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Abstract 

The European Green Deal emerged as a package of policy initiatives for a green 

transition, aiming to reach climate neutrality by 2050. Accordingly, the pulp and paper 

industry has been focused on upgrading residues into value-added products within the 

forest-based circular economy business model.  In this context, this study considered the 

possibility of using bark, a residue available in high volume on factory floors, for 

cellulosic ethanol production instead of typical burning for energy generation. 

Bioconversion of lignocellulosic polysaccharides of bark is a challenge and simultaneous 

saccharification and fermentation (SSF) setup was chosen to boost cellulosic ethanol 

production. The introduction of a short pre-saccharification (PS) stage (0, 1 and 4 h) in 

bioethanol production from Eucalyptus globulus bark, previously submitted to a kraft 

pretreatment, following an integrated configuration, PS-SSF, at the bioreactor scale 

improved bioethanol concentration. It was observed that the longer pre-saccharification, 

the higher productivity. Shifting from this batch PS-SSF (4 h) to a fed-batch PS-SSF (4 

h) configuration allowed to increase the solids loading from 8 to 20% (w/v), raising the 

final bioethanol concentration from 27.4 to 75.9 g L-1, and improving by itself the overall 

productivity more than 25%. These results show that in the pulp and paper mills, an 

integrated biorefinery should be considered to foster the total resources use within the 

circular economy model. 

Keywords: Bioethanol; Eucalyptus globulus; simultaneous saccharification and 

fermentation (SSF); pre-saccharification (PS); fed-batch; high solids loading; 

1. Introduction 

The European Green Deal has developed recently as a response to progressive 

climate change. This strategy aimed to reach carbon neutrality by 2050, promoting a 
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resource-efficient and competitive economy. Therefore, the industrial sector has a key 

role as an accelerator of change, innovation and economic growth. The pulp and paper 

(P&P) industry has been committed to turning the low-carbon bioeconomy into reality. 

This sector has joined efforts toward decarbonization and process efficiency 

improvement, becoming more energy self-sufficient (Lipiäinen et al. 2022; Mäki et al. 

2021). The share of energy derived from biomass in this sector has grown over time, 

accounting for about 60% in 2020 (Confederation of European Paper Industries - CEPI 

2021) These actions align with recent government policies emerging worldwide, 

promoting a deep energy transition from fossil to renewable resources (Amândio et al. 

2022b). Furthermore, a strong bet in research and development for innovative 

technologies and bioproducts has been observed, with a commitment to meet regulatory 

requirements and new consumption patterns (Haile et al. 2021; Mäki et al. 2021). There 

is a growing interest in upgrading the wastes, sub-products and side-streams generated 

during all the process stages for producing biofuels, biocomposites and bioplastics 

(Amândio et al. 2022a; Haile et al. 2021).  

Eucalyptus globulus, a fast-growing species, is the most widely used wood source in 

the Portuguese pulp and paper sector. Due to its negative impact on pulp quality, the bark 

is an abundant industrial residue derived from wood handling. Currently, most of the bark 

is burned for energy and steam generation due to its low economic value and chemical 

complexity (Domingues et al. 2010; Neiva et al. 2018). About 200 kg of bark are 

generated per ton of pulp produced (Haile et al. 2021). Therefore, about 0.5 Mton of bark 

are generated considering the total production of 2.66 Mton of virgin fiber pulp from 

eucalyptus in Portugal in 2021 (Biond - Forest fibers from Portugal 2022). However, the 

bark is still an unrecognized valuable lignocellulosic feedstock. Its conversion into 

cellulosic sugars is one promising valorization pathway, recognized as a platform for a 
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wide range of biochemicals and biofuels, namely bioethanol (Isikgor and Becer 2015; 

Neiva et al. 2018; Rodrigues et al. 2018). Bioethanol is a renewable transportation fuel 

typically blended with gasoline in different proportions (Deshavath et al. 2021; Hossain 

et al. 2021).  

The cellulosic ethanol from E. globulus bark entails three main steps: 1) pretreatment, 

to promote lignin separation and facilitate enzymes access to the polysaccharides; 2) 

hydrolysis of cellulose and hemicelluloses for its conversion into monosaccharides; and 

3) fermentation to convert these sugars into bioethanol through the metabolic activity of 

the microorganisms (Jönsson and Martín 2016). Already in the late 80’s of last century, 

Wright, Wyman, and Grohmann were pioneers in presenting a complete technical and 

economic evaluation of wood biotransformation to bioethanol (Wright et al. 1988). This 

work brought a deep contribution to the scientific community, promoting several studies 

of integrated processes, concerning other raw materials, namely solid lignocellulosic 

wastes, with innovative variants as shown below. 

 Pre-saccharification (PS) and simultaneous saccharification and fermentation (SSF) 

are the main integrated configurations investigated for second-generation bioethanol 

production (Pratto et al. 2020). There is a growing interest in these integrated approaches 

since enzymatic hydrolysis and fermentation are performed in the same reaction vessel, 

reducing the number of unit operations, time, and costs (Mendes et al. 2017). No further 

processing of the hydrolysate is required before fermentation, minimizing the loss of 

sugars and preventing the contamination risk (Ask et al. 2012; Hans et al. 2019). 

SSF approach has been widely applied for alleviating issues regarding enzyme 

inhibition caused by end-product (in particular, cellobiose and glucose). The pretreated 

lignocellulosic biomass, enzymatic consortium and inoculum are added simultaneously 

at the beginning of the process. Therefore, the sugars released from enzymatic hydrolysis 
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are converted into ethanol by microorganisms almost immediately, reducing the 

processing time. By maintaining low sugar concentrations along the process, this setup 

minimizes the inhibition of enzymatic activity, reducing the risk of contamination (Hans 

et al. 2019; Pratto et al. 2020; Saini et al. 2018; Wyman et al. 1992). The main 

disadvantage is related to the operation temperature, which is a trade-off between the 

optimum value required by the enzymatic consortium catalyzing hydrolysis (50 °C) and 

the microbial culture promoting ethanolic fermentation (typically between 28 and 30 °C) 

(Mendes et al. 2016). Consequently, a slowdown in the hydrolysis rate may occur, 

resulting in lower sugar yield compared to the separated hydrolysis and fermentation 

(SHF) configuration (Paulova et al. 2015; Pratto et al. 2020). The low ethanol productivity 

in the early stages of the process due to limited sugar availability is another limitation of 

this configuration (Paulova et al. 2015).  

Following a PS-SSF configuration, some drawbacks of the SSF methodology could 

be overcome. Several designations of this setup were used in the literature, including SSF 

with delayed inoculation, non-isothermal SSF, and semi-SSF. This approach starts with 

a pre-saccharification period, conducted at the optimal conditions for enzymatic 

hydrolysis (between 45 and 50 °C, depending on the enzymatic consortium). Then, the 

reaction system is cooled down until the trade-off temperature, commonly around 38 °C 

(Paulova et al. 2015). Selecting a suitable pre-saccharification period is crucial to ensure 

high productivity (Pratto et al. 2020). However, this parameter highly depends on the 

substrate, namely concentration, pretreatment, and microbial strain. The main aim of the 

pre-saccharification stage is to boost the hydrolysis rate and promote the conversion of 

cellulose into glucose in the early stages, reducing the initial consistency of the slurry 

considerably before inoculation. Therefore, an increase in ethanol production is 

expectable by overcoming the glucose limitation at the beginning of SSF (Paulova et al. 
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2015). This approach could be particularly advantageous for high solids loading (above 

15% w/v), another strategy to boost bioethanol production (Pino et al. 2018; Pratto et al. 

2020).  

The operation using high substrate loading could offer significant economic benefits, 

including reduced capital investment, lower energy requirements and lower disposal and 

wastewater treatment costs (He et al. 2018; Pino et al. 2018; Zhang et al. 2010). However, 

some technical challenges still hinder its implementation, namely mass and heat transfer 

limitations due to the high consistency of these complex mixtures (Chen and Liu 2017; 

He et al. 2018). Consequently, the mixing energy requirements increase and a decline in 

hydrolysis yield could be observed (He et al. 2018; Zhang et al. 2012). Moreover, the 

higher the initial consistency, the longer the liquefaction process takes, imposing 

decreased productivity (Geng et al. 2015; He et al. 2018; Zhang et al. 2009). Another 

barrier could be related to sugar feedback enzyme inhibition (Chen and Liu 2017). 

Therefore, the fed-batch operation mode could be a promising alternative to overcome 

some of these limitations (Chen and Liu 2017; Mendes et al. 2016). This configuration 

promotes the homogenization of the reactional mixture and efficient mass transfer since 

the new solids loading is added to the system only after the liquefaction of almost the 

feedstock initially added (Gomes et al. 2018).  

Based on the above considerations, the present work aimed to assess bioethanol 

production from E. globulus bark (previously pretreated by kraft pulping) from SSF and 

PS-SSF configurations in a nominal 5L-bioreactor scale. Moreover, a fed-batch PS-SSF 

strategy was evaluated to increase the solids loading gradually and boost bioethanol 

production. Despite all the research conducted regarding bioethanol production, to our 

knowledge, this is the first time that pretreated E. globulus bark is converted into 

cellulosic ethanol through fed-batch PS-SSF configuration at the bioreactor scale. 
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2. Materials and Methods 

2.1.  Raw material and pretreatment 

Pretreated Eucalyptus globulus bark was kindly provided by RAIZ - Instituto de 

Investigação da Floresta e do Papel (Eixo, Portugal). Bark was pretreated by kraft pulping 

in a laboratory rotary digester (Apineq, Leça do Balio, Portugal) using a solid-to-liquid 

ratio of 1:8. The pretreatment was carried out at 170 °C for 75 min using an active alkali 

of 24 wt %. Active alkali means that the pretreatment solution contains 24% of alkali 

content (measured as Na2O equivalents) in relation to the biomass’ dry weight. The 

pretreatment solution contained NaOH, Na2S and Na2CO3 at a ratio of 65:25:10.  

The chemical composition of the raw material, namely its carbohydrates and lignin 

contents, was determined according to NREL standard protocols (Sluiter et al. 2012). The 

kraft pulp is mainly composed of cellulose (79.8 ± 3.8 wt %), hemicelluloses (15.5 ± 0.6 

wt %) and lignin (2.6 ± 0.3 wt %) (Amândio et al. 2021). 

2.2.  Enzymatic consortium 

Cellic® CTec2, a commercial cellulases consortium from Novozymes, was 

acquired from Sigma-Aldrich with an enzymatic activity of 168.7 FPU mL-1. The activity 

was checked before each round of experiments to ensure an enzyme dosage of 25 FPU 

gCH
-1. 

2.3.  Microorganism 

Ethanol Red® was kindly provided by Leaf by Lesaffre Advanced Fermentations. 

The strain was grown at 28 °C and maintained at 4 °C on Petri dishes with solid yeast 

medium (YM) composed of 10 g L-1 glucose, 5 g L-1 peptone, 3 g L-1 malt extract,  

3 g L-1 yeast extract and 20 g L-1 agar.  
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2.4.  Pre-inocula and inocula 

Pre-inocula were prepared in duplicate by transferring 2-3 colonies from a 

maintenance YM Petri dish to a 100 mL Erlenmeyer flask containing 40 mL of liquid YM 

(similar to solid YM, except agar) and then incubated at 28 °C and 180 rpm for 24 h 

(Stuart, SI500). 

Inocula were prepared in duplicate by transferring the pre-inoculum to 200 mL fresh 

liquid YM. The inocula was incubated at 28 °C and 180 rpm for 14 h.  

2.5.  SSF Integrated assays 

Assays were carried out in a 5 L BIOSTAT A plus bioreactor (Sartorius Stedim 

Biotech, Göttingen, Germany) with a working volume of 2 L and automatic control of 

stirring, temperature, pH by micro-DCU software and data acquisition by MFCS/DA 3.0 

system (Sartorius Stedim Systems). The pH was monitored using a 405-DPAS-SC-K8S 

probe (Mettler Toledo™) and controlled to 5.50 ± 0.05 by adding KOH 5 M and H2SO4 

1 M. The stirring was set at 250 rpm by two six-bladed Rushton turbines.  

Each experiment started with 8% (w/v) substrate loading and the enzymatic 

consortium dosage of 25 FPU gcarbohydrates
-1, which was added once at the beginning. The 

inoculum represented 10% (v/v) of the total working volume. Supplementation of 2.0 g 

L-1 (NH4)2HPO4, 1.0 g L-1 (NH4)2SO4, 0.5 g L-1 MgSO4.7H2O, and 2.5 g L-1 yeast extract, 

was added simultaneously with the inoculum. 

2.5.1. Batch simultaneous saccharification and fermentation (SSF) 

In the SSF assay, the enzymatic consortium and the yeast strain were added 

simultaneously at the beginning of the process. The process was carried out at 38 °C with 

8% (w/v) solids loading. These operational conditions are summarized in Table 1. 
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2.5.2.  Batch pre-saccharification and simultaneous saccharification and 

fermentation (PS-SSF) 

In the PS-SSF assays, a pre-liquefaction period of 1 h for PS-SSF (1 h) or 4 h for PS-

SSF (4 h) was carried out under optimal conditions for saccharification (50 °C). After this 

first period, the temperature was quickly reduced to 38 °C (taking advantage of the 

automatic bioreactor system for temperature control), and then the mixture was inoculated 

and supplemented. Batch PS-SSF assays were carried out using 8% (w/v) total solids 

loading and an enzyme dosage of 25 FPU gcarbohydrates
-1 according to Table 1.  

2.5.3. Fed-batch PS-SSF 

Similar to the PS-SSF (4 h) assay, the fed-batch PS-SSF (4 h) experiment was initiated 

with 8% (w/v) solids loading. Two more loads were added during the process until 20% 

(w/v) total solids loading. The main goal was to gradually increase the amount of substrate 

added, to avoid mixing issues due to the high consistency of the mixture, and also, the 

inhibition of the hydrolytic enzymes by high glucose concentration. The schedule of the 

two additions was related to the knowledge of the consistency from previous experiments, 

and also to the night period for logistic reasons. The first feed of 6% (w/v) was added 

after 12.8 h, whereas the second one with the same solids loading was fed after 23.5 h. 

The inoculation and supplementation were added 4 h after the beginning. Before that, the 

temperature was quickly reduced from 50 to 38 °C (Table 1). The experimental assays 

described above are represented in Figure 1.  
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Figure 1. Schematic representation of the experimental assays carried out following three different SSF 

configurations. 

 

 

Table 1. Operational conditions of experimental assays at bioreactor scale using an enzyme dosage of 25 

FPU gCH
-1 and agitation rate of 250 rpm. 

Assay 
Operational conditions 

Solids loading Temperature Working volume 

SSF 8% (w/v) 38 °C 2 L 

PS-SSF (1 h) 8% (w/v) 
50 °C: 0 h – 1 h 

38 °C: 1 h – end 
2 L* 

PS-SSF (4 h) 8% (w/v) 
50 °C: 0 h – 4 h 

38 °C: 4 h – end 
2 L* 
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Fed-batch PS-SSF (4 h) 

8% (w/v) (0 h) 

+ 6% (w/v) (12.8 h) 

+ 6% (w/v) (23.5 h) 

Total: 20% (w/v) 

50 °C: 0 h – 4 h 

38 °C: 4 h – end 
2 L* 

* Total working volume of 2 L was achieved only after inoculation. Before that, the working volume was 1.7 L.  

 

2.6.  Analytical Methods  

HPLC was used to quantify glucose, xylose, ethanol, glycerol and acetic acid. After 

properly diluted, a total of 500 μL of each sample was filtered using centrifugal filters 

(VWR) with a pore size membrane of 0.2 μm (VWR) at 8000 rpm (Eppendorf, MiniSpin) 

for 8 min before HPLC injection. Samples were injected on a Rezex ROA-Organic Acid 

H+ (8%) 300 x 7.8 mm ion-exchange column (Phenomenex) at 65 °C (oven Gecko 2000) 

connected to a refraction index detector L-2490 (Hitachi). The injection volume was 10 

µL and the eluent was H2SO4 0.005 N, with a flow rate of 0.500 mL min-1 (Hitachi, pump 

L-2130). Standard calibration curves were obtained frequently using freshly prepared 

standards in the range of 0-5 g L-1 for sugars, ethanol, glycerol and acetic acid to ensure 

method linearity. 

2.7.  Calculations 

The overall productivity, Prodvol, overall (g L-1 h-1), was calculated according to 

Equation (1), considering the ratio of the maximum ethanol concentration reached and 

the corresponding time since the beginning of the experiment (pre-saccharification + 

simultaneous saccharification and fermentation). 

Prodvol, overall (g L-1 h-1) = 
 ∆ [Ethanol]

∆t
  (1) 

The maximum glucose concentration in the pretreated bark estimated from kraft pulp 

composition, [Glucose]pretreated bark (g L-1), was calculated based on Equation (2). This 
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corresponds to the glucose concentration if the cellulose present in the kraft pulp would 

be fully hydrolyzed in glucose. 

[Glucose]pretreated bark (g L-1) = 1.11 × Cellulose𝑓 ×
 mdry pulp

V
  (2) 

where 1.11 is the mass conversion factor of cellulose to glucose (gglucose gcellulose
-1); 

Cellulose𝑓 is the cellulose fraction in the dry weight kraft pulp (0.798 gcellulose gdry weight 

kraft pulp
-1); mdry pulp is the dry weight kraft pulp (gdry weight kraft pulp) and V is the working 

volume (2 L).  

The maximum xylose concentration in the pretreated bark estimated from kraft pulp 

composition, [Xylose]pretreated bark (g L-1), was calculated based on Equation (3). This 

corresponds to the xylose concentration if the hemicelluloses present in the kraft pulp 

would be fully hydrolyzed in xylose. 

 [Xylose]pretreated bark (g L-1) = 1.14 × Hemicelluloses𝑓  ×
mdry pulp

V
 (3) 

where 1.14 is the mass conversion factor of hemicelluloses to xylose  

(gxylose ghemicelluloses
-1) and Hemicelluloses𝑓 is the hemicelluloses fraction in the dry weight 

kraft pulp (0.155 ghemicelluloses gdry weight kraft pulp
-1). 

The maximum theoretical ethanol concentration, [Ethanol]max, theoretical (g L-1), was 

calculated considering the maximum glucose concentration present in the pretreated bark 

and the theoretical yield for ethanol fermentation (0.511 gethanol gglucose
-1), according to 

Equation (4): 

[Ethanol]max, theoretical (g L-1) = [Glucose]pretreated bark × 0.511  (4) 

Estimated glucose consumption, [Glucose consumption for ethanol] (g L-1), was 

calculated from the produced ethanol concentration and considering the theoretical yield 

for ethanol, according to Equation (5): 

[Glucose consumption for ethanol] (g L-1) = 
[Ethanol]

0.511
  (5) 

Jo
ur

na
l P

re
-p

ro
of



12 

The volumetric glucose consumption rate, rglucose (g L-1 h-1) was estimated by the ratio 

of glucose consumption for ethanol production, and the corresponding time period, 

following Equation (6). Similar calculations were followed for volumetric ethanol 

production rate determination.  

rglucose (g L-1 h-1) = 
∆[Glucose consumption for ethanol]

∆t
   (6) 

The overall conversion efficiency (%) was calculated by the ratio between the 

maximum ethanol concentration reached and the maximum glucose concentration in the 

pretreated bark based on kraft pulp composition, based on Equation (7):  

Overall conversion efficiency (%) = 
[Ethanol]max

0.511 × [Glucose]pretreated bark
 × 100  (7) 

where [Ethanol]max is the maximum ethanol concentration accomplished 

(gethanol L-1), 0.511 is the theoretical yield and [Glucose]pretreated bark is the maximum 

glucose concentration in the pretreated bark estimated from kraft pulp composition. 

3. Results and discussion 

Several different assays were carried out following an integrated approach to boost 

ethanol production and overall productivity. In this type of configuration, it was not 

possible to take samples at the initial time (t = 0 h) since there was no homogeneity in the 

reaction medium due to the solid nature of the substrate. In the graphs presented, the point 

depicted at time 0 h is not an experimental result but a result of an estimative. Typically, 

these lignocellulosic materials have relatively low density and are highly hygroscopic. 

Consequently, the substrate rapidly absorbed most of the initial free liquid  

3.1.  SSF 

In the SSF assay, the E. globulus bark kraft pulp, the enzymatic consortium and the 

Ethanol Red® yeast were added simultaneously at the beginning of the process. The SSF 

was conducted at 38 °C, which is a trade-off between the optimum temperature required 
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by the enzymatic consortium (50 °C) and the fermentative yeast (28-30 °C). (Mendes et 

al. 2017). Figure 2 represents the concentration profile of metabolites determined 

experimentally, namely glucose, xylose, ethanol and glycerol (full points). Moreover, 

Figure 2 depicts the estimated glucose consumption based on ethanol production (dashed 

line), the calculated maximum glucose and xylose concentrations based on kraft pulp 

composition and the solids loading employed, and still the maximum ethanol 

concentration based on the calculated maximum glucose concentration (dotted lines). The 

same pattern was followed for all subsequent Figures. 
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Figure 2. Profile of glucose, ethanol, xylose and glycerol concentrations for SSF assay (2000 mL, 

250 rpm, 8% (w/v) solids loading, 25 FPU gCH
-1). The dotted lines represented the maximum glucose 

and xylose concentrations (based on kraft pulp composition) and the maximum theoretical ethanol 

concentration (coming from these sugars). The estimated glucose consumption from the produced 

ethanol is represented by the dashed line. 
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In this assay, it was impossible to take samples before 5 h of operation since there 

was no homogeneity in the bioreaction medium. At this time, it was detected about  

11.7 g L-1 of glucose. This glucose was released by enzymatic hydrolysis, but some other 

was already consumed by yeast fermentation since, at this time, the ethanol concentration 

had already reached 7.4 g L-1. At least 14.5 g L-1 of glucose was required to produce this 

ethanol amount. Furthermore, some of the consumed glucose was certainly directed 

toward the metabolic growth of the microbial culture, the biocatalysis agent for ethanol 

production. At this time, the xylose concentration was 4.1 g L-1 and increased slowly until 

reaching its maximum of about 7.2 g L-1 at 30 h. Reduced production of other by-products 

occurred, namely glycerol, which has attained its maximum concentration of 4.4 g L-1. 

Between 6.0 h and 20.5 h, there was the most significant ethanol production. It is 

estimated that about 30.5 g L-1 of glucose were consumed for ethanol during this period 

(assuming only glucose was fermented and based on the theoretical yield of 

fermentation), corresponding to an estimated glucose consumption rate of about 

2.11 g L-1 h-1. This glucose consumption rate decreased considerably to 1.27 g L-1 h-1 

from 20.5 h to 30 h. Despite the glucose concentration being almost null from 20.5 h, 

there was still a gradual increase in ethanol concentration until 30 h. This means 

simultaneous hydrolysis and fermentation were occurring, being the limiting step the 

glucose release from the enzymatic hydrolysis. As soon as glucose was available, it was 

fermented by the yeast for ethanol production. Fernandes et al. (2018) observed a similar 

trend in bioethanol production. The maximum ethanol concentration of 28.7 g L-1 was 

achieved after 30 h, corresponding to the volumetric productivity of 0.957 g L-1 h-1. The 

estimated overall conversion efficiency was about 79.3%, based on the ratio between the 

ethanol produced and the glucose concentration in the kraft pulp. It can be observed that 

extending the process beyond 30 h was not advantageous. 
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3.2.  Batch PS-SSF (1 h) 

To overcome the previous assay limitations, a pre-saccharification and simultaneous 

saccharification and fermentation (PS-SSF) configuration was investigated. Adopting a 

pre-saccharification stage could minimize issues related to mass and heat transfer 

phenomena, limiting the SSF operation mode (Gomes et al. 2021). The pre-

saccharification should accelerate the liquefaction process since it operates at the optimal 

conditions for the hydrolytic enzymatic consortium, namely the temperature of 50 °C, for 

a certain period in the initial stage of the process (Silva et al. 2020).  

In the PS-SSF (1h) assay, the Ethanol Red® yeast inoculation occurred at 38 °C,  

1 h after the beginning of the hydrolysis, marked with the black vertical line in Figure 3.  

After 1.5 h of the beginning of the process, the glucose and xylose reached a 

concentration of 25.2 g L-1 and 5.0 g L-1, respectively. These values corresponded to about 

one-third and half of the total theoretical concentration of glucose and xylose, 

respectively. At that moment, 2.1 g L-1 of ethanol was already produced, only half an hour 

after yeast addition. This means that the fermentation process started immediately, with 

practically no lag phase. From 3.0 h to 8.0 h, glucose consumption for ethanol production 

was evident, with a consumption rate of about 4.99 g L-1 h-1, more than double of the 

previous assay, 2.11 g L-1 h-1.  

Similar to the previous assay, no glucose was detected in the medium from about 22 

h. However, ethanol concentration increased progressively until 28.5 h, attaining its 

maximum of 29.2 g L-1. This means that a small fraction of glucose was simultaneously 

released and instantaneously consumed, as confirmed by the glucose consumption for the 

ethanol production. The overall productivity of 1.023 g L-1 h-1 and the conversion 

efficiency of 80.6% was reached. After this moment, the process shows a plateau, 
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indicating the end of enzymatic hydrolysis and, consequently, the cessation of 

fermentation due to lack of substrate.  

The xylose concentration did not change significantly throughout the process, 

reaching its maximum of 6.8 g L-1 after 22.3 h. The glycerol production was also detected 

with a concentration of about 3.7 g L-1 after 30 h. The acetic acid concentration was almost 

negligible (0.3 g L-1). Therefore, its profile was not represented.   

 

Figure 3. Profile of glucose, ethanol, xylose and glycerol concentrations for PS-SSF (1h) assay (2000 mL, 

250 rpm, 8% (w/v) solids loading, 25 FPU gCH
-1). The dotted lines represented the maximum glucose and 

xylose concentrations (based on kraft pulp composition) and the maximum theoretical ethanol 

concentration (coming from these sugars). The estimated glucose consumption from the produced ethanol 

is represented by the dashed line. 

Overall, a short pre-saccharification (1 h only) before inoculation leads to a slight 

improvement in overall conversion efficiency and productivity over SSF. However, there 
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is still no agreement in the literature concerning the effect of extending the pre-

liquefaction period. Barros et al. (2017) concluded that a pre-saccharification stage of 12 

h did not enhance the overall conversion efficiency or productivity over SSF in bioethanol 

production from cashew apple bagasse. On the other hand, Chilari et al. (2017) already 

stated that the short time to achieve the liquefaction of the mixture is one of the main 

advantages of the pre-saccharification stage. These authors evaluated the effect of the pre-

saccharification period (6, 14, 24 and 36 h) on bioethanol production from alkali-treated 

cotton stalks using Cellic® CTec2 with 80 FPU gcellulose
-1 of enzymatic dosage (Chilari et 

al. 2017). Overall, no significant differences in ethanol titer regarding the pre-

saccharification time were found. Still, it was found that the optimal pre-saccharification 

time was 14 h for both substrate loadings evaluated (15 and 20% w/v) Likewise, Chen 

and Fu (2016) found that a prolonged pre-saccharification period (up to 24 h) may have 

an undesirable effect on productivity, despite increasing sugar yield during the pre-

saccharification period. Moreover, a more prolonged pre-liquefaction stage may result in 

feedback sugar inhibition (Chen and Fu 2016; Chen and Liu 2017). In contrast, Gomes et 

al. (2021) stated that extending the pre-saccharification period from 24 h to 48 h improved 

ethanol yield from E. globulus bark, and this effect was most evident in the assays 

supplemented with yeast extract and peptone. Based on these remarks, another 

experiment was carried out with an extended pre-liquefaction period. Even so, the pre-

saccharification stage was not too extended (only 4 h) to not compromise the overall 

productivity from the outset. 

3.3.  Batch PS-SSF (4 h) 

In the PS-SSF (4 h) assay, the inoculation of the Ethanol Red® yeast occurred 4 h 

after the beginning of the hydrolysis (Figure 4). Just before it, glucose and xylose 

concentrations were about 34.4 g L-1 and 6.4 g L-1, respectively. Three additional hours 
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of pre-saccharification increased the glucose and xylose concentrations by about 36 and 

27%, compared to the previous experiment. The xylose concentration was almost 

constant until the end. In contrast, glucose was quickly consumed after inoculation, and 

ethanol production started to be detected thereupon. At 5.2 h, only 1.2 h after inoculation, 

an ethanol concentration of about 3.2 g L-1 was already attained, showing that the lag 

phase was almost inexistent. Between 5.2 h and 8.2 h, the glucose decreased to more than 

half, corresponding to a consumption rate of about 4.41 g L-1 h-1. After 4 h of the 

beginning of the fermentation (at 8.2 h), 10 g L-1 of ethanol was already produced, 

corresponding to a production rate of 2.40 g L-1 h-1. Between 8.2 h and 21.2 h, the glucose 

consumption rate decreased to about half, and consequently, the ethanol production rate 

dropped to a similar extent (1.12 g L-1 h-1) compared to the first hours afterwards 

inoculation. 

After 24 h of operation, the maximum ethanol concentration of 27.4 g L-1 h was 

attained, corresponding to the productivity of 1.142 g L-1 h-1. Regarding the overall 

conversion efficiency, this assay of PS-SSF (4 h) reached about 75.7% and attained the 

highest productivity. The pre-saccharification of 4 h resulted in a productivity 

improvement of about 12% and 19% compared to the previous PS-SSF (1h) and SSF, 

respectively. The extension of pre-saccharification from 1 h to 4 h allowed the maximum 

ethanol concentration to be reached around 4.5 h before the previous assay, considering 

the overall time process. Concerning the time of fermentation (counting only from 

inoculation), PS-SSF (4 h) required only 20 h to achieve its maximum, while PS-SSF (1 
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h) required 7.5 h more. Both assays with the pre-saccharification period were very similar 

regarding the by-products formation, namely glycerol and acetic acid.  

Figure 4. Profile of glucose, ethanol, xylose and glycerol concentrations for PS-SSF (4 h) assay (2000 mL, 

250 rpm, 8% (w/v) solids loading, 25 FPU gCH
-1). The dotted lines represented the maximum glucose and 

xylose concentrations (based on kraft pulp composition) and the maximum theoretical ethanol 

concentration (coming from these sugars). The estimated glucose consumption from the produced ethanol 

is represented by the dashed line. 

Although the effect of the pre-saccharification period is still not consensual in the 

literature, the present work showed that the PS-SSF strategy seems to have slightly 

benefited the overall productivity over the SSF configuration for the conditions evaluated. 
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consortium, 50 °C, which slowed down the enzymatic hydrolysis rate (Paulova et al. 

2015; Pratto et al. 2020). Moreover, when the SSF experiment was inoculated (time zero), 

the reaction mixture presented a significantly reduced liquid phase, whose availability of 

fermentable sugars was quite limited. The hindering of the cellulases activity in 

suspensions of solids with a high consistency has already been stated by Gomes et al. 

(2021). All these factors negatively affected the overall productivity of SSF. On the other 

hand, the PS-SSF favoured homogeneity throughout the fermentation period. The 

significant mixing constraints occurred at the beginning and were limited to the enzymatic 

hydrolysis step.  

In general, ethanol production ranged from 26 to 29 g L-1, attaining overall 

conversion efficiencies varying from 71 to 80% and productivities from 0.957 to  

1.124 g L-1 h-1. The maximum ethanol concentration did not differ significantly within 

these three experiments. However, the last assay, with a pre-saccharification period of  

4 h, stood out by the considerable improvement in productivity (about 19% and  

12% compared to SSF and PS-SSF (1h), respectively). These results compares favourably 

with the range found in the literature, as shown in Table 2. For other raw materials, 

productivities ranged from 0.20 to 1.83 g L-1 h-1, with overall conversion efficiencies 

varying from 55 to 92% for solids loading ranging from 13 to 20% (w/v), following SSF 

and PS-SSF configurations. Although, there is still an opportunity for enhancement since 

the operation using 8% (w/v) solids loading limited the maximum ethanol concentration 

below 30 g L-1, in the present work. Therefore, aiming to boost ethanol production, it is 

essential to increase solids loading considerably. Nonetheless, the high solids loading 

operation is known for higher mixing energy requirements and sugars feedback inhibition 

effect (Chen and Fu 2016; Chen and Liu 2017; He et al. 2018; Zhang et al. 2012), besides 

the hindrance mass and heat transfer phenomena (Chen and Liu 2017). Adopting a fed-
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batch configuration should be a promising alternative to overcome these limitations and 

simultaneously boost ethanol production.  

 

 

Table 2. Experimental and literature results from SSF and PS-SSF experiments for bioethanol production. 

Feeds

tock 

Pretreat

ment 

Enzymati

c 

consortiu

m 

Yeast 

strain 

Operatio

n mode 

Solids 

loading  

(w/v %) 

[Etha

nolmax 

(g L-1) 

Prodv

ol, 

overall  

(g L-1 

h-1)  

Overa

ll 

conve

rsion 

efficie

ncy 

(%) 

Refer

ence 

Eucal

yptus 

globu

lus 

bark 

Kraft 

pulping 

Cellic® 

CTec2 

(25 FPU 

gCH
-1) 

Ethan

ol 

Red® 

SSF 8 

28.7 

(30.0 

h) 

0.957 79.3 

This 

work 

PS-SSF 

(1 h) 
8 

29.2 

(28.5 

h) 

1.023 80.6 

PS-SSF 

(4 h) 
8 

27.4 

(24.0 

h) 

1.142 75.7 

Fed-batch 

PS-SSF 

(4 h) 

20  

(8 + 6 

+6) 

75.9 

(52.3 

h) 

1.453 83.9 

 

Cashe

w 

apple 

bagas

se 

 

Two-

stage 

acidic-

alkaline 

Celluclast 

1.5 L 

(30 FPU 

gglucan
-1) 

+ β-

glucosida

se 

(60 CBU 

gglucan
-1) 

Kluyve

romyc

es 

marxi

anus 

ATCC 

36907 

SSF 15 

58.67 

± 0.74 

(32 h) 

1.83 ± 

0.02 

92.68 

± 1.16 

(Barr

os et 

al. 

2017) 
PS-SSF 

(12 h) 
15 

50.11 

± 1.53 

(36 h) 

1.39 ± 

0.04 

79.51 

± 2.51 

Cotto

n 

Stalks 

Alkaline 

Cellic® 

CTec2 

(80 FPU 

gcellulose
-1) 

Baker’

s yeast 

PS-SSF 

(14 h) 
20 

34.80 

± 0.42 
N.R. 

55.40 

± 0.68 

(Chila

ri et 

al. 

2017) 

Eucal

yptus 

globu

lus 

bark 

Hydrothe

rmal 

Cellic® 

CTec2 

(20 FPU 

gsolids
-1) 

Ethan

ol 

Red® 

SSF 17.5 

33.43 

± 1.82 

(72 h) 

0.46 64.28 

(Gom

es et 

al. 

2021) 

Tritic

ale 

straw 

Steam 

explosio

n 

Spezyme

® CP 

(15 FPU 

gcellulose
-1) 

Ethan

ol 

Red® 

SSF 15 

29.31 

(144 

h) 

0.20 84.7 

(Koss

atz et 

al. 

2017) 
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Eucal

yptus 

grand

is 

sawd

ust 

Autohydr

olysis + 

Soda 

pulping 

Cellic® 

CTec2 

(25 FPU 

gglucan
-1) 

S.  

cerevi

siae 

PE-2 

PS-SSF 

(24 h) – 

Erlenmey

er flask 

13 
58 

(48 h) 
1.2 85 

(Guig

ou et 

al. 

2019) 
PS-SSF 

(24 h) – 

lab 

reactor 

13 
52 

(65 h) 
0.8 64 

N.R. -  Not  reported. 

 

3.4.  Fed-batch PS-SSF (4 h) 

According to the abovementioned considerations, a fed-batch PS-SSF strategy was 

carried out to increase the solids loading gradually from 8 to 20% (w/v), aiming to boost 

the production of sugars and ethanol, without compromising mixing and mass transfer 

phenomena. Therefore, this last experiment started with 8% (w/v) solids loading (the 

same as the previous assays) and two additional feeds of kraft pulp (6% (w/v) solids 

loading, each) were added at 12.8 h and 23.5 h, achieving a final solids loading of  

20% (w/v). These additions are signalled in Figure 5. It was selected for a pre-

saccharification period of 4 h due to higher productivity since maximum ethanol 

production was not significantly different between the three last experiments evaluated 

(Table 2).  

Glucose already achieved a high concentration of about 64.6 g L-1 after 4 h of 

operation, almost double that of the PS-SSF (4 h) assay for the same period. The reason 

is the increased availability of enzymatic consortium in the early stage. Although the 

enzyme dosage is the same for both experiments (25 FPU gCH
-1), all the enzymatic 

consortium was fed at once at the beginning of each assay. This means that in the  

fed-batch experiment, the same initial solids loading (8% (w/v)) had available the enzyme 

dosage required for the 20% (w/v) total solids loading. This higher enzymatic consortium 

availability until the last feed promoted a higher reaction rate between the enzymatic 
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consortium and the polysaccharides, accelerating the enzymatic hydrolysis process and, 

consequently, the release of sugars to be consumed for ethanol production. Moreover, the 

viscosity of the reaction mixture decreased faster, facilitating the mixing and, therefore, 

mass and energy transfer phenomena. This could justify the significant increase in 

productivity (above 27%) compared to the batch PS-SSF (4 h) experiment. These 

observations are in accordance with Gao et al. (2018), which concluded that the release 

of sugars enhanced considerably in the first 12 h when all the enzymes were added at the 

beginning. Some authors also reported a similar effect, finding that splitting the addition 

of the enzymes may lead to lower glucose yield (Cardona et al. 2015; Jung et al. 2017; 

Tareen et al. 2021).  

Figure 5. Profile of glucose, ethanol, xylose and glycerol concentrations for Fed-batch PS-SSF (4 h) assay 

(2000 mL, 250 rpm, 20% (w/v) solids loading, 25 FPU gCH
-1). The dotted lines represented the maximum 

glucose and xylose concentrations (based on kraft pulp composition) and the maximum theoretical ethanol 

concentration (coming from these sugars). The estimated glucose consumption from the produced ethanol 

is represented by the dashed line. 
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Glucose and ethanol concentration profiles show that the lag phase was very short. 

A slight amount of ethanol, around 1.5 g L-1, was already detected 1.7 h after inoculation. 

Between 5.7 h and 11.7 h, a pronounced drop in glucose concentration was observed, 

corresponding to a consumption rate of 5.14 g L-1 h-1. Consequently, bioethanol increased 

from 1.5 g L-1 to 17.3 g L-1 during this 6 h, attaining a production rate of about 2.62 g L-

1 h-1. Due to logistic restrictions, it was not possible to monitor the progress of the process 

after adding the first pulse at 12.8 h. Nevertheless, about 32 g L-1 of ethanol were 

produced between 11.7 h and 23.3 h, corresponding to a volumetric production rate of 

2.78 g L-1 h-1. This ethanol titer required at least 62.5 g L-1 of glucose.  

An adaptation period seems to have occurred after adding the second feed at  

23.5 h since ethanol concentration was kept constant until 26.5 h. After that, a slight 

increase in glucose concentration was observed between 26.5 h and 32.7 h, meaning that 

the fermentation process was the limiting step in this period, i.e. glucose release by 

hydrolysis was faster than its fermentation to ethanol. Still, the ethanol production rate 

remained high (about 2.20 g L-1 h-1). A similar trend was observed for the glucose 

consumption profile, corresponding to a consumption rate of 4.30 g L-1 h-1.  

From 48 h, the glucose detected was almost zero. From this moment, the ethanol 

concentration slowly increased until it reached its maximum of 75.9 g L-1 at 52.2 h, the 

highest value attained so far. The extension of the process beyond 80 h (data not shown) 

allowed the ethanol concentration to be increased until 80 g L-1. Still, this increment does 

not justify the extra time required, resulting in a productivity decline. At least 148 g L-1 

of glucose was consumed to reach this level of ethanol concentration.  

A slight deceleration of glucose consumption and consequent ethanol production was 

found after adding the second feed of kraft pulp (at 23.5 h). This slowdown was evident 

Jo
ur

na
l P

re
-p

ro
of



25 

from 52 h when ethanol concentration reached a plateau and remained almost constant. 

The main reasons were probably the yeast inhibition effect due to the high ethanol 

concentration and eventually the lack of micronutrients. However, the overall conversion 

efficiency was already relatively high (83.9%).  

Overall, it was observed that the fed-batch configuration favoured overall process 

performance for the conditions evaluated. With increasing solids loading from 8 to 20% 

(w/v), ethanol production increased about 2.8-fold (from 27.4 to 75.9 g L-1). Moreover, 

further substantial improvements were also noticed in overall conversion efficiency and 

productivity, probably due to the faster liquefaction stage. A similar trend was stated by 

Chilari et al. (2017), reporting an enhancement of almost 60% in ethanol production from 

alkali-treated cotton stalks by increasing substrate loading from 15 to 20% (w/v), 

considering the pre-saccharification time of 14 h. In terms of productivity, this was 

equivalent to an improvement of 9% (Chilari et al. 2017). For 20% (w/v) substrate 

loading, Chilari and co-workers (2017) achieved a maximum ethanol concentration of 

34.80 g L-1 after around 65 h of fermentation and the highest overall conversion 

efficiency, 55.4 %. In the present work, ethanol production more than doubled by using 

the same solids loading, with an unprecedented increase in productivity and overall 

conversion efficiency. This great performance could be related to the fed-batch strategy.  

Nevertheless, it was found that the higher solids loading led to a considerable 

increase in the processing time required to reach the maximum ethanol concentration (24 

to 52.3 h), but the additional ethanol production still compensated. Furthermore, it was 

found that higher solids loading operation led to higher by-products formation, namely 

glycerol (6.5 g L-1) and acetic acid (1.4 g L-1). This observation agrees with  

Kossatz et al. (2017), who showed that higher glycerol concentration is obtained for 
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higher substrate loading. Moreover, Mendes et al. (2017) also noticed an increment in by-

products concentration after following a fed-batch SSF approach.  

Compared to the studies already published in the literature regarding bioethanol 

production from integrated configuration, the results from the present work can be 

considered promising, particularly from the fed-batch configuration. Recently, Gomes et 

al. (2021) compared the SSF and PS-SSF performance using the E. globulus bark 

previously subjected to hydrothermal pretreatment as a raw material. The assays were 

carried out at the Erlenmeyer scale with a working volume of 50 mL using Cellic® CTec2 

with an enzyme dosage of 20 FPU gsolids
-1. The maximum ethanol concentration of  

38.03 ± 0.33 g L-1 was achieved for 17.5% (w/v) solids loading using nutrient 

supplementation (20 g L-1 of peptone and 10 g L-1 of yeast extract) following a PS-SSF 

strategy with a pre-saccharification period of 48 h. This approach increased conversion 

efficiency from 64.28 to 73.14% and productivity from 0.46 to 0.52 g L-1 h-1 over SSF. 

However, the increase in solids loading from 15 to 17.5% (w/v) led to a reduction of 

conversion efficiency of about 5%, probably due to increased mechanical constraints. The 

shorter pre-saccharification period (4 h instead of 48 h) adopted in the present work seems 

advantageous, reaching more than two times higher productivity than  

Gomes et al. (2021). The conversion efficiency was similar, but these authors used a  

4-fold yeast extract concentration coupled with a significant amount of peptone, 

representing considerable extra costs. Furthermore, the small working volume (50 mL) 

compared to the present work (2000 mL) makes the results presented here more reliable. 

Finally, the bioreactor configuration is similar to the one to be adopted on a larger scale. 

Nevertheless, Gomes et al. (2021) have the advantage of co-production of ethanol (from 

autohydrolysed solid fraction) and xylooligosaccharides (from hydrothermal liquor 
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fraction) from two fractions obtained after hydrothermal pretreatment. The  

co-production could be crucial to ensure economic feasibility at a commercial scale. 

There are still few works regarding the scale-up of both SSF and PS-SSF 

configuration to bioreactor scale. Kossatz et al. (2017) successfully carried out a scale-up 

for a 1 L bioreactor following a simultaneous configuration for bioethanol production 

from steam-exploded triticale straw. An enzyme dosage of 15 FPU gcellulose
-1 of  

Spezyme® CP and 15% (w/v) substrate loading were used. An ethanol concentration of 

29.31 g L-1 was attained after 144 h, with productivity and conversion efficiency of  

0.20 g L-1 h-1 and 84.7%, respectively (Kossatz et al. 2017). Guigou et al. (2019) subjected 

sawdust from Eucalyptus grandis (previously submitted to a combined autohydrolysis 

and soda pulping pretreatments) to PS-SSF strategy at both Erlenmeyer and bioreactor 

scales. A substrate loading of 13% (w/v) and an enzyme dosage of 25 FPU gglucan
-1 of 

Cellic® CTec2 were used. After a pre-saccharification period of 24 h, the mixture was 

supplemented (3 g L-1 yeast extract, 3 g L-1 malt extract, and 5 g L-1 peptone) and 

inoculated using the S. cerevisiae PE-2 strain. At the Erlenmeyer scale, a maximum 

ethanol concentration of 58 ± 3 g L-1 was reached after about 48 h, corresponding to 1.2 

± 0.3 g L-1 h-1 of productivity and 85 ± 1% of conversion efficiency The scale-up to 

bioreactor using 2.5 L of working volume considerably reduced the overall performance, 

achieving a maximum ethanol production of 52 g L-1, corresponding to 64% conversion 

efficiency and 0.8 g L-1 h-1 of productivity (Guigou et al. 2019). Although a higher solids 

loading was used in the present work, higher productivity and conversion efficiency were 

accomplished. This was most likely due to the short pre-saccharification period combined 

with the fed-batch operation mode. 
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4. Conclusions 

The present work demonstrated that SSF setup, particularly with appropriate 

operation conditions, can be successfully applied for bioethanol production from 

eucalyptus bark, a waste material. Batch experiments with 8% (w/v) solids loading 

provided ethanol production ranging from 26 to 29 g L-1, attaining overall conversion 

efficiencies varying from 71 to 80% and productivities from 0.957 to 1.124 g L-1 h-1. The 

best performance was accomplished by a fed-batch PS-SSF strategy with a pre-

saccharification of 4 h, and 20% (w/v) solids loading. Ethanol concentration of 75.9 g L-

1, corresponding to the productivity of 1.453 g L-1 h-1 and conversion efficiency of 80% 

was obtained. This setup boosted maximum ethanol concentration 2.7-fold and overall 

productivity by around 27% over the batch SSF configuration with 8% (w/v) solids. These 

results have a great potential to be integrated into a pulp and paper mill, as an integrated 

biorefinery, contributing to the total resources use within the circular economy model. 
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Highlights 

• Bioethanol from eucalyptus bark by Simultaneous Saccharification & Fermentation 

(SSF) 

• A short pre-saccharification (PS) step improved bioethanol productivity 

• High solids loading by Fed-batch PS-SSF boosted bioethanol productivity more than 

25%  

• Increasing solids loading from 8 to 20% raised bioethanol from 27.4 to 75.9 g L-1 
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