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Abstract: Over the last decades, the constant growth of the world-wide industry has been leading 
to more and more concerns with its direct impact on greenhouse gas (GHG) emissions. Resulting 
from that, rising efforts have been dedicated to a global transition from an oil-based industry to 
cleaner biotechnological processes. A specific example refers to the production of bioethanol to sub-
stitute the traditional transportation fuels. Bioethanol has been produced for decades now, mainly 
from energy crops, but more recently, also from lignocellulosic materials. Aiming to improve pro-
cess economics, the fermentation of very high gravity (VHG) mediums has for long received con-
siderable attention. Nowadays, with the growth of multi-waste valorization frameworks, VHG fer-
mentation could be crucial for bioeconomy development. However, numerous obstacles remain. 
This work initially presents the main aspects of a VHG process, giving then special emphasis to 
some of the most important factors that traditionally affect the fermentation organism, such as nu-
trients depletion, osmotic stress, and ethanol toxicity. Afterwards, some factors that could possibly 
enable critical improvements in the future on VHG technologies are discussed. Special attention 
was given to the potential of the development of new fermentation organisms, nutritionally com-
plete culture media, but also on alternative process conditions and configurations. 

Keywords: bioethanol; very high gravity fermentation; Saccharomyces cerevisiae; stress tolerance; 
process optimization; bioeconomy 
 

1. Introduction 
The application of process engineering strategies to achieve high-productivity fer-

mentation systems is now considered a key issue in the bioethanol industry. A possible 
strategy to increase ethanol production and minimize the production cost is a fermenta-
tion with high final ethanol titers, achieved by using musts with high sugar concentra-
tions, commonly known as very high gravity (VHG) fermentation. In general, sugar con-
centrations for ethanol production can be divided into normal gravity (NG) (<180 g/L of 
total sugars), high gravity (HG) (180–240 g/L of total sugars), and very high gravity (VHG) 
(≥250 g/L of total sugars) [1,2]. HG fermentation was proposed in the 1980s and was suc-
cessfully commercialized thereafter, making final ethanol concentrations to increase dras-
tically from a level of 7–8% (v/v) to 10–12% (v/v) [3]. As a result, VHG fermentations using 
sugar levels in excess of 250 g/L (enabling to achieve over 15% (v/v) ethanol) were then 
proposed in the 1990s; Thomas et al. [4] defined VHG technology as the fermentation of a 
media containing 270 g or more of dissolved solids per liter of mixture. 

The application of VHG technology in bioethanol production has a number of bene-
fits, namely: less process water and energy requirements; increased overall production 
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plant productivity; higher final ethanol concentrations (with considerable savings on en-
ergy for distillation) [5]. An assessment of bioethanol production regarding energy re-
quirements revealed that distillation is one of the most energy consuming steps, hence, a 
superior ethanol concentration in the final broth can considerably reduce the energy cost 
of this particular step [6]. Despite the potential benefits, VHG processes also expose cells 
to increased stressful conditions, which have been commonly associated to a loss of via-
bility, reduced fermentation rates, and incomplete fermentations [7–9]. Therefore, the suc-
cessful implementation of VHG requires the development of suitable organisms able to 
efficiently ferment high sugar concentrations, while being able to cope with the multiple 
stresses found in the process. In this context, Saccharomyces cerevisiae has been positioning 
itself as the most employed organism in VHG processes, and hence will be especially ad-
dressed throughout this review. 

2. Main Challenges Arising from VHG Processes 
During ethanol production, cells are exposed to a variety of physical, chemical, and 

biological factors, typically referred to as stress factors. Yeast cells, however, have mech-
anisms of stress response towards industrial fermentation conditions [10], as presented 
by Figure 1. 

 
Figure 1. Main stress factors affecting yeast cells in industrial fermentations for ethanol production 
and response mechanisms commonly involved (reproduced from Lopes et al. [11]). 

In the context of VHG fermentations, yeast cells are exposed to a particular set of 
stresses: high osmotic pressure at the beginning of the process, caused by an high wort 
sugar concentration; nutrients starvation from a depletion of critical nutrients; lack of ox-
ygen; accumulation of high ethanol concentrations, which in addition to the high levels of 
other toxic by-products, becomes lethal to cells [5,12–14]. 

2.1. Physiological Stress 
High sugar and ethanol concentrations at the beginning and at the end of fermenta-

tion, respectively, expose yeast cells to physiological stress, supporting the need for more 
robust strains able to maintain cell viability and the fermentative capacity more efficiently 
over fermentation cycles. In this context, medium osmolality is possibly one of the main 
determinants of cells viability since it affects the control of water content, crucial for cells 
integrity. Cells exposed to hypertonic stress lose water, inducing an adaptive response to 
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compensate for dehydration and to protect cellular structures [15]. The accumulation of 
solutes by the cell, in particular glycerol, acts as an essential response to acquire resistance 
to osmolality changes, as it decreases the intracellular potential of water. Changes on li-
pids metabolism may also be involved in osmolality regulation since modifications in the 
lipid composition of the plasma membrane may affect membrane fluidity and permeabil-
ity to water and glycerol [16]. Another component whose cellular content increases under 
conditions of osmotic stress is trehalose. The importance of trehalose is proven by the cor-
relation between its intracellular level and the ability to resist osmotic stress induced by 
NaCl or sorbitol. In fact, mutant strains of Saccharomyces cerevisiae unable to produce tre-
halose revealed a greater sensitivity to osmotic stress [17]. Besides being an energy reserve 
carbohydrate, trehalose is also a protecting agent for the membrane towards dehydration, 
high ethanol concentrations, and other industrial stress factors [18,19]. 

In what concerns ethanol, it is commonly regarded as one of the main stresses acting 
on yeasts due to its natural toxicity, which ultimately affects cells growth and viability 
[20]. Early studies by Casey and Ingledew [21] showed that the high ethanol concentra-
tions obtained from the fermentation of sugar-rich substrates led to a reduction on the 
specific growth rate and fermentation rate of S. cerevisiae, but also on cells viability. Etha-
nol affects yeast cells on multiples levels and targeting different components of their struc-
ture [20]. One example is its effect over cells metabolism and the synthesis of specific mol-
ecules. According to Hu et al. [22], ethanol can not only induce the production of heat 
shock-like proteins, causing a reduction of mRNA and protein accumulation, but also a 
denaturation of intracellular proteins and glycolytic enzymes, which will directly affect 
critical metabolic capacities involved in cell growth and fermentation. Another key target 
structure on yeasts is their cell membrane where ethanol can cause an increase of fluidity, 
resulting in a loss of membrane integrity [23]. Additionally, according to Piper et al. [24], 
many of these changes induced from stressful levels of ethanol are identical to those 
caused by thermal stress. 

2.2. Robustness of the Fermentation Organism 
The capacity to withstand the stressful conditions mentioned before and to efficiently 

perform under a VHG environment is strongly dependent on cells robustness. In this con-
text, S. cerevisiae is the yeast typically used to study the molecular mechanisms involved 
in stress response. Research on yeast physiology has revealed that many S. cerevisiae 
strains can potentially tolerate far higher ethanol concentrations than previously believed, 
generally without any conditioning or genetic modifications [21,25,26] (Table 1). 

An early study from Pereira et al. [26] showed that the industrial S. cerevisiae isolates 
PE-2 and CA1185 had an excellent performance in VHG fermentations, producing high 
ethanol titers (>19% v/v) with high productivities (>2.5 g/L·h), which suggests they are 
more physiologically robust under these conditions. Furthermore, these isolates showed 
to accumulate superior concentrations of trehalose, glycogen, and sterols when compared 
to the laboratory strains, which may explain the superior stress tolerance and fermenta-
tion performance. Trehalose and glycogen are energy reserve carbohydrates used by cells 
under sugar starvation conditions [27,28]. On a recent chemostat study, it was observed 
that the accumulations of trehalose and glycogen were strongly dependent of the cultiva-
tion temperature, with the highest glycogen accumulation at 12 °C and the highest treha-
lose accumulation at 39 °C [29]. Additionally, the thermotolerant industrial strains pre-
sented significantly higher trehalose accumulation compared to the reference laboratorial 
CEN.PK113-7D strain. At the proteome level, temperature responses also differ between 
S. cerevisiae strains [30]. Interestingly, thermotolerant S. cerevisiae Ethanol Red response to 
both supra and sub-optimal temperature involved the overexpression of Erg13—a protein 
involved in early ergosterol biosynthesis—and Gsy1—a glycogen synthetase [30]. 
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Table 1. Comparative performance in the production of bioethanol by different strains of S. cere-
visiae using different substrates, initial concentration, and temperature. 

Strain Substrate 
Initial 

Substrate 
(g/L) 

Temperature 
(°C) 

Final Ethanol 
(g/L) 

Reference 

AT-3 Glucose 180 40 68.5 [31] 

SEMF1 
Sweet sorghum 

juice 185 33 86.2 [32] 

NRRL Y-2034 Sweet sorghum 
juice 

200 30 70.6 [33] 

DMKU 3-S087 Molasses 200 40 72.4 [34] 

KKU-VN8 Sweet sorghum 
juice 238 40 89.3 [35] 

CCTCC 
M206111 Sweet potato 240 30 128.5 [36] 

Y-904 Sugarcane juice 
and molasses 

300 27 135.0 [37] 

PE-2 Glucose 323 30 149.0 [38] 
YF10-5 Glucose 350 30 115.0 [39] 

KL17 
Galactose and 

glucose 500 30 96.9 [40] 

C10 Sugar beet syrup 270 30 116.0 [41] 

On a similar way, it was also possible to identify different critical ethanol concentra-
tions for laboratory and industrial strains above which cells viability significantly de-
creased. For the industrial strains, cells viability remained above 85% for ethanol concen-
trations up to 140 g/L, sharply decreasing after that; on laboratory strains the decline on 
viability occurred for a much lower ethanol concentration (85–100 g/L), confirming its 
lower resistance to ethanol [26]. 

2.3. Nutrients Depletion 
Previous research showed that yeast cells capacity to achieve high ethanol levels 

strongly depends on the nutritional conditions and the protective function that some nu-
trients can provide. A common limitation of the VHG technology refers to a lack of critical 
elements required by cells, which are usually present in insufficient amounts considering 
the levels of sugars available [1]. 

After carbon, assimilable nitrogen is the most important component in the fermenta-
tion media and has been reported to be a limiting nutrient in VHG fermentations. It rep-
resents one of the essential nutrients for ethanol production, especially under VHG con-
ditions [1]; not only promotes yeast growth and ethanol production, but also tolerance to 
ethanol [42]. On lab-scale studies, yeast extract is widely used as a nitrogen source for 
yeast cells growth and as a nutrient supplement in ethanol production [43,44], however, 
it is not appropriate for industrial ethanol production due to its high cost. It is thus im-
portant to exploit low-cost nitrogen sources able to provide the nutritional requirements 
for yeast growth and fermentation. Several potential options have already been studied, 
such as millet flour [45,46], corn steep liquor [47,48], fresh yeast auto lysate [49], and spent 
yeast from the brewing sector [48,50]. 

In addition to carbon and nitrogen, trace elements such as zinc, magnesium, and 
manganese, all involved in several metabolic pathways, have been also widely reported 
to promote sugar conversion, allowing a superior ethanol tolerance and production levels, 
particularly under VHG conditions [5,47,51–53]. Zinc is an essential element for the nor-
mal growth, metabolism, and physiology of yeast cells, acting as an important co-factor 
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of many proteins [32]. On an early work conducted by Zhao and Bai [53], medium sup-
plementation with zinc was found to increase cells resistance to high temperatures and 
ethanol concentrations, leading to an increase in the ergosterol content of the cell mem-
brane and in the levels of intracellular trehalose. The addition of 50 ppm zinc sulfate re-
sulted in a 9.6% increase of ethanol production. On the other hand, glycerol production 
decreased with zinc supplementation, reaching a minimum of 3.21 g/L. A close association 
between cells viability and the levels of supplemented zinc was also observed, leading to 
an increase of the ethanol production yield. Similarly, calcium and magnesium, both pre-
sent in sugarcane juice, were previously associated by Trofimova et al. [54] to a higher 
tolerance to the stress caused by hydration and dehydration, being important for the sta-
bilization of yeast cell membranes, but also acting as protecting agents under high con-
centrations of ethanol, especially when subjected to large environmental changes such as 
on the osmolality levels [55]. 

An early study from Pereira et al. [47] compared the fermentation performance of S. 
cerevisiae strains under two distinct VHG mediums: a reference medium (RM) containing 
100 g/L CSL as sole nutrient source; an optimized medium (OM) supplemented with low-
cost nutrient sources (g/L: CSL 44.3, urea 2.3, MgSO4.7H2O 3.8 and CuSO4.5H2O 0.03). 
On fermentations conducted with approximately 300 g/L of glucose, CEN.PK 113-7D pro-
duced a maximum ethanol concentration of 130 g/L with the OM; opposing to that, only 
120 g/L were achieved with the RM. For PE-2, the maximum ethanol concentration in fer-
mentations with 300–330 g/L of glucose was 147 g/L using the OM, decreasing to 130 g/L 
with the RM. Similarly, the influence of nutrient supplements on cells viability was also 
assessed. Near the end of the fermentation, when ethanol titers were close to 15.0% (v/v), 
viability of CEN.PK 113-7D cells improved from 64%, with the RM, to 85% with the OM. 
In the same way, when 16.8% (v/v) of ethanol was obtained with PE-2, cells viability im-
proved from 43% with the RM to 89% with the OM. 

3. Critical Factors for Improved VHG Fermentations 
Even though representing an interesting option from an economic point of view, 

VHG technology still faces important challenges towards its efficient implementation on 
an industrial scale. To achieve that, some major factors should be taken into account in the 
development of new/existing VHG systems, both by academia and industry (Table 2). 

Table 2. Main challenges to efficient VHG ethanol production and current research efforts ad-
dressing them. 

Process 
Element Challenge Research Efforts 

Fermentation 
organism 

Stress induced by high 
ethanol concentrations 

New high ethanol-tolerance organisms 
Optimization of process conditions 
(e.g., temperature) 
Alternative process configurations 
(e.g., cells immobilization) 

Optimization of cells pitching strategy 

Stress induced by high sugar 
concentrations 

New high osmolites-tolerance organisms 
Alternative process configurations 
• Cells immobilization 
• Fed-batch regime 
• Continuous fermentation 

Nutrients starvation 
(especially nitrogen) 

New low-cost nutrient sources 
Optimization of media composition 

Cost of cells 
Cells immobilization 

Process productivity 
Sugar Competition with food crops 
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feedstock 
Feedstock price 

New feedstocks not competing with food crops 
and/or with an inferior cost 

Sugar Yields Plant development for high sugar contents 

Highly viscous 
materials 

Process adjuvants 
(e.g., cell wall degrading enzymes) 

Optimization of mixing/improved mixing 
alternatives 

Process 

Mass transfer 
limitations 

Oxygen limitation 
Optimization of oxygen supply/new strategies for 
oxygen supply 

Contamination risk 
More robust organisms towards microbial 
contamination 
More thermotolerant organisms 

3.1. Temperature 
Although high temperatures are commonly desirable in the bioethanol industry, 

mostly due to the potential savings on cooling requirements and reduced contaminations 
risk, in addition to leading to a higher ethanol production by yeast cells [29], their negative 
impacts on fermentation are more pronounced under VHG conditions. This is explained 
by the consequent increase of ethanol-related stresses, the intensification of non-growth-
related energy demands [29] and by the fact that ethanol tolerance usually decreases as 
temperatures rises [56,57]. Indeed, in an early study from Gao and Fleet [58], the authors 
observed that S. cerevisiae cells incubated for 12 days in 15% ethanol at 10 or 15 °C did not 
lose any viability. Differently, for an incubation temperature of 30 °C, cells viability 
slightly decreased. In a previous work from Pereira et al. [59] on the development of cell 
recycling systems for VHG processes, the authors observed clear improvements over cells 
performance when the fermentation temperature was reduced from 30 to 27 °C. Specifi-
cally, for an initial glucose concentration of 400 g/L and a temperature of 30 °C, S. cerevisiae 
PE-2 cells were able to produce 18.2% (v/v) of ethanol, leaving a sugar residual around 80 
g/L. Opposing that, when the temperature was reduced to 27 °C, cells were able to pro-
duce 20.1% (v/v) of ethanol and the glucose residual decreased to 60 g/L. 

Another example points to the findings previously reported by Laluce et al. [60], who 
conducted an optimization study regarding critical variables on VHG fermentation, such 
as sugar concentration, temperature, and inoculum size. According to the authors, as 
sugar concentration increases, fermentation temperature must be reduced to attenuate 
ethanol-induced stresses, especially manifested by a decrease of cells viability. It is thus 
recommended to lower the fermentation temperature to minimize cell death and maintain 
high levels of ethanol production when the temperature is increasing in the industrial 
reactor. 

Achieving efficient high-temperature fermentations on a VHG context will therefore 
rely on the organism capacity to withstand the accumulation of high concentrations of 
ethanol at elevated temperatures, without compromising cells viability. This will mostly 
depend on the utilization of organisms with an increased thermotolerance, such as the 
yeast Kluyveromyces marxianus. In an early study from Limtong et al. [61], the fermentation 
performance of K. marxianus strain DMKU 3-1042 (isolated by an enrichment technique in 
a sugar cane juice medium supplemented with 4% (w/v) ethanol at 35 °C) was assessed at 
different temperatures. In shaking flask cultivations and using a sugar cane juice media 
containing 22% of total sugars, 0.05% (NH4)2SO4, 0.05% KH2PO4, and 0.15% MgSO4.7H2O, 
for a temperature of 37 °C, the ethanol concentration reached 8.7% (w/v), the productivity 
1.45 g/L·h, and the production yield 77.5%. At 40 °C, the maximum ethanol concentration 
was still 6.78% (w/v), while productivity decreased to 1.13 g/L·h and the production yield 
decreased to 60.4%. Additionally, in a recent work by Malairuang et al. [62], the authors 
observed that K. marxianus SS106 isolate was able to tolerate temperatures in the range of 
35–45 °C, allowing to achieve high cell densities on the process. Similarly, a previous study 
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from Techaparin et al. [35] reported the utilization of several thermotolerant yeast isolates 
to produce bioethanol under high fermentation temperatures. From the entire set of initial 
isolates, a selection of five isolates showed clear benefits towards an operation under high 
temperatures, specifically between 40–43 °C, inclusively outrunning the performance of 
an industrial strain commonly used for bioethanol production (S. cerevisiae TISTR 5606). 

From the facts referred before, it seems clear that for an efficient VHG fermentation, 
a quantitative understanding of the effect of temperature on substrate consumption and 
ethanol production must be investigated to define the most suitable operating conditions. 
As an example, Rivera et al. [63] addressed the effect of temperature on ethanol produc-
tion from sugarcane by S. cerevisiae using a mechanistic model formulated in the study. 
According to the authors, as the temperature increased, the maximum specific growth rate 
also increased; however, beyond approximately 37 °C, it started to decrease. Additionally, 
the maximum levels of ethanol and cell concentration were found to be inversely related 
to the fermentation temperature. 

3.2. Agitation and Aeration Conditions 
On yeasts, ethanol is usually produced via the glycolytic route under anaerobic con-

ditions. Nevertheless, numerous studies have already found that an appropriate aeration 
associated with an efficient agitation, especially in the beginning of yeast growth phase, 
can significantly improve the subsequent sugar consumption and ethanol production, 
even more under VHG conditions [44,57]. According to You et al. [64], S. cerevisiae requires 
a given amount of elemental oxygen to synthesize ergosterol and unsaturated fatty acids, 
both essential for plasma membrane integrity. The required levels of aeration are depend-
ent of several factors, namely the specific yeast strain, nutrients availability, and the fer-
mentation process [65–67]. A previous work from Deesuth et al. [2] addressed the poten-
tial role of aeration (and nutrients) on improving VHG processes. According to the au-
thors, an aeration of 0.05 vvm for 12 h enabled an increase of final ethanol titers from 114.8 
to 126.3 g/L, but also of ethanol productivity from 1.91 to 2.11 g/L·h. On the other hand, 
an early study from Lin et al. [68] demonstrated that the timing, duration, and intensity 
of the aeration step critically influence the amount of viable cells, and consequently, the 
overall levels of ethanol production. The authors observed that under the best aeration 
conditions, referring to a flow of 0.82 L/min in the log phase, the amount of viable cells 
had a 2-fold increase comparatively to a no-aeration scenario, and allowed to reduce the 
period of full glucose consumption from 48 to 36 h. Similarly, Khongsay et al. [44] ob-
served that under optimum agitation conditions, the application of an aeration step (2.5 
vvm; 4 h) allowed a general improvement of ethanol titers (118 to 133 g/L) and productiv-
ities (2.19 to 2.55 g/L·h) when compared to the absence of aeration. 

From another perspective, and still in the scope of oxygen availability for cells, add-
ing to its supply, it is equally critical its transference to cells. In this context, it is most 
relevant to discuss the close relation between oxygen diffusion in the media and efficient 
agitation methods, which could be especially relevant when substrates with a high gelat-
inization degree are employed, such as those based on starch. This aspect is commonly 
addressed in VHG research, namely with the optimization of mechanical agitation [44]. 
This may also refer to a new agitation apparatus or the development of new process 
schemes which may enable more favorable media rheology profiles, as are the cases of 
liquefaction-aiding enzymes. Specifically, growing interest has been given to the utiliza-
tion of cell wall degrading enzymes to facilitate the liquefaction of the substrate solution. 
Poonsrisawat et al. [69] recently reported that the utilization of a combined mixture of 
different cell wall degrading enzymes (from different fungus) allowed clear improve-
ments on medium rheology. When a cassava root mash was employed, the application of 
0.05 mg protein/gsolid (with equal parts of three enzymes) for 2 h resulted on a significant 
decrease of complex viscosity from 832.4 to 1.01 Pa.s. According to the authors, this result 
could be largely attributed to an efficient synergism of complementary activities found on 
the different enzymes, explaining a much superior effect comparatively to the action of 
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individual extracts. Another example refers to the study reported by Zhang et al. [70] on 
the application of a xylanase treatment to reduce the viscosity of a sweet potato mash for 
VHG processes. According to the authors, a xylanases treatment conducted during 90 min 
resulted into a major reduction of medium viscosity from 9.86 to 0.50 Pa.s, and posteriorly 
led to an ethanol titer above 17% (v/v) and an ethanol yield of 90.7%. In this regard, the 
advances in consolidated bioprocessing, which combines saccharolytic and fermentative 
abilities in a single microorganism, could significantly advance these VHG processes as 
industrial robust S. cerevisiae cells engineered with cell-surface display xylanases have 
been constructed [71]. 

3.3. Nutritional Supplementation 
As mentioned above, the depletion on the fermentation medium of key components 

employed by cells to either grow or to ferment represent one of the main causes for in-
complete and/or slow VHG fermentations. Indeed, often the preparation of high sugar 
content (VHG) mediums is not followed by an adequate balance of other important ele-
ments required by cells. Accordingly, the external supply of such elements through the 
supplementation with complementary sources can represent a viable solution to over-
come nutrient starvation stresses. 

On this context, several studies have been conducted on the utilization of a wide 
range of potential supplements, with a growing interest especially given to low-cost nu-
trient sources, which seems very appealing when framed to the economics of industrial 
scale processes. One example refers to the studies conducted by Kawa-Rygielska and Pie-
trzak [72] where VHG maize mashes were supplemented with spent brewer′s yeast. Re-
sulting from that, the authors observed not only a clear improvement on the fermentation 
rate, where maximum ethanol yields were reached much earlier (at 48 h), but also on max-
imum ethanol titers, reaching 140 g/L comparing to 120 g/L in the control experiment. 
Similarly, Suwanapong et al. [73] reported the utilization of dried spent yeast and its hy-
drolysate as nitrogen supplements in VHG fermentations with sweet sorghum juice. Com-
paring to a no-supplementation scenario, where 89 g/L of ethanol were produced with a 
productivity of 1.58 g/L·h, the supplementation of 21 g/L of spent yeast resulted in an 
ethanol titer of 107 g/L and a productivity of 2.24 g/L·h. The utilization of yeast hydroly-
sate still resulted in further improvements of productivity, although ethanol titers and 
yields slightly decreased. Another example refers to an early work conducted by Sridee 
et al. [50] on the supplementation of a VHG sweet sorghum juice medium employing 
dried spent yeast as nitrogen source. Comparing to the control condition (no supplement), 
which produced 93.9 g/L of ethanol with a productivity of 1.96 g/L·h, the addition of 16 
g/L of spent yeast led to 104.2 g/L of ethanol and a productivity of 2.17 g/L·h. 

Another potential supplement worth discussing is urea, a commonly used low-cost 
nitrogen source [48]. According to Appiah-Nkansah et al. [74], when VHG fermentations 
conducted with mixtures of sweet sorghum juice and sorghum starch were supplemented 
with 16 mM urea, there were noticeable improvements over final ethanol titers and fer-
mentation kinetics. Similarly, a previous study from Yue et al. [75] showed that the addi-
tion of 0.8 g/L in nitrogen-equivalent of urea resulted in an increase of ethanol concentra-
tion from 120 (control) to 135 g/L although the supplementation of similar levels of am-
monium sulfate has not evidenced any benefits. In addition to the previous examples, 
numerous studies have also explored the application of more expensive components, such 
as yeast extract [76–78] and amino acids [79]. Nevertheless, on an industrial scale context, 
these will likely seem less attractive and thus have been receiving less and less attention 
these days. 

Even though nitrogen supplementation represents a large part of the studies con-
ducted on this topic, some efforts have also been focusing on other elements equally im-
portant for cells. One example refers to the important role played by different ions (e.g., 
Mg, Cu, Ca, Mn, etc.) as already addressed by the previous studies conducted by Pereira 
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et al. [47], Hu et al. [80], Deesuth et al. [76], among others. Other interesting element espe-
cially relevant on a VHG environment is the application of osmoprotectants (e.g., glycine), 
as previously reported by Chan-u-tit et al. [77]. 

3.4. Operation Mode 
Bioethanol production has been typically conducted by three distinct operation 

modes: batch, fed-batch, and continuous. According to Lopes et al. [11], fed-batch pro-
cesses represents nearly 83% of the existing facilities, with the continuous operation only 
representing 17% of the cases. 

3.4.1. Batch Operation 
Batch fermentation is a closed culture system where both biomass and substrates are 

added into the fermenter on a single step, being the products only removed at the end of 
the process. This may significantly contribute to achieving high cell densities since nearly 
99.5% of cells can be reused in a subsequent fermentation. High cell densities inside the 
fermentation vessel have been reported to contribute to reducing the fermentation time 
[59] and to increase production yields and productivities [81,82]. High cell densities may 
also result in reduced ethanol inhibition effects over cells, which will result in superior 
viabilities [83]. Nevertheless, this configuration has also some disadvantages, particularly 
when microorganisms are either slow growing or strongly affected by substrate inhibition 
[84,85]. Batch configuration presents limitations when processing substrates in a concen-
tration of up to 200 g/L of total sugars, which corresponds to a maximum ethanol concen-
tration of 102 g/L. Specifically, it can lead to reduced yields and productivities when the 
substrate is added at once at the beginning of the process, either by exerting inhibitory/re-
pressing effects or diverting cellular metabolism to products of no interest [86,87]. 

3.4.2. Fed-Batch 
Fed-batch operation usually begins with a batch stage, using a small amount of sub-

strate in the fermenter. Afterwards, the fermentation medium is fed to the fermenter, step-
wise or continuously, when most of the initial substrate has been consumed. This allows 
increasing the total levels of substrate uptake while maintaining a low substrate concen-
tration within the fermentation vessel, thus reducing the negative effects of osmotic pres-
sure or rheology-related constraints associated to highly viscous substrates. Among other 
advantages, this configuration can allow a reduction of substrate inhibition, higher 
productivity levels, reduced fermentation times, and a decrease of medium components 
toxicity, which are present in higher concentrations on this particular context [88]. 

Stepwise feeding in fed-batch fermentations has already been shown to effectively 
enhance ethanol production under HG conditions. In an early work from Laopaiboon et 
al. [89], the fermentation of sweet sorghum juice under HG conditions was assessed fol-
lowing different process configurations. From a 24° Brix medium, the traditional batch 
configuration resulted in 100 g/L of ethanol and a product yield of 0.42 g/g; using the 
optimum fed-batch strategy, which consisted in two-times substrate feeding, final ethanol 
concentration, and production yields increased to 120 g/L and 0.48 g/g, respectively. On 
the other hand, fed-batch fermentations with continuous feeding may also enable some 
improvements in fermentation efficiency although these seems highly dependent on nu-
merous operating factors [90]. In a recent work from Phukoetphim et al. [78], the authors 
studied several fed-batch continuous schemes for the VHG fermentation of sweet-sor-
ghum juice, which consisted of different feeding times and feeding rates. Overall, all feed-
ing strategies did not result in visible improvements in final ethanol concentration. None-
theless, the application of a specific regime referring to a feeding time of 9 h and a feeding 
rate of 40 g of sugar/h resulted in a clear improvement on process productivity, raising 
from 1.56 (batch) to 2.35 g/L·h. Other improvements in the process design and operation, 
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which may allow to enhance the physiological environment of cells under stress, will be 
also economically interesting and a focus for continuous development. 

3.4.3. Continuous Regime 
Continuously stirred tank reactors (CSTRs) have been widely used for bioethanol 

production by both academia and industry for a long time. Although being characterized 
by their high mixing performance, superior product inhibition may also occur because of 
the high final product concentrations inside these reactors. On the other hand, although 
not fully suitable for batch VHG fermentations, multi-stage stirred tank reactors in series 
can lower product inhibition to some extent. Additionally, tubular bioreactors can also be 
used in a context of product inhibition since its concentration increases gradually along 
the axial direction, even though strong substrate inhibition can equally occur at the inlet 
sections, resulting from the very high substrate concentrations [8]. Independent of the ex-
act reactor configuration—single reactor or a series of multiple vessels—operating under 
a continuous regime can potentially represent an interesting option under a VHG context, 
as long as some key issues are surpassed. While a continuous operation would allow to 
clearly reduce production times, a continuous exposure of yeast cells to high sugar and 
ethanol concentrations would also possibly affect cells growth, and ultimately lead to bi-
omass washout [91]. Furthermore, for each case, it would be critical to find a proper dilu-
tion rate that simultaneously allows reasonable sugar levels on the residual stream and 
economically competitive ethanol productivities, which would essentially depend on in-
creasing current sugar uptake capacities. 

Referring to some examples, an early work by Bayrock and Ingledew [92] reported 
the production of bioethanol employing a multistage system constituted by a train of 5 
sequential vessels. Different mash concentrations were assessed, and accordingly, differ-
ent dilution rates were established so the glucose residuals were always inferior to 0.3% 
(w/v). Using a 32% (w/v) glucose mash, this system allowed an ethanol production around 
16.73% (v/v); considering the correspondent dilution rate of 0.05 h-1, an ethanol produc-
tivity of 6.6 g/L·h can be estimated, which can be considered fairly competitive with other 
works found in literature. From another report, Bai et al. [9] described the continuous 
production of bioethanol by S. cerevisiae under VHG conditions, specifically with a me-
dium containing 280 g/L of glucose fed at a dilution rate of 0.012 h-1 (to guarantee over 
90% of glucose conversion). Under these conditions, the authors achieved an average eth-
anol concentration of 15.8% (v/v) over 2 months of operation, which corresponds instead 
to a very modest productivity around 1.5 g/L·h. 

3.5. Cells Immobilization 
Bioethanol production is usually conducted employing free cells, where they prolif-

erate in the media and carry out their metabolic functions. However, for this case, the 
specific growth rate of cells can be affected by many factors related to either product or 
substrate [93]. To overcome these, as well as enhance ethanol tolerance and promote a 
reduction of production costs, alternative strategies for bioethanol production have been 
studied, among which is the application of cells immobilization. This has been explored 
in bioethanol research during the last several decades, and yet, it still holds much interest 
in the field [93]. 

Cells immobilization offers numerous benefits over free cells systems: prolonged cel-
lular stability; increased tolerance to osmotic stress; increased ethanol yield and produc-
tivities; reduced end-product inhibition; lower risk of contamination due to high cell den-
sities; inferior energy demand and process costs due to an easier product recovery; reuti-
lization of cells for extended periods, namely by cell recycling in repeated fermentations; 
cells protection against toxic compounds [94]. Cells of S. cerevisiae, which is the most com-
mon microorganism used in fermentation, can be immobilized via two main approaches: 
immobilization on a physical support; and immobilization by self-flocculation [95]. 
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Commonly known for their high auto-immobilization capacity, self-flocculating 
strains seems to be superior to those immobilized on a physical support; they are naturally 
retained inside the reactor (when flocs of an appropriate size are formed) with no visible 
problems on cell growth, being recovered by a simple sedimentation, rather than using 
centrifuges [1,38,96]. Different reactor configurations have been tested with these strains 
including air-lift reactors [97–100], single-tower reactors [101,102], and two-tower reactors 
connected in series [103]. The particular use of flocculent yeasts on continuous processes 
goes back to the 1980s. In these processes, high yields can be reached since it is possible to 
operate with high cell concentrations (e.g., 45% (v/v)) [101], and consequently, high etha-
nol titers are achieved in the fermented juice, a major goal of industry [104]. This self-
flocculation capacity does not only provide a more convenient way to maintain high cell 
concentrations on the system but will also prevent contamination [105], besides enabling 
multiple batch cycles. In a previous study from Li et al. [106], the authors reported the 
utilization of a self-flocculation yeast of S. cerevisiae to conduct a process of VHG fermen-
tation through several consecutive batches. According to the authors, cells were repeat-
edly recovered and recycled only by flocculation through a total of 9 batches, which ena-
bled a continuous use of high cell-densities and a consequent reduction of fermentation 
times. Thus, with a VHG medium containing approximately 255 g/L of glucose, the sys-
tem allowed an average production of 15% (v/v) ethanol within 8–14 h. As pointed out by 
the authors, after including cells sedimentation time, an average process productivity of 
8.2 g/L·h was obtained, which represent a very attractive value in a VHG context. In an-
other report, Gomes et al. [38] described the development and utilization of a self-floccu-
lation yeast on a repeated batch system for VHG fermentations. Using an air-lift reactor, 
the engineered flocculent cells were easily recovered and recycled by flocculation-sedi-
mentation throughout a total of 10 batches, enabling an average production of 142 g/L of 
ethanol per operational batch. 

In regards to cells immobilization through a physical support, four main methods are 
traditionally used: adsorption, crosslinking, encapsulation, and entrapment [107]. Ad-
sorption is one of the most attractive options because of its simplicity and low-cost; 
through electrostatic forces (e.g., ionic bonds, Van der Waals forces, etc.), cells are ad-
sorbed to a support material, usually not requiring any toxic chemicals [108]. Another 
interesting technique is cell entrapment on a polymeric matrix, such as calcium alginate. 
This option has important advantages, among which inferior mass transfer limitations 
and cells leakage, and the possibility to operate under high dilution rates [109]. On the 
other hand, with cells encapsulation, they are contained inside a semi-permeable mem-
brane, allowing the diffusion of nutrients and products. Even though presenting a high 
chemical and mechanical stability and being suitable for high cell loads, this technique 
can also constrain cell growth due to limitation of capsule dimensions and diffusion rates 
of important compounds [110]. 

Among possible materials that can be used as immobilization support one of the most 
common options is calcium alginate, which present good biocompatibility, low cost, high 
availability, and an easy preparation. However, calcium alginate beads are also reported 
for gel degradation, severe mass transfer limitations, low mechanical strength (enabling 
cells release from the support), and large pore size [111,112]. Other potential support op-
tions may refer to sugarcane bagasse, spent grains, corn cobs, zeolites, among others [113]. 
The utilization of lignocellulosic residues may be found especially attractive as they cor-
respond in many cases to materials with no value, hence very cheap. This selection should 
consider not only their cost and toxicity but also their performance as efficient mass trans-
fer structures, enabling a proper diffusion of nutrients and products. Traditionally, natu-
ral polymers, like sugarcane bagasse and corn cobs, are less expensive and do not present 
impurities from a chemical synthesis. However, synthetic polymers present a higher sta-
bility and resistance to abrasion, but also a superior surface area and permeability [114]. 
Even though cells immobilization has still not received much attention in this context, 
ethanol production employing immobilized cells still harbors considerable potential; it 
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can potentiate a lower product and/or substrate inhibition, higher productivities (enabled 
by increased cell concentrations), the possibility to reuse the cells, and a relatively easy 
product separation process [112]. 

3.6. Development of the Fermentation Organism 
The development of robust strains more tolerant to the stresses found in VHG fer-

mentations represents one of the key aspects on the improvement of this type of processes. 
Considerable research has been conducted in this regard over the last decades, which has 
addressed distinct aspects of VHG-related stresses. 

Previous studies conducted by Pereira et al. [115] identified different sets of genes 
necessary for yeast resistance to multiple fermentation-related stresses, namely high con-
centrations of glucose and ethanol, both relevant in VHG fermentation. By comparing the 
fermentative performance of different single-gene deleted strains under VHG conditions, 
it was possible to infer five genes whose expression is required for maximum performance 
on VHG fermentations: BUD31 and HPR1 were found to have a crucial effect in both eth-
anol yield and fermentation rate; PHO85, VRP1, and YGL024w were required for maximal 
ethanol production. According to the authors, these could represent interesting candi-
dates for further genetic engineering strategies to achieve more robust yeasts. Another 
example refers to recent work conducted by Hong et al. [116] where the authors truncated 
the promoter of CYR1 of S. cerevisiae. The obtained mutants, carrying different types of 
promoter truncation, presented a 2–3-fold decrease in adenylate cyclase activity and 
showed a superior heat and ethanol tolerance. In VHG fermentation (nearly 276 g/L of 
glucose) at 40 °C, these mutants enabled a 14–15% increase in the ethanol yield. On a 
different approach, genome shuffling has been also frequently used as a simple tool for 
yeast development. For example, Tao et al. [117] combined an initial deletion of GPD2 
with three rounds of genome shuffling over S. cerevisiae Z5 strain, resulting in a mutant 
strain able to achieve a 8% higher ethanol yield. Liu et al. [118] combined an initial step of 
chemical mutagenesis using EMS (ethyl methanesulfonate) with a meiotic recombination-
mediated genome shuffling. According to the authors, under VHG conditions, the result-
ing S. cerevisiae mutants showed a noticeable increase in osmolarity and ethanol tolerance, 
enabling a 16% increase on ethanol yields. 

Under a slightly distinct strategy, significant improvements can be also achieved by 
addressing other aspects besides directly targeting yeast cells tolerance. In a recent study 
by Wang et al. [119], the authors reported that the overexpression of the metB/yfdZ op-
eron in Zymomonas mobilis enabled the mutant strain to grow on a chemically defined me-
dium without amino acids and vitamins, which ultimately lowers the medium cost. An-
other example consists in the work developed by Guo et al. [120] on the expression of an 
aspartic protease from Neurospora crassa over an ethanol producing yeast (cell wall-an-
chored) to obtain process-relevant traits. The mutant strain not only showed a superior 
cell viability and growth rate, but also a 7.2% superior ethanol yield. According to the 
authors, this could be attributed to an improvement of starch saccharification led by the 
lysing effect associated to the proteases, but also to the positive nutritional effect of the 
amino acids released during proteases action. 

3.7. VHG Fermentation for Cellulosic Ethanol Production 
The application of VHG fermentation to produce bioethanol is typically associated 

with energy crops, or sucrose/starch materials in general, having a high carbohydrates 
content. Nonetheless, this technology may also be considered for another important class 
of feedstocks known as lignocellulosic materials (LCMs). These are complex materials 
found abundantly in nature, which are mainly composed by cellulose, hemicellulose, lig-
nin, and other minor components, like ash, protein, and fat [121]. Because their high avail-
ability and diversity of possible sources, they are usually cheaper and do not compete 
with food crops. However, when comparing with traditional feedstocks of 1G-bioethanol, 
VHG operation with LCMs is much more challenging due to several factors. Firstly, LCMs 
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typically present large fractions of insoluble components that are not sugars (e.g., ash, 
lignin) [122], resulting on a dilution of its sugar fraction. Because of that, and since the 
total carbohydrates fraction is in many cases inferior to 50%, reaching an initial sugar con-
centration above 250 g/L can frequently require using an initial hydrolysis slurry with at 
least 50% (w/v) of solids. On the other hand, this level of solids consistency cannot be 
achieved with LCMs because they traditionally have low densities and high water-reten-
tions capacities [123], originating high-viscosity solutions and mass transfer limitations 
when solids content raises above 18–20% [124]. Adding to rheology-related issues, a VHG 
operation will also bring a superior concentration of sugar-derived inhibitors formed dur-
ing solid pre-treatment such as HMF, furfural, and acetic acid, which have been widely 
reported to affect both cells and enzymes [125]. Similarly, lignin and derivatives will be 
also present in superior amounts, with several consequences in the process. Phenolic com-
pounds originated from lignin, such as ferulic and p-coumaric acid, have been reported to 
inhibit cell growth and fermentation [126,127]. Furthermore, lignin has been associated to 
a strong inhibition of cellulases action towards cellulose, either by forming a physical bar-
rier to cellulose [122] or due to a non-productive binding of the enzymes to lignin [128], 
affecting their adsorption to cellulose. 

Some efforts have been conducted towards a partial/total elimination of the effects 
from these compounds, which may involve the application of detoxification steps, the uti-
lization of more robust organisms, the utilization of more adequate pre-treatments, among 
others [124]. A potentially effective strategy that may not only decrease inhibitors toxicity 
but also attenuate medium rheology constraints refers to the application of alternative 
operation modes such as the fed-batch process [129], which has already been discussed 
above in the context of a reduction of osmolarity-related stress (c.f. Section 3.4.2). Gradu-
ally feeding the LCM substrate will allow, in some cases, that the fermentation organism 
could gradually convert some of the inhibitors present on the medium (e.g., furfural and 
HMF) [130] and/or an adaptation to them [131]. On the other hand, a fed-batch operation 
would also guarantee a constant availability of appropriate levels of free water as the LCM 
suspension is continuously liquefied [132,133], a critical element for an efficient mobility 
of cellulases [124]. This opposes a single addition of the LCM, where reduced levels of free 
water can drastically affect enzymes action. 

Overall, the application of VHG technologies to efficiently process lignocellulosic 
materials faces multiples challenges and will still possibly require considerable research 
efforts in the upcoming years. This may explain why studies of VHG in the context of 
LCMs are currently very scarce and/or still not present attractive indicators. 

4. Concluding Remarks 
Although already been studied over several decades, very-high gravity technology 

is still the subject of considerable research nowadays. Overall, and despite the substantial 
amount of studies conducted so far, many technical hurdles remain. Among these, special 
attention has been given to the physiological stresses undertaken by cells, either from high 
initial sugar levels or from high final ethanol concentrations. Additionally, nutrients star-
vation has been also commonly found in VHG processes referring to, in many cases, to 
the cause of incomplete and inefficient fermentations. In the face of that, many current 
research efforts have been focused on optimizing the supplementation of fermentation 
media, which has mostly relied on the search of new low-cost nutrients able to meet the 
core needs of the fermentation organism. In respect to the fermentation organism, special 
attention has been dedicated to the development and screening of more robust organisms 
towards the multiple stresses found in a characteristically challenging environment. Ad-
ditionally, alternative process designs such as fed-batch or continuous operation, or using 
immobilized cells, has been also considered. Finally, to meet a growing utilization of new 
and more economic substrates, many of them raising new operational challenges to the 
process, recent research has been also focused on new agitation apparatus and/or sub-
strate feeding schemes. As long as some of these issues are efficiently addressed, VHG 
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technology will likely contribute to significant economic improvements in biofuels pro-
duction and for their definitive affirmation as a viable alternative to fossil fuels and sus-
tainable solution for simultaneous multi-waste valorization processes. 
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