol Biofuels. 2016;9(1):1-16.

Erdei B, Barta Z, Sipos B, Réczey K, Galbe M, Zacchi G. Ethanol produc-
tion from mixtures of wheat straw and wheat meal. Biotechnol Biofuels.
2010;3(1):1.

Xu'Y, Wang D. Integrating starchy substrate into cellulosic etha-

nol production to boost ethanol titers and yields. Appl Energy.
2017;195:196-203.

Wang H, Kobayashi S, Hiraide H, Cui Z, Mochidzuki K. The Effect of Nonen-
zymatic Protein on Lignocellulose Enzymatic Hydrolysis and Simulta-
neous Saccharification and Fermentation. Appl Biochem Biotechnol.
2015;175(1):287-99.

. Yang B, Wyman CE. BSA treatment to enhance enzymatic hydroly-

sis of cellulose in lignin containing substrates. Biotechnol Bioeng.
2006;94(4):611-7.

. Vogel KP, Johnson V, Mattern P. Protein and Lysine Content of Grain,

Endosperm, and Bran of Wheats from the USDA World Wheat Collection
1. Crop Sci. 1976;16(5):655-60.

. Monod J. The growth of bacterial cultURES. Annu Rev Microbiol.

1949;3(1):371-94.

. Navarro AR. Effects of furfural on ethanol fermentation by Saccharomyces

cerevisiae: mathematical models. Curr Microbiol. 1994;29(2):87-90.

. Palmqvist E, Hahn-Hégerdal B: Fermentation of lignocellulosic hydro-

lysates. II: inhibitors and mechanisms of inhibition. Bioresource Technology
2000;74(1):25-33.

Jorgensen H. Effect of nutrients on fermentation of pretreated wheat
straw at very high dry matter content by Saccharomyces cerevisiae. Appl
Biochem Biotechnol. 2009;153(1):44-57.

van Dijken JP, Scheffers WA. Redox balances in the metabolism of sugars
by yeasts. FEMS Microbiol Lett. 1986,32(3):199-224.

Nordstrom K. Yeast growth and glycerol formation II. Carbon and redox
balances. Journal of the Institute of Brewing 1968;74(5):429-32.

Oura E: Reaction products of yeast fermentations. 1977.

Palmaqvist E, Almeida JS, Hahn-Héagerdal B. Influence of furfural on anaero-
bic glycolytic kinetics of Saccharomyces cerevisiae in batch culture.
Biotechnol Bioeng. 1999,62(4):447-54.

Page 11 of 11

25. Kang S, Okada H. Alcohol dehydrogenase of Cephalosporium sp. induced
by furfuryl alcohol. I. Purification and general characterization. J Ferment
Technol. 1973.

26. Taherzadeh MJ, Gustafsson L, Niklasson C, Lidén G. Conversion of furfural
in aerobic and anaerobic batch fermentation of glucose by Saccharomy-
ces cerevisiae. J Biosci Bioeng. 1999;87(2):169-74.

27. Reed RH, Chudek JA, Foster R, Gadd GM. Osmotic significance of glycerol
accumulation in exponentially growing yeasts. Appl Environ Microbiol.
1987,53(9):2119-23.

28. Petrovska B, Winkelhausen E, Kuzmanova S. Glycerol production by yeasts
under osmotic and sulfite stress. Can J Microbiol. 1999;45(8):695-9.

29. Taherzadeh MJ, Gustafsson L, Niklasson C, Lidén G. Physiological effects
of 5-hydroxymethylfurfural on Saccharomyces cerevisiae. Appl Microbiol
Biotechnol. 2000;53(6):701-8.

30. Larsson S, Palmqvist E, Hahn-Héagerdal B, Tengborg C, Stenberg K, Zacchi
G, Nilvebrant N-O. The generation of fermentation inhibitors during
dilute acid hydrolysis of softwood. Enzyme and Microbial Technology.
1999,24(3-4):151-9.

31. Palmqvist E, Hahn-Hégerdal B, Galbe M, Larsson M, Stenberg K, Szengyel
Z,Tengborg C, Zacchi G. Design and operation of a bench-scale process
development unit for the production of ethanol from lignocellulosics.
Bioresour Technol. 1996;58(2):171-9.

32. Linde M, Jakobsson E-L, Galbe M, Zacchi G. Steam pretreatment of dilute
H2S04-impregnated wheat straw and SSF with low yeast and enzyme
loadings for bioethanol production. Biomass Bioenerg. 2008;32(4):326-32.

33. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, Crocker D.
Determination of structural carbohydrates and lignin in biomass. Labora-
tory analytical procedure. 2008;1617:1-16.

34, Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D. Determina-
tion of sugars, byproducts, and degradation products in liquid fraction
process samples. Golden: National Renewable Energy Laboratory; 2006.

35. NoS: 167. 2000. Determination of crude protein in grain and grain prod-
ucts for food and feed by the Dumas combustion principle 2000.

36. ErdeiB, Hancz D, Galbe M, Zacchi G. SSF of steam-pretreated wheat straw
with the addition of saccharified or fermented wheat meal in integrated
bioethanol production. Biotechnol Biofuels. 2013;6(1):1.

37. Nielsen F, Zacchi G, Galbe M, Wallberg O. Sequential Targeting of Xylose
and Glucose Conversion in Fed-Batch Simultaneous Saccharification and
Co-fermentation of Steam-Pretreated Wheat Straw for Improved Xylose
Conversion to Ethanol. BioEnergy Research. 2017;10(3):800-10.

38. Linde M, Galbe M, Zacchi G. Bioethanol production from non-starch
carbohydrate residues in process streams from a dry-mill ethanol plant.
Biores Technol. 2008;99(14):6505-11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	A strategy for synergistic ethanol yield and improved production predictability through blending feedstocks
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Final ethanol yields in SSF
	Glucose consumption and rate limitations
	Glycerol production during SSF
	Hydrolysis DoE

	Discussion
	Rate limitations and process robustness

	Conclusions
	Materials and methods
	Wheat straw and wheat grain mixture
	Saccharified wheat grain
	Pretreated wheat straw
	Analytical methods
	Compositional analysis
	Crude protein content
	Composition of material

	Analysis of SSF and hydrolysis samples
	SSF of SWG and PWS blends
	Experimental design: SSF
	Synergy model
	Enzymatic hydrolysis DoE
	Response surface regression

	Acknowledgements
	References




