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1. INTRODUCTION

The annual rise in energy demand has forced increasing attention to 
be paid towards climate change and the impact that human activity has 
made on it.

The increase in energy demand and greenhouse-gas emissions, constant 
fluctuations in the fuel market due to political instability in oil-exporting 
countries and agreements made in the Organization of  the Petroleum 
Exporting Countries (OPEC) has prompted mankind to find a solution 
that is more evenly distributed, clean and renewable. A number of  
alternatives and cost-effective solutions have been developed for 
electricity production, however options for the transport sector are 
limited. One possible alternative is the production of  bioethanol.

In 2017, the transportation sector accounted for 32% of  the worldwide 
energy demand. 96.7% of  that originated from fossil resources and 
biofuels accounted for only 3% (REN21 2020).

There are several advantages to using biofuels:

1. Using biofuel can lower air pollution (cleaner burning);
2. Biofuels are biodegradable (lowered risk of  environmental 

pollution);
3. Can be produced from a wide range of  renewable resources 

(different waste materials, inedible plants, etc.);
4. Does not use food crops as feedstock;
5. Can be produced locally therefore, stimulating economic growth 

of  the region.

Even though producing and using bioethanol has several positive 
aspects, it also has some shortcomings:

1. Bioethanol is more expensive than traditional gasoline or diesel;
2. Bioethanol has a lower energy density compared to fossil fuels.

Today, various food crops (wheat, corn, rice, potatoes, sugar cane, etc.) 
are used as raw materials for fuel ethanol production. Although it is 
produced from renewable resources, it has a direct impact on the food 
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market. Such competition between food vs. fuel leads to increases in 
food prices. In addition, the agricultural land usage can shift from food to 
fuel feedstock production. These two high-risk factors make it ethically 
unacceptable, which is why 2nd generation bioethanol from lignocellulosic 
biomass will be considered the most promising replacement for fuels 
derived from crude oil in the near future.

Even though a great deal of  research has been conducted to make 2nd 
generation bioethanol production a feasible and competitive alternative 
to fossil fuels, it still has a big obstacle to overcome, which is pretreatment. 
Numerous and varying methods, such as biological, physical, chemical 
and physio-chemical have been proposed to overcome this issue. 
However, due to the peculiarities of  the lignocellulosic biomass (LCB) 
structure, none are economically feasible.

So far, the physio-chemical methods have elicited the best results. 
Preliminary experiments in different research facilities have shown that 
conventional acid/alkali hydrolysis is only partially effective and requires 
considerable energetic and chemical input. Today, the most commonly 
applied pretreatment method in second generation bioethanol demo- and 
commercial plants is steam explosion (SE). Compared to other physio-
chemical methods, SE is considered superior as it has been proven to 
be effective on a large variety of  herbaceous and woody biomasses and 
it can be conducted without additional dangerous chemicals. Although 
there are several operational commercial plants, for example in Europe, 
the USA and India, 2nd generation bioethanol production is still not 
competitive without governmental subsidies. In order for the hydrolysis 
to be economically viable, process inputs need to be minimized and 
processes optimized. 



12

2. LITERATURE REVIEW

2.1. Biofuels classification

There are several classification systems for biofuels. In the European Union 
(EU), biofuels are categorized in four groups according to the origin of  the 
feedstock, field of  application and form of  the fuel (solid, gaseous, liquid). 
The first group is “biomass fuels” which includes solid and gaseous fuels 
that have been produced from biomass. Secondly, we have “bioliquids” 
that refers to liquid fuels that are intended for energy purposes, but not for 
the transportation sector. Thirdly, “biofuels”, which refers to liquid fuels 
produced from biomass specifically for the transportation sector. And 
fourth, “advanced biofuels”, which refers to fuels produced from algal 
biomass, different agricultural waste, etc. (EC 2018).

A more commonly-used classification is based on processing technology 
and biomass type (Fig.1). Firstly, the biofuels are divided into two larger 
groups: Primary and Secondary biofuels. Primary biofuels are natural 
and non-refined biomass with limited uses. This category includes 
firewood, pellets, briquettes, wood chips, etc. and is mostly used for 
heat or electricity production. Secondary biofuels are fuels produced 
by processing different lignocellulosic biomass. It is divided into 4 sub-
groups/generations i.e. 1st, 2nd, 3rd and 4th generation, mostly according 
to the type of  material but also according to the processing technology.

Bi
of

ue
l

Pr
im

ar
y

Firewood, wood chips, pellets, agricultural and forestry 
residues, natural gas, etc.

Se
co

nd
ar

y

1st

generation

Feedstock: Sugar, starch or oil rich food crops.
Fuels: Bioethanol or -buthanol,

biodiesel, etc.

2nd

generation
Feedstock: Lignocellulosic biomass, waste cooking oils, 

non-food oils, food waste, etc.
Fuels: bioethano/-buthanol, biodiesel, biogas, syngas, etc. 

3rd

generation
Feedstock: micro- and macro algae, microorganisms.

Fuels: biodiesel, bioethanol, biogas, H2 etc.

4th

generation
Biofuels produced from genetically modified algae or 

microorganisms.

Fig.1. Classification of  biofuels (Nigam and Singh 2011; Agbor et al. 2011; Kikas et al. 
2015; Podkuiko et al. 2014).
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Unlike primary biofuels, the potential uses of  secondary biofuels are 
much broader. In addition to the production of  heat and electricity, 
these fuels can also be used in internal combustion engines, jet engines 
or even as platform chemicals. During the production process, it is also 
possible to extract valuable by-products that can be used, for example, in 
the food, pharmaceutical or chemical industries, making the production 
of  these fuels even more attractive.

The most common 1st generation (1G) liquid biofuels produced 
worldwide today on a larger scale and used in the transportation sector 
are bioethanol (59%), biodiesel (35%) and hydrotreated vegetable oil 
(HVO (6%)). The fuel is produced by fermenting sugars and starches 
or by transesterification of  plant oils and animal fats. For ethanol 
production, crops rich in starch and sugars, mostly corn and sugar cane, 
but also sugar beet, etc. are used. For biodiesel production, plant oils and 
animal fats are used. The overall production has risen during 2015-2019 
17.6% from 133 to 161 billion liters. The biggest producers are USA and 
Brazil, followed by Indonesia, China and Germany (Renewable Energy 
Policy Network for the 21st Century 2016; REN21 2020). The main 
issue with 1G biofuels is that it directly competes with the food market, 
which is why an alternative is being sought.

2G biofuels, also referred to as advanced biofuels, are produced from 
different LCB, such as agricultural or forestry waste (straw, branches, 
bark, etc.) or even urban greening waste (grass, leaves, etc.). Due 
to the structure of  the raw material, it requires preprocessing. The 
LCB can be converted into biofuels through a range of  biochemical 
(enzymatic hydrolysis with fermentation, anaerobic digestion, etc.) or 
thermochemical (pyrolysis, gasification etc.) processes (Sims et al. 2010). 
Today, the most common 2G biofuels available to the general public on 
the market are cellulosic bioethanol (mostly blended with petrol (E10, 
E15, etc.)), biogas and Fischer-Tropsch biodiesel.  In 2019, advanced 
biofuels constituted less than 1% of  the world biofuel market (REN21 
2020).

The problem with second-generation biofuels currently is that, due to 
the necessity and complexity of  processing the LCB, the price of  the 
final product is much higher compared to 1st generation biofuels and 
regular petrol, diesel or natural gas.
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For 3rd generation biofuels production, aquatic cultivated feedstock 
is used, with a predominant focus placed on microalgae. The ability 
to consume CO2, high lipid and oil content, fast growth rate and 
adjustability to brine water has made it an attractive feedstock for biofuel 
and biochemicals production. Through different processing methods a 
variety of  biofuels can be produced, such as biodiesel, syngas, bioethanol, 
bio oil, bio char, etc. In addition, the algae cultivation does not have a 
large surface area requirement compared to food crops (Ganesan et al. 
2020; Sharma et al. 2020). It can be grown in open ponds if  the climate 
is suitable, or in different types of  photo bioreactors.

4th generation uses bioengineered algae or cyanobacteria as feedstock. 
The chemical composition can be altered through genetic modification. 
The aim is to increase the proportion of  desired components and/or 
reduce the proportion of  unwanted components. For example, altering 
genomes allows us to change the feedstock biosynthesis pathways 
(Sticklen 2010). Through modification the overall feedstock biomass, 
cellulose content in cell walls, oil content or lignin content can be 
increased or decreased. What alterations are necessary is determined by 
the desired end product.

2.2. Lignocellulosic biomass – abundance and its chemical 
composition

LCB is an attractive feedstock for biofuels or biochemicals production 
due to its abundance. In addition, LCB is much more evenly distributed 
in the world compared to fossil resources. Every year, approximately 200 
billion tons of  biomass is produced via photosynthesis and only 3-4% 
of  it is used (Somerville et al. 2010). This leaves us with roughly 190 
billion tons of  potential resources to valorize into fuels and chemicals.

Plant (lignocellulosic) biomass consists mainly of  cell walls, which in turn 
mainly consists of  three structural polymers hemicellulose, cellulose, and 
lignin in different proportions, which are tightly packed into micro fibrils 
(Fig 2). Depending on the plant’s species, polysaccharides (cellulose and 
hemicellulose) account for up to 75% of  the LCB by weight. The exact 
composition is affected by several factors, such as plant type (woody 
or herbaceous), growth place (climate zone, soil, etc.), growth phase 
(juvenile, mature), etc. The results of  the fibre analysis of  four different 
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materials, two herbaceous and two hardwood (Angiosperm), are shown 
in Table 1

Table 1. Composition of  some different LCB samples (Rooni et al. 2021; Kikas et al. 
2015)

Biomass Cellulose, % Hemicellulose, % Lignin,%

Barley straw 45.7±0.2 32.6±0.5 5.25±0.00

Hemp 53.86 10.60 8.76

Aspen tree 48.8±1.2 16.90±0.15 18.9±1.7

Ash tree 41.5±1.2 17±3 27.2±0.5

Fig. 2. The main composition of  lignocellulosic material cell wall (modified from 
(Rocha-Meneses et al. 2020; ‘Plantcell’, n.d.)).

Cellulose (C6H10O5)n, a linear polysaccharide, consisting of  D-glucose 
monomers linked to each other via β-(1-4) glycosidic bonds. It is insoluble 
in water and difficult to biodegrade due to the glycosidic bonds and its 
crystalline structure.

Hemicellulose (C5H8O4)n is a branched amorphous polysaccharide 
consisting mostly of  different C5 but also C6 sugar monomers. 
Unlike cellulose, hemicellulose is relatively easy to degrade into sugar 
monomers such as mannose, galactose, xylose, etc. by microorganisms 

 



16

or via thermochemical/-physical processes due to its branched and 
amorphous structure (Haghighi Mood et al. 2013).

Lignin, out of  the three main structural components, has the most 
complex structure. It is a hydrophobic and cross-linked three dimensional 
aromatic polymer network consisting mostly of  guaiacyl, syringyl and 
p-hydroxy phenol units (Sjulander and Kikas 2020; M. Raud et al. 2019).

From the aspect of  bioethanol production, it is reasonable to use 
materials with high cellulose and low lignin content. High cellulose 
content enables gaining higher amounts of  C6 sugars, mostly glucose, 
which are used for bioethanol production. At lower lignin content, the 
lignocellulosic matrix is easier to break down. It impedes swelling of  the 
cellulose thereby limiting the increase of  the cellulose accessible surface 
area. In addition, lignin has a tendency of  inhibiting enzyme activity by 
binding it non-selectively (Hasanov, Raud, and Kikas 2020; Kumar et al. 
2012). Besides the two aforementioned, the feedstock should also meet 
several additional criteria:

1. Renewability;
2. Fast growth rate;
3. Does not compete with food;
4. Does not use arable land that otherwise could be used for growing 

food crops.

If  all the criteria mentioned above are met, we end up with a feasible and 
cheap resource for fuel production.

2.3. Biomass conversion

2.3.1. 2nd generation bioethanol production

Traditional 2G bioethanol production technology includes several steps 
(Fig 3). Of  course, in the biorefinery concept, the production scheme 
would be much more complex with separating different valuable 
products from different production steps to make biofuel production 
more feasible and also more profitable.
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Fig. 3. The process flow of  traditional 2G bioethanol production technology.

The first step is to gather the appropriate feedstock and dry it for 
storage purposes. This is followed by the particle size reduction step. 
This simplifies handling of  the material, reduces the space required for 
storage, enables process automation whilst acting as pre-pretreatment 
of  the biomass resulting in reduced cellulose crystallinity, degree of  
polymerization etc.

Size reduction is followed by the pretreatment step, where feedstock 
cellular structure is opened up as much as possible in order to increase 
the hydrolysis and subsequently fermentation efficiencies.

During the hydrolysis process, crystalline cellulose is degraded into 
glucose monomers using enzyme mixtures that include mainly endo- 
and exoglucanases and β-glucosidase for degrading cellulose and 
hemi-cellulases for degrading hemicellulose. Hydrolysis of  cellulose 
is a three-stage process (Eq. 1, 2 and 3). Firstly, endoglucanase breaks 
down cellulose crystallinity by breaking the noncovalent interactions. 
Secondly, exoglucanase breaks the cellulose, now in amorphous form, 
into smaller sugars such as cellobiose, cellotetraose, etc. Lastly, those 
smaller oligosaccharides are broken down into sugar monomers using 
β-glucosidase.

Gathering and 
drying

Particle size 
reduction Pretreatment Hydrolysis

FermentationDistillationPurificationWaste 
management
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𝛽𝛽𝛽𝛽−𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑛𝑛𝑛𝑛(𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂)
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝑛𝑛𝑛𝑛(𝐶𝐶𝐶𝐶6𝐻𝐻𝐻𝐻12𝑂𝑂𝑂𝑂6) (3) 
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Fermentation can be carried out using different bacterial or yeast strains. 
The exact strain used for the fermentation process depends on the 
desired end product. For bioethanol production, Saccharomyces cerevisiae is 
most commonly used due to its high ethanol productivity, high ethanol 
tolerance, wide pH range tolerance, etc. (Mohd Azhar et al. 2017). 
Saccharomyces cerevisiae is capable of  fermenting hexoses (Eq. 4), however 
it lacks the ability to ferment pentoses as a drawback.

Hydrolysis and fermentation processes have been thoroughly 
investigated and optimal solutions have been found. Still, researchers 
work on perfecting and fine-tuning the enzymes and researching different 
yeast strains and their capabilities. The main goal is to maximize LCB 
conversion into fermentable sugars as much as possible, and from there 
on into ethanol. The biggest shortcoming of  bioethanol production is 
the pretreatment, which compared to other steps (at this point excluding 
the distillation) is very energy intensive/consuming. Pretreatment alone 
accounts for 20-33% (depending on the method) of  total bioethanol 
production costs, thus making the bioethanol non-competitive with 
fuels derived from fossil resources (Yang and Wyman 2008).

2.3.2. The necessity of  pretreatment for biomass valorization

Without the pretreatment it is very difficult to use the LCB directly 
for biofuel, -material or -chemicals production due to its complex 
structure. The main obstacle is the presence of  lignin, which covers and 
binds everything together. In addition to adding compressive strength 
and stiffness to the cell walls, it also acts as a protective barrier that 
prevents the access of  enzymes and microorganisms to hemicellulose 
and cellulose (Sankaran et al. 2020; Haghighi Mood et al. 2013; Zhang et 
al. 2020; Haldar and Purkait 2021). In order to maximize the conversion 
efficiency and make the overall production feasible, the complex 
lignocellulosic matrix needs to be dismantled into intermediates that can 
be further converted into desired products through different pathways.

𝑛𝑛𝑛𝑛(𝐶𝐶𝐶𝐶6𝐻𝐻𝐻𝐻12𝑂𝑂𝑂𝑂6)
𝑆𝑆𝑆𝑆.  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐
�⎯⎯⎯⎯⎯⎯⎯⎯� 2𝑛𝑛𝑛𝑛(𝐶𝐶𝐶𝐶2𝐻𝐻𝐻𝐻8𝑂𝑂𝑂𝑂𝐻𝐻𝐻𝐻) + 2𝑛𝑛𝑛𝑛(𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2) (4) 
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Main goals for an efficient pretreatment are (Brodeur et al. 2011):
1. Production of  highly digestible solids;
2. Minimized degradation of  sugars;
3. Minimized formation of  inhibitory by-products;
4. High lignin recovery;
5. Minimized energy requirement.

The pretreatment methods are divided into four fundamental groups: 
physical, chemical, biological and physico-chemical. Usually, a 
combination of  physical and an additional method from one of  the 
other three groups is implemented. The pretreatment process selection 
depends on the chemical composition of  the biomass  (Sankaran et al. 
2020; Tutt, Kikas, and Olt 2012).

Physical methods include mechanical comminution or irradiation 
techniques. The main effects of  these methods are a reduction in the 
size and in the degree of  polymerization and cellulose crystallinity, and 
an increase of  surface area. The disadvantage of  these methods is that 
they are energy-intensive (Sankaran et al. 2020; H. Zabed et al. 2016).

Chemical methods are the most commonly used, using alkali or acids 
in order to break the LCB structure. The main effect is solubilising 
hemicellulose and/or lignin thus, making cellulose more easily accessible 
for enzymes. The main drawback of  these methods is the high amount 
of  inhibitory by-products generated during the process, which in turn, 
without removal, will reduce or hinder the efficiency of  subsequent 
hydrolysis and/or fermentation processes. In addition, high chemical 
recovery costs, need for expensive corrosion resistant pretreatment 
equipment, and waste neutralization/treatment units increase the 
production costs (Lorenci Woiciechowski et al. 2020).

Biological methods utilise microorganisms, such as fungi or microbes 
to break down the complex LCB structure. It has several advantages 
compared to other pretreatment methods, such as low energy 
consumption, low or no inhibitor production, simple equipment, and 
no need for recycling the chemicals (H. M. Zabed et al. 2019). Even 
though it has several advantages, this method is not widely used on a 
commercial scale due to a long process rate (up to 14 days per batch), 
large area/room requirements, and need for well controlled conditions 
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(temperature, humidity, etc.) (Chiaramonti et al. 2012; Haghighi Mood et 
al. 2013; Silveira et al. 2015; S. Sun et al. 2016).

Physico-chemical methods integrate both chemical and physical 
techniques in order to break down biomass cellular structure (Brodeur et 
al. 2011). In most cases, high temperatures and pressures are used during 
the process. This category includes methods such as steam explosion 
(SE), which is most commonly used in pilot or commercial plants, 
ammonia fibre expansion (AFEX), CO2 explosion, nitrogen explosive 
decompression, etc.

In Table 2. the advantages and disadvantages of  the various pretreatment 
methods have been summarized.
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As we can see from Table 2, a variety of  pretreatment methods are 
available. The choice of  which method or combination of  methods 
should be applied is mostly based on the desired end product. From a 
bioethanol production perspective, the main goal of  the pretreatment is to 
unveil as much cellulose from LCB as possible for the glucose conversion 
process. Every pretreatment has advantages and disadvantages that stem 
from different parameters such as energy consumption, processing time, 
usage of  chemicals, formation of  unwanted co-products, etc. In most 
cases a combination of  different pretreatments is used in order to reach 
higher yields. Usually, milling or grinding is used as the first step for 
simple size reduction, thus making biomass handling easier and more 
convenient. In the next step, a chemical or physio-chemical pretreatment 
is implemented to open up the cellular structure. Opening up the 
structure speeds up the ensuing hydrolysis and fermentation processes. 
In addition, it increases the overall cellulose to glucose and glucose to 
ethanol conversion efficiencies.

In the end, the choice of  the pretreatment(-s) is made to facilitate 
maximum sugar yields with minimal production of  inhibitory compounds 
for a specific feedstock.

2.3.3. Patented technical solutions for biomass pretreatment 
(Paper I)

There are several patented technical solutions for the pretreatment 
of  LCB. A large proportion of  those are related to the pretreatment 
methods where high temperatures, pressures and/or chemicals are 
used. Methods most commonly implemented on the industrial scale 
are steam explosion, AFEX and acid/alkali pretreatments. Due to the 
extreme conditions, the pretreatment equipment needs to be made out 
of  high-quality materials such as hardened and tempered steels, which 
can tolerate high temperatures and pressures as well as the corrosiveness 
of  the biomass itself  and chemicals. Even though using chemicals 
increases the sugar and ethanol yields and therefore seems to be a 
suitable approach, it has several shortcomings. Using chemicals in the 
pretreatment process creates an additional need for costly recovery or 
recycling units, competent personnel to handle the chemicals, additional 
storage units or facilities, etc. These all have a significant impact on the 
cost of  the final product.
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Patented pretreatment devices are summarized in Table 3. Listed below 
are only patents, the description of  which was available in either English 
or Estonian.

Table 3. Patented pretreatment devices

Patent Method Claims References

US 8,603,295 B2 SE with or 
without an 
acid catalyst

2 stage pure reactive 
cellulose production

(Dottori, Benson, and 
Benecht 2013)

US 2012/0111515 A1 SE continuous energy 
re-circulation

(Nilsen, Solheim, and 
Walley 2012)

US 2008/0277082 SE high pressure 
compressor discharge

(Pschorn, Sabourin, 
and Mraz 2008)

US 2013/0244284 A1 AFEX gaseous ammonia as 
operating gas

(Machida et al. 2013)

EE05784 B1 NED nitrogen gas as 
operating gas

(Kikas et al. 2016)

EE05748 B1 acid/alkali continuous 
lignocellulosic 
biomass pretreatment

(Kikas and Olt 2013)

The listed patents all have their advantages and disadvantages. The main 
focus is set on energy saving and heat energy recirculation in order to 
decrease the overall pretreatment costs. In addition, attention has been 
paid to reducing the usage of  hazardous chemicals and pressures during 
the pretreatment process.

Most of  the apparatuses can be applied on a variety of  feedstock 
excluding patent US 2013/0244284 A1 where starchy biomass is 
preferred (Machida et al. 2013).

The main components of  the SE, NED or acid/alkali pretreatment 
apparatus need to be made out of  AISI 316L or higher-grade stainless 
steels, which in turn increases the cost of  the material itself  and the overall 
energy requirements due to the lower thermal conductivity. In order to 
reduce the amount of  energy needed a preheating of  the biomass before 
feeding the biomass into the pretreatment reactors has been proposed in 
US 2012/0111515 A1, where hot steam from the pressure relief  tanks is 
directed to the preheating vessel/-s (Nilsen, Solheim, and Walley 2012).
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One of  the advantages of  NED pretreatment method and equipment 
described in patent EE05784 B1 over other patented solutions is the 
non-use of  hazardous chemicals (Kikas et al. 2016). This means that it 
also doesn’t require additional neutralization or a recovery system prior 
to the hydrolysis and fermentation processes. In addition, compared to 
SE optimal temperatures for pretreatment are lower ranging from 150-
175°C. The biggest drawbacks are low productivity due to the small 
scale of  the pretreatment vessel (usable volume is 1 L out of  1.8 L) and 
it is a batch system. Additionally, the excess heat energy released during 
the rapid pressure drop is not utilised (Rooni, Raud, and Kikas 2017a).

Even though there has been significant technological developments in 
pretreatment devices there are still aspects that need resolving in order 
to make the process more cost-effective and a more competitively costed 
final product to the fuels derived from fossil resources.
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3. RESEARCH AIMS

The aim of  this work is to develop a more efficient pretreatment method 
to provide better access to polysaccharides in lignocellulosic material, 
which would lead to more economical and energy efficient biofuel 
production.

The main objectives of  the thesis are:

1. To give an overview of  the patented technical solutions of  the 
pretreatment apparatus and to analyse their advantages and 
disadvantages (Paper I).

2. To give an overview and to analyse advantages and disadvantages 
of  different methods for the pretreatment of  lignocellulosic 
biomass (Paper I).

3. To evaluate the suitability of  flue gas as an alternative operating 
gas to purified nitrogen in explosive decompression pretreatment 
(Paper II).

4. To assess the efficiency of  explosive decompression pretreatment 
using different operating gases (Papers II and IV).

5. To evaluate efficiency and suitability of  indoor and outdoor 
freezing pretreatment of  straw as a cheap alternative for Nordic 
countries (Paper III).
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4. MATERIALS AND METHODS

Different pretreatment methods were investigated throughout the 
research process. All the experiments were done at least in triplicates. 
The various steps taken to produce bioethanol from lignocellulosic 
material are described in detail in the following sections.

4.1. Biomass

All the conducted experiments described in this research were done with 
barley straw (Hordeum vulgare) as it is an agricultural waste and one of  the 
most common in Estonia. In 2019, the arable land used for different 
crops was 689 512 ha and out of  that 364 486 ha was used for growing 
different cereals. Table 4 illustrates the averaged ethanol potential 
(cellulose to glucose conversion) from cereal straw in Estonia if  we 
consider an efficiency of  100%. This is based on an assumption that all 
the straw from the fields is gathered and used for bioethanol production.

Table 4. Bioethanol potential from different straws in Estonia.

Crop Sown area
(ha)

Annual straw production*

(t)
Cellulose

(t)
Ethanol 

(t)

Wheat 167 015 267 224 – 334 030 120 251 58 923

Barley 123 410 197 456 – 246 820 88 855 43 539

Oat 37 276 59 641 – 74 552 26 839 13 151

Rye 28 884 46 214 – 57 768 20 796 10 190

Other 7 901 12 641 – 15 802 5 689 2 787

Total 364 486 583 176 – 728 972 222 939 109 239
* Cellulose and ethanol potential is calculated based on average annual straw production 1.8 t/ha per 
year, average cellulose content of  40%, and cellulose to ethanol conversion factor of  0.49.

Even though it seems that wheat, from the cereal crops, has the highest 
potential, this may not be the case. The values in Table 1 show the overall 
potential from cereal straw.  Realistically, only half  of  the wheat straw 
would be available for bioethanol production. Considering that the other 
half  is used as feed and bedding material in animal farms, barley straw 
was therefore chosen as it is less frequently used for these purposes.
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Baled barley straw was selected for the experiments. The straw was baled 
after harvest and stored in dry conditions to prevent contamination with 
fungi and bacteria.

Previous research has shown that ethanol yield per kg of  biomass is 
proportional to the cellulose content in the biomass, which means that 
the suitability of  the energy crop should be assessed predominantly 
based on the cellulose content. The cellulose content of  the barley 
straw was relatively high, 45.73%, hence making it a suitable biomass for 
bioethanol production. The results of  the fibre analysis are presented in 
table 5.

Table 5. Results of  the biomass fibre analysis for barley straw 2016 and 2018.

Component Content, % (2016) Content, % (2018)

Cellulose 45.7±0.2 41.6

Hemicellulose 32.6±0.5 32.9

Lignin 5.25±0.00 5.4

Ash 3.86±0.06 3.8

Moisture n.a. 5.11

Comparing the results gained with manual and semi-automated method, 
we cannot see big differences. The biggest difference is in the cellulose 
content, which differs by 4.1%, for other components hemicellulose, 
lignin and ash the difference is up to 0.3%. Even though the biomass 
that was analysed came from the same straw bale, the results may vary 
slightly due to the presence of  some other grassy plant species beside 
barley straw as well small amounts of  grain. Overall, the results are very 
similar even though the two analysis were performed two years apart 
from each other.

For freezing experiments, besides the baled straw, the straw from swaths 
was used. Straw was gathered from the field once a month during the 
whole winter.

Before the pretreatment, the straw was dried to a moisture content less 
than 10% and milled using cutting mill ZM 200 (Retsch GmbH) to a 
particle size of  less than 1 mm.
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4.2. Pretreatment

In addition to mechanical comminution, several different approaches, 
such as physical and physio-chemical pretreatment methods, were used 
to break down biomass cellular structure. The material used to determine 
the reference underwent only mechanical comminution before the 
hydrolysis and fermentation process. In all the experiments, 100 g of  
dry biomass was used. No pH regulation was done to the broth prior to 
the hydrolysis or fermentation processes.

4.2.1. Freezing pretreatment

In order to verify the validity of  the freezing pretreatment method, 
several experiments were conducted with different freezing approaches. 
Laboratory experiments with the straw gathered right after harvest, 
secondly, with baled straw that was left outside throughout the winter, 
and thirdly, with the straw that was left outside in swaths.

For laboratory experiments, dried and milled straw was mixed with 
800mL of  distilled water in a thermo-box. Thereafter, the box was 
placed into a freezer where biomass-water mixture was frozen. The 
temperature in the freezer was -18 °C and the process lasted for 20-24 
hours followed by thawing the mixture back to room temperature. 
Changing the freezing temperature did not affect the overall hydrolysis 
or fermentation efficiencies. Therefore, only the number of  24-hour 
freezing and thawing cycles was changed from one to four cycles.

The field experiments were conducted during two consecutive winters 
from 2014-2015 and 2015-2016.

During the winter of  2014-2015, experiments with baled straw were 
conducted. Several bales were left on the field for freezing; the samples 
for reference were taken in August immediately after harvest. In order 
to assess if  freezing had any effect on the structural integrity of  the 
biomass, samples for the experiments were gathered 30, 60, and 90 days 
after the first longer lasting frosts.

During the winter of  2015-2016, experiments with straw left into swaths 
on the field were performed. The reference samples were gathered in 
September after harvest. Due to the fact that the weather in October 
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and November was too warm with average temperatures being +5.8°C 
and +4.9°C respectively, the first samples were taken from December 
onwards, after the first frosts (T< -8°C lasting longer than 24h) had 
occurred. From that point on, frozen samples from swaths were gathered 
once a month till March 2016.

All the samples were thawed and dried at room temperature to a moisture 
content less than 10%, and ground using Cutting Mill Retch ZM 200 
(Retch GmbH) into fine particles with sizes ≤1mm.

4.2.2. Explosive decompression pretreatment

In order to disrupt the cellular integrity of  the biomass particles, and 
to expose cellulose for further enzymatic hydrolysis, several approaches 
of  explosive decompression pretreatment (EDP) were used. For the 
experiments, a mixture of  700mL of  distilled water and 100 g of  dried 
biomass was used. Experiments were conducted in a 1.8 L unstirred 
pressure vessel (Parr Instrument Company, Illinois, USA).  The parameters 
that were varied in EDP process were: temperature, pressure, operating 
gas, and the operating gas inserting method.

Table 6. Matrix of  experimental parameters

Operating gas Temperature, °C Pressure, bar Gas insertion

Air 25-175 const.* n.a**

Nitrogen 100-175 const. direct

Nitrogen const. 10-60 direct

Compressed air const. 10-60 direct

Compressed air 100-175 const. direct

Synthetic flue gas 100-175 const. direct

Synthetic flue gas 100-175 const. sparger
*Atmospheric pressure; **not applicable. Pressure was kept constant before the heating was initiated.

In the first set of  experiments, the temperature was changed but the 
pressure at the beginning of  the experiments was kept constant in order 
to assess how changing the temperature affects the disruption of  cell 
walls, and to determine the optimal pretreatment temperature. The 
pretreatment reactor was heated using a ceramic band heater, equipped 
with a controller, and the temperature was changed from 25 to 175±3°C 



31

with a 25°C step. For pretreatment temperatures higher than 75°C (100, 
125 and 175°C) the reactor was cooled down back to 80°C prior the 
explosive decompression, in order to avoid biomass bursting out with 
the operating gas and steam.

In the second set of  experiments, temperature was kept constant and 
initial pressure was changed from 10 bar to 60 bar with a step of  10 bar 
(Paper III).

In the third set of  experiments, three different operating gases were used 
during the pretreatment. The gases were nitrogen-E941 (N), compressed 
air (CA) and synthetic flue gas (SFG) consisting of  20% CO2-E290 and 
80% N-E941. With SFG as operating gas, the experiments were carried 
out using a constant starting pressure of  30 bar while the temperatures 
ranged from 100 to 175°C (Paper IV).

In the fourth set of  experiments, the gas inserting method was changed, 
with two approaches being used. Firstly, the biomass water mixture was 
pressurised from headspace. This method was used with all the gases. 
Secondly, the gas was inserted slowly through a sparger in order to 
increase the biomass and operating gas contact. This method was used 
only with SFG (Paper IV).

4.3. Hydrolysis

The pretreatment was followed by an enzymatic hydrolysis using 
commercial enzyme complex Accelerase 1500 (Genencor, Palo Alto, CA, 
USA) at a ratio of  30 FPU g-1 cellulose. After adding the enzyme, the 
total volume was brought up to 1,000mL. A 24-hour hydrolysis was 
carried out in 1,000mL conical flasks under constant mixing in shaker-
incubators Unimax 1010 (Heidolph Instruments GmbH & Co.KG) and KS 
4000i control (IKA Works, Inc.) at a temperature of  50°C and at a rotational 
speed of  250 rpm (Papers II – IV).

Also, additional longer lasting hydrolysis in up to 96-hour experiments 
were conducted to assess if  a longer lasting process gives significantly 
higher conversion rates (Paper II).
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4.4. Fermentation

The hydrolysate was fermented in round flasks using dry yeast Superjäst 
T3 - Saccharomyces cerevisiae (La-Hem AB, Mariestad, Sweden) in a ratio of  
25 g per kg of  biomass. The fermentation lasted for 7 days under low 
oxygen conditions after which, small samples (1.5mL) of  the broth from 
each flask was taken for the analysis (Papers II – IV).

4.5. Analysis

The fibre analysis was conducted for all the materials used in different 
experimental sets, regardless the pretreatment method. The fibre analysis 
was performed with two different methods – manual, according to the 
standard AOAC 973.1 (Association of  Analytical Chemists), and semi-
automated, according to Filter Bag Technique. The manual analysis was 
performed at the Plant Biochemistry Laboratory of  Estonian University 
of  Life Sciences (Papers II and III). Semi-automated analysis was 
performed in the Institute of  Technology at the Laboratory of  Biofuels 
of  Estonian University of  Life Sciences using automated fibre analyser 
Ankom 2000, which enables the determination of  Acid Detergent Fibres 
(ADF), Neutral Detergent Fibres (NDF) and Crude fibres in different 
feedstock (Paper IV). To determine acid-/neutral detergent fibres and 
insoluble lignin content, AD and ND solutions, and 72% H2SO4 were 
used.

Kern MLS 50-3D (KERN and Sohn Gmbh.) moisture analyser was used 
to determine moisture content in feedstock.

Ash content of  the samples was determined according to NREL 
Technical Report NREL/TP-510-42622.

SEM imaging of  the untreated and treated biomass samples was carried 
out using ZEISS EVO MA15 SEM in variable pressure mode. The 
images were captured in variable pressure secondary electron (VPSE) 
and backscattered electron (BSE) modes.

Analox GL6, an electro-chemical analyser, was used to measure glucose 
and ethanol concentrations in hydrolysis and fermentation broths. 
Respective yields and efficiencies were calculated using those data.
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All the data gathered from the experiments was processed using Microsoft 
Excel software. All the experimental data presented are averaged results 
of  at least three parallel measurements. Standard deviation is presented 
as ± in tables or as vertical lines on the graphs.

4.6. Calculations

Theoretical glucose yield and bioethanol potential was calculated 
according to equations 5 and 6 on the assumption that all the cellulose 
(100%) is converted into glucose and all the glucose (100%) is converted 
into ethanol.

 

𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐. = 1.11 ∙ 𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.
100

⋅ 𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 ⋅
𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
100

 (g kg-1), (5) 

where 
𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐.  – maximum theoretically obtainable glucose yield in grams per 
kilogram of biomass; 
𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. – cellulose content in percentages; 
1.11 – cellulose to glucose conversion factor (stoichiometric); 
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 – sample mass in grams; 
Cdm – dry matter content in percentages. 

𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒. = 0.51 ⋅ 𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐. (g kg-1), (6) 

where 
Bpot. – theoretical 100% ethanol potential in grams per kilogram of 
biomass dry matter; 
0.51 – glucose to ethanol conversion factor (stoichiometric); 
𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐.  – maximum theoretically obtainable glucose yield in grams per 
kilogram of biomass. 

The efficiency of hydrolysis (𝐸𝐸𝐸𝐸ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦.) and fermentation (𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓.) process 
as a percentage was calculated according to equations 7 and 8 on the 

 

basis of the maximum theoretical possible ethanol and glucose yield 
and the actual sample measurement. 

𝐸𝐸𝐸𝐸ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦. = 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐.

𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐.
⋅ 100  (%), (7) 

𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓. = 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸.𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒ℎ.
𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒.

⋅ 100  (%), (8) 

where 
𝐸𝐸𝐸𝐸ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦. – hydrolysis efficiency in percentages; 
𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐. . – measured glucose yield in grams per kilogram of biomass; 
𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐. – theoretical maximum glucose yield in grams per kilogram; 
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓. – fermentation efficiency in percentages; 
𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸.𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒ℎ. – measured ethanol yield in grams per kilogram of biomass; 
𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒. – maximum theoretically obtainable ethanol yield in grams per 
kilogram of biomass.  
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basis of the maximum theoretical possible ethanol and glucose yield 
and the actual sample measurement. 

𝐸𝐸𝐸𝐸ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦. = 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐.

𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐.
⋅ 100  (%), (7) 

𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓. = 𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸.𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒ℎ.
𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒.

⋅ 100  (%), (8) 

where 
𝐸𝐸𝐸𝐸ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦. – hydrolysis efficiency in percentages; 
𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐. . – measured glucose yield in grams per kilogram of biomass; 
𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇.𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐. – theoretical maximum glucose yield in grams per kilogram; 
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓. – fermentation efficiency in percentages; 
𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸.𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒ℎ. – measured ethanol yield in grams per kilogram of biomass; 
𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒. – maximum theoretically obtainable ethanol yield in grams per 
kilogram of biomass.  
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5. RESULTS AND DISCUSSION

5.1. Freezing pretreatment

Since the pretreatment is considered the most crucial part in biofuel 
production from lignocellulosic materials and waste, several different 
approaches were investigated. The work was focused on using agricultural 
waste materials as feedstock.

Due to the fact that Estonia is situated in the northern part of  the 
temperate climate zone (57.3° to 59.5°N), it has four seasons that 
includes winter during which the temperature usually drops below 0°C. 
Based on this circumstance and simple physics, freezing as one possible 
effective low energy input pretreatment method for countries with a 
Nordic climate was investigated.

The initial laboratory experiments showed potential as a cheap no energy 
input pretreatment method for Nordic countries.

The results of  the fibre analysis showed that the content of  the three 
main biopolymers (cellulose, hemicellulose and lignin) did not change 
much during the winter, which is a good sign. The results of  the fibre 
analysis are shown in Table 7.

Table 7. The results of  fibre analysis during biomass storage in field conditions and an 
analysis of  the results from straw used in laboratory experiments (%).

Cellulose Lignin Hemicellulose
Bales (2015-2016)

At harvest 39.8±0.2 5.70±0.03 30.5±0.9
1 month 38.6±0.3 6.6±0.1 29.6±0.9
2 months 41.5±0.3 7.37±0.01 28.6±0.7
3 months 39.6±0.6 7.1±0.1 29±1

Swathes (winter 2016-2017)
At harvest 45.6±0.3 7.77±0.02 29.0±0.5
3 months 41.9±0.3 9.5±0 28.3±0.8
4 months 44.7±0.2 9.19±0.03 28.5±0.7
5 months 44.0±0.6 9.35±0.05 28.4±1.0
6 months 44.2±0.5 9.3±0.1 27.0±0.9

Straw (bale 2016)
Laboratory 45.7±0.2 5.3±0 32.6±0.5
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Fig. 4 illustrates the effect of  the freezing pretreatment on barley straw 
cellular integrity.

 

Fig. 4. SEM pictures of  biomass gathered from swaths and bale. A) reference sample 
from straw gathered in September; B) straw gathered in December; C) straw gathered 
in March; D) biomass from bale; E) after the freezing pretreatment.

Even though it can be seen from the SEM imaging (Fig. 4.) that freezing 
has an effect on the integrity of  the straw cells, as assumed, it did 
not result in high cellulose to glucose conversion rate. The results are 
presented in Fig.5. and Fig. 6.
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Fig. 5. Glucose and ethanol yield dependence on the freezing repetitions.

Fig. 6. Glucose and ethanol yield dependence on the time in months of  straw left 
outside in swaths.

The difference between the best laboratory and field experiments result 
was approximately 2 times resulting in 88.80 vs 45.45 g kg-1 of  glucose 
and 53.97 vs 27.20 g kg-1 of  ethanol respectively. The main drawback 
with the field experiments was the microbial contamination during the 
period of  time after the harvest until the first longer lasting frosts. Even 
though the fibre analysis did not show big losses in cellulose content, the 
contamination issue appeared during the enzymatic hydrolysis process, 
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where the converted glucose was consumed by the bacteria, which 
indicated the need for preheating the biomass at 120°C prior further 
processing, in order to kill all the bacteria and spores.

Taking into consideration that freezing solely had an effect on the 
cellular integrity, but did not result in high conversion rates as hoped, 
it was proposed that freezing can be used as a pre-pretreatment, which 
would open up the structure before the actual pretreatment, where high 
temperature is applied and all the spores and bacteria killed.

5.2. Explosive decompression pretreatment

Besides freezing, the explosive decompression method (NE – Nitrogen 
explosion), a physio-chemical method, with different operating gases, 
pressures and temperatures was investigated with the main goal of  
making the pretreatment process as cheap and effective as possible. The 
results of  the hydrolysis process after pretreatment are presented in Fig. 
7.
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Figure 7 illustrates the dependency between the pretreatment temperature 
and glucose yield - the higher the pretreatment temperature, the higher 
glucose yield gained. Also, pressure had a significant effect on the end 
result.

The lowest glucose yields occurred when no additional pressure was 
applied and the temperature was below 100°C. At temperatures of  25, 
50 and 75°C the glucose yields were 66.69, 66.36 and 65.75 g per kg of  
biomass, respectively, with a slightly varying hydrolysis efficiency of  14.4 
to 14.5%. Further increases in pretreatment temperature significantly 
increased the hydrolysis efficiency. The efficiency increased more than 
double reaching up to 37.77±2.70%. The increase at temperatures of  
100-175°C can be contributed to autohydrolysis, which was initiated 
by the elevated temperature, leading to hydrolysis of  the hemicellulose 
and lignin disruption, therefore resulting in higher cellulose reactivity in 
the following enzymatic hydrolysis process (Samuel et al., 2013). Using 
compressed air as operating gas to increase the pressure during the 
pretreatment process increased the enzymatic hydrolysis efficiency. At 
temperatures of  100°C and 175°C, an approximate 4.2% increase was 
observed, yielding 108.3 g kg-1 and 191.6 g kg-1. In the middle range the 
glucose yields and efficiencies were almost the same varying only 18 g 
kg-1 (0.5%), respectively.

Figure 8 illustrates the dependency between the pretreatment temperature 
and the final ethanol yields with different pretreatment approaches.

Similarly, to glucose yield, most of  the pretreatment experiments had 
increasing ethanol yields as the temperature was increased. Exceptions 
were experiments that were carried out using compressed air and 
experiments where no operating gas was added (atmospheric pressure) 
prior to the heating cycle. For those maximum ethanol yields were 
obtained at the pretreatment temperature of  150°C reaching 94.2 and 
82.2 g kg-1 respectively. Additional increases in temperature resulted 
in decreased ethanol yields lowering it to a level of  89.2 g kg-1 for 
compressed air and 10.6 g kg-1 for atmospheric pressure experiment.

All the other fermentation experiments showed similar growth trends as 
hydrolysis results did. For flue gas, the ethanol yield increased from 32.95 
to 125.74 g kg-1 (381.6%) and with bubbling from 29.97 to 75.20 g kg-1 
(251%) as the temperature was increased from 100 to 175°C. Despite 
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the bubbling experiment resulting in a slightly higher glucose yield, the 
fermentation efficiency was significantly lower ranging from 51 to 83%.
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Fig. 8. Ethanol yield dependence on temperature using different operating gases. 
Atmospheric pressure* – no additional pressure was added prior heating cycle.

The efficiencies of  hydrolysis and fermentation processes after different 
pretreatments are given in table 8. As we can see from the data the 
maximum hydrolysis efficiency of  86.3% was achieved using SE method 
at the temperature of  200°C which was approximately two times higher 
than for all the other explosive pretreatment methods. NED, SFG, SFG 
bubbling and CA efficiencies ranged from 40.7 – 46.7%.
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Table 8. Hydrolysis and fermentation process efficiencies with different pretreatments 
(Tutt et al. 2016; Rooni et al. 2021; Rooni, Raud, and Kikas 2017b; Merlin Raud, Rooni, 
and Kikas 2016; 2018).

Pretreatment Hydrolysis, % Fermentation, %*

Straw (reference) 15.3 116.9

Freezing (field) 8.2 – 10.3 117.1 – 136.1

Freezing (lab) 16.3 – 19.4 108.5 – 121.2

N2 27.7 – 46.6 99.6 – 117.5

SE 30.8 – 86.3 95.7 – 137.3

SFG 17.3 – 45.3 80.8 – 117.7

SFG bubbling 23.2 – 46.7 51.2 – 83.2

CA 19.2 – 40.7 44.4 – 299.0

Atmospheric pressure 14.6 – 37.8 12.0 – 138.7
*Fermentation efficiencies were calculated based on the measured glucose yield after 
24-hour hydrolysis process.

As can be seen from table 8 the hydrolysis efficiency only once exceeded 
a 50% margin but was higher than 100% for all but one for fermentation. 
From this we can conclude that 24h hydrolysis was not enough for 
enzymes to convert all accessible cellulose into glucose, so the hydrolysis 
process continued after the fermentation process was initiated.
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6. CONCLUSIONS

Conventional acid/alkali hydrolysis requires considerable energetic and 
chemical input. In order for hydrolysis to be economically viable, process 
inputs need to be minimized. During this work, different pretreatment 
methods were investigated at different operating parameters. The 
goal was to improve the conversion efficiencies in order to increase 
the feasibility of  second generation bioethanol production. The main 
conclusions of  this thesis are as follows: 

1. Despite several methods for the pretreatment of  lignocellulosic 
biomass, only a few that are patented technical solutions for 
industrial scale production can be found. Out of  a variety of  
pretreatment methods, patented technical solutions mostly can be 
found for steam explosion apparati.

2. Flue gas, as an operating gas, from a hydrolysis perspective is a 
suitable alternative to nitrogen gas while using pretreatment 
temperatures 150°C or higher. For lower temperatures, gas 
inserting method affects the hydrolysis efficiency.

3. Pressurizing the pretreatment reactor using flue gas through the 
biomass water mixture results in significantly lower ethanol yields. 
Maximum yield for bubbling experiments was 75.2 g kg-1 achieved 
at 175°C, which was 41.1% lower than for the experiments, where 
pretreatment vessel was pressurized from headspace.

4. Highest glucose and ethanol yields were gained using synthetic 
flue gas and nitrogen gas.

5. Fibre analysis showed that the cellulose, hemicellulose and lignin 
contents did not change significantly during the six months the 
biomass was stored in swaths on the field.

6. Indoor and outdoor freezing experiments show that freezing has 
an effect on cellular integrity and somewhat helps to improve 
conversion efficiencies.

7. Freezing is not an effective standalone pretreatment method but 
it can be considered as a pre-pretreatment method for some other 
pretreatment method.
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Further research goals are to investigate the possibilities of  increasing 
the efficiencies even more, but also look for the possibilities of  
extracting valuable co-products such as acetic acid, C5 sugars, lignin, 
etc. Furthermore, suitability of  nitrogen explosive decompression 
pretreatment method (NED) on different hard- and softwoods is still 
to be determined.
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Summary in Estonian

LIGNOTSELLULOOSSETEST JÄÄTMETEST VEDELA 
BIOKÜTUSE TOOTMISEKS KEMIKAALIVABA 

EELTÖÖTLUSMEETODI VÄLJATÖÖTAMINE JA 
OPTIMEERIMINE

Iga-aastane energia vajaduse kasv ning aina suurenev kasvuhoonegaaside 
emissioon on viinud inimkonna olukorrani, kus üha enam otsitakse 
jätkusuutlikke alternatiive asendamaks praeguseid fossiilseid 
energiaallikaid loodussõbralikematega.

Üheks suurimaks energia tarbijaks on transpordisektor. 2017 aastal kulus 
32% ülemaailmselt tarbitud energiast just transpordisektori toimimisele. 
96.7% sellest energiast pärines fossiilsetest ressurssidest (põhiliselt nafta) 
ja ainult 3% moodustasid erinevad biokütused.

Biokütused klassifitseeritakse esiteks, primaarseteks ja sekundaarseteks 
kütusteks. Primaarsed biokütused on üldjuhul biomass rafineerimata 
kujul ning seda kasutatakse põhiliselt soojus- ja elektrienergia 
tootmiseks. Siia alla kuuluvad näiteks halupuit, hakkepuit, põhk, jne. 
Sekundaarsed biokütused jagunevad omakorda sõltuvalt kasutatavast 
toormest kolmeks põlvkonnaks/generatsiooniks. Esimese põlvkonna 
puhul on toormeks suhkru või tärklise ning õlirikkad toidukultuurid 
nagu näiteks suhkrupeet, mais, raps, jne. Erinevatest toidukultuuridest 
on suhteliselt lihtne ja odav toota nt. bioetanooli, mida tänasel päeval 
segatakse mootoribensiini hulka, kuid see tõstatab eetilisuse küsimuse. 
Kas on mõistlik kasutada toiduaineid mootorikütuste tootmiseks ning 
sel moel tekitada konkurents inimeste (või ka loomade) toidulaua ja 
transpordisektori vahel?

Kolmanda põlvkonna biokütuste tootmise toormeks on peamiselt 
mikro- ja makrovetikad, kuid ka mõned bakterikultuurid. Soojemas 
kliimas on võimalik kasutada biomassi kultiveerimiseks avatud basseine, 
kuid jahedamas kliimas on vaja kasutada fotobioreaktoreid. Kasvatatud 
biomassist on võimalik toota biodiislikütust, bioetanooli või ka näiteks 
vesinikku.
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Teise põlvkonna biokütuste puhul, milles nähakse enim potentsiaali, 
kasutatakse toormeks erinevaid taimseid (lignotselluloosseid) 
jääkmaterjale, mis ei konkureeri toidu endaga. Toormeks sobivad 
nii põllumajanduses, toiduainetetööstuses, metsanduses või ka 
puidutööstuses tekkivad jäätmed. Toota on võimalik nii bioetanooli, 
biodiislikütust kui ka näiteks sünteesgaasi, kuid võrreldes esimese 
põlvkonnaga on tootmine toorme iseärasustest tingituna märksa 
keerukam ning vajab suuremat energeetilist sisendit.

Lignotselluloossest biomassist bioetanooli tootmine nõuab toorme 
eeltöötlemist, hüdrolüüsimist, kääritamist ning destilleerimist. 
Eeltöötluse eesmärgiks on lõhkuda taime rakuseinte struktuur tagamaks 
ligipääs struktuuri seotud tselluloosile (glükoosi monomeeridest 
koosnev polüsahhariid). Eeltöötlusele järgnevas hüdrolüüsi protsessis 
lagundatakse tselluloos ensüümide abil glükoosiks. Hüdrolüüsimisele 
järgneb fermentatsiooni protsess ehk kääritamine. Protsessi käigus 
tarbib pärm lahuses olevat glükoosi. Hapnikuvaestes tingimustes on 
käärimisprotsessi saadusteks etanool ja süsihappegaas. Käärimisprotsessi 
lõppedes eraldatakse tahke osa ja vedelik ning etanooli sisaldav vedelik 
suunatakse destillatsiooni protsessi eraldamaks etanool.

Eeltöötlus on kõige olulisem protsess kogu bioetanooli tootmisahelas, 
kuna selle efektiivsus määrab ka järgnevate protsesside efektiivsuse ning 
seetõttu on uuritud erinevaid meetodeid, kuidas raku struktuuri kõige 
efektiivsemalt lõhkuda saavutamaks kõrgeimaid võimalikke suhkrute ja 
etanooli saagiseid.

Üheks levinumaks meetodiks on happe/leelise hüdrolüüs, kuid see nõuab 
märkimisväärset energeetilist ja keemilist sisendit. Selleks, et hüdrolüüs 
oleks majanduslikult tasuv, tuleb protsessi sisendeid minimeerida. 
Ühtlasi tuleb tagada minimaalne fermentatsiooni protsessi inhibeerivate 
ühendite teke.

Antud töö käigus uuriti erinevaid eeltöötlusmeetodeid erinevate 
tööparameetritega. Eesmärgiks oli suurendada konversiooni protsesside 
efektiivsust läbi mille suureneks ka teise põlvkonna bioetanooli tootmise 
jätkusuutlikkus ja konkurentsivõime. Esiteks uuriti külmutamist, kui 
potentsiaalset null energeetilise sisendiga eeltöötlusmeetodit põhjamaisesse 
kliimasse. Teiseks uuriti plahvatusliku rõhulangetuse meetodit teostades 
katseid erinevate töögaaside, rõhkude ja temperatuuridega.
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Lisaks katselisele osale antakse töös ülevaade erinevatest 
eeltöötlusmeetoditest ja ka patenteeritud tehnilistest lahendustest.

Selle lõputöö peamisteks järeldusteks on:

1. Kuigi lignotselluloosse biomassi eeltöötlemiseks on mitmeid 
meetodeid, on neist vaid üksikute jaoks võimalik leida patenteeritud 
tehnilisi lahendusi. Erinevatest eeltöötlusmeetoditest leiab enamasti 
patenteeritud tehnilisi lahendusi aurulõhkamise seadmete jaoks.

2. Suitsugaas on hüdrolüüsi seisukohalt sobivaks alternatiiviks 
lämmastikule juhtudel, kui kasutatakse eeltöötlustemperatuure 150°C 
või kõrgemaid. Madalamate temperatuuride kasutamisel mõjutab 
hüdrolüüsi efektiivsust gaasi sisestamise viis.

3. Eeltöötlusreaktori survestamine suitsugaasiga läbi biomassi veesegu 
annab oluliselt väiksema etanooli saagise. Suurimaks saagiseks saavutati 
75,2 g kg-1 eeltöötlustemperatuuril 175°C. See tulemus oli 41,1% 
madalam võrreldes katsetega, kus reaktor survestati biomassi veesegu 
pealt.

4. Suurimad glükoosi ja etanooli saagised saavutati katsetes, kus kasutati 
sünteetilist suitsugaasi ja lämmastikku.

5. Kiuanalüüsi tulemused näitas, et tselluloosi, hemitselluloosi ja ligniini 
sisaldus ei muutunud oluliselt selle kuue kuu jooksul, mil põhku põllul 
vaaludes hoiti.

6. Sise- ja välitingimustes teostatud külmutamise katsed näitavad, et 
külmutamine mõjutab raku struktuuri ja aitab vähesel määral parandada 
konversiooni efektiivsust.

7. Külmutamine ei ole tõhus eeltöötlusmeetod, kuid seda võib kasutada 
eeltöötlusena enne mõne muu eeltöötlusmeetodi rakendamist.

Edasisteks eesmärkideks on uurida võimalusi, kuidas protsesside 
efektiivsusi veelgi tõsta. Ühtlasi tuleks uurida ka võimalusi, kuidas 
ekstraheerida väärtuslikke lisandprodukte nagu näiteks äädikhape, 
C5-suhkrud, ligniin jne. Samuti tuleks uurida lämmastiklõhkamise 
eeltöötlusmeetodi sobivust ka erinevate puit materjalide puhul.
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INTRODUCTION 
 

Presently, most of the primary energy (up to 80%) consumed worldwide is 
produced from fossil fuels. From this 58% is used by the transportation sector alone 
(Nigam et al., 2011). Dem& for energy rises year by year but fossil fuels are a limited 
resource. This limitation has driven scientists to search for new alternatives that could 
replace fossil fuels as our primary energy source & to ensure some degree of energy 
independence from them. Biofuels are considered as the most favourable choice at the 
moment compared to syngas, hydrogen or solar energy due to their renewability, 
biodegradability & cost-effectiveness (Nigam et al., 2011; Tutt et al., 2012). 

Biofuels are classified as primary & secondary biofuels. Primary biofuels are 
natural & non-refined biomass including firewood, wood chips & pellets used to produce 
heat or electricity. Secondary biofuels are further divided into three sub-groups: first-, 
second- & third-generation. Classification is based on the origin of the raw material & 
technology used for their production (Nigam et al., 2011). First generation biofuels are 
produced from food crops that are rich in starch or sugar (maize, wheat, sugar-cane etc.) 
(Agbor et al., 2011). Second-generation biofuels use lignocellulosic biomass (the whole 
above ground plant biomass) as feedstock (Kikas et al., 2015). Third generation biofuels 
use algae as feedstock but currently the research in this field is in early stages (Podkuiko 
et al., 2014). 

The most promising natural resource at the moment for the production of liquid 
biofuels is lignocellulosic biomass. In contrast to the first generation biofuels, it does not 
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compete with food crops. Lignocellulosic biomass is the most economical renewable 
resource with an annual growth rate of around 200 billion tons (Tojo et al., 2014). Other 
positive aspects to using lignocellulosic biomass as feedstock include worldwide 
distribution, the abundance of lignocellulosic wastes (agricultural, municipal & forestry 
wastes) & low effect on global warming (Galbe & Zacchi, 2012; Raud et al., 2017). 

The basic production process of bioethanol from lignocellulosic biomass consists 
of five main steps: gathering feedstock, pretreatment, hydrolysis, fermentation & 
distillation. Four of these processes (feedstock gathering, hydrolysis, fermentation & 
distillation) have been widely studied & optimal methods have been found. Since every 
lignocellulosic biomass has its own unique chemical composition (Raud et al., 2015a; 
Raud et al., 2015b), which also depends on the maturity of the plant, makes it harder to 
find one certain pretreatment method that would suit for all different lignocellulosic 
biomasses (Tutt et al., 2013). Therefore, low-cost & optimal solution for pretreatment of 
lignocellulosic biomass is yet to be found. 

The aim of this article is to give an overview of different pretreatment methods 
from the technical point of view & to analyse their advantages & disadvantages. 
Overview of technical solutions is given for viable methods that already are or have 
potential to be commercialized. 

 
BIOMASS PRETREATMENT 

 
The aim of the pretreatment process is to facilitate better access of biocatalysts to 

cellulose that needs to be converted into fermentable sugars by changing physio-
chemical characteristics of the biomass (Galbe & Zacchi, 2012; Akhtar et al., 2016). The 
surface area is increased by unbounding cellulose from lignin & hemicellulose, but this 
process is very difficult & energy-consuming due to the complex structure of the 
lignocellulose. The effectiveness of the pretreatment process plays an important role in 
the efficiency of subsequent processes - high cellulose yield = high sugar yield = high 
ethanol yield = higher competitiveness with fossil fuels. 

Pretreatment method is considered efficient if it meets the following criteria (Galbe 
& Zacchi, 2012; Silveira et al., 2015): 
 Provides high sugar yield, 
 Forms minimum amount of inhibitory compounds, 
 Consumes minimum amount of energy, 
 Requires minimum amount of enzyme for hydrolysis, 
 Allows the recovery of other compounds (lignin, hemicellulose, etc.) for 

conversion into other valuable co-products, 
 Prevents sugar & lignin degradation, 
 Provides maximum enzyme accessibility to cellulose, 
 Costs minimum amount of money. 

Several lignocellulosic biomass pretreatment methods (AFEX, steam explosion, 
alkaline pretreatment, etc.) have been developed & studied with common objective – to 
find the best possible method that guarantees maximum efficiency. Today the high cost 
of pretreatment process prevents the availability of second-generation bioethanol as a 
commercial fuel. 
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Although numerous review articles concerning different pretreatment methods 
have been published, the suitability of the proposed technical solutions for industrial 
scale biofuel production has not been analysed so far. 

 
PRETREATMENT METHODS 

 
Pretreatment methods are classified into four main groups: physical, biological, 

chemical & physio-chemical methods. 
 
Physical pretreatment 
Milling 
The main goal of mechanical pretreatment is to reduce the biomass particle size, 

cellulose crystallinity & to reduce the degree of polymerization, which results in 
increased specific surface area (S. Sun et al., 2016). Milling also causes shearing of the 
biomass (Conde-Mejía et al., 2012). Due to the effects mentioned, it is easier for 
enzymes to react with cellulose, which results in increased glucose yield. 

Milling, solely as a pretreatment method, has not reached commercialization due to 
its high-energy consumption, which is directly related to the particle size. In order to 
achieve high hydrolysis yields the biomass needs to be grinded into very fine particles, 
which consumes more energy than we harvest. Currently, only rough milling is used as 
the first stage for several other pre-treatment methods (nitrogen explosion, acid/alkaline 
pretreatment etc.). 

 
Irradiation 
This method uses microwaves, gamma rays or electric beams to disrupt cellular 

integrity. The advantages of irradiation methods include increased specific surface area 
& porosity of the biomass, & decreased cellulose crystallinity. It also softens & partially 
depolymerizes lignin (Agbor et al., 2011; Balat, 2011). 

Today irradiation is not economically feasible for large scale utilization due to 
expensive equipment & lacking research in this specific field. It is also energy 
consuming & the use of gamma rays raises environmental & safety concerns (Agbor et 
al., 2011). 

 
Biological pretreatment 
Biological pretreatment uses fungi, selective enzymes &/or microorganisms to 

degrade the lignin & hemicellulose, which cover the cellulose. Positive aspects of 
biological pretreatment are low energy consumption, chemical-free processing & mild 
pretreatment conditions. Although it is an environmentally friendly method, it is not 
viable for commercial fuel production due to very long pretreatment time, large space 
requirement & need for constant monitoring of microorganisms growth (Haghighi Mood 
et al., 2013; Silveira et al., 2015; S. Sun et al., 2016). 

 
Chemical pretreatment 
Acid pretreatment 
Acid pretreatment is the most studied & commonly used chemical pretreatment 

method. The method uses concentrated or diluted acids as catalysts in order to dissolve 
lignin & hemicellulose (Akhtar et al., 2016). Most commonly used acids are sulphuric, 
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hydrochloric, nitric etc. (Behera et al., 2014). The process is carried out at temperatures 
up to 210 °C depending on the acid concentration. At high temperatures (temperatures 
over 160 °C) diluted acids are used & at lower temperatures concentrated acids are used 
(Badiei et al., 2014). 

Using concentrated acids results in high yields of fermentable sugars at low 
temperatures, but has several disadvantages, which limit the competitiveness of 
bioethanol produced in this way compared to fossil fuels we use today. 

Concentrated acids are highly corrosive & therefore, the equipment is expensive. 
In addition, the acids are very expensive & for economical sustainability, the process 
requires acid recovery. Acid recovery itself is an energy consuming process, which 
reduces the efficiency of the overall process. Furthermore, the pretreated biomass 
requires neutralization prior enzymatic hydrolysis. Acids toxicity also raises 
environmental & health safety concerns (Rabemanolontsoa et al., 2016). While treating 
biomass with acids, different inhibitory by-products such as aliphatic carboxylic acids, 
phenolic compounds, furans, etc. are produced, which may have negative effects on the 
downstream processes (Chiaramonti et al., 2012; Tutt et al., 2012, Jönsson et al., 2016). 

 
Alkali pretreatment 
Alkali pretreatment uses several different reagents such as sodium-, ammonium-, 

potassium-, calcium hydroxides & sodium carbonate (Kim et al., 2016, 
Rabemanolontsoa et al., 2016). Pretreatment with alkali uses lower temperatures & 
pressures than pretreatment with acids (Tutt et al., 2012). It results in reduced energy 
input & therefore, is more cost-effective. 

Main positive effects of this method are: decreased degree of polymerization & 
crystallinity, broken structural linkages between lignin & carbohydrates, disrupted lignin 
structure, increased biomass porosity. Effect of this method highly depends on the lignin 
content in the biomass (Y. Sun et al., 2002; Silveira et al., 2015; Kim et al., 2016). 

The disadvantages of this method are: long pretreatment time (measured in hours 
or even in days) & formation of irrecoverable salts or incorporation into biomass, 
chemicals used are more expensive than the ones used in acid pretreatment (Mosier et 
al., 2005; Behera et al., 2014). Similarly to the case of acid pretreatment, the pretreated 
biomass needs to be neutralized prior to the enzymatic hydrolysis in order to lower the 
pH, & remove lignin & inhibitory by-products (salts, phenolic acids, furfural & 
aldehydes) (Menon et al., 2012). Alkali recovery system is needed in order to keep the 
end product price down. 

 
Ionic liquids 
Ionic liquid pretreatment uses salts as solvents. These salts have low melting point 

(liquid at room temperatures) & are stable up to 300 °C. Due to its non-volatility it is 
considered an environmentally friendly solvent (Guragain et al., 2011). Ionic liquids are 
also often called as designer solvents because their physical & chemical properties can 
be adjusted by choosing different cations, anions & substituents (Xiao et al., 2012). 

This pretreatment method has several advantages. Ionic liquids dissolve cellulose, 
but leave lignin & hemicellulose intact & unaltered which allows their extraction for 
other chemical uses. Solvents adjustability gives an opportunity to dissolve different 
biomass types more efficiently. 
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The main drawbacks of using ionic liquids are solvents high costs & enzyme 
deactivation (Akhtar et al., 2016). 

 
Organosolv 
Method uses an organic or aqueous organic solvent mixture with inorganic acid 

catalysts depending on the temperature at which the process is conducted (Y. Sun et al., 
2002; Behera et al., 2014). Preferred solvents have low boiling point, such as methanol 
or ethanol due to their low cost & ease of recovery (Zhang et al., 2016). Also, solvents 
with high boiling point are used, such as ethylene glycol, glycerol, etc. or other organic 
compounds, such as ethers, ketones or phenols (Y. Sun et al., 2002; Zhang et al., 2016). 
Organosolv pretreatment increases enzymatic hydrolysis efficiency by delignification & 
hemicellulose removal. Cellulose-rich residue is easily hydrolysed with enzymes to 
almost theoretical glucose yields (Binod et al., 2010). 

On the positive side, this method can be used on both soft- & hardwood & relatively 
pure lignin can be recovered as a valuable co-product. Unfortunately, it also has several 
disadvantages, such as high capital investment, formation of toxic inhibitors & need for 
solvent recycling (Akhtar et al., 2016). 

 
Physio-chemical pretreatment 
Ammonia fibre explosion (AFEX) pretreatment 
In this method lignocellulosic biomass is exposed to liquid ammonia at relatively 

high temperatures & pressures for a period of time. Contact with ammonia at high 
temperatures & pressures causes swelling & partial decrystallization of cellulose. 
Explosive decompression disrupts cellular integrity & therefore, enhances biomass 
digestibility (Tutt et al., 2014; Rawel Singh et al., 2016). 

AFEX pretreatment has several advantages as it does not form toxic compounds, 
increases accessible surface area, & is very effective for herbaceous & low lignin content 
biomass (Behera et al., 2014; S. Sun et al., 2016). 

Disadvantages of this method are that AFEX pretreatment does not perform very 
well on biomass with high lignin content, it does not remove lignin instead it alters its 
structure & it does not solubilize hemicellulose. One of the biggest drawbacks is that 
ammonia & its recycling is very expensive (Akhtar et al., 2016; Rawel Singh et al., 
2016). 

 
Steam explosion pretreatment 
In steam explosion pretreatment high pressure (1–3.5 MPa) saturated steam is used 

to treat the lignocellulosic biomass. The biomass is heated rapidly to the desired 
temperature, incubated for a period of time (5–10 minutes) & followed by a rapid 
decompression (Renu Singh et al., 2014; Silveira et al., 2015). 

Rapid decompression causes superheated water in plant cells to flash into steam & 
the steam volume exp&s explosively resulting in cell structure disruption. The cellulose 
bundles are defibrillated therefore, enhancing enzymatic hydrolysis efficiency. In order 
to remove hemicellulose high pretreatment temperatures are needed (150–250 °C) (Tutt 
et al., 2014). 

Steam explosion is currently the most widely used pretreatment method for 
bioethanol production from lignocellulosic biomass, but it has several disadvantages 
such as formation of inhibitory compounds, incomplete disruption of lignin-
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The main drawbacks of using ionic liquids are solvents high costs & enzyme 
deactivation (Akhtar et al., 2016). 
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solvent recycling (Akhtar et al., 2016). 
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Steam explosion pretreatment 
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to treat the lignocellulosic biomass. The biomass is heated rapidly to the desired 
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Steam explosion is currently the most widely used pretreatment method for 
bioethanol production from lignocellulosic biomass, but it has several disadvantages 
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carbohydrate matrix, is not effective enough at lower temperatures (Chiaramonti et al., 
2012; Tutt et al., 2014). 

 
Nitrogen explosion pretreatment 
A novel pretreatment method developed in the Estonian University of Life Sciences 

Institute of Technology. This method uses pressurized N2 (pressure up to 6 MPa) & high 
temperature (up to 175 °C) combined with explosive decompression to open the biomass 
structure for more efficient enzymatic hydrolysis(Raud et al., 2014; Raud, Olt, et al., 
2016; Raud, Rooni, et al., 2016; Tutt et al., 2016). 

Due to high pressure, lignocellulosic biomass cells are filled with nitrogen saturated 
water. Rapid pressure change to normal pressure elicits a sudden change in volume of 
the nitrogen causing cell walls to rupture & resulting in better cellulose fibre exposure 
to enzymes (Raud, Olt, et al., 2016). 
 

ANALYSIS OF PATENTED PRETREATMENT TECHNOLOGIES 
 

There are several various patented technical solutions available for the pretreatment 
of lignocellulosic biomass. Large proportion of patented technical solutions is based on 
AFEX or steam explosion methods. Although there are lot of different technical 
solutions for pretreatment, they all have both, advantages & disadvantages. Most 
common disadvantages are the use of toxic chemicals (alkali, acids, ammonia, etc.) or 
need for extreme conditions (high pressure & temperature). 

 
Steam explosion pretreatment devices 
All the devices described in patents US 8,603,295 B2 (Dottori et al., 2013), US 

2012/0111515 A1 (Nilsen et al., 2012), US 5,328,562 (Scott et al., 1994) use the 
conventional approach to pressurize the biomass in pretreatment reactors by adding 
sufficient amount of steam. One exception is the device described in US patent 
2008/0277082 (Pschorn et al., 2008), where the final desired pressure is achieved by a 
high-pressure discharge compressor. The reason for using this compressor is to reduce 
the amount of hot steam needed for the pressurisation of the biomass. The energy needed 
to drive the compressor is considered lower than the energy needed to produce steam to 
raise pressure 0.5–1 bar. 

Most of the devices use regular blow-valves to achieve the explosive 
decompression. Device described in US patent 2012/0111515 A1 uses 2-stage 
decompression in order to prevent erosion of the pressure relief tank. It is questionable 
if this multi-step decompression prevents erosion since the first pressure drop is 
preferably 2–13 bar & the second one only 0.2–1.6 bar (Nilsen et al., 2012). This two-
staged decompression eliminates erosion in the final pressure relief tank, but it probably 
takes place in the first pressure relief tank. In addition, it is questionable if such two-
stage pressure relief guarantees maximum disruption in the biomass cellular structure. 

One negative aspect is that most of the devices described in the patents do not use 
the excess heat energy released during the rapid decompression of the steam. By using 
the excess heat, energy for preheating the biomass prior to entering the pretreatment 
reactor could significantly reduce the energy input of the process. 

Disadvantage of most of the analysed devices, is that they tend to use acids or alkali 
in order to gain better access to cellulose fibres. Using acids or alkali significantly 
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increases the cost of the final product. Not only are the added alkali & acids expensive, 
by using chemicals the pretreated biomass needs further neutralization before the 
enzymatic hydrolysis can take place. In a laboratory-scale, small amounts are used, but 
for industrial-scale, large quantities of acids or alkali are needed. Therefore, expensive 
specialised tanks are needed to store the chemicals. Furthermore, extra certified & 
trained personnel are needed to h&le it. While using chemicals in the process, there is 
always an environmental risk involved. 

One way to reduce pretreatment costs in steam explosion devices is to use the 
pressure generated by steam to transfer biomass from one vessel to another instead of 
using screw devices (US patent 8,603,295 B2 (Dottori et al., 2013)) or high pressure 
compressors (pressure is generated by pistons, US patent 2008/0277082 (Pschorn et al., 
2008)). Steam with elevated temperatures should be able to generate enough 
overpressure to move biomass through pipes & tanks, & to guarantee explosive 
decompression at the blow-valve. 

Using different augers or compressors makes the device more complex & thus, 
more expensive. Using many different units increases the cost of the device as well as 
the frequency of the device maintenance. 

 
AFEX pretreatment devices 
All investigated AFEX pretreatment devices have one common disadvantage; the 

method uses highly volatile & toxic ammonia. The use of ammonia, whether in gaseous 
or liquid form, raises both environmental & health concerns. In addition, none of the 
devices described in the patents are continuous pretreatment devices, instead, they are 
batch systems. 

Positive aspect of devices described in patents US 2013/0244284 A1 (Machida et 
al., 2013), is that they all recover & reuse most of the ammonia. Ammonia recovery & 
reuse can be considered as an advantage, but also as a disadvantage. Reusing ammonia 
helps to lower the price of the final product. On the other h&, it makes the device 
technologically even more complex. 

 
N2-explosion pretreatment device 
Unlike the pretreatment methods described previously, nitrogen explosion 

pretreatment uses pressurised nitrogen gas to disrupt cellular integrity of the biomass 
thus, exposing cellulose to the enzymes (Raud, Olt, et al., 2016, Tutt et al., 2016). 

The method uses lower pressures & temperatures compared to steam explosion 
devices, where effective temperatures are around 200+ °C & pressures up to 22 bars 
(Dottori et al., 2010). Pretreatment temperatures & pressures with nitrogen explosion 
range from 100 °C to 175 °C (with optimum at 150 °C ) & from 10 to 60 bar (optimum 
at 30 bar), respectively (Raud, Rooni, et al., 2016; Tutt et al., 2016). A positive aspect 
of the device is also that no chemicals are used during the pretreatment process. It helps 
to lower pretreatment costs, since no additional treatment of the pretreated biomass is 
required. 

The biggest flaw of the device described in patent EE05784 B1 at the moment is 
that it is not continuous pretreatment device & therefore, the productivity is very low. In 
addition, the excess heat, released during the explosion, is not utilised, which could lower 
the final cost of bioethanol production (Kikas et al., 2016). 
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pretreatment uses pressurised nitrogen gas to disrupt cellular integrity of the biomass 
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Acid & alkali pretreatment device 
The device described in patent EE05748B1 (Kikas et al., 2013) is a device that is 

usable for bioethanol production via chemical pathway. 
Positive aspects of the device described in this patent are that it is an integrated 

system & the system allows continuous ethanol production. Also, the pretreatment 
system does not need any additional energy input, because it is interconnected to 
distillation unit, where temperature is held constantly at 130 to 150 °C. 

The main problem is that the usage of chemicals makes the process very costly. 
When we use acids or alkali, we also need additional chemicals to adjust the pH to levels 
acceptable for enzymes. In addition, since the device uses an upright container for 
fermentation without any mixing unit probably the solids & liquid are separated & the 
fermentation is not efficient. The same applies to hydrolysis process. If the flow rate is 
very slow the solids & liquid may separate from each other & high efficiencies are not 
reached. 

 
DISCUSSION 

 
There are many methods & patented pretreatment devices for the pretreatment of the 

lignocellulosic biomass, yet only few of them (AFEX, steam explosion) are 
commercially used for bioethanol production. There are several reasons why any 
particular method or device is not used, but they all lead to one disadvantage, high 
product cost compared to fossil fuels. The cost of the final product is the main reason 
why only few of these methods & devices are used in commercial scale. 

Most of the drawbacks are common to all of the patented devices reviewed in this 
article, whether it is AFEX or steam explosion device. Some of them are due to the nature 
of the material that is processed but also due to the chemicals that are used in the 
pretreatment process. Since chemicals & biomass are both corrosive, the devices must 
be made of stainless steel, which is expensive. In addition, since most of the devices use 
high pressures & temperatures the reactor vessels need to be made of hardened & 
tempered stainless steel that could withst& such extreme conditions. 

Although the usage of chemicals (alkali, acids, etc.) improves the ethanol yields, it 
raises the question whether it is justified. The usage of chemicals requires: 

1. Competent personnel to h&le the chemicals/toxic gases; 
2. Additional equipment for storage of chemicals/toxic gases; 
3. Additional process prior hydrolysis (neutralization); 
4. Additional equipment to recycle/neutralize chemicals/toxic gases; 
5. Additional waste treatment system(s)/device(s). 
All these requirements add to the production costs & therefore, raise the price of 

the final product & make it uncompetitive with the traditional petrol. 
In order to increase lignocellulosic bioethanol competitiveness with fossil fuels the 

main goal is to lower the production costs. Since the pretreatment is the most expensive 
step in the bioethanol production, the pretreatment devices need to be improved & 
optimized. 

There are several options to reduce the energy input. All of the methods that are 
used commercially today use high temperatures, & a lot of excess heat is released during 
the explosion, whether it is steam or ammonia fibre explosion. If the excess heat would 
be used to preheat the biomass prior the pretreatment, it would be possible to 
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considerably reduce the amount of energy needed to reach the necessary process 
temperatures. 

A novel N2-pretreatment device has been developed & investigated in the Estonian 
University of Life Sciences Institute of Technology that uses no catalysts or chemicals, 
which makes this pretreatment method attractive. In addition, the process uses quite 
modest temperatures compared to steam explosion or AFEX pretreatment. Even though 
the production costs can be reduced on the expense of using no chemicals & lower 
temperatures, it still has several drawbacks, such as lack of recycling of excess heat 
released during the explosive decompression & the fact that it is a batch system. 
 

CONCLUSIONS 
 

From the analysis of the literature & patents available, we can conclude that even 
though there has been a lot of research & technological development in the field of 
second-generation biofuel production from lignocellulosic biomass, an economical, 
cost-effective & feasible apparatus for the pretreatment of lignocellulosic biomass is still 
to be developed. Therefore, in the near future the second-generation bioethanol will still 
not be able to compete with the fuels derived from the fossil resources. 
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Abstract: As the pretreatment process is the most expensive and energy-consuming step in the
overall second generation bioethanol production process, it is vital that it is studied and optimized
in order to be able to develop the most efficient production process. The aim of this paper was
to investigate chemical and physical changes in biomass during the process of applying the
explosive decompression pretreatment method using two different gases—N2 and synthetic flue gas.
The explosive decompression method is economically and environmentally attractive since no
chemicals are used—rather it is pressure that is applied—and water is used to break down the
biomass structure. Both pre-treatment methods were used at different temperatures. To be able to
compare the effects of the pretreatment, samples from different process steps were gathered together
and analysed. The results were used to assess the efficiency of the pretreatment, the chemical and
physical changes in the biomass and, finally, the mass balances were compiled for the process during
the different process steps of bioethanol production. The results showed that both pre-treatment
methods are effective in hemicellulose dissolution, while the cellulose content decreases to a smaller
degree. The high glucose and ethanol yields were gained with both explosive pretreatment methods
at 175 ◦C (15.2–16.0 g glucose and 5.6–9.0 g ethanol per 100 g of dry biomass, respectively).

Keywords: lignocellulose; pretreatment; bioethanol; second generation biofuel; mass balance

1. Introduction

The most common way of producing biofuels from lignocellulose is to convert the biomass into
sugars and ferment the sugars into fuel, such as bioethanol. However, the low levels of accessibility of
cellulose due to its rigid association with lignin and hemicellulose makes the degradation of cellulose
difficult for cellulases. In order to increase the overall process efficiency, it is necessary to break down
the lignin and hemicellulose seal in order to make cellulose more accessible for further processing [1].
Therefore, pretreatment is an essential step before the step involving hydrolysis of lignocellulosic
biomass into sugars [2].

A wide variety of pretreatment methods have been proposed and studied. The most common
are physical, chemical and physio-chemical methods, which combine the effect of both. The physical
methods usually target biomass particle size reduction and are energy-intensive with low efficiency.
The chemical methods, on the other hand, are expensive due to the high cost of the chemicals.
Additionally, inhibitors are formed during chemical pretreatment, which may disturb the subsequent
hydrolysis and fermentation processes. The combined physio-chemical methods are in most cases
thermo-mechano-chemical processes, in which a combination of temperature and pressure is used
for pretreatment. In physio-chemical pretreatment process, the biomass is de-structured, and lignin
and hemicellulose are separated by changing the operating conditions—usually by means of pressure
and/or temperature [3].

Energies 2018, 11, 2074; doi:10.3390/en11082074 www.mdpi.com/journal/energies
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The most common physio-chemical method is the steam explosion method (SE). SE is a
widely-used method, one in which the structural components of the biomass are broken down
by heating it with steam, shearing takes place due to the sudden decompression and expansion
of moisture, and then hydrolysis of the glycosidic bonds takes place [4,5]. In this method, chipped
biomass is treated with high-pressure saturated steam at a desired temperature, which initiates the
process of autohydrolysis [6,7]. The autohydrolysis enhances the hydrolysis of hemicelluloses by
means of hydrolysis of acetyl groups, which are included in heterogeneous polysaccharides, and by
breaking the linkages between hemicellulose and cellulose [8]. When the pressure is suddenly reduced
to atmospheric pressure, the material undergoes an explosive breakdown due to moisture evaporation
and gas volume expansion [9].

The SE process can be modified by adding SO2, CO2, or ammonia to the pretreatment reactor
along with the steam in order to increase pressure. In a CO2 explosion (which is also referred to as
supercritical CO2-assisted autohydrolysis), supercritical CO2 under pressure and at high temperature
is used to enhance the digestibility of the lignocellulosic biomass [5]. Small CO2 molecules are capable
of penetrating into the biomass cells [1] and, when dissolved, the mixture becomes more acidic due to
the formation and dissociation of carbonic acid. By means of the dissolution of the CO2, the pH value
for the water-CO2 mixture decreases, making the environment more acidic and thereby facilitating the
hydrolysis of the biomass [10].

In addition to SE, a new approach was recently proposed, known as the N2 explosive
decompression (NED) pretreatment of biomass [11,12]. The explosive decompression (ED) method
is based on the treatment of biomass at high temperature and with high pressure, which has been
generated by the addition of gas. The heating initiates autohydrolysis and at the same time (in the
case of NED) nitrogen molecules effectively penetrate into the cells of the biomass. Due to the high
temperature, hemicellulose is hydrolysed and this reaction is further catalysed by the presence of
organic acids formed during pretreatment. The following explosive depressurisation causes the excess
of dissolved nitrogen gas to be released. This opens the cellulosic structure of the biomass and increases
the accessible surface area for enzymatic hydrolysis [11,12].

Similarly to SE, the NED pretreatment method can also be modified by adding different gases
or gas mixtures to replace nitrogen. A comparative study of ED pretreatments with nitrogen and
compressed air has been published by Raud et al. [13]. The study showed that explosive decompression
pretreatment is more effective when pressurising with nitrogen gas, as this enables higher glucose
and ethanol yields to be gained. A study showed that compressed air, although consisting for the
most part of nitrogen, was not as effective in the explosive decompression pretreatment process as
was nitrogen [13].

While oxygen molecules in compressed air hindered the efficiency of the ED pretreatment, other
gases have shown great promise in combination with SE. One of these gases is CO2. CO2 molecules,
similarly to nitrogen, can easily penetrate into the biomass structure. CO2 dissolves in water to
produce carbonic acid, and initiates an acid-catalysed process [1], which also increases the dissolution
of hemicellulose [5]. Both nitrogen and CO2 require purification, which increases the cost of the
pretreatment process. However, flue gas naturally contains both of these gases and could thereby be
used directly without further purification.

The results from the NED pretreatment method have been published. However, the modification
of this method so that it uses flue gas has not been reported. Flue gas is usually composed of CO2

and N2 in a certain proportion depending upon the fuel type and combustion parameters. The use
of dry flue gas has been reported where it contains 13.3% CO2 and 78.7% N2 gas from wood pellet
combustion [14]. However, with different solid fuels the CO2 content can range between 6–12% [15].
By adding flue gas to the biomass mixture, enhanced pretreatment could be achieved due to the
acid-catalysed process that is initiated by the dissolution of CO2. The utilisation of flue gas also has
additional advantages. Firstly, this is a waste product which is generated by any burning process and
is considered as being one of the greenhouse gases. Thanks to this, it requires minimisation. Secondly,
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flue gas is released into the atmosphere at a high temperature, a temperature that could be used to
heat the pretreatment mixture and thereby further reduce pretreatment costs.

To be able to study the explosive decompression pretreatment method, the biomass was pretreated
with two different gases—nitrogen and synthetic flue gas to compare the efficiency of the ED
pretreatment with these gases. The NED was used as a reference pretreatment method in order
to be able to compare the results. In the modified version, the synthetic flue gas which contained the
CO2 and nitrogen mixture was used to generate a high level of pressure. The traditional three-step
bioethanol production process was used after pretreatment, with samples from various process stages
being analysed to investigate the effect of the pretreatment in regards to chemical and physical changes
in the biomass. In addition, the mass balance of the process was prepared and analysed.

2. Results and Discussion

2.1. Biomass

Biomass can be characterised according to its relative proportion of cellulose, hemicellulose and
lignin. Previous research has shown that the selection of energy crops for bioethanol production
should be based upon their cellulose content. The most important property of biomass is high cellulose
content, since bioethanol is produced from glucose that is formed during cellulose hydrolysis [16].
However, since cellulose is packed into a hemicellulose-lignin matrix, which makes it inaccessible to
enzymes, it is additionally preferable to have a low lignin and hemicellulose content. Furthermore,
the degradation products that are contained in lignin and hemicellulose inhibit the hydrolysis of
cellulose to sugars and, therefore, the low lignin content biomasses are preferred [17,18].

Table 1 shows the results of the fibre analysis of barley straw that is used in these. It can be seen
that this biomass was a suitable biomass for bioethanol production due to a relatively high cellulose
content of 41.6%. At the same time, the hemicellulose and lignin contents were lower, at 32.9% and
5.4% respectively. From these results it can be assumed that this type of biomass is suitable for use in
the bioethanol production process.

Table 1. The composition of biomass used in the experiments.

Component Content (%)

Hemicellulose 32.9
Cellulose 41.6

Lignin 5.4
Ash 3.8

Moisture 5.4

2.2. The Physical Effect of Carrying out Pretreatment on Biomass

Explosive decompression pretreatment with nitrogen and flue gas using different gas insertion
methods and temperatures were used in this study. During the pretreatment process, the wet biomass is
placed inside the reactor, gas is added and, simultaneously, the reactor is heated until the final pressure
and temperature are gained. At an elevated pressure the dissolution of the gas is enhanced and the
dissolved gas penetrates into the biomass cells. Additionally, autohydrolysis is initiated by heating the
biomass which leads to the hydrolysis of acetyl groups, and the release of acetic acid, which catalyses
the hydrolysis of polysaccharides, mainly in terms of hemicelluloses [6,7,19,20]. The CO2 in the flue
gas mixture dissolves and produces carbonic acid, which enhances the acid-catalysed process [1]
and increases the dissolution of hemicellulose. The addition of gas and heating is followed by
explosive decompression which causes the dissolved gas to expand within the lignocellulosic matrix.
During the explosion, the plant biomass is shattered into small pieces and the plant biomass fibres
are separated [16].
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This kind of destruction of the biomass during the pretreatment process can be seen in SEM
pictures (see Figure 1). The SEM pictures show the biomass structure before pretreatment, where
the biomass surface is smooth; after the pretreatment process, where the biomass is fragmented into
smaller pieces; and when it exhibits rough surfaces.
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In order to analyse the effects of different pretreatments on the main components in the biomass,
a fibre analysis was also conducted after the pretreatment processes. To be able to do this, 100 g of
biomass was used in a pretreatment process at different temperatures. After the pretreatment, biomass
was collected and a fibre analysis was carried out.

The fibre analysis was conducted with all of the pretreated biomass samples and the results are
shown in Figure 2. It can be seen that in the case of all of the pretreatment samples, the hemicellulose
content in pretreated biomass decreases from an initial 32.9 g to around 6.3–6.9 g at the pretreatment
temperature of 175 ◦C. A moderate decrease in hemicellulose content can be seen up to a temperature
of 150 ◦C, but the level of decrease increases sharply when the temperature is elevated further, up to
175 ◦C. The decrease in the hemicellulose component can be attributed to the formation of acetic
acid during autohydrolysis and carbonic acid formation due to CO2 dissolution, which initiates the
acid-catalysed process. This is similar to processes that occur during a dilute acid treatment, where the
van der Waals forces, hydrogen bonds, and covalent bonds that hold together the biomass components
are disrupted and broken [21]. Similar pretreatment conditions as those of the current study are also
reviewed during dilute acid pretreatment, involving low acid concentration, and high temperatures
(100–240 ◦C) at a pressure that is higher than 10 bars [22,23]. In addition, it has been shown that steam
explosion pretreatment disrupts the structure of plant cell walls and removes hemicellulose; however,
the method requires high temperatures to effectively dissolve hemicellulose. Effectiveness of steam
explosion increases rapidly at temperatures over 180 ◦C and at 200 ◦C; hemicellulose content biomass
was decreased to 15.27%, compared to the 29.15% in the untreated sample [24]. The main effect of
this type of treatment is the solubilisation and hydrolysis of polysaccharides, especially hemicellulose
in the biomass, which can be removed with levels of efficiency that reach up to 100% [21]. However,
this method only disrupts the lignin structure but is not effective in lignin removal [23].

The results presented in Figure 2 show that in the case of all of the pretreatment methods the
mass of remaining cellulose does not change significantly up to 150 ◦C, and the cellulose mass varies
between 37.1 g and 40.2 g. When compared to hemicellulose dissolution, the cellulose dissolution was
noticed only to a small degree. The cellulose content in biomass varied between 38.5–32.1%, 40.2–33.8%,
and 39.0–37.1% after pretreatment with SE, flue gas and flue gas bubbling pretreatments, respectively.
As the pretreatment temperature was increased, the cellulose mass decreased, which shows that there
is a loss in cellulose due to dissolution. However, when compared to the dissolution of hemicellulose,
the cellulose losses are relatively small even at higher temperatures. Similar results for glucan recovery
of between 70.5–89.3% after pretreatment have been reported when barley straw was pretreated with
sodium hydroxide in the twin-screw reactor [24]
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The mass of lignin in pretreated biomass was smaller after pretreatment at lower temperatures,
and the lignin mass increased as the pretreatment temperature increased. The lignin mass in pretreated
biomass was at 2.0–7.2 g when pretreating with different gases at 100 ◦C; however, when a pretreatment
temperature of 175 ◦C was used, the lignin content was seen to be between 7.8–11.9 g. The lignin content
in the initial biomass was 5.4 g in 100 g of biomass. Therefore, it can be said that at lower temperatures,
some of the lignin is removed. However, at higher pretreatment temperatures, different processes
such as depolymerisation and condensation reactions occured, which altered the complex native lignin
structure and resulted in more lignin being measured [25]. Higher lignin content was found in the case
of flue gas pretreatment, with between 6.0–9.0 g of lignin remaining at different temperatures. Whilst
the greatest amount of lignin was removed when N2 gas was used for pretreatment, between 2.0–7.8 g
of lignin remained at different pretreatment temperatures. As the lignin is usually removed using
alkaline pretreatment methods, the preservation of lignin in biomass is expected [26]. However, in this
work, flue gas was used in the pretreatment process, which moved the acid-base balance in the biomass
mixture towards acidic, favouring the dissolution of hemicellulose. Similar results have been gained by
Tutt et al. (2014), where after steam explosion pretreatment the lignin remained in insoluble form [24].

Energies 2017, 10, x FOR PEER REVIEW 5 of 12 

 

The lignin content in the initial biomass was 5.4 g in 100 g of biomass. Therefore, it can be said that 
at lower temperatures, some of the lignin is removed. However, at higher pretreatment temperatures, 
different processes such as depolymerisation and condensation reactions occured, which altered the 
complex native lignin structure and resulted in more lignin being measured [25]. Higher lignin 
content was found in the case of flue gas pretreatment, with between 6.0–9.0 g of lignin remaining at 
different temperatures. Whilst the greatest amount of lignin was removed when N2 gas was used for 
pretreatment, between 2.0–7.8 g of lignin remained at different pretreatment temperatures. As the 
lignin is usually removed using alkaline pretreatment methods, the preservation of lignin in biomass 
is expected [26]. However, in this work, flue gas was used in the pretreatment process, which moved 
the acid-base balance in the biomass mixture towards acidic, favouring the dissolution of 
hemicellulose. Similar results have been gained by Tutt et al. (2014), where after steam explosion 
pretreatment the lignin remained in insoluble form [24]. 

 
Figure 2. The content of the main components in the solid phase of the biomass/water mixture after 
pretreatment with different gases at different temperatures when 100 g of initial biomass was used. 

2.3. Bioethanol Production 

The pretreated biomass was used in a conventional three-step bioethanol production process, 
where pretreated biomass was used in enzymatic hydrolysis and fermentation steps. To assess the 
effect of the pretreatment process, glucose and ethanol concentrations were measured in terms of 
ethanol and glucose yields, but hydrolysis and fermentation efficiencies were also calculated after 
each process step in order to assess the effect of the pretreatment process. 

The results from the enzymatic hydrolysis step are shown in Figure 3, and it can be seen that the 
glucose concentration in the biomass mixture after hydrolysis, and hydrolysis levels of efficiency 
depend upon the pretreatment temperature; higher results were gained at elevated temperatures. 
The pretreatment process, where it involved nitrogen gas, was more effective at lower temperatures, 
while at temperatures of 175 °C nearly equal results were gained with all of the pretreatment 
methods. Compared to NED pretreatment, pretreatment with flue gas and flue gas bubbling yielded 
37.4% and 16.3% lower hydrolysis efficiencies at 100 °C, respectively. As the pretreatment 
temperature was increased, hydrolysis efficiency also increased along with glucose concentration in 
the biomass mixture, finally equalising at a temperature of 175 °C for all methods. The hydrolysis 
efficiency levels for different pretreatment gases at temperatures 150 °C and 175 °C reached 38.4–
41.2% and 45.3–46.7%, respectively. The final glucose concentration in the biomass mixture after 
hydrolysis was between 17.7–19.0 g L−1 and 20.9–21.5 g L−1 at temperatures of 150 °C and 175 °C 
respectively. Higher temperatures were not tested since it has already been demonstrated that the 
glucose yield reaches a plateau or decreases at pretreatment temperatures that are higher than 175 °C 
with the NED pretreatment [11,12]. Similar results were gained with steam explosion pretreatment 
where 30.8% and 46.7% hydrolysis efficiency were gained at 150 °C and 170 °C, respectively. The 
application of higher temperatures with steam explosion yielded higher results and up to 86.3% 
hydrolysis efficiency [12]; however, it has been shown that pretreatment temperatures result in the 

Figure 2. The content of the main components in the solid phase of the biomass/water mixture after
pretreatment with different gases at different temperatures when 100 g of initial biomass was used.

2.3. Bioethanol Production

The pretreated biomass was used in a conventional three-step bioethanol production process,
where pretreated biomass was used in enzymatic hydrolysis and fermentation steps. To assess the
effect of the pretreatment process, glucose and ethanol concentrations were measured in terms of
ethanol and glucose yields, but hydrolysis and fermentation efficiencies were also calculated after each
process step in order to assess the effect of the pretreatment process.

The results from the enzymatic hydrolysis step are shown in Figure 3, and it can be seen that
the glucose concentration in the biomass mixture after hydrolysis, and hydrolysis levels of efficiency
depend upon the pretreatment temperature; higher results were gained at elevated temperatures.
The pretreatment process, where it involved nitrogen gas, was more effective at lower temperatures,
while at temperatures of 175 ◦C nearly equal results were gained with all of the pretreatment methods.
Compared to NED pretreatment, pretreatment with flue gas and flue gas bubbling yielded 37.4%
and 16.3% lower hydrolysis efficiencies at 100 ◦C, respectively. As the pretreatment temperature
was increased, hydrolysis efficiency also increased along with glucose concentration in the biomass
mixture, finally equalising at a temperature of 175 ◦C for all methods. The hydrolysis efficiency
levels for different pretreatment gases at temperatures 150 ◦C and 175 ◦C reached 38.4–41.2% and
45.3–46.7%, respectively. The final glucose concentration in the biomass mixture after hydrolysis
was between 17.7–19.0 g L−1 and 20.9–21.5 g L−1 at temperatures of 150 ◦C and 175 ◦C respectively.
Higher temperatures were not tested since it has already been demonstrated that the glucose yield
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reaches a plateau or decreases at pretreatment temperatures that are higher than 175 ◦C with the NED
pretreatment [11,12]. Similar results were gained with steam explosion pretreatment where 30.8% and
46.7% hydrolysis efficiency were gained at 150 ◦C and 170 ◦C, respectively. The application of higher
temperatures with steam explosion yielded higher results and up to 86.3% hydrolysis efficiency [12];
however, it has been shown that pretreatment temperatures result in the formation compounds that
inhibit the fermentation process [11], which lead to lower final ethanol yields.
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After the hydrolysis stage, the liquid fraction of the mixture was used in the fermentation
process. The fermentation efficiency level (Figure 4a) varied between 99.6–117.5% depending upon the
pretreatment temperature; however, it was at its highest with the NED pretreatment. This permitted
ethanol concentrations to be gained from the fermentation broth which ranged from 7.6 g at 125 ◦C
to 12.8 g L−1 when the biomass was pretreated at 175 ◦C. When flue gas and flue gas bubbling
pretreatments were used, fermentation efficiencies were gained of between 99.6–116.1% and 51.2–83.2%,
respectively. The highest ethanol concentration in the fermentation broth was gained with the NED
pretreatment at 175 ◦C. Flue gas pretreatment enabled the collection of similar ethanol concentration in
the fermentation broth (only 1.4%); however, flue gas bubbling pretreatments yielded results that were
41.1% lower than with the NED pretreatment. The lower results that were gained with the flue gas
pretreatments can be explained by the acidification formation of by-products during the pretreatment
process, which later inhibits the fermentation process [26]. The pH of the mixture is lowered by the
dissolution of CO2 during the pretreatment process and the formation of carbonic acid. Additionally,
fermentation-inhibiting compounds, which are usually formed during the dilute acid pretreatment
process [27], could also be formed during the pretreatment process using flue gas. The results show that
the dissolution of CO2 during the flue gas bubbling pretreatment was more effective than the standard
flue gas pretreatment, and this yielded lower ethanol concentrations and fermentation efficiencies.

In the case of the flue gas bubbling pretreatment, fermentation efficiency was at its highest
at 125 ◦C, but decreased when the pretreatment temperature was increased. On the other hand,
fermentation efficiencies increased with flue gas and NED pretreatment when temperature was
increased from 125 ◦C to 150 ◦C. The ethanol concentrations in the fermentation broth, however,
increased with the increase in the pretreatment temperature and no decrease was detected. This can be
attributed to the increasing glucose concentration when the pretreatment temperature was increased.
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Since more glucose was available when the biomass was pretreated at a higher temperature, higher
ethanol concentrations were also achieved.
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2.4. Mass Balance Studies

After the hydrolysis and fermentation stages, various analyses were carried out in order to collect
data for the mass balance studies. The weight of the liquid and solid fractions were measured from all
of the process stages; a fibre analysis was carried out for all biomasses and solid residues; and glucose
and ethanol concentrations were measured in all liquid fractions. Based on the data that was collected,
the mass balance was calculated and mass flow charts were prepared for ethanol production processes
using different pretreatments at 175 ◦C (Figure 5).

As can be seen in Figure 5, there is a slight loss of mass during pretreatment. A total of 100 g
of biomass was used in the case of all pretreatments, but only between 87.2–92.6 g of dry biomass,
depending upon the pretreatment method being used, was recovered after pretreatment had been
completed. The loss in dry mass during the pretreatment stage is caused by the dissolution of biomass
components and also partially due to the evaporation of moisture and dissolved compounds during
explosive decompression.

As can be seen in the figures, the main effect of the pretreatment is the dissolution of hemicellulose,
which decreases from 32.9 g to 6.4 g, 7.0 g or 6.3 g, respectively when NED, flue gas or flue
gas bubbling pretreatments were used. The amount of cellulose decreases to a smaller degree
and most of the cellulose remains in the solid phase. Similarly, no significant loss in lignin mass
was detected, which inversely increased slightly. Domínguez et al. reported similar results for
hemicellulose dissolution in a study, where the fast growing biomass of P. tomentosa was pretreated
using autohydrolysis. In that study, a total of 98% of glucan, the main component of cellulose, and 80%
of Klason lignin were recovered in the solid phase, and xylan, as a main component of hemicellulose,
was almost totally solubilised at 230 ◦C [28]. The slightly lower hemicellulose removal rate in this
study was due to lower temperatures being used in the pretreatment process.

A total of 17.1–17.8 g of cellulose still remained in the solid residue following enzymatic hydrolysis.
This shows that either the pretreatment step or the hydrolysis step could be more effective. The cellulose
can remain in the solid residue following hydrolysis if the pretreatment does not break down the
biomass structure enough to be able to open up access to cellulose fibrils. In this case, the enzyme
cannot reach the cellulose and will not be hydrolysed, which in turn means that it remains in the
residual biomass. Additionally, hydrolysis efficiency can be low due to the low enzyme activity or
enzyme unsuitability for this biomass or hydrolysis conditions. Similar results were reported by
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Akanksha et al., where native sorghum was used with an acid pretreatment and of 37.9 g of cellulose in
the initial biomass (comprised of 100 g of sorghum), a total of 18.4 g remained in the residual biomass
after the process of enzymatic hydrolysis [29].

Although almost similar glucose yields were recorded with different pretreatment methods,
the ethanol yields were different and the highest results were gained with the flue gas and NED
pretreatment methods. The flue gas and NED pretreatments allowed gains of 9.4 g and 9.0 g respectively
of ethanol from 100 g of biomass, while the flue gas bubbling pretreatment yielded results that were
37.8% lower. The lower ethanol yields that were gained from the flue gas bubbling pretreatment
method were probably caused by the formation of by-products during the pretreatment process,
which later inhibited the fermentation process. As more CO2 was dissolved during the pretreatment
process by bubbling the CO2 through the biomass, the lowest results were achieved via this method.
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and 30 bar: A—NED pretreatment; B—flue gas pretreatment; C—flue gas bubbling pretreatment.

3. Materials and Methods

3.1. Biomass

Barley straw (Hordeum vulgare) was used as a biomass in all of the experiments. The samples were
dried to a moisture content less than 100 g kg−1 and were ground using a Cutting Mill SM 100 comfort
(Retsch GmbH, Haan, Germany) to a particle-size of 3 mm or less.

3.2. Explosive Decompression Pretreatment

The instrumentation for, and working principles of, the ED pretreatment method are described
in detail in previous publications [11–13]. Distilled water at 700 ml was added to 100 g of dried and
milled biomass and was mixed thoroughly. The biomass slurry was heated to different temperatures
between (100–175) ± 3 ◦C. A compressed nitrogen gas or synthetic flue gas mixture was added to
the reactor in order to achieve a pressure of 30 bar. The synthetic flue gas imitated the composition
of flue gases from a boiler room, with the mixture’s composition at N2 (20%) and CO2 (80%) (AGA
Eesti AS, Tartu, Estonia). The nitrogen and flue gas were added to the reactor through its top and
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into the headspace. Additional experiments were conducted with flue gas when the gas was added
using a tube with a spiral perforated tip, which extended down to the bottom of the reactor. In this
case, the gas bubbled through the biomass during the heating process to enhance the dissolution
and dissociation of CO2. After reaching the target temperature, the mixture was cooled below the
boiling point and pressure was released in an explosive manner. Following the explosion, samples
were cooled to a temperature below 50 ◦C and were used in the enzymatic hydrolysis step or were
stored for later analysis.

3.3. Enzymatic Hydrolysis and Fermentation

Enzymatic hydrolysis was used to convert cellulose to glucose. Distilled water and enzyme were
added to the pretreated biomass in order to gain the final volume of the mixture at 1000 ml. Enzyme
mixture (30 FPU g−1 cellulose; Accellerase 1500 Genencor®, Palo Alto, CA, USA) was added to the
biomass suspension at a ratio of 0.3 ml for each gram of biomass. Hydrolysis lasted for 72 h at a
temperature of 50 ◦C under constant stirring in rotating shaker/incubator (250 min−1) (Unimax 1010,
Heidolph Instruments GmbH & Co.KG, Schwabach, Germany).

Following enzymatic hydrolysis, vacuum filtration was used to separate the liquid part of the
suspension from the solid part. A total of 1 g of Saccharomyces cerevisiae yeast was added to the 200 ml
liquid phase to start the fermentation process. Fermentation lasted for 7 days at room temperature
(22 ± 1◦C). The solid fraction was weighed and dried for later analysis.

3.4. Biomass Analysis

The solid and liquid parts of the biomass mixture were weighed before and after pretreatment
and after enzymatic hydrolysis and corresponding samples were taken for analysis. The initial biomass
was dried and milled for analysis, as was solid biomass that was gained after pretreatment and
enzymatic hydrolysis.

Dry matter content was analysed with a Kern MLS-D moisture analyser (KERN & SOHN
GmbH Balingen, Germany), and ash content was measured according to NREL Technical Report
NREL/TP-510-42622 [30]. The fibre analysis (cellulose, hemicellulose and lignin) was carried out
using ANKOM 2000 analyser (ANKOM Technology, Macedon NY, USA). Acid- and neutral detergent
solutions (ANKOM Technology), and 72% H2SO4 were used to determine acid- and neutral detergent
fibre contents, and acid insoluble lignin content, respectively.

The glucose and ethanol yields were determined using an electrochemical analyser Analox GL6
(Analox Instruments Ltd., Stourbridge, UK), with determination following both the hydrolysis and
fermentation steps.

Pictures of the biomass were taken using a scanning electron microscope (SEM) at the University
of Tartu’s Institute of Geology. SEM imaging of uncoated samples was carried out using a ZEISS EVO
MA15 SEM (Carl Zeiss Microscopy GmbH, Jena, Germany) in variable pressure mode. The images
were captured in backscattered electron (BSE) and variable pressure secondary electron (VPSE) modes.

3.5. Data Analysis

The hydrolysis efficiency was calculated based on Equation (1):

EHY =
mglc

mcel ·1.11
·100% (1)

where mglc is the measured amount of glucose in the sample; mcel is the measured amount of cellulose
in the sample and 1.11 is the cellulose-to-glucose conversion factor based on the stoichiometric
biochemistry of hydrolysis [31]. Fermentation efficiency was calculated based on Equation (2):

EF =
ceth

cglc·0.51
·100% (2)
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where cglc is the concentration of glucose in the sample; ceth is the concentration of ethanol in the
sample and 0.51 is glucose-to-ethanol conversion factor based on the stoichiometric biochemistry of
the fermentation process [31].

The mass balance was calculated based on the masses of the solid and liquid phases and the
calculated masses of the components of biomass and liquid.

The averaged results of at least three parallel measurements were used and standard deviations
were calculated. Data were analysed using MS Excel software (2013).

4. Conclusions

The explosive decompression pretreatment method was studied and used with two different
gases—nitrogen and synthetic flue gas. The latter was added into the process in two different
ways. In order to investigate the effects of pretreatment upon chemical and physical changes in
the biomass, a traditional three-step bioethanol production process was used with pretreatment,
hydrolysis and fermentation.

The results show that explosive decompression pretreatment is a suitable method for biomass
destruction since all usages of this pretreatment method were effective in the dissolution of
hemicellulose, especially at higher temperatures. A small loss of cellulose due to dissolution was
noticed after pretreatment; however, when compared to the extent of hemicellulose dissolution,
the cellulose losses were rather small. At lower temperatures, higher hydrolysis efficiencies were
gained when using the NED pretreatment, while at higher temperatures similar results were gained
with all pretreatment methods, and there the hydrolysis efficiency levels reached as high as 46.7%.

Fermentation efficiencies were higher and, at times, exceeded 100% when using the NED and
flue gas pretreatment methods. On the other hand, when the flue gas bubbling pretreatment method
was used, ethanol concentrations were achieved that were as much as 41% lower depending upon the
pretreatment temperature. The flue gas pretreatment method yielded lower ethanol concentrations
and fermentation efficiencies due to the enhanced dissolution of CO2 during pretreatment. This is
most likely caused by the acidification of the biomass and the formation of fermentation inhibitors.
It is necessary to investigate further to discover what kinds of compounds are being formed here and
the options which may be available when it comes to removing these compounds.
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a b s t r a c t

Using lignocellulosic biomass as an alternative resource for transportation fuel is an attractive prospect
due to its abundance and low cost. Conventional pre-treatment methods such as steam explosion or
ammonia fibre expansion need technologically complex equipment and high energy input, and they use
toxic chemicals in order to achieve high glucose and ethanol yields. In this paper, the freezing pre-
treatment of barley straw is investigated as a low energy input and cost-effective alternative pre-
treatment method for second generation bioethanol production.

In the freezing pre-treatment method, milled biomass mixed with water was frozen in temperatures
as low as �18 �C for a certain period of time and was then thawed to room temperature (around 22 �C).
The freezing cycles were repeated several times so that the effect of repeated freezing could be studied.
In addition, field experiments were carried out by taking samples of barley straw which had been stored
outside, both in bales and swathes during a period of time between September and March in two
consecutive years (in winter 2014e2015 and 2015e2016). Freezing pre-treatment was followed by
enzymatic hydrolysis and fermentation. Glucose and ethanol yields and, additionally, hydrolysis and
fermentation efficiencies were used as indicators of pre-treatment efficiency.

The highest hydrolysis efficiency figure was 19.42%, which was achieved in laboratory tests where the
biomass was frozen and thawed a total of four times. The best result from a field test was 10.28% from
straw which had been stored in a swathe and which has been gathered in March. Fermentation yields
ranged up to 88.80 g per kilogramme of biomass. Field tests showed that in the bale the temperature
never fell below freezing and therefore the pre-treatment was not effective. When in the swathe the
straw does freeze through, but the winter in Estonia was too changeable for this method to work
effectively.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Lignocellulosic biomass has been widely used for a long time as
an energy source. It is most commonly used for heating and elec-
tricity production by burning it directly. Despite this, most of the
primary energy (up to 80%) which is consumed worldwide today is
produced from fossil fuels. From this, a total of 58% is used for the
transportation sector alone [1]. As the demand for energy rises,
new, cheap, and sustainable alternatives for liquid fuel production
are needed. One alternative is to use bioethanol as engine fuel.

Global bioethanol production in 2015 was 98.3 billion litres, the

majority of which was first generation bioethanol which had been
produced from food crops such as sugar cane, maize, etc [2]. Given
the fact that the world's population is increasing every year and, in
some areas, food is somewhat lacking, using food crops as fuel
feedstock is considered immoral. In order to decrease the food-
versus-fuel competition which is associated with first generation
bioethanol, an alternative has to be found in order to prevent food
crops being used as fuel production feedstock [3,4]. At the moment
lignocellulosic biomass is considered to be the most favourable
alternative for biofuel production due to its abundance, its biode-
gradability, its ability to be renewed, and its cost-effectiveness
[5e8]. Lignocellulosic biomass is made up either from the non-
edible residue of food crop production or the non-edible whole
plant biomass [9], and makes up the majority of the cheap and
abundant non-food materials which are available from plants
[10,11]. By using lignocellulosic biomass for biofuel production, we
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can solve two problems at the same time. We can valorise different
residues (agricultural residues, urbanwastes, etc) [12], and can also
eliminate food-versus-fuel competition [13].

Plants consist primarily of plant cell walls of which about 70%
are made up of various polysaccharides (mainly cellulose 40e50%
and hemicellulose 20e30%) [14,15], which can be used for ethanol
production with the right conversion treatment [16]. Therefore,
lignocellulosic biomass as a potential ethanol production feedstock
has attracted the attention of many researchers worldwide.

Ethanol production from lignocellulosic biomass using the
traditional biochemical route consists of four main steps: pre-
treatment, hydrolysis, fermentation, and distillation [6]. The
pre-treatment is used to break down the structure of the ligno-
cellulosic material to enable better access to cellulose for en-
zymes in the next process step. The purpose of the pre-treatment
is to increase the porosity of the biomass, reduce the degree of
polymerisation, and ensure the removal of the lignin [17,18]. The
conversion of pre-treated material to ethanol includes two pro-
cesses: the hydrolysis of cellulose into monomeric sugars, and the
fermentation of the sugars into ethanol [9,19]. The hydrolysis is
usually catalysed by cellulase enzymes or chemically using acids
[14,20], and the fermentation is carried out by yeasts or bacteria
[21]. At the moment, the weakest link in the bioethanol pro-
duction process is the pre-treatment step. While a wide selection
of different pre-treatment methods have been proposed, an op-
timum and cost-effective pre-treatment process is yet to be
found.

Although several commercial lignocellulosic ethanol production
plants have started work worldwide, second generation bioethanol
is still not preferred due to its high cost. The high cost is caused by
the complexity of the pre-treatment process [22]. Today, the most
commonly used methods for opening the biomass cellular struc-
ture for enzymes are chemical pre-treatment, steam explosion,
ammonia fibre explosion (AFEX), SO2, CO2, N2, and air explosion
[13,23e26]. These methods result in high sugar and ethanol yields;
however, these methods are very energy-intensive or they use
chemicals which are expensive and offer a potential threat to the
environment [27,28]. Due to these expensive pre-treatment op-
tions, the price of the lignocellulosic ethanol is high and is therefore
not competitive against the use of fossil fuels.

In this paper a new pre-treatment method - the freezing pre-
treatment - is being studied. The method is based on the change
in the volume of water due to the change in state from liquid to
solid. The change in state is caused by a decrease in temperature,
which causes the water to freeze. The biomass, which is mixed
with small amount of water, is placed in a freezer until the water
freezes. During this process, the water diffuses into the biomass
and when the volume of water increases during freezing the
structure of the cell walls is broken. This method enables the
cellulosic structure of biomass to be opened up and increases the
accessible surface area of the biomass for enzymatic hydrolysis.
The freezing pre-treatment uses no chemicals or catalysts, which
makes it environmentally-friendly and an economically cheap
method. In Nordic areas, this pre-treatment method can be used
in accordance with the natural change of the seasons when the
slightly moistened biomass is left in an open field so that the
moisture in the biomass freezes and thaws due to changes in the
outside temperature. In this case, there is no energy input into
the pre-treatment process.

In this paper, the freezing pre-treatment method was investi-
gated on barley straw as a cheap pre-treatment method for Nordic
countries. Laboratory and field experiments were carried out to
investigate the effects of freezing on glucose and ethanol yields in a
standard three-step bioethanol production process. In addition,
investigations were carried out in regard to the Estonian winter.

Would it be suitable for implementing such a pre-treatment
method?

2. Materials and methods

2.1. Biomass

The barley straw was used as feedstock because it is one of the
most common crops grown in Estonia with a relatively high cel-
lulose content. Since straw production per hectare is between 1.6
and 2.0 tons [29] and the sown area was 132,600 hectares [30], the
feedstock potential in 2016 for lignocellulosic bioethanol produc-
tion was between 212,160e265,200 tons.

Samples were gathered once a month from both swathes and
bales that were being stored outside. The experiments with bales
were conducted during the winter of 2014e2015, and with swathes
during the autumn and winter period between September 2015
and March 2016. Biomass collected in September was used in lab-
oratory freezing pre-treatment experiments.

2.2. Pre-treatment

The cellular structure of the biomass was broken down using
two different approaches. For the laboratory tests, milled and
moistened biomass was frozen in a freezer. For the field tests, barley
straw was left in swathes and bales on the field to freeze.

In the laboratory tests, 100 g of milled dry biomass was moist-
ened with 800 g of distilled water and was then inserted into a
closed thermo-box. The thermo-box with its moistened biomass
was then placed into a freezer at a temperature of �18 �C so that it
could freeze. As changing the freezing temperature did not signif-
icantly change the pre-treatment efficiency, only the number of
repetitive 24-hour freezing cycles was changed during the experi-
ments. One freezing cycle included leaving the sample in a freezer
for 20e24 h following a thawing of the frozen sample to room
temperature. Five different experiments in total were conducted.
One for the determination of the reference point with the initial
unfrozen biomass and four experiments with a different number of
24-hour freezing cycles - freezing the moistened biomass between
one to four times. All of the experiments were carried out in trip-
licate at the very least.

The field experiments took place during the winters of
2014e2015 (with barley straw stored in bales) and 2015e2016
(with barley straw stored in swathes).

During the winter of 2014e2015, several straw bales were left
out in the field. For the reference point, the first sample was taken
right after baling the straw in August 2014. The following samples
were taken at 30, 60, and 90 days after baling the straw.

During the winter of 2015e2016, the barley straw was left
outside in swathes. In order to obtain a reference point for the
swathes, the first samples were taken in September 2015, imme-
diately after harvesting. During October and November, no samples
were taken due to the warm weather. The average temperatures
were 13.3 �C in September, 5.8 �C in October, and 4.9 �C in
December. In these three months there were only a few night frosts
(the minimum temperature measured during these three months
was Tmin ¼ �8.8 �C) [31]. Furthermore, averaged samples from
bales and swathes were taken after first night frosts, where the
temperature fell below�8 �C in December, and from there averages
were taken once a month until March.

The samples were thawed and dried at room temperature to a
moisture content which was less than 10%, and were milled using a
Retch SM 100 mill (Retch GmbH) to a particle size of 1 mm or less.
At least three parallel experiments were carried out using all of the
samples.
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2.3. Hydrolysis

The pre-treatment was followed by an enzymatic hydrolysis.
Distilled water was added to the biomass in order to gain the total
volume of the biomass mixture of 970 mL. Hydrolysis was carried
out using the enzyme complex, Accelerase 1500. The enzyme was
used at a ratio of 0.3 mL per gram of biomass, bringing the total
volume of the mixture to 1,000 mL. Hydrolysis was carried out in
1,000mL flasks with constant mixing in a shaker-incubator Unimax
1010 at a rotational speed of 250 rpm and at a temperature of 50 �C
for a period of twenty-four hours, after which the glucose yield was
measured.

In addition, some experiments were conducted with hydro-
lysing the biomass for 96 h. The glucose yield was measured every
twenty-four hours in order to assess whether longer lasting hy-
drolysis provides significantly higher yields.

2.4. Fermentation

The fermentation process was carried out in 1,000 mL flasks
under low oxygen conditions which were achieved by sealing the
flasks with fermentation tubes. In order to initiate the fermentation
process, a total of 2.5 g of dry yeast, Saccharomyces cerevisiae, was
added to the hydrolysed biomass for every 100 g of biomass after
the biomass was cooled down to room temperature. The process
lasted for seven days, after which the ethanol concentrations in the
samples were measured.

2.5. Analysis

The cellulose, hemicellulose, and lignin contents in the biomass
were determined at the Estonian University of Life Sciences, in the
Laboratory of Plant Biochemistry, according to the standard, AOAC
973.1 (Association of Official Analytical Chemists) [32]. The glucose
and ethanol concentrations were determined using an electro-
chemical analyser - the Analox GL6 - and respective yields and ef-
ficiencies were calculated.

Pictures of the biomass at different freezing repetitions were
taken using a scanning electron microscope (SEM) at the University
of Tartu at the Institute of Geology. SEM imaging of uncoated
samples was carried out using a ZEISS EVO MA15 SEM in variable
pressure mode. The images were captured in backscattered elec-
tron (BSE) and variable pressure secondary electron (VPSE) modes.

3. Results and discussion

3.1. Biomass analysis

The suitability of the use of the biomass for ethanol production
can be characterised on the basis of its relative cellulose, hemicel-
lulose, and lignin content. Previous research has shown that the
cellulose content and ethanol yield for each kilogram of biomass
are directly interrelated [33e35]. In this research, the barley straw
was investigated due to its relatively high cellulose content and
because it is an agricultural waste product, which makes it a suit-
able biomass for bioethanol production.

The swathe samples that were harvested in September 2015 had
the highest cellulose and hemicellulose content - at 45.74% and
28.96% respectively - and the lowest lignin content of 7.77%, while
those samples which were gathered in December 2016 had the
lowest cellulose and the highest lignin content - 41.86% and 9.47%
respectively (Table 1).

The initial cellulose relative content showed a slight decrease
during the time period between September and December 2015,
which was due to warm (T � 0 �C) and rainy weather conditions

which allowed fungi and bacteria to degrade the cellulose.
December saw the first longer lasting frosts (t � 24 h, and
T < �10 �C for time period and temperature respectively), which
halted the vital activity of the fungi and bacteria and degraded the
hemicellulose, therefore indirectly increasing the relative cellulose
content in the biomass.

The results of the biomass analysis which was conducted at the
Plant Biochemistry Laboratory of the Estonian University of Life
Sciences are shown in Table 1. The fibre analysis showed that even
though the straw was stored outside and the weather conditions
were not ideal, no significant loss in cellulose content was noticed.

3.2. The effect of freezing pre-treatment

3.2.1. Freezing pre-treatment: in the laboratory
The laboratory experiments using different freezing repetitions

were conducted in order to assess the effects of freezing on the
bioethanol production process. For both laboratory and field ex-
periments, the Saccharomyces cerevisiae yeast was used after hy-
drolysis to convert liberated sugars into ethanol. The glucose and
ethanol concentrations were calculated, and the effects were esti-
mated of the freezing pre-treatment (in both field and laboratory
experiments) on the ethanol production process.

The effect on glucose and ethanol yield when freezing the
biomass in the laboratory is illustrated in Fig. 1. The highest glucose
yield, 88.80 g per kilogram, was achieved in the laboratory exper-
iment when freezing and thawing soaked biomass a total of four
times with an efficiency rate of 19.42%, whilst the lowest yield was
gained from freezing and thawing the biomass for one time only, as
expected. Each freezing cycle serves to increase the breakdown of
the cellular structure in the biomass, thereby ensuring better access
for the enzymes to the cellulose. Even so, the conversion yield and
rates of efficiency for the lowest result were at 74.55 g per kilogram
and 16.30% respectively, which still exceeds the best field experi-
ment result by a total of 1.64 times.

Although the glucose yield was intermittent, the ethanol yield
increased steadily in accordance with the increase in freezing and
thawing repetitions. The best result was gained from four freezing
repetitions, resulting in 53.97 g of ethanol per kilogram of straw.

The fermentation process efficiency exceeded 100% in all the
experiments, and yet the hydrolysis process efficiencies hardly
exceeded 19%. The fermentation efficiencies ranged from 108.53%
(in two freeze-thaw cycles) up to 121.24% (three freeze-thaw cy-
cles). This indicates that 24-hour hydrolysis was not enough to
hydrolyse all accessible cellulose into glucose, and hydrolysis
continued during the fermentation process while all available
sugars were fermented into ethanol in the following fermentation

Table 1
The results of fibre analysis during biomass storage in field conditions and an
analysis of the results from straw used in laboratory experiments (%).

Cellulose Lignin Hemicellulose

Bales
At harvest 39.76 ± 0.18 5.70 ± 0.03 30.51 ± 0.87
1 month 38.63 ± 0.32 6.62 ± 0.10 29.55 ± 0.92
2 months 41.47 ± 0.33 7.37 ± 0.01 28.57 ± 0.73
3 months 39.55 ± 0.61 7.08 ± 0.07 28.96 ± 1.04
Swathes
At harvest 45.57 ± 0.30 7.77 ± 0.02 28.96 ± 0.49
3 months 41.86 ± 0.27 9.47 ± 0.00 28.26 ± 0.81
4 months 44.73 ± 0.21 9.19 ± 0.03 28.49 ± 0.70
5 months 43.98 ± 0.58 9.35 ± 0.05 28.35 ± 0.95
6 months 44.18 ± 0.46 9.30 ± 0.06 26.97 ± 0.86
Straw
Laboratory 45.73 ± 0.21 5.25 ± 0.00 32.61 ± 0.53
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step.
Therefore another experiment with one freezing-thawing

repetition was conducted to investigate whether a period of
longer hydrolysis results in a significantly higher glucose yield.
Fig. 2 illustrates the dependence of the glucose yield on the dura-
tion of the hydrolysis process. As can be seen in Fig. 2, the glucose
yield increases up to 72 h, from 88.82 g to 118.58 g per kilogram of
biomass and after this no significant increase in glucose yield was
detected. Almost all available glucose was converted into ethanol in
the fermentation process (95.86%). Thanks to that experiment, it
can be concluded that all of the accessible cellulose was converted
into glucose monomers within 72 h and almost all of it was also
converted into ethanol.

The increase in ethanol yield with an increasing number of
freezing and thawing repetitions was expected. During the freezing

process, the water in the cells increases in volume and breaks the
cell structure. With every freezing repetition, the initial cell struc-
ture was more and more damaged, which allowed the cellulose to
be exposed to the enzymes in the following process steps. Fig. 3
shows the SEM pictures of the biomass before and after the pre-
treatment process. The surface of the biomass prior to pre-
treatment is smooth, while after the pre-treatment the biomass
pieces are fragmented into smaller pieces and exhibit rough sur-
faces. The destruction of the biomass structure is caused by the
force created by water crystallisation during repeated freezing and
thawing.

3.2.2. Freezing pre-treatment: in field
In order to verify the conclusions which were reached in the

laboratory experiments, the field experiments were conducted
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Fig. 1. Changes in the glucose and ethanol yield gained at different freezing repetitions in the laboratory.

Fig. 2. Glucose yield dependence on the duration of the hydrolysis process.
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across two consecutive winters. In one case, this was with barley
straw stored in bales, while in the other case it was with barley
straw stored in swathes.

The first field experiments with the freezing pre-treatmentwere
carried out during the winter of 2014e2015 with barley straw
stored in bales. The experiments showed either that the tempera-
ture in the barley straw bales never fell below 0 �C or there was not
enough moisture to crystallise (only a thin, moistened top layer
froze), and therefore no alteration in the cellular structure was
detected. No significant change in glucose and ethanol yields was
detected either. Glucose yields varied from 11.8 g to 12.6 g per ki-
logram of biomass, and ethanol yields from 19.76 g to 21.87 g per
kilogram of biomass. Since the results did not differ significantly
from each other, no further investigation was conducted.

The second set of field experiments were conducted with barley
straw stored in swathes. When in swathes, hay is not so densely

packed and therefore water has better access to straw in order to
moisten it, which provides a better pre-treatment effect. Fig. 4 il-
lustrates the change in glucose yields for field experiments which
were conducted with barley straw stored in swathes during the
winter of 2015e2016.

A decline in glucose yield can be seen in the straw that was left
in the field for five months. Since every herbaceous species has
different characteristics, an individually suitable pre-treatment
method has to be determined and adapted to the straw [6]. The
efficiency of hydrolysis also depends greatly on the maturity of
specific plants. The more mature the plant, the higher the lignin
content it has [36], thereby making access for the enzymes to the
cellulose much more difficult. Even though the straw used in the
experiments was gathered from the same barley field, the diversity
of herbaceous plants in every test plot is somewhat variable. From
this we can presume that the decrease in glucose yield may be

Fig. 3. The SEM pictures of biomass before (left) and after (right) freezing pre-treatment.
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caused by a slightly higher proportion of somewhat different her-
baceous materials in the sample other than barley straw. Although
there was a decrease in glucose yield, the ethanol yield increased
slightly and fermentation efficiencies exceeded the limit of 100%.

The highest fermentation efficiency rate was 136.12%. This
means that, similar to the laboratory tests (Fig. 2), a twenty-four
hour hydrolysis process was not enough to hydrolyse all of the
accessible cellulose and the conversion process continued during
the fermentation process.

The best field test involving barley straw stored in swathes
resulted in a conversion efficiency of 10.29% and a conversion rate
of 45.45 g per kilogram, with the straw in question being gathered
from a swathe in March 2016. The lowest glucose yield was gained
from straw that had been stored outside for three months. The
hydrolysis conversion rate was 34.00 g per kilogram with an effi-
ciency rate of 8.12%. Fig. 4 shows a similar steady growth trend as
the one seen in the laboratory experiments in Fig. 1. The ethanol
yield increased for almost the entire duration of the test series
except in relation to the results from straw gathered in February,
where a slight decrease was noticed. The only difference in the
laboratory experiments was the order of magnitude, which was the
result of poor weather conditions.

The highest ethanol yield gained was 30.02 g per kilogram of
biomass from straw gathered in January 2016. The lowest result
was 34.00 g per kilogram of biomass from straw gathered in
December 2015. The fermentation efficiencies ranged from 117.12%
in straw gathered in March to 136.12% in straw gathered right after
harvesting. The lowest result for the sample which was gathered in
December was expected thanks to the fact that it had the lowest
cellulose content of all results, at 41.86%.

Fig. 5 illustrates the effect of the freezing and thawing on the
cellular integrity of the biomass. From the SEM pictures, clear dif-
ferences between each sample can be seen. In the reference sample,
the cellular structure is fully intact and a clear cutting edge can be
seen. In the pictures of the sample which was gathered in
December, slight ruptures can already be noticed, with these being
caused by the force created by the water crystallisation process. In
the pictures of the sample which had been gathered in March, the
biomass structure had all but been destroyed by the repeated
freezing and thawing. The field experiments confirmed the con-
clusions which had been drawn from the results of the laboratory
tests, showing that the more freezing repetitions there are, the
higher will be the ethanol yields being gained.

4. Conclusions

Initial laboratory experiments with freezing pre-treatment
showed a good deal of potential as a cheap and quite effective
pre-treatment method for the Nordic countries. The fibre analysis
showed that the cellulose content in the biomass did not signifi-
cantly decrease during the winter when the biomass was being
stored outside, while the SEM images showed clear signs of the
degradation of the biomass structure.

The glucose and ethanol yields which had been gained varied
from 69.85 g to 88.80 g per kilogram for the former and between
41.73 g and 53.97 g per kilogram for the latter, and with respective
processes efficiencies of up to 19.42% and up to 120.75%. The best
results were gained from freezing and thawing the biomass a total
of four times, as was expected. And yet due to the mild weather
conditions being experienced at the time, the field experiments did
not confirm the initial assumptions. The best field experiment
resulted in 45.45 g per kilogram of glucose yield and 30.02 g of
ethanol yield per kilogram of biomass.

For the straw which had been stored in bales, the cold weather
had no significant effect on the glucose or ethanol conversion
processes because the temperature in the bale never fell below
freezing point (T > 0 �C). The glucose and ethanol yields varied from
11.8 g to 12.6 g per kilogram and from 19.76 to 21.87 g per kilogram
of biomass respectively.

Freezing experiments on the barley straw showed that twenty-
four hour hydrolysis was not enough to hydrolyse all of the
accessible cellulose, and that hydrolysis continued during the
fermentation process. A 96-hour lasting hydrolysis experiment on
barley straw which had been frozen one time only confirmed the
initial assumption based on the results of the fermentation effi-
ciencies. With 96-hour hydrolysis, a total of 26.03% conversion ef-
ficiency was reached without using any chemicals or additional
pre-treatment of the biomass.

The results of the field experiments confirm that even though
high cellulose to glucose conversion efficiencies were not achieved,
an alteration in the biomass structure was detected. Therefore it
can be considered as being a pre-pre-treatment method for another
pre-treatment method, such as nitrogen explosion, AFEX, steam
explosion, etc, in order to lower production costs by increasing
glucose and ethanol yields, without any additional energy input
being required.
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Abstract: Lignocellulosic material is the most promising feedstock for the bioethanol production 
however, due to complicated physico-chemical characteristics of biomasses, it is necessary to 
pretreat the biomass before the bioethanol production. The goal of the pretreatment is to open the 
biomass structure for enzymatic hydrolysis to gain higher sugar and ethanol yields in further 
processes. In this paper a novel explosive decompression pretreatment is studied where two gases 
– nitrogen and compressed air are utilized for pressure generation. For this, traditional three-step 
bioethanol production process was used, where explosive decompression pretreatment with N2
gas or compressed air was applied for biomass pretreatment. Glucose and ethanol concentrations 
were measured during the process. Glucose and ethanol yields and process efficiencies were used 
to evaluate the effect of explosive decompression pretreatment and its suitability for biomass 
pretreatment in bioethanol production process. Results show that the highest glucose yield was 
gained when nitrogen gas was used, while difference in glucose yield compared to that of 
autohydrolysis was negligible when compressed air was applied.

Key words: lignocellulose, explosive decompression, bioethanol, pretreatment. 

INTRODUCTION 

Lignocellulosic material is widely used source of biomass for energy production. 
This kind of biomass is usually burned directly for heat and energy production or 
converted to other types of fuel. In addition, due to the depletion of conventional fossil 
fuels and EU 2020 targets (Commission) the conversion of biomass to liquid fuels, like 
ethanol, has attracted particular attention. Lignocellulosic biomass is promising 
feedstock for the ethanol production considering its great availability, low cost, and 
sustainable supply (Agbor et al., 2011; Min et al., 2013; Phitsuwan et al., 2013). Plant 
biomass is primarily composed of plant cell walls of which about 75% are 
polysaccharides (Phitsuwan et al., 2013) that could be used for ethanol production. 
Therefore, it has become a major focus of intensive research and development (Agbor et 
al., 2011; Tutt et al., 2013; Raud et al., 2014; Tutt et al., 2014). 

The bioethanol production includes three step process – pretreatment of biomass, 
hydrolysis of cellulose to sugars and fermentation of sugars to ethanol (Tutt et al., 2012; 
Raud et al., 2015). The conversion of cellulose to ethanol is difficult since the cellulose 
fibers in the biomass are tightly packed with hemicellulose and lignin cover. The 
pretreatment is necessary in order to break down the biomass structure to gain access to 
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the sugars from cellulose and hemicellulose. The goal of the pretreatment is to improve 
the further conversion steps (Conde-Mejía et al., 2012) and therefore, various 
pretreatment methods have been proposed to enhance bioethanol production process 
(Alvira et al., 2010; Demirbas, 2011; Chiaramonti et al., 2012). 

The pretreatment methods can be divided into biological, chemical, – physical, and 
combined chemical-physical methods. However, since various types of biomasses have 
different characteristics, there is no ideal pretreatment method, but the suitable 
pretreatment method must be adopted to each specific lignocellulosic biomass (Alvira et 
al., 2010). The biological pretreatment methods apply various types of fungi to degrade 
hemicellulose and lignin however, the method is ineffective due to low hydrolysis rate 
(Alvira et al., 2010). The physical methods on the other hand are mainly targeted to 
increasing the surface area and reduction of particle size of biomass and they are used 
usually in combination with other pretreatment methods (Haghighi Mood et al., 2013). 
Chemical pretreatment methods use chemicals such as acids, alkali, organic solvents, 
and ionic liquids, which have a significant effect on the native structure of biomass 
(Agbor et al., 2011; Tutt et al., 2012). However, the use of chemicals makes the 
production process too expensive due to the high cost of chemicals and the production 
of toxic materials during the process (Shirkavand et al., 2016). 

More effective methods of enhancing the biomass digestibility are combinational 
pretreatments, where physical parameters like temperature and pressure are combined 
with other pretreatment methods. Amongst them steam-explosion, ammonia fibre 
explosion (AFEX), CO2 or SO2 explosion are the most used methods (Agbor et al., 
2011). These methods include pretreatment of biomass with pressurized steam, 
ammonia, CO2 or SO2, respectively, which is followed by rapid decompression to an 
atmospheric pressure (Tutt et al., 2014). The decompression causes destruction of lignin 
and hemicellulose, which enables enzymes to gain better access to cellulose in further 
treatment. Additionally, the CO2 forms carbonic acid when dissolved in water, which 
increases the hydrolysis rate (Shirkavand et al., 2016). However, the disadvantage of 
these methods is the formation of inhibitory compounds and they are more effective on 
low-lignin content biomass (Chiaramonti et al., 2012). 

In this paper a novel combinational biomass pretreatment method – explosive 
decompression pretreatment is evaluated. In case of explosive pretreatment, the biomass 
is mixed with water and additionally N2 gas is added to the reactor to elevate the pressure 
(Raud et al., 2016). As an economical alternative to N2 gas, the compressed air could be 
used since air consists in approximately 78% of nitrogen. Nitrogen molecules are smaller 
than water molecules and gas molecules used in other pretreatment methods (like CO2
and SO2) and under high pressure and temperature can more effectively penetrate the 
cell walls of biomass. When the pressure is released in an explosive manner, the 
dissolved nitrogen gas expands and thereby, opens the biomass structure and increases 
its surface area for following enzymatic hydrolysis. The explosive decompression 
pretreatment method is economically attractive since no catalysts or chemicals are added 
in these processes, which makes the pretreatment process cheaper. 

The purpose of this work was to assess the effect of explosive decompression 
pretreatment method using nitrogen and, as an alternative, compressed air. Experiments 
were conducted using several different temperature and pressure combinations. 
Resulting pretreated biomass was used in the standard three-step lignocellulosic 
bioethanol production process. Glucose and ethanol concentrations of the samples were 
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measured after hydrolysis and fermentation processes, respectively. Results were 
analysed in order to find the most suitable pretreatment conditions and to study the 
efficiency of the pretreatment.

MATERIALS AND METHODS 

Biomass 
Barley straw was used as a biomass in all experiments. The biomass was grown in 

Tartu area (Estonia), on loamy soil and harvested in August. The samples were dried to 
a moisture content less than 10% and ground with Cutting Mill ZM 200 (Retsch GmbH) 
to a particle-size 1 mm or less. 

Pretreatment 
The explosive decompression pretreatment method was used to break the cell 

structure of the biomass and expose the cellulose to further enzymatic treatment. The 
experimental setup with the pressure reactor and heater is presented in Fig. 1. 100 g of 
dry biomass was weighed, placed into a pressure vessel and mixed with distilled water 
until watery biomass paste with a volume of 1 litre was gained. The reactor was closed 
and pressurised with compressed air or nitrogen gas to a pressure of 1 to 60 bars. The 
pressurized samples were then heated in the reactor vessel with ceramic heater to 
temperatures of 25–175 °C. The temperature in the pressure vessel was measured with a 
thermocouple and controlled using electronic controller unit. When the intended 
temperature was reached, the reactor was cooled down to at least 80 °C, if necessary, 
and pressure was released through a valve in an explosive manner. The biomass was kept 
in the reactor for 3 hours from the start of the heating until the explosive decompression. 
After the pre-treatment the samples were cooled to a temperature below 50 °C for 
enzymatic hydrolysis. 

Figure 1. Schematic of the explosive decompression pretreatment system: 1 – nitrogen tank; 
2 – pressure control valve; 3 – manometer; 4 – modified reactor vessel cap; 5 – reactor vessel; 
6 – ceramic contact heater; 7 – pressure release valve; 8 – into ventilation system; 
9 – thermocouple; 10 – controller unit. 
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the sugars from cellulose and hemicellulose. The goal of the pretreatment is to improve 
the further conversion steps (Conde-Mejía et al., 2012) and therefore, various 
pretreatment methods have been proposed to enhance bioethanol production process 
(Alvira et al., 2010; Demirbas, 2011; Chiaramonti et al., 2012). 
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used since air consists in approximately 78% of nitrogen. Nitrogen molecules are smaller 
than water molecules and gas molecules used in other pretreatment methods (like CO2
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Resulting pretreated biomass was used in the standard three-step lignocellulosic 
bioethanol production process. Glucose and ethanol concentrations of the samples were 
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measured after hydrolysis and fermentation processes, respectively. Results were 
analysed in order to find the most suitable pretreatment conditions and to study the 
efficiency of the pretreatment.

MATERIALS AND METHODS 

Biomass 
Barley straw was used as a biomass in all experiments. The biomass was grown in 

Tartu area (Estonia), on loamy soil and harvested in August. The samples were dried to 
a moisture content less than 10% and ground with Cutting Mill ZM 200 (Retsch GmbH) 
to a particle-size 1 mm or less. 

Pretreatment 
The explosive decompression pretreatment method was used to break the cell 

structure of the biomass and expose the cellulose to further enzymatic treatment. The 
experimental setup with the pressure reactor and heater is presented in Fig. 1. 100 g of 
dry biomass was weighed, placed into a pressure vessel and mixed with distilled water 
until watery biomass paste with a volume of 1 litre was gained. The reactor was closed 
and pressurised with compressed air or nitrogen gas to a pressure of 1 to 60 bars. The 
pressurized samples were then heated in the reactor vessel with ceramic heater to 
temperatures of 25–175 °C. The temperature in the pressure vessel was measured with a 
thermocouple and controlled using electronic controller unit. When the intended 
temperature was reached, the reactor was cooled down to at least 80 °C, if necessary, 
and pressure was released through a valve in an explosive manner. The biomass was kept 
in the reactor for 3 hours from the start of the heating until the explosive decompression. 
After the pre-treatment the samples were cooled to a temperature below 50 °C for 
enzymatic hydrolysis. 

Figure 1. Schematic of the explosive decompression pretreatment system: 1 – nitrogen tank; 
2 – pressure control valve; 3 – manometer; 4 – modified reactor vessel cap; 5 – reactor vessel; 
6 – ceramic contact heater; 7 – pressure release valve; 8 – into ventilation system; 
9 – thermocouple; 10 – controller unit. 
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Hydrolysis 
Enzymatic hydrolysis with enzyme complex Accellerase 1500 was used to convert 

cellulose in the biomass to glucose. Enzyme mixture was added to samples pretreatment 
at a ratio of 0.3 ml per g of biomass and the flask was filled with distilled water to 
1,000 ml volume. Hydrolysis lasted 24 hours at a temperature of 50 °C under constant 
stirring in rotating shaker/incubator (Unimax 1010, Heidolph Instruments GmbH & 
Co.KG). After the hydrolysis, the glucose concentration in all the samples was measured. 

Fermentation 
Dry yeast Saccharomyces cerevisiae in ratio of 25 g of yeast per kg of biomass was 

added to all samples to start the fermentation process. Fermentation process was carried 
out at room temperature under low oxygen conditions in 1,000 mL glass bottles, sealed 
with a fermentation tube. Fermentation lasted for 7 days after which, the ethanol 
concentration in the mixture was measured. 

Chemical analysis 
Dry matter content was analyzed with a moisture analyzer Ohaus MB 45. The 

percentage of lignin, Acid Detergent Fiber (ADF), and Neutral Detergent Fiber (NDF) 
in the dry mass (DM) of the biomass samples was determined at the Plant Biochemistry 
Laboratory of Estonian University of Life Sciences (Tecator ASN 3430) (AOAC, 1990; 
Van Soest et al., 1991). The glucose and ethanol concentrations in the mixture were 
determined using Analox GL6 analyzer (Analox instruments Ltd.). 

Averaged results of at least three parallel measurements are used in figures and 
corresponding standard deviations are shown by vertical lines.

RESULTS AND DISCUSSION 

Biomass analysis 
Barley straw was used as a sample biomass to investigate the effect of the explosive 

decompression pretreatment method on the bioethanol production process. A biomass 
can be characterized on the basis of its relative proportion of cellulose, hemicellulose, 
and lignin (Table 1). Previous research has shown that energy crops for ethanol 
production should be selected based on their cellulose content since ethanol yield per kg 
of biomass was directly proportional to the cellulose content in the energy crop (Kikas 
et al., 2016). As seen in Table 1, the barley straw used in these experiments as a sample 
biomass contained 45.73% of cellulose. Relatively high cellulose content makes it a 
suitable biomass for bioethanol production.  

Table 1. Results of the biomass analysis (n = 3) 
Component Content (%) 1
Hemicellulose 32.61 ± 0.53 
Cellulose  45.73 ± 0.21 
Lignin  5.25 ± 0.00 
Ash 3.86 ± 0.06 
Dry matter n.a. 
1 Determined at the Plant Biochemistry Laboratory of Estonian University of Life Sciences. 
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Hydrolysis of biomass 
The Fig. 2 illustrates the change in glucose yield at different temperatures when N2

gas or compressed air was used to increase the pretreatment pressure. The glucose yield 
was the lowest when no additional pressure was used in pretreatment and only increase 
in temperature affected the biomass structure. Approximately the same glucose yields 
were gained when the compressed air was used to increase pressure in the pressure 
reactor. Using compressed air for pretreatment, a 68% increase in glucose yield can be 
seen in Fig. 2 when the temperature was increased from 100 °C to 150 °C. The increase 
in glucose yield was gained due to the autohydrolysis of biomass caused by the elevated 
temperature. The autohydrolysis leads to the hydrolysis of hemicelluloses and the lignin 
disruption, resulting in increase in cellulose reactivity with cellulose in the following 
enzymatic hydrolysis process (Samuel et al., 2013). The explosive pretreatment with 
compressed air had little to no effect on the glucose yield, which was approximately the 
same as with autohydrolysis. 

Figure 2. Comparison of glucose yields gained at pressure of 30 bars with different pretreatment 
methods when the pretreatment temperature was gradually increased. 

However, in case of explosive decompression with N2 gas, a sharp – 218% increase 
in glucose yield was noted when the pretreatment temperature was increased from 
100 °C to 150 °C. At 150 °C explosive decompression with N2 gas enabled to gain 95% 
higher glucose yield than when using explosive decompression with compressed air or 
autohydrolysis at higher temperatures.  
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During the pretreatment the small N2 molecules penetrate more efficiently into the 
biomass fibres and cells than gases found in compressed air. When the pressure is 
suddenly decreased, the dissolved gas expands and opens the cellulosic structure of 
biomass and thereby, increases the accessible surface area of biomass for further 
enzymatic hydrolysis. Although the pressurized air contains 78% of N2, it does not 
effectively penetrate into the biomass cells and therefore, it is not as effective for use in 
explosive pretreatment of biomass as nitrogen gas. 

Figure 3. Comparison of glucose yields gained with different pretreatment methods at 150 °C 
when the pretreatment pressure was gradually increased. 

Fig. 3 illustrates the effect of pretreatment pressure to the glucose yield of biomass 
at 150 °C. As can be seen, the pretreatment pressure has little effect on the glucose yield 
of biomass. When compressed air was used to generate pressure, the glucose yield 
changed only to a small degree. On the other hand, pretreatment with nitrogen gas 
resulted in higher results but the glucose yield had a U-shaped dependence where the 
minimum glucose yield was gained at the pressure of 40 to 50 bars. In addition, 
depending on the temperature, the pretreatment with N2 gas enabled to gain 90–150% 
higher glucose yield than when compressed air was used for pretreatment. This shows 
that even though the presence of pressure and its explosive release has effect on the 
biomass, the extent of pressure has negligible effect on the pretreatment process. 
However, choosing the suitable gas for pressure elevation and temperature combination 
enables to gain considerably higher glucose yields.
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Fermentation 
After hydrolysis, the fermentation with yeast Saccharomyces cerevisiae was used 

to convert the glucose into ethanol. Compressed air or nitrogen gas were used to reach 
pressure of 30 bars inside the pressure reactor. Comparison experiments were conducted 
at near atmospheric pressure with no gas-added pressure. Based on gained results the 
ethanol yield was calculated and used to estimate the effect of different pretreatment 
conditions to ethanol production process (Fig. 4). 

Figure 4. Comparison of ethanol yields gained with different pretreatment methods at 30 bars 
and at near atmospheric pressure when the pretreatment temperature was gradually increased. 

The ethanol yields increased as the pretreatment temperature was increased. Lower 
ethanol yields were gained at temperatures below 125 °C and at 175 °C. The highest 
ethanol yields were gained with all pretreatment methods at 150 °C. At these conditions, 
82 g ethanol per kg of biomass was gained when no pressure was applied during 
pretreatment. However, when compressed air was used to elevate the pressure to 30 bars 
during pretreatment a 14.2% higher ethanol yield was gained. Even higher ethanol yield 
– 113 g per kg of biomass was gained when explosive decompression pretreatment was 
used with nitrogen gas. 

The increased ethanol yields gained with nitrogen gas as operative gas in 
pretreatment was expected since the glucose yields at these conditions were more than 
two times higher. On the other hand, while the glucose yields of pretreatment with 
compressed air as operative gas and near atmospheric pressure pretreatment were very 
similar, ethanol yields gained with compressed air pretreatment were considerably 
higher than those gained with autohydrolysis. 
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The ethanol yields, in case of nitrogen explosion pretreatment and autohydrolysis 
methods, decreased significantly when temperature above 150 °C was used while in case 
of compressed air explosion pretreatment the decrease was insignificant. The sharp 
decrease in ethanol yield can be attributed to formation of inhibiting compounds at 
higher pretreatment temperatures. The pretreatment temperatures above 150 °C 
probably result in formation of compounds that inhibit the fermentation process, which 
leads to lower ethanol yields. The explosive decompression pretreatment with 
decompressed air enabled to gain higher ethanol yield at 175° than with nitrogen gas of 
pretreating at atmospheric pressure at this temperature, however it still remained lower 
than pretreating with nitrogen gas at 150 °C. In addition, it is not reasonable to use too 
high temperatures due to high energy cost associated with this. 

Furthermore, Fig. 5 shows that in case of autohydrolysis and compressed air 
explosion pretreatments the fermentation efficiency exceeds 100% at majority of 
pretreatment temperatures. This suggests that these pretreatments were not efficient 
enough in opening the biomass structure and thus, the enzymatic hydrolysis continued 
during the fermentation period. Extremely low fermentation efficiencies at temperatures 
above 150 °C confirm that at higher temperatures compounds are formed that inhibit the 
yeast. 

Figure 5. Comparison of fermentation efficiencies gained with different pretreatment methods at 
30 bars or at atmospheric pressure when the pretreatment temperature was gradually increased. 

CONCLUSIONS 

In order to evaluate the effect of explosive decompression pretreatment method, 
two different gases were used as operative gas in explosion at different temperature and 
pressure combinations and the results were compared to those of autohydrolysis using 
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barley hay as a sample biomass. Resulting pretreated biomass was used in the standard 
three step lignocellulosic bioethanol production process, where the glucose and ethanol 
concentrations of the samples were measured in order to quantify the effect of different 
pretreatment methods. 

The results show that nitrogen is most suitable operative gas for explosive 
decompression pretreatment giving the highest glucose yield at 150 °C and at pressure 
of 30 bars. Although major component in compressed air is also nitrogen, considerably 
lower glucose yields were gained using explosive decompression pretreatment with 
compressed air as operative gas. The results with compressed air were almost the same 
as those gained in autohydrolysis pretreatment, where no added pressure was used in 
addition to elevated temperature. This shows that compressed air, although consisting 
for the most part of nitrogen, is not as effective in explosive decompression pretreatment 
as nitrogen. As the explosive decompression pretreatment with nitrogen as operative gas 
enabled to gain the highest glucose yields, the highest ethanol yields where gained with 
this pretreatment method in the next stage of the process as well. 
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