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1. INTRODUCTION 
 
Worldwide social and economic development, along with population 
growth, has contributed towards an increase in energy production and 
consumption, mainly from non-renewable energy sources. Today about 
82 % of world energy consumption comes from petroleum (32 %), coal 
(28 %) and natural gas (22 %). These resources are consumed mainly by 
the transportation (29 %) and industry (29 %) sectors (OECD/IEA, 
2017). 

The intensive utilisation of fossil fuels has brought about a depletion of 
those very resources, and environmental concerns, such as 
anthropogenic climate change, greenhouse gas emissions, and global 
warming. As a result, policies and models that aim to reduce energy 
production from fossil fuels have been put in place all around the world.  

The first global strategy to have been created to study and regulate 
climate change was the ‘Intergovernmental Panel on Climate Change’ 
(IPCC). This scientific-political panel was established in November 
1988 by the World Meteorological Organisation and the United Nations 
Environment Programme to support policymakers when it comes to 
climate change matters, its effects, its threats, and mitigation strategies. 
In December 1990 the United Nations started up a committee which 
aimed to establish a Framework Convention on Climate Change. In May 
1992 the United Nations Framework Convention on Climate Change 
(UNFCCC) was implemented. Between 1990 and 1996 the IPCC 
published several assessment reports on climate change. Later, in 1997, 
the UNFCC adopted the Kyoto Protocol which intended to limit or 
reduce atmospheric greenhouse gas emissions. In 2016, a total of 195 
nations signed and adopted the Paris Agreement. This agreement was 
designed to fight climate change and to lead a transition towards a low-
carbon society. In 2018 the IPCC highlighted the need to limit global 
warming to a figure that was close to 1.5 °C or below to the levels of 
1990. However, in order to achieve these targets drastic changes needed 
to be put into place and it is adjudged that net zero carbon dioxide 
emissions should be reached between 2045 and 2055 (IPCC, 2013, 2018; 
UNFCCC, 2019).  
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To fulfil the European Union (EU) commitment on towards the Paris 
Agreement, a set of regulations, strategies, and targets within the 
domains of climate and energy have been put in place. The European 
Renewable Energy Directive (2009/28/EC) established that, by 2020, 
at least 20 % of the final energy consumption in Europe should come 
from renewable sources (European Parliament Directive (EU), 2009). 
The revised directive (2018/2001/EU) outlines the requirement that, by 
2030, at least 32 % of the EU’s total energy requirements will be 
produced from renewable energies sources. The EU targets aim to 
reduce greenhouse gas emissions up to the level of neutrality by the year 
2050. The EU also defined the requirement that 10 % of the final 
consumption levels of energy in the transportation sector should come 
from renewable sources of energy (European Parliament Directive 
(EU), 2018).  

Due to the need to increase the share of renewable energy sources in 
terms of final energy consumption in the transportation sector, a great 
deal of attention has been paid to liquid biofuels, hydrogen, and 
biomethane which is produced from lignocellulosic biomass, mainly due 
to its abundance, low cost, and sustainability (Schmetz et al., 2016a). 
Bioethanol and biodiesel are the most common liquid biofuels being 
utilised in the transportation sector (I). Although liquid biofuels have 
been widely used, their production is still expensive, mainly due to the 
input energy that is required to produce the fuel, and production 
inefficiency due to the large volume of sidestreams that are produced 
and left unused at the end of the production chain (De Paoli et al., 2011; 
Kaparaju et al., 2009). This means that the search is on when it comes 
to discovering alternative strategies that will deliver added value to the 
bioethanol production chain and improve bioethanol and biomethane 
yields. Solid and liquid separation has been reported as being an 
effective solution to when it comes to enhancing methane recovery 
from different fractions of bioethanol sidestreams (Town et al., 2014). 
Integrated bioethanol and biogas production by means of anaerobic 
digestion has also been reported in the literature as an effective solution 
to improve biomass degradation and to enhance biogas and biomethane 
yields. The ethanol and xylose remaining in the stillage after the 
distillation process increase the energy output from the biomass, 
improved the energy efficiency of the process and lead to high 
biomethane yields (Elsayed et al., 2018). 
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This thesis reviews and investigates various strategies for the 
valorisation of lignocellulosic sidestreams from second-generation 
bioethanol production, in a sustainable circular bioeconomy.  
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2. LITERATURE REVIEW 
 

2.1. The classification of biofuels 

Biofuels are commonly classified into primary and secondary biofuels, 
based on whether that biofuel is directly useable in its unprocessed form 
or requires some processes to be undertaken in order that is can be used. 
Primary biofuels use biomass in its unprocessed form, such as in the 
form of forest residues, firewood, wood chips, and fuel wood. These 
feedstocks are mainly used for electricity production, heating, and 
cooking, particularly in developing economies. Secondary biofuels are 
produced using different conversion process in order to make solid, 
liquid, or gaseous biofuels such as diesel, ethanol, or biogas. These 
biofuels are mainly used in the transportation, energy, and industry 
sectors. Secondary biofuels are further classified into first generation 
(1G), second generation (2G), third generation (3G), and fourth 
generation (4G) fuels, according to the type of biomass being used in 
the production and the technology being utilised for that production 
(Nigam & Singh, 2011; Voloshin et al., 2016). Figure 1 outlines biofuel 
classification by conversion technology, feedstock, and type of fuel. 

 
Figure 1. Biofuel classification by conversion technology, feedstock, and type of fuel 
(based on (Nigam & Singh, 2011)). 
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First generation biofuel such as bioethanol, biobutanol, and biodiesel 

are produced from food-crop feedstocks, such as cereals, oilseeds, sugar 

crops, and vegetable oils (Voloshin et al., 2016). Although first 

generation biofuel production has been widely used, its consumption 

still raises concerns due to its competition with edible agricultural 

feedstocks (Podkuiko et al., 2014). As it is very unlikely that, due to 

food-fuel competition, first generation biofuels will replace fossil fuels, 

researchers have paid close attention to biofuels that have been 

produced from lignocellulosic materials (Alalwan et al., 2019).  

Second generation biofuels use non-food-based feedstocks, such as 

forestry residues, agricultural residues, energy crops, and municipal 

waste for the production of bioethanol, biobutanol, biomethanol, or 

biomethane (Hassan et al., 2019). These lignocellulosic materials are 

converted into biofuel by biochemical or thermo-chemical processes. 

The biochemical route uses microorganisms, acids, or enzymes to 

convert the cellulose and hemicellulose into sugar monomers, while the 

thermo-chemical process uses thermal conversion techniques, such as 

pyrolysis, or gasification to produce synthetic diesel, aviation fuel, or 

ethanol (Ahorsu et al., 2018). 

Third generation biofuels use oleaginous microorganisms such as 

microalgae, bacteria, yeasts, and fungi (Leong et al., 2018) for the 

production of biodiesel, bioethanol, biogas, or biohydrogen. An algae 

biorefinery is a particularly advantageous process due to the high 

biomass yields oil content, and it can be used as a strategy to valorise 

bioethanol sidestreams and produce value-added resources. However, 

third generation processes still present limitations, due mainly to the 

high energy input requirement and also to high production costs (Khoo 

et al., 2019). 

Fourth generation biofuels make use of genetic and metabolic 

modification tools to change the physical, chemical, interactive, or 

transgenic composition of microalgae, macroalgae, or cyanobacteria. 

These changes can be used as a strategy to enhance biofuel yields, 

increase production rates, and improve the ability of the algae to capture 

more carbon dioxide. However, fourth generation biofuels still have 
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high investment costs which are associated with the production and 

equipment costs. As this process is still in its early stages of 

development, the commercialisation of biofuels from fourth generation 

processes is not yet economically viable (Dutta et al., 2014; Raud et al., 

2019).  

2.2. Sources and the composition of lignocellulosic biomass 

Lignocellulosic feedstocks that can be used for biofuel or biogas 
production come from agricultural residues (grasses, stems, shells, cobs, 
straw, stalks, leaves, husks, seeds and roots), plus forestry residues (trees, 
leaves, bark, branches, stumps, sawdust and wood chips), fishery and 
municipal waste (bulky waste, garden and yard residues, outdoor 
sweepings, the content of rubbish containers, and market cleansing 
waste) (Ben-Iwo et al., 2016; Camia et al., 2018; European Commission, 
2017). Lignocellulosic biomass is for the most part made up of plant cell 
walls which have three main polymers in their composition: cellulose (at 
a level of between 35 % to 50 %), hemicellulose  (at 20 % to 35 %), and 
lignin (at 5 % to 30 %) (Raud et al., 2019). Figure 2 presents the 
structure of the plant cell wall.  

 

Figure 2. The schematic representation of the basic structure of a plant cell wall (VII). 
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2.3. Biomass conversion into ethanol 

Second generation lignocellulosic feedstocks can be converted into 

ethanol using four sequential steps: pretreatment, hydrolysis, 

fermentation, and distillation.  

The pretreatment stage break down the plant cell wall and separate 

hemicellulose and/or lignin from cellulose. Although several 

pretreatment methods have been investigated over the years, research 

has shown that this step still has high levels of energy input. The 

pretreatment step alone presents between 20 % to 33 % of the total 

costs inherent in the bioethanol production process (Mupondwa et al., 

2017; Tomás-Pejó et al., 2008). 

In next the stage (hydrolysis) the cellulose monomers are converted into 

glucose using acids or enzymes. Acid hydrolysis uses diluted acids (at 

high temperatures) or concentrated acids (at lower temperatures), such 

as sulphuric acid, hydrochloric acid, nitric acid, trifluoracetic acid (TFA), 

or phosphoric acid (Gírio et al., 2010), while enzymatic hydrolysis 

mainly uses purified enzyme cocktails. The hydrolysis stage is 

responsible for 20 % of the total costs of lignocellulosic ethanol 

production (Mupondwa et al., 2017).  

Hydrolysis is followed by fermentation, where the hydrolysed material 

is converted into ethanol by means of yeast or bacteria. The two most 

common strategies being utilised in the fermentation step are 

simultaneous saccharification and fermentation (SSF), and separated 

hydrolysis and fermentation (SHF) (I). 

The material that is gained from the fermentation step is further distilled 

in order to separate ethanol from the fermentation broth. Six different 

types of distillation have been reported in the available literature, and 

these include ordinary distillation, vacuum distillation, azeotropic 

distillation, extractive distillation, and others. Different distillation 

methods have different energetic, economic and environmental 

requirements and result in different levels of ethanol purity (Adekunle 

et al., 2016).  
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In the distillation process a large quantity of bioethanol stillage is left 

over. These residues are highly pollutant and energetic. Research has 

shown than AD can be used as a handling option for these residues 

(Rabelo et al., 2011; Rocha-Meneses, Ivanova, et al., 2019; Willington & 

Marten, 1982). 

2.4. Anaerobic digestion of bioethanol production stillage 

AD is a natural, biological process that occurs in the absence of oxygen 
and is utilised to decompose carbon-based material and transform it into 
biogas (Zhong et al., 2020). Biogas is composed mainly of two gases: 
methane (between 50 % to 70 %) and carbon dioxide (between 30 % to 
50 %) (Panigrahi & Dubey, 2019), and this is a particularly attractive 
biofuel for the transportation sector. This process adds both energetic 
and economic value to the bioethanol production chain. The production 
of energy in the form of methane can help to increase the energy output 
from the biomass, and can be used as a strategy to offset the costs 
involved in the bioethanol production process (Gunes et al., 2019). 

AD is composed of four sequential steps: hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis. The process is influenced by pH, 
temperature, particle sizes, moisture content, solids content, C/N ratio, 
the loading and seeding rate, substrate agitation, inoculum, retention 
time, buffering capacity, pressure, reduction-oxidation potential, and 
the availability of nutrients and toxicants (Panigrahi & Dubey, 2019).  

Following the conclusion of the bioethanol conversion process, large 
volumes of stillage are generated – 20L of stillage per litter of ethanol 
produced (Costa et al., 2013). This residue presents economic, energetic, 
and environmental challenges. Several strategies have been reported in 
the available literature as promising handling options for these residues. 
Some of these solutions include their return to agricultural fields, 
incineration, use as animal feed, undergoing anaerobic digestion, and 
others. Of these solutions, anaerobic digestion is a particularly attractive 
handling option due to its positive net energy and lower energy 
emissions than fossil fuels (Timonen et al., 2019; Willington & Marten, 
1982). 

From the economic point of view, the costs involved in the bioethanol 
production process are still pretty high due to the high energy input 
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required to break down the plant cell walls, and the costly enzymes that 
are required in the hydrolysis stage. Therefore AD can be used as a 
strategy to add economic value and lower the production costs involved 
in the bioethanol production chain (Rocha-Meneses, Ferreira, et al., 
2019). 

Energetically, the energy returns on the energy invested (ERoEI) in 
ethanol production from biomass are small (ERoEI= 5), making it non-
competitive against fuels such as coal (ERoEI= 27–60), oil and natural 
gas (ERoEI= 18–45). Therefore AD can be used as a solution to add 
value to and improve the energy balance of the bioethanol production 
chain (I). 

From the environmental perspective, the stillage that is left over after 
the distillation process is highly pollutant due to its high biochemical 
oxygen demand (BOD) (7–96 gO2/L) and its chemical oxygen demand 
(COD) (15–176 gO2/L) (Fernandes et al., 2018). AD can be an effective 
handling option for these residues since it can make use of its high 
energetic potential for biogas production.  
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3. AIM AND GOALS OF THE STUDY 
 

This thesis aims to study strategies for the valorisation of lignocellulosic 
sidestreams in a sustainable circular economy by means of bioethanol 
and biomethane production. For this end use was made of different 
feedstocks, pretreatment methods, process flows, pretreatment 
temperatures, and strategies. 

To address the aims of the research, the following goals were 
established: 

1. Study those strategies that are currently available for biorefinery 
sidestreams valorisation (Paper I). 

2. Investigate the potential of agricultural sidestreams in terms of 
bioenergy production (Paper II). 

3. Assess the potential of lignocellulosic residues in terms of 
methane recovery (Papers III and IV). 

4. Analyse the influence on methane yields of the pretreatment 
methods that involve nitrogen explosive decompression or 
synthetic flue gas explosive decompression (Papers III and IV). 

5. Examine the performance of different feedstocks in terms of 
methane yields (Papers III, IV and VI). 

6. Evaluate the influence of different pretreatment temperatures 
on biomethane yields (Paper VI). 

7. Explore different strategies that could be employed to enhance 
biomethane production by means of solid-liquid separation and 
genetic modification (Papers V, VI and VII). 

Those hypotheses that were tested in this study are as follows: 

1. Lignocellulosic residues can be used for biofuel and biogas 
production. 

2. AD can be used to produce energy in the form of biomethane. 
3. AD from bioethanol stillage does not require any additional 

pretreatment of the substrate. 
4. Samples of different stages of the bioethanol production 

process (pretreatment, hydrolysis, and fermentation) and 
bioethanol stillage have distinct biomethane performances.  
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5. It is possible to enhance biomethane yields from bioethanol 
stillage by means of phase separation. 

6. Energy and water input into the bioethanol production chain 
can be reduced.  

7. Untreated raw materials have the lowest biomethane yield.  
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4. MATERIALS AND METHODS 
 

4.1. The potential shown by agricultural residues in bioenergy 
production 

Details confirming the potential for lignocellulosic agricultural residues 

to be highly useful in bioenergy production were collected from the 

FAO bioenergy and food security rapid appraisal tool (Excel-based 

tools) (FAO, 2018). The results were grouped by Koppen-Geiger 

climate classification. 

4.2.  Experimental design 

This thesis investigated the potential of three different strategies in 
terms of the valorisation of lignocellulosic sidestreams by means of 
bioethanol and biomethane production. Figure 3 presents the traditional 
bioethanol process flow that was used to investigate the potential of 
bioethanol stillage and of samples from different stages of bioethanol 
production in terms of biomethane production; Figure 4 illustrates the 
process flow using phase separation that was used to analyse the 
enhancement of bioenergy yields from sequential bioethanol and 
biomethane production by means of solid-liquid separation of the 
substrates; Figure 5 shows an optimised process flow using phase 
separation that was used to assess the potential of different bioethanol 
production pathways in terms of the enhancement of bioenergy yields 
and a reduction of bioethanol stillage. 

The traditional bioethanol process flow and the process flow with phase 
separation both used barley straw as a feedstock and were pretreated 
with nitrogen explosive decompression (NED) or flue gas, while the 
optimised process flow with phase separation used Nigerian Napier 
grass and was pretreated with NED alone.  

 

Figure 3. Traditional bioethanol process flow. 
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Figure 4. The process flow using phase separation. 

 

Figure 5. An optimized process flow using phase separation. 1) raw material; 2) a solid 
fraction of the post-pretreatment broth; 3) a liquid fraction of the post-pretreatment 
broth; 4) a solid fraction of the post-hydrolysis broth; 5) a liquid fraction of the post-
hydrolysis broth; 6) the post-distillation broth (VI). 

 

4.3. Bioethanol production 

4.3.1. Biomass 

Barley (Hordeum vulgare) straw and Napier grass (Penisetum Purpurum) were 

used as a feedstock. Barley straw was grown in a field that was located 

near Tartu in Estonia, while the Napier grass was grown in the wild near 

the town of Effurun, in Nigeria’s Delta State. The Hordeum vulgare was 

harvested in 2013 and the Penisetum Purpurum in 2019. These substrates 

were chosen due to its great availability and growth in common 

conditions. Both substrates were cut for size reduction and further 
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ground down to a final particle size of between 1 mm to 3 mm with an 

SM 100 comfort cutting mill (Retsch GmbH).  

4.3.2. Pretreatment 

The pretreatment, hydrolysis, fermentation and distillation conditions 

were chosen based on previous publications that established the 

optimum operation conditions (Raud et al., 2016).  

The barley straw was pretreated with two different methods: nitrogen 

explosive decompression (NED) and synthetic flue gas explosive 

decompression (80 % N2 and 20 % CO2) with and without bubbling 

through. The flue gas explosive decompression with bubbling through 

is applied using an altered insertion tube with a round form at the 

bottom. In this process the flue gas is homogeneously distributed into 

the reaction medium, while in flue gas explosive decompression without 

bubbling, the gas is inserted into the space above the biomass mixture. 

Figure 6 presents the pretreatment system that was utilised in these 

experiments. 

 

Figure 6. Schematic of the nitrogen and flue gas pretreatment system: 1) nitrogen or 
flue gas tank; 2) pressure regulator; 3) manometer; 4) adapted cap with split-ring; 5) 
pressure vessel (series number 4600, from the Parr instrument company, USA); 6) 
ceramic contact heater; 7) depressurisation valve; 8) ventilation system; 9) temperature 
sensor; 10) temperature controller unit (Raud et al., 2016). 

In both pretreatment methods, 100 g of raw barley straw or Napier grass 

was added into the 2 L pretreatment vessel and mixed into 800 g of 

distilled water. The samples were then heated from room temperature 
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up to 150 °C, at constant pressure of 30 bar and with a retention time 

of one minute. Once the samples had reached the desired temperature 

the pressure vessel was allowed to naturally cool down to 80 °C. After 

that, pressure was released through the depressurisation valve (via rapid 

decompression). Prior to enzymatic hydrolysis, the samples were cooled 

down to a temperature of 50 °C. 

4.3.3. Hydrolysis 

The broth that was obtained from the pretreatment step was further 

hydrolysed in 1000 mL Erlenmeyer flasks, where 30 FPU g-1 cellulose 

Accellerase 1500 was added. The flasks were filled with distilled water 

to a working volume of 1000 mL. Hydrolysis was carried out in a shaker 

incubator (IKA®-Werke GmbH & Co. KG, Germany) (KS 4000 I 

control) for a period of twenty-four hours, at a temperature of 50 °C 

and at 250 rotations per minute.  

4.3.4. Fermentation 

The hydrolysed material was moved to Florence flasks (1000 mL) and 

2.5 g of the yeast Saccharomyces cerevisiae (Turbo yeast T3) was added into 

the hydrolysates. The samples were mixed and the flasks were sealed 

with a fermentation lock. The fermentation process was carried out at 

room temperature, across the space of seven days.  

4.3.5. Distillation 

After the fermentation stage, the samples were distilled to remove the 

ethanol from the fermentation broth, using a Buchi R-210 Rotavapor 

System from BÜCHI Labortechnik (Switzerland), at 175 mbar. The 

material which remained after the distillation step (bioethanol stillage) 

was analysed for an assessment of biomethane potential (BMP).  

4.4. Biomethane production  

The BMP assay was based on the procedure that was described by (Luna 
Del Risco, 2011) as an adapted version of the test that was reported by 
(Owen et al., 1979), and (Angelidaki et al., 2009).  
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The inoculum was collected from the anaerobic digester of a wastewater 
treatment plant in Tartu. It was incubated prior to use at a temperature 
of 36 °C across a span of four days in order to decrease non-specific gas 
production.  

The experiments were carried out in triplicate in 575 mL plasma bottles, 
with a total working volume (of inoculum and substrate) of 200 mL and 
with a VS substrat- to-VS inoculum ratio of 0.25. Three blank tests were 
also prepared (only with inoculum and without any substrate) with a 
working volume of 200 mL, in order to analyse methane production for 
the inoculum alone. After adding the necessary amounts of inoculum 
and substrate for each batch, the bottles headspaces were flushed with 
nitrogen in order to safeguard the anaerobic conditions. Afterwards the 
bottles were sealed with rubber stoppers and metallic caps, and then 
uniformly mixed and incubated under mesophilic conditions (at 36 °C), 
for a period of between 41 days to 45 days. 

The BMP assays were carried out until no increase could be registered 
in gas production. The measurements were carried out daily during the 
first two weeks, every other day on weeks three and four, and once a 
week on weeks five and six. Biogas production was estimated by 
measuring the pressure increase in the headspace of the flasks before 
and after the gas chromatographic analysis process was carried out. For 
this means, a BMP-Testsystem WAL (WAL Mess- und Regelsysteme 
GmbH, Germany) pressure meter was used.  
The results were reported in mol of CH4 per 100 g of raw material. 

4.4.1. Calculations 

The amounts of initial and final methane in the test bottles and the 

cumulative methane produced were calculated using Equations 1 to 3. 

[CH4 
I
] = MF

PI VHS 

R (273,15+T)
 (1) 

[CH4 F
] = MF

PF VHS 

R (273,15+T)
 (2) 

[CH4 C]
t
 = ([CH4 I]t−[CH4 F]t-1)+[CH4 C]

t-1
 (3) 

In these equations: 

PI is the pressure (Pa) in the bottle headspace prior to the GC analysis 
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PF is the pressure (Pa) in the bottle headspace after the GC analysis 
VHS is the volume (m3) of the headspace in the plasma bottle 
MF is the percentage of methane detected by the GC  
R is the ideal gas constant (8,314 Jmol-1K-1) 
T is the temperature (°C) in the incubator (under mesophilic 
conditions) 

[CH4 I]t is the amount of methane (mol) in the bottle headspace 
(initial) at time t 
t is the time interval (days) 

[CH4 F]t-1 is the amount methane (mol) in the bottle headspace 
following the GC analysis in the previous time interval 

[CH4 C]
t-1

 is the amount of cumulative methane (mol) that has been 

produced in the previous time interval. 

After calculating the amounts of methane for the substrates and for the 
blank tests, the methane that was produced was calculated by 
subtracting the amount of methane that had been produced through 
blank tests from the amount of methane that had been produced by the 
substrates with inoculum. 

The final amounts of methane that were produced were further 
modelled using the software tool, GraphPad Prism 5.0, and a non-linear 
regression model, along with and the first-order exponential association 
model described by Equation 4  (Wang et al., 2016; Zeng et al., 2010): 

B = Bmax (1–e-kt ) (4) 

In this equation: 

B is the cumulative methane yield (mol CH4/100 g) at time (t) 
Bmax is the maximum methane yield (mol CH4/100 g) 
k is the first-order kinetic rate constant (d-1) 

4.5. Chemical analysis 

The fibre analysis (involving the percentage of cellulose, hemicellulose, 
and lignin) was carried out in an ANKOM 2000 Analyser using the 
methods described by (Van Soest et al., 1991) and (AOAC, 1990). The 
moisture content in the samples was analysed in a Kern MLS-50-3D 
moisture analyser. 
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The amount of substrate and inoculum required for each bottle was 

estimated from the analysis of their total solids (TS) and volatile solids 

(VS), which were obtained using the standard ‘Method 1684’ from the 

United States Environmental Protection Agency (EPA) (Telliard, 2001). 

The percentage of methane in the biogas was measured using a gas 
chromatograph (GC) CP-4900 Micro-GC, Varian Inc. The GC was 
composed of a thermal conductivity detector and two heated columns 
(a Molsieve 5A Backflush - 20m x 0.53 mm, and a PoraPLOT U-10 m 
x 0.53 mm). The carrier gas used in column one was argon and in 
column two it was helium. For column one, the injection temperature, 
column temperature, and column pressure were 110 °C, 120 °C and 
50 Psi respectively, and for column two they were 110 °C, 150 °C, and 
22 Psi (Luna Del Risco, 2011). 

The solid and liquid fractions illustrated in Figure 4 and Figure 5 were 

obtained by means of a separation process of samples from different 

steps of the bioethanol production process (pretreatment, hydrolysis, 

fermentation, and distillation). For this end, the samples were 

centrifuged at 10,000 rpm for twenty minutes (using an Heraeus 

Megafuge, Thermo Scientific). To guarantee the total separation of the 

solid and liquid fractions, samples were further separated by means of 

vacuum filtration. Following the separation process, the retentate (solid 

fraction) was rinsed with distilled water and dried to a moisture content 

of 4.5 % (or less). 

Samples from the liquid fraction were analysed in the HPLC 

(Prominence-i LC-2030C 3D Plus, Shimadzu, Japan) for ethanol, 

glycerol, acetic acid, glucose, xylose, arabinose, cellobiose, galactose, and 

mannose contents. The detailed description of the HPLC analytical 

method can be found in (Rocha-Meneses, Ferreira, et al., 2019). 

4.6. Statistics 

The results were analysed using the statistical software, GraphPad Prism 

5, for descriptive statistics, normal distribution (Shapiro-Wilk and 

Kolmogorov-Smirnov’s normality tests), differences between the 

variables (the Krustal-Wallis test and a post hoc test, Dunn’s multiple 
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comparison test). The results were considered as being statistically 

significant when p<0.05 (with a confidence interval of 95 %).  
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5. RESULTS AND DISCUSSION 
 

5.1. The potential offered by agricultural residues for bioenergy 

production 

Biomass feedstocks such as agricultural residues are abundant, 
inexpensive, and sustainable, and can be utilised for bioethanol 
production (Schmetz et al., 2016b). Its utilisation can help to reduce the 
costs that are normally included in the bioethanol production chain and, 
therefore, increase the energy return from ethanol that is extracted from 
biomass. This reduction in bioethanol production costs will make 
ethanol that is drawn from biomass more competitive against other 
energy sources such as coal, oil, and gas (I). In addition, agricultural 
residues can be used to provide stability for the biofuels markets and 
will help to decrease price volatility (Balat & Ayar, 2005).  
 
It is predicted that in the next twenty years the energy potential from 
the agriculture, forestry, and waste sectors will account for up to 150EJ, 
from which 43 % will come from agriculture, 52 % from forests, and 
5 % from waste streams. The most common agricultural residues 
worldwide are corn, wheat, rice, sugarcane, sunflower shells, rice husks, 
and olive kernels. These residues have an usable potential of between 
25 − 31 EJ (World Bioenergy Association, 2013).  

In developed countries energy crops are expected to be utilised for 
liquid fuel production, such as bioethanol and biodiesel (Balat & Ayar, 
2005). Research has shown that if 50% of the worldwide straw is used 
for the production of biofuels it is possible to replace 33% of fossil fuels 
and produce about 280 million tonnes of bioethanol (Kahr et al., 2013). 
However, a great deal of attention also has to be paid to non-EU 
countries and to emerging economies, since these countries have great 
potential to develop renewable energy sources. For the moment the use 
of biomass resources for liquid and gaseous fuels has not been widely 
considered in the majority of developing economies (VI).  

Therefore, a great deal of attention has been paid to agricultural residues 
and cereal-based agricultural residues because they have very small areas 
of use, or are of no use at all. These residues can be utilised as sustainable 
feedstocks for bioenergy production, thereby helping developed 
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countries to move towards low carbon societies and allowing them to 
achieve their energetic independence. 
 
The potential of cereal-based agricultural residues in terms of worldwide 
bioenergy production has been reported in Paper II. Figures 7 to 10 
summarise the main results that have been obtained. As can be seen 
from the figures, for countries with a Köppen-Geiger climate 
classification of ‘A’, rice straw is a cereal-based residue that has the 
greatest potential for bioenergy production, followed by sorghum 
straw/stalk, maize cob, millet straw, barley straw, wheat straw, oat straw, 
and rye straw. For countries with s Köppen-Geiger climate classification 
of ‘B’, sorghum straw/stalk is the crop with the greatest potential that 
is available for bioenergy production, while oat straw has the lowest 
potential. A similar trend is followed by countries with a Köppen-Geiger 
climate classification of ‘C’. The results show that sorghum straw/stalk 
has the greatest potential available for bioenergy production, while 
millet straw has the lowest potential. For countries with a Köppen-
Geiger climate classification of ‘D’, wheat straw has the greatest 
potential for bioenergy production and maize cob the lowest. On 
average, countries in the Köppen-Geiger climate classification of ‘C’ 
have a higher level of potential available to them in terms of cereal-
based agricultural residues for bioenergy production, followed by 
countries that are located in Köppen-Geiger climate classification ‘D’, 
Köppen-Geiger climate classification ‘B’, and Köppen-Geiger climate 
classification ‘A’. 



 

34 

 

 
Figure 7. The potential available in terms of cereal-based agricultural residues for 
bioenergy production (t/ha) (by Köppen-Geiger climate classification ‘A’, continent, 
and region) (II). 
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Figure 8. The potential available in terms of cereal-based agricultural residues for 
bioenergy production (t/ha) (by Köppen-Geiger climate classification ‘B’, continent, 
and region) (II). 



 

36 

 

 
Figure 9. The potential available in terms of cereal-based agricultural residues for 
bioenergy production (t/ha) (by Köppen-Geiger climate classification ‘C’, continent, 
and region) (II). 



 

37 

 

 
Figure 10. The potential available in terms of cereal-based agricultural residues for 
bioenergy production (t/ha) (by Köppen-Geiger climate classification ‘D’, continent, 
and region) (II). 

5.2. Biomass composition 

Table 1 presents the percentages for cellulose, hemicellulose, lignin, ash, 
and moisture content for those feedstocks which were utilised in the 
experiments (barley straw and Napier grass). The barley straw consists 
of 45.7 % cellulose, 32.6 % hemicellulose, 5.2 % lignin, 3.8 % ash, and 
a moisture content of 6.2 %. The proportion of cellulose is between 
23 % to 35 % greater than the values that were described in the available 
literature (Aqsha et al., 2017; Liu et al., 2017). The hemicellulose content 
is within the values that were reported in the bibliography (the reported 
results were between  27 %  and  38 %) as is the amount of ash (the 
values described in the available literature were between 2 % and 7 %) 
(Saini et al., 2015). The lignin content is particularly low, being between 
159 % to 169 % lower than the values reported by (Liu et al., 2017; Saini 
et al., 2015). These results indicate that barley straw is a suitable 
feedstock for bioethanol and biomethane production, since it has a high 
cellulose content and a relatively low lignin content. The low lignin 
content allows the enzymes and the anaerobic microorganisms to access 
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the cellulose more easily, while also improving digestion time and 
enhancing the overall ethanol and methane yields.  

Table 1. The content levels of cellulose, hemicellulose, and lignin in raw barley straw 
and raw Napier grass (± presents the standard errors). 

Component Barley straw (%) Napier grass (%) 

Hemicellulose 32.6 ± 0.5 35.7 ± 0.3 

Cellulose 45.7 ± 0.2 26.9 ± 1.2 

Lignin 5.2 ± 0.0 5.2 ± 0.5 

Ash 3.8 ± 0.1 9.6 ± 0.0 

Moisture 6.2 ± 0.3 6.1±0.3 

The Napier grass consists of 26.9 % cellulose, 35.7 % hemicellulose, 

5.2 % lignin, 9.6 % ash, and a moisture content of 6.1 %. Although the 

cellulose content is lower than the values reported in the available 

literature (between 8.5 % to 17 % lower), the hemicellulose content is 

between 25 % to 35 % higher. This feedstock is particularly attractive 

for bioethanol and biomethane production, due mainly to its low lignin 

content (which is 81 % lower than the values reported in the available 

literature) (Mohammed et al., 2015; Nascimento & Rezende, 2018). The 

low percentage of lignin makes the delignification process easier, while 

also increasing the access and biodegradability of cellulose and requiring 

less energy input in order to break down the plant cell wall. 

5.3. Traditional bioethanol process flow 

5.3.1. The chemical composition of the samples 

The TS and VS content of the samples from the different process steps 

of the traditional bioethanol process flow are given in Table 2. The TS 

content of untreated barley straw was 956 g/kg. Samples that were 

pretreated with NED had a TS content between 78 g/kg and 94 g/kg. 

The TS content of samples that were pretreated with flue gas without 

bubbling varied between 85 g/kg and 92 g/kg, while the TS content of 

samples that were pretreated with flue gas with bubbling varied between 

79 g/kg and 93 k/kg. Statistically significant differences were found 

between the TS content of untreated samples and those of hydrolysed / 

fermented / stillage samples (pretreated with flue gas without bubbling), 
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untreated barley straw against fermented / stillage (pretreated with flue 

gas with bubbling), and untreated material against fermented / stillage 

(pretreated with NED). The reductions in the TS content after the 

pretreatments are due to the dilution of the samples in distilled water, 

but may also indicate that the pretreatment methods were efficient in 

decomposing the dry matter. Consequently, the access of the enzymes 

to the cellulose is enhanced, the amount of substrate that is available for 

anaerobic digestion is higher, its biodegradability is improved, and the 

biomethane production increases.  

The VS content of untreated straw was 896 g/kgTS. For all of the 

treated samples that were utilised in this process flow the VS content 

varied between 990 g/kgTS and 996 g/kgTS. Statistically significant 

differences were found between the VS content of untreated samples 

against pretreated samples (with flue gas without bubbling), and 

untreated material against pretreated material with NED. The VS 

content presents the portion of the solid material that can be converted 

into methane. 

Table 2. TS and VS content of untreated barley straw, samples from different stages 
of bioethanol production and bioethanol stillage pretreated with flue gas with 
bubbling, flue gas with bubbling, and NED (III and IV).  

Pretreatment 
Process 
stage 

TS  
(g/kg) 

VS 
(g/kgTS) 

pH 

- Untreated 956±2a,b,c,d,e,f,g 896±12a,b 7.1 

NED 

Pretreated  88±9 996±0a,c 3.8 
Hydrolysed  94±7 996±0 4.3 
Fermented 78±1a 996±0 4.7 
Stillage 84±3b 996±1 - 

Flue gas with 
bubbling 

Pretreated  93±4 996±0 5.4 
Hydrolysed  93±2 996±0 5.0 
Fermented 79±2f 995±0d - 
Stillage 80±8g 995±41d - 

Flue gas 
without 
bubbling 

Pretreated  92±5  996±0b,d 5.2 

Hydrolysed 87±5c 990±1c,d,e 4.7 

Fermented 85±2d 996±0b - 

Stillage 85±5e 996±0b,e - 
The superscript letters designate statistically significant differences between the 
different process stages, with a probability level of p ≤ 0.05. 
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5.3.2. Methane yields 

The results for the cumulative methane yields for samples from 
different stages of the bioethanol production process (pretreated, 
hydrolysed, fermented, and stillage) that were pretreated with NED, flue 
gas with bubbling, and flue gas without bubbling are all presented in 
Figures 11 to 13. As can be seen from Figure 11, the highest maximum 
methane yield was reported in fermented samples 
(1.21 mol CH4/100 g), followed by stillage (1.17 mol CH4/100 g), 
hydrolysed material (1.13 mol CH4/100 g), pretreated samples 
(1.11 mol CH4/100 g), and untreated barley straw 
(1.04 mol CH4/100 g). 

Figure 12 presents the experimental results and the respective fitting 

curves of samples that have been pretreated with flue gas with bubbling. 

The maximum methane yield was described in fermented material 

samples (1.3 mol CH4/100 g), followed by stillage and hydrolysed 

samples (1.2 mol CH4/100 g), and those for untreated barley straw 

(0.93 mol CH4/100 g).  

 
Figure 11. Experimental results and the respective fitting curves for samples that have 
been pretreated with NED (barley straw) (IV). 



 

41 

 

 
Figure 12. Experimental results and the respective fitting curves for samples that have 
been pretreated with flue gas with bubbling (barley straw) (III). 

The cumulative methane yield for samples that have been pretreated 

with flue gas without bubbling through are illustrated in Figure 13. 

Fermented samples had the highest biomethane yields 

(1.1 mol CH4/100 g), followed by hydrolysed material 

(0.99 mol CH4/100 g), stillage (0.98 mol CH4/100 g), pretreated barley 

straw (0.97 mol CH4/100 g), and raw material (0.93 mol CH4/100 g). 

 
Figure 13. Experimental results and the respective fitting curves for samples that have 
been pretreated with flue gas without bubbling (barley straw) (III).  
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As can be seen from Figures 11 to Figure 13, the three pretreatment 

methods are effective in breaking down the plant cell wall and in making 

the cellulose accessible to the enzymes. Regarding biomethane 

production from stillage, these results show that stillage is an extremely 

energetic residue that can be utilised in order to produce methane. This 

will enhance the energy output from the bioethanol production chain 

and help to reduce the environmental load caused by the stillage (III and 

IV). Similar studies on sequential bioethanol and biomethane 

production have been reported in the available literature (Berlowska et 

al., 2017; Katsimpouras et al., 2017; Liu et al., 2017; Safari et al., 2016). 

These studies showed that stillage still has unfermented sugars that can 

be used as a substrate for biogas production and can help to improve 

the energy balance from the production chain. 

5.3.3. Digestion time 

Table 3 shows the time needed to achieve between 85 % and 95 % of 
the maximum biomethane yield. Untreated material achieves 85 % Bmax 
on day eleven (0.79 mol CH4/100 g) and 95 % Bmax on day seventeen 
(0.88 mol CH4/100 g). Out of all of the treated samples (pretreated, 
hydrolysed, fermented, and stillage), the pretreated material has longest 
digestion times, while stillage tends to have the shortest digestion times. 
Stillage from samples that have been pretreated with NED and flue gas 
with bubbling achieve 95 % Bmax between four to nine days before the 
untreated / pretreated / hydrolysed material and one to three days 
before the fermented samples. Although some samples that have been 
pretreated with flue gas without bubbling have shorter digestion times 
than those that were pretreated with NED and flue gas with bubbling, 
this improvement is rather small (one day) and not relevant, since these 
samples had the lowest biomethane yields. This suggests that flue gas 
without bubbling is not as effective in breaking down the plant cell wall 
as flue gas with bubbling and NED. As a result there is less cellulose 
available for the enzymes, which will deliver lower biomethane yields. 
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In addition, as there is less biomaterial available to be degraded, the 
digestion time will also be lower (III and IV).  

Table 3. Digestion time (85 % Bmax and 95 % Bmax) of the anaerobic digestion process 

for samples that have been pretreated with NED and flue gas (with and without 
bubbling) (III and IV).  

Pretreatment 
Process 
stage 

85 % Bmax 95 % Bmax 

mol CH4/ 
100 g 

Days 
mol CH4/ 

100 g 
Days 

- Untreated  0.79 11 0.88 17 

NED 

Pretreated  0.94 10 1.0 17 

Hydrolysed  0.96 7 1.1 11 

Fermented 1.02 8 1.1 12 

Stillage 0.99 8 1.1 8 

Flue gas with bubbling 

Pretreated  0.79 11 0.89 17 

Hydrolysed  1.0 9 1.1 14 

Fermented 1.1 9 1.2 14 

Stillage 1.0 8 1.1 13 

Flue gas without 
bubbling 

Pretreated  0.83 11 0.92 18 

Hydrolysed  0.84 7 0.94 12 

Fermented 0.89 8 0.99 12 

Stillage 0.83 8 0.93 12 

 
5.3.4. Maximum methane yield and kinetic rate 

Figure 14 presents the cumulative methane yields for samples that were 
pretreated with NED, flue gas with bubbling throught, and flue gas 
without bubbling throught. As can be seen from the figure, the 
biomethane yield for untreated barley straw is 1.04 mol CH4/100 g. 
Samples from the pretreatment stage that were pretreated with NED 
have biomethane yields that are 14 % higher than samples that were 
pretreated with flue gas (a statistically signficant difference). However, 
in the remaining steps (hydrolysis, fermentation, and stillage) samples 
that were pretreated with flue gas with bubbling have the highest 
methane yields, being between 18 % to 22 % higher than samples that 
were pretreated with flue gas without bubbling (a statistically signficant 
difference), and 3 %  to 7 % higher than samples that were pretreated 
with NED (statistically signficant different). These results show the 
potential that is inherent in the flue gas pretreatment method when it 
comes to breaking down the plant cell wall, which maybe due to the 
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effect of the bubbling process that helps in the dissolution of CO2 from 
flue gas in the water. The carbon dioxide molecules from the 
pretreatment method will spread uniformely throughout the reaction 
medium, and its dissolution will be faster than when the bubbling of the 
flue gas is not applied because the contact surface for the carbon dioxide 
molecules with water is larger (III). In some stages of the bioethanol 
production process, NED is more effective than the flue gas 
pretreatment method, probably due to the composition of the gas. NED 
uses nitrogen while flue gas is composed of 80 % nitrogen and 20 % 
carbon dioxide. Nitrogen molecules are smaller than carbon dioxide 
molecules, which will facilite the access of the nitrogen molecules into 
the biomass. 

 
Figure 14. Maximum methane yields for samples that have been pretreated with 

NED, flue gas with bubbling, and flue gas without bubbling (barley straw). 
 

Figure 15 illustrates the kinetic rate constants for samples that have been 
pretreated with NED, flue gas with bubbling, and flue gas without 
bubbling. The kinetic rate constant of untreated material was 0.138 (d- 1). 
For samples from the pretreatment stage, the kinetic rate varied between 
0.170 (d-1) and 0.190 (d-1), being higher for samples that were pretreated 
with flue gas with bubbling. For samples from the hydrolysis stage, 
samples that were pretreated with NED had the highest kinetic rate 
(0.260 d-1), followed by samples that were pretreated with flue gas 
without bubbling (0.250 d-1), and flue gas with bubbling (0.210 d-1). A 
similar trend was seen for samples from the fermentation stage and 
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stillage. The maximum methane yield is proportional to the kinetic rate 
constant. This may be due to the composition of the samples. Samples 
with higher biomethane yields indicate that the pretreatment method 
was more effective in breaking down the plant cell wall, and in making 
more biomaterial available to be degraded. As a result, the compounds 
will be better biodegraded, thereby reducing the reaction time. 

 
Figure 15. The kinetic rate constant for samples that were pretreated with NED, flue 
gas with bubbling, and flue gas without bubbling (barley straw). 

5.4. The process flow using phase separation 

Bioethanol production has technological and operational bottlenecks 
that need to be overcome in order to reduce costs in the production 
chain, and to improve the energy efficiency of the process and 
transform it into an environmentally friendly solution for the 
transportation sector. Although the utilisation of bioethanol stillage for 
biomethane production is an important step towards the resolution of 
these problems, it is not enough by itself. Integrated solutions are 
required in order to make bioethanol production competitive and cost-
effective. Therefore, phase separation of the substrates is proposed as a 
strategy to enhance bioenergy yields from sequential bioethanol and 
biomethane production. 
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5.4.1. The chemical composition of the substrates 

In Table 4 is presented the TS and VS content of untreated barley straw 
and of samples from the solid and liquid phases of a biomass broth that 
was pretreated with NED and flue gas. The amount of TS in the 
untreated material is 931 g/kg. The TS content of samples of the liquid 
fraction that were pretreated with NED varied between 18 g/kg (the 
pretreated samples) and 34 g/kg (the hydrolysed material), while 
samples that were taken from the liquid fraction and were pretreated 
with flue gas varied between 17 g/kg (the pretreated material) and 
38 g/kg (the hydrolysed samples). For samples from the solid fraction 
that were pretreated with NED, the lowest levels of TS were registered 
in those samples that came from the pretreatment stage (118 g/kg), 
while the highest TS content was reported in samples that came from 
the hydrolysis step (139 g/kg). For those samples that came from the 
solid fraction that had been pretreated with flue gas, stillage (113 g/kg) 
had the lowest TS content, and hydrolysed material the highest 
(144 g/kg). Statistically significant differences were found between the 
levels of TS in all of the process stages, with the exception of hydrolysed 
samples and bioethanol stillage which were pretreated with NED (the 
liquid fraction), hydrolysed material that was pretreated with flue gas 
(the liquid fraction), and fermented samples and bioethanol stillage that 
were pretreated with flue gas (the solid fraction). 

The levels of VS that were reported for untreated material were at 
963 g/kgTS. For samples from the liquid and solid fractions the VS 
content was between 995 g/kgTS and 997 g/kgTS. In both fractions, 
samples from hydrolysed material had the highest TS content. This is 
probably due to the effect of the enzyme that was added in the 
hydrolysis step, which works as a catalytic agent, improving the 
efficiency of the hydrolysis, and leading to higher levels of TS. In the 
majority of cases, samples from the pretreatment stage had the lowest 
TS content. This is possibly due to the pretreatment method that was 
utilised here, which decomposes the dry matter to some extent.  
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Table 4. The TS and VS content of untreated barley straw and samples from different 
fractions (solid and liquid) and stages (pretreatment, hydrolysis, fermentation, and 
stillage) which went through a solid-liquid separation of the substrates (V).  

Fraction Pretreatment 
Process 
stage 

TS  

(g/kg) 

VS 

(g/kgTS) 

- - Untreated 931±0 963±0 

Liquid 

fraction 

NED Pretreated  18.0 ± 0.1 997 ± 0 

Hydrolysed 34.2 ± 0.1a 997 ± 0 

Fermented 20.1 ± 0.8 997 ± 0b 

Stillage 23.4 ± 0.7a 997 ± 0b 

Flue gas Pretreated  17.1 ± 0.1 997 ± 0 

Hydrolysed  37.8 ± 0.1a 997 ± 0b 

Fermented 19.7 ± 0.4 997 ± 0 

Stillage 19.7 ± 0.7 997 ± 0 

Solid 

fraction 

NED Pretreated 118 ± 0 996 ± 0b 

Hydrolysed 139 ± 2 995 ± 0b 

Fermented 123 ± 1 995 ± 0 

Stillage 128 ± 6 995 ± 0 

Flue gas Pretreated  125 ± 4 995 ± 1b 

Hydrolysed  144 ± 2 995 ± 0 

Fermented 116 ± 3a 995 ± 0b 

Stillage 113 ± 3a 996 ± 0b 
The superscript letters designate no statistically significant differences between the 
process stages, with a probability level of p ≤ 0.05. 

5.4.2. Methane yields 

The cumulative biomethane production of samples from the solid 
fraction is presented in Figure 16 where they were pretreated with NED. 
As can be seen from the figure, stillage (1.7 mol CH4/100 g) has the 
highest biomethane production levels, followed by fermented material 
(1.6 mol CH4/100 g), hydrolysed samples (1.5 mol CH4/100 g), and 
pretreated barley straw (1.3 mol CH4/100 g). 

The cumulative biomethane potential of samples that are taken from 

the solid fraction of the bioethanol production process and which were 

pretreated with flue gas is presented in Figure 17. The biomethane yields 

were higher for hydrolysed material (1.6 mol CH4/100 g), followed by 

fermented samples (1.5 mol CH4/100 g), pretreated barley straw 

(1.4 mol CH4/100 g), stillage (1.3 mol CH4/100 g), and untreated 

material (0.91 mol CH4/100 g).   
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Figure 16. Experimental results and the respective fitting curves for samples that were 
taken from the solid fraction of the bioethanol production process and which had 
been pretreated with NED (a) (V). 

 
Figure 17. Experimental results and the respective fitting curves for samples that were 
taken from the solid fraction of the bioethanol production process and which had 
been pretreated with flue gas (barley straw) (V).  

The cumulative biomethane yields for samples that have been taken 
from the liquid fraction and which have been pretreated with NED are 
reported in Figure 18. Stillage (0.58 mol CH4/100 g) had the highest 
biomethane yields, followed by fermented barley straw 
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(0.53 mol CH4/100 g), hydrolysed barley straw (0.46 mol CH4/100 g) 
and pretreated barley straw (0.19 mol CH4/100 g). 

 
Figure 18. Experimental results and the respective fitting curves for samples that have 
been taken from the liquid fraction of the bioethanol production process and which 
have been pretreated with NED (V). 

Figure 19 presents the cumulative biomethane yields for samples that 

have been taken from the liquid fraction of the bioethanol production 

process and which has been were pretreated with flue gas. The 

biomethane yields were higher in samples that came from the stillage 

(0.52 mol CH4/100 g), followed by those from fermented material 

(0.49 mol CH4/100 g), hydrolysed material (0.49 mol CH4/100 g), and 

pretreated material (0.17 mol CH4/100 g).  

As can be seen from the figures, samples that were pretreated with NED 

had higher biomethane yields (between 8 % to 12 % higher) biomethane 

yields than those that were pretreated with flue gas. In addition, samples 

that have been taken from the liquid fraction had biomethane yields that 

were between 60 % to 88 % lower than samples from the solid fraction. 

Samples from the liquid fraction primarily contain hemicellulose 

degradation products, while samples from the solid fraction consist 

predominantly of cellulose and lignin. The structure of the solid fraction 

is the most important factor in biomethane production. A high 

percentage of lignin restricts biomass degradation and reduces 

biomethane yields, while high amounts of cellulose are required to 
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achieve higher bioethanol and biomethane yields (Drosg et al., 2013; 

Rocha-Meneses et al., 2017).  

 
Figure 19. Experimental results and the respective fitting curves for samples that have 
been taken from the liquid fraction of the bioethanol production process and which 
have have been pretreated with flue gas (barley straw) (V).  

5.4.3. Digestion time 

Table 5 shows the time required to achieve figure of 85 % Bmax and 95 % 
Bmax. Samples from untreated material need fourteen days to reach 85 % 
Bmax and approximately 22 days to achieve 95 % Bmax. In samples that 
are taken from the liquid fraction (which has been pretreated with NED 
and flue gas), stillage achieves 85 % Bmax at a rate that is faster (between 
2.3 to 2.4 days) than the remaining samples. Hydrolysed material 
requires between 2.8 and 3.0 days and pretreated material 2.6 days to 
achieve 85 % Bmax. A similar trend is followed for 95 % Bmax. Stillage 
reaches 95 % Bmax between 0.1 to 1.3 days before pretreated / 
hydrolysed / fermented samples. 

For samples that are taken from the solid fraction and which were 
pretreated with NED and flue gas, hydrolysed / fermented materials 
achieved 85 % Bmax between 0.3 to 2.3 days before stillage/pretreated 
materials. A similar trend was reported in the time required for the 
bacteria to reach 95 % Bmax. Hydrolysed and fermented materials 
achieved 95 % Bmax at a rate that was faster (between 0.5 to 3 days) than 
stillage and pretreated material.   
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Table 5. Digestion time (85 % Bmax and 95 % Bmax) for the anaerobic digestion 

process in samples that have been through the separation process (pretreated with 
NED and flue gas) (V). 

Fraction Pre 
Process 

stage 

85 % Bmax 95 % Bmax  

mol CH4/ 

100g 

Days mol CH4/ 

100g 
Days 

- - Untreated 0.88 14.0 0.98 21.7 

Liquid 

fraction 

NED Pretreated  0.16 2.6 0.18 4.1 

Hydrolysed  0.39 2.8 0.44 4.5 

Fermented 0.45 2.4 0.51 3.8 

Stillage 0.49 2.4 0.55 3.6 

Flue 

gas 

Pretreated  0.14 2.6 0.16 4.1 

Hydrolysed  0.42 3.0 0.47 4.8 

Fermented 0.42 2.4 0.47 3.6 

Stillage 0.45 2.3 0.50 3.5 

Solid 

fraction 

NED Pretreated 1.1 12.5 1.3 18.9 

Hydrolysed  1.3 10.2 1.5 16.1 

Fermented 1.4 10.2 1.6 16.1 

Stillage 1.4 10.5 1.6 16.6 

Flue 

gas 

Pretreated  1.2 12.0 1.3 18.6 

Hydrolysed  1.4 9.9 1.6 15.6 

Fermented 1.2 10.6 1.4 16.7 

Stillage 1.1 11.5 1.3 18.1 

5.4.4. Maximum methane yield and kinetic rate 

The maximum methane yield for untreated material and samples from 

the different stages of bioethanol production, after phase separation, are 

presented in Figure 20. The biomethane yield from samples that have 

been taken from the liquid fraction varied between 0.17 mol CH4/100 g 

and 0.58 mol CH4/100 g, while for samples that came from the solid 

fraction the results varied between 1.3 mol CH4/100 g and 

1.7 mol CH4/100 g.  

When comparing the results that have been obtained in this section 

(with the use of phase separation) against those of the previous section 

(without the use of phase separation), the maximum methane yields for 

samples that were pretreated with NED were enhanced by 45 % for 
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samples from stillage, 33 % for hydrolysed material, 32 % for fermented 

samples, and 17 % for pretreated barley straw. Samples that were 

pretreated with flue gas also showed improved biomethane yields. 

Pretreated material had biomethane yields that were 44 % greater, 

followed by hydrolysed material (33 %), fermented samples (15 %), and 

stillage (8 %). 

Studies on the potential for stillage fractions in terms of anaerobic 

digestion have been reported by (Drosg et al., 2013) and (Town et al., 

2014). The scientists concluded that samples from the liquid fraction 

(thin stillage) can provide energy recovery rates of between 41 % to 

125 % while samples from the solid fraction (wet cake) can provide 

energy recovery levels of between 57 % to 95 %. These results show 

that the phase separation of the substrates is a suitable method when it 

comes to improving biomethane yields from bioethanol stillage and this 

can also be used as an effective handling option for the large quantity of 

stillage that is generated after the distillation step. 

 

Figure 20. Maximum methane yield from samples that come from the solid and liquid 
fractions, pretreated with NED and flue gas(V). 
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The kinetic rate constant for samples that are taken from the solid and 

liquid fractions that were pretreated with NED and flue gas are 

presented in Figure 21. The kinetic rate of untreated material was 0.18 

(d-1). For samples that are taken from the liquid fraction and which were 

pretreated with NED the kinetic rates varied between 0.55 (d-1) 

(hydrolysed) and 0.72 (d-1) (stillage), while for samples that were 

pretreated with flue gas it varied between 0.52 (d-1) (hydrolysed) and 0.76 

(d-1) (stillage). For samples from the solid fractions that were pretreated 

with NED, the kinetic rate constants ranged between 0.16 (d-1) 

(pretreated) and 0.19 (d-1) (fermented). For samples from the solid 

fractions that were pretreated with flue gas, the kinetic rates were lower 

in pretreated material (0.16 d-1), and higher for samples from the 

hydrolysis stage (0.19 d-1).  

 

Figure 21. Kinetic rate constant for samples which were taken from the liquid and 
solid fractions which had been pretreated with NED and flue gas (V). 

As can be seen in Figure 21, the kinetic rate constant of the liquid phase 

tends to grow every time another step of the bioethanol production 

process is added, with the exception of the hydrolysis stage. These 

results can be due to the effect of the hydrolysis method in the biomass 

and due to the amount and type of sugars available. The time that is 

allowed for hydrolysis may not be sufficient to efficiently degrade 
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cellulose to monosugars that can easily be assimilable. Instead, the broth 

will contain a high amount of oligosugars that are not available for AD 

without longer adaptation periods. However, in the fermentation stage 

the oligosaccharides would be degraded by the enzymes into 

monosugars and further fermented into smaller compounds such as 

ethanol, methanol, organic acids, etc (Weil et al., 1998). 

In the pretreatment stage there was a lower volume of sugars accessible 

to be consumed by the microorganisms (which were available in high 

quantities), meaning that the small amount of sugars that were available 

in the solution were quickly consumed, while in the hydrolysis step there 

was a higher volume of sugars available to be consumed for the same 

quantity of microorganisms to consume them, at the beginning of the 

process.  

When comparing the results that have been obtained in this section 

(with the use of phase separation), against those of the previous section 

(without the use of phase separation), the kinetic rate is shown to be 

lower in samples that have come from the solid fraction and which have 

been through the phase separation process, but their biomethane yields 

are higher. These differences can be due to the composition of the 

samples. With the separation process, samples from the solid fraction 

have a greater organic load and a higher sugar concentration level than 

samples that have been taken from the liquid fraction but have also 

higher volumes of lignin (which is extremely recalcitrant). As a result, 

samples from the solid fraction will have a lower methane production 

rate. On the other hand, samples from the liquid fraction have reduced 

quantities of TS and mostly hemicellulose in their composition, which 

can be degraded quickly. As a result, the liquid fractions are not 

recalcitrant, the microorganism will adapt to the substrate faster, and 

will require less time to start their anaerobic activity, which will lead to 

improved kinetic rates. 

From the process standpoint, we investigated in this chapter the 

importance of keeping the solid and liquid fractions throughout the 

entire process or isolating them at different stages, in order to reduce 

the energy and water requirements and the amounts of stillage 

remaining after the distillation process has been completed. Moving a 



 

55 

 

large volume of material from an upstream location to a downstream 

one is a very energy-intensive process that makes bioethanol production 

disadvantageous from the energetic, environmental, and economic 

standpoint, and difficult to hold up as a viable competitor with 

conventional fuels, such as coal, oil, and natural gas. It also requires high 

levels of energy input in the distillation stage in order to separate the 

ethanol from the broth as a whole. 

In the pretreatment step, if large amounts of inhibitory compounds are 

produced, it would be reasonable to eliminate the liquid fraction at this 

stage. On the other hand, the use both of solid and liquid fractions in 

the hydrolysis stage would reduce the water input in the next stages of 

the process. In the hydrolysis step, if the conversion of cellulose into 

sugars is effective, it would be reasonable to eliminate the solids. Having 

said that, if saccharification continues during the fermentation step, it 

would be advantageous to carry the solids over to the fermentation 

stage. However, it is a reasonable step to separate and remove the solid 

fraction before the distillation step, otherwise the energy input required 

for heating the solids during the distillation of the ethanol would be 

considerable. Regarding the liquid stillage that is obtained after the 

distillation process, this can be added to the solid fraction (which results 

from the fermentation step) in order to turn the AD stock back into a 

broth, which is easier to pump and digests faster. At the same time, 

using stillage in AD process also eliminates the need to separately treat 

it in order to remove the BOD content. Furthermore, this will reduce 

the water inputs into the production chain because liquid stillage will be 

used instead. Therefore it is possible to use the solids that are produced 

from fermentation in combination with stillage for the purposes of high 

solids anaerobic digestion or co-digestion, mainly because this method 

is well known, has a cheap digestate handling process, and improves the 

overall biomethane yields (Fagbohungbe et al., 2015; Lee et al., 2019). 

5.5.  Optimised process flow with phase separation 

Although the process flow that used phase separation of the substrates, 

as reported in section 5.4, was effective for sugar, bioethanol, and 

biomethane recovery, the search is continuous for strategies that aim to 

improve the efficiency of second-generation bioethanol production. 
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This chapter aims to increase the value of the previous chapter and to 

contribute to the development of a competitive and sustainable 

bioethanol industry. For this end an analysis was carried out on the 

effect of solid-liquid separation in the process flow for bioethanol 

production using Napier grass as a feedstock.  

5.5.1. The chemical composition of the substrates 
The chemical composition of those samples that were utilised in the 

optimised process flow is reported in Table 6. As can be seen from the 

table, the TS for untreated Napier grass was 956 g/kg. The TS content 

of samples from the solid fraction varied between 971 g/kg and 

987 g/kg. For samples that came from the liquid fraction, the TS 

content varied between 13.4 g/kg and 37.4 g/kg. Statistically significant 

differences were found between the TS content of those samples that 

were pretreated at different temperatures, as shown in the table. 

The VS content of untreated Napier grass was at 898 g/kgTS. The VS 
content of samples from the solid fraction was between 929 g/kgTS and 
975 g/kgTS, while for samples which came from the liquid fraction the 
figures were between 994 g/kgTS and 1000 g/kgTS. 
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Table 6. The TS and VS content of untreated Napier Grass and samples from various 
fractions (solid and liquid) and stages (pretreatment, hydrolysis, and distillation) 
pretreated at 150 °C, 170 °C, 190 °C, and 200 °C (VI). 

Fraction Sample T (°C) 
TS  

(g/kg) 
VS  

(g/kgTS) 

Untreated  - - 956±2 898±1a,b,c 

Solid 
fraction 
 

Post-
pretreat 
ment 
broth 

150 °C 973±2a,b,c,d 938±4d,e,f 

170 °C 972±2 931±3g,h,i 

190 °C 986±3e,f,g,h,i,j 930±4j,k,l,m,n,o,p 

200 °C 987±2k,l,m,n,o,p,q 929±4q,r,s,t,u,v,w 

Post-
hydrolysis 
broth 

150 °C 966±2 930±6x,y,z,aa,bb,cc,dd 

170 °C 973±6r,s,t,u 972±5 

190 °C 971±3v,w,x,y 970±2ee,ff,gg 

200 °C 976±4z,aa,bb,cc,dd,ee 975±2.9hh,ii 

Liquid 
fraction 
 

Post-
pretreatm
ent broth 

150 °C 15.7±2.2e,k,z 995±1 

170 °C 20.9±0.7l 994±0 

190 °C 22.6±0.8 994±0 

200 °C 15.7±1.7a,f,m,r,v,aa 996±1 

Post-
hydrolysis 
broth 

150 °C 22.2±2.4 999±0j,q,x 

170 °C 32.3±0.7 1000±0a,d,g,k,r,y,ee 

190 °C 34.9±0.2 1000±0b,e,h,l,s,z,ff,hh 

200 °C 37.4±3.1 1000±0,f,I,m,t,aa,gg,ii 

Post-
distillation 
broth 

150 °C 15.4±0.5b,g,n,s,w,bb 998±0 

170 °C 16.8±0.5h,o,cc 999±0n,u,bb 

190 °C 13.4±0.9c,i,p,t,x,dd 999±0o,v,cc 

200 °C 13.9±2.2d,j,q,u,y,ee 999±0p,x,dd 
The superscript letters designate statistically significant differences between those 
samples that were pretreated at different temperatures, with a probability level of p ≤ 
0.05. 

5.5.2. Methane yields 

The results which covered cumulative biomethane yields for samples 
which came from the solid and liquid fraction of the upstream and 
downstream processes of bioethanol production are presented in 
Figures 22 to 26. As can be seen in Figure 22, the methane yield of 
untreated Napier grass was at 1.18 mol CH4/100 g. For samples which 
came from the solid fraction (upstream and post-pretreatment) the 
methane yields varied between 1.13 mol CH4/100 g (pretreated at 
150 °C) and 0.90 mol CH4/100 g (pretreated at 200 °C). 
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Figure 22. Experimental results and respective fitting curves for samples which came 
from the solid fraction of post-pretreatment, pretreated at different temperatures 
(150 °C, 170 °C, 190 °C, and 200 °C) (VI). 

Figure 23 presents cumulative methane yields for samples which came 
from the solid fraction (post-hydrolysis). Samples that were pretreated 
at 150 °C had the highest biomethane yields (1.00 mol CH4/100 g), 
followed by samples that were pretreated at 170 °C (0.86 
mol CH4/100 g), 190 °C (0.81 mol CH4/100 g), and 200 °C (0.70 
mol CH4/100 g). 
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Figure 23. Experimental results and respective fitting curves for samples which came 
from the solid fraction of post-hydrolysis broth, pretreated at different temperatures 
(150 °C, 170 °C, 190 °C, and 200 °C) (VI). 

The potential shown by samples which came from the liquid fraction 

(post-pretreatement) is illustrated in Figure 24. The highest biomethane 

yield was reported in samples that were pretreated at 190 °C 

(0.27 mol CH4/100 g), followed by samples that were pretreated at 

170 °C (0.24 mol CH4/100 g), 150 °C (0.17 mol CH4/100 g), and 

200 °C (0.14 mol CH4/100 g). 

Figure 25 shows the cumulative biomethane yields of samples which 

came from the liquid fraction (post-hydrolysis). The biomethane yields 

from this stage of the process flow varied between 0.41 mol CH4/100 g 

(150 °C) and 0.57 mol CH4/100 g (200 °C).  

The cumulative biomethane yields for samples from downstream (post-

distillation) are presented in Figure 26. As can be seen from the figure, 

the biomethane yields were lower for samples that were pretreated at 

200 °C (0.25 mol CH4/100 g), and higher for samples that were 

pretreated at 190 °C (0.41 mol CH4/100 g), 170 °C 

(0.39 mol CH4/100 g), and 200 °C (0.38 mol CH4/100 g). 
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Figure 24. Experimental results and respective fitting curves for samples from the 
liquid fraction of post-pretreatment broth, pretreated at different temperatures 
(150 °C, 170 °C, 190 °C, and 200 °C) (VI). 

 

Figure 25. Experimental results and respective fitting curves for samples from the 
liquid fraction of post-hydrolysis broth, pretreated at different temperatures (150 °C, 
170 °C, 190 °C, and 200 °C) (VI). 
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Figure 26. Experimental results and respective fitting curves for samples from the 
liquid fraction of post-distillation broth, pretreated at different temperatures (150 °C, 
170 °C, 190 °C, and 200 °C) (VI). 

Overall, for samples from the solid fraction, higher pretreatment 

temperatures tend to decrease biomethane production by between 8 % 

to 30 %. These effects on biomethane yields may be due to the levels of 

VS in the samples. Higher pretreatment temperatures can decrease the 

quantity of VS that is accessible in the solid material, leading to lower 

levels of biomethane efficiency (Meegoda et al., 2018). In addition, high 

pretreatment temperatures can produce inhibitory compounds that can 

limit bacterial development and inhibit biomethane production 

(Montgomery & Bochmann, 2014; Phuttaro et al., 2019). 

5.5.3. Digestion time 

In Table 7 is presented the time required for the microorganisms to 
achieve 85 % Bmax and 95 % Bmax. As can be seen from the table, 
untreated material achieves 85 % Bmax around about day eleven 
(1.00 mol CH4/100 g) and 95 % Bmax around day seventeen 
(1.12 mol CH4/100 g). Samples from the solid fraction achieve 85 % 
Bmax between day 10.3 and day 15.7, and 95 % Bmax between day 15.9 
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and 24.4. Samples from the liquid fraction reach 85 % Bmax between day 
3.9 and day 9.0, and 95 % Bmax between day 5.9 and 13.9. 

Table 7. Digestion time (85 % Bmax and 95 % Bmax) of anaerobic digestion for samples 

from different fractions of the bioethanol production process pretreated at 150 °C, 

170 °C, 190 °C, and 200 °C (VI). 

Fraction Sample T (°C) 
85 % Bmax 95 % Bmax 

mol CH4/ 
100 g 

Days 
mol CH4/ 

100 g 
Days 

- Untreated - 1.00 10.9 1.12 16.8 

Solid 
fraction 

 

Post-
pretreatment 

broth 

150 °C 0.96 11.1 1.07 17.2 

170 °C 0.89 10.8 0.99 16.6 

190 °C 0.85 11.0 0.95 17.1 

200 °C 0.77 10.3 0.86 15.9 

Post-
hydrolysis 

broth 

150 °C 0.85 14.4 0.95 22.2 

170 °C 0.73 13.1 0.82 20.3 

190 °C 0.69 15.1 0.77 23.4 

200 °C 0.59 15.7 0.66 24.4 

Liquid 
fraction 

 

Post-
pretreatment 

broth 

150 °C 0.15 6.3 0.16 9.8 

170 °C 0.20 6.9 0.23 10.7 

190 °C 0.23 9.0 0.26 13.9 

200 °C 0.12 7.9 0.13 12.2 

Post-
hydrolysis 

broth 

150 °C 0.35 5.2 0.39 8.1 

170 °C 0.44 4.7 0.50 7.3 

190 °C 0.45 4.6 0.50 7.1 

200 °C 0.48 4.5 0.54 6.9 

Post-
distillation 

broth 

150 °C 0.32 6.1 0.36 9.4 

170 °C 0.33 5.7 0.37 8.8 

190 °C 0.35 6.7 0.39 10.3 

200 °C 0.21 3.9 0.24 5.9 

5.5.4. Maximum methane yield and kinetic rate 

Figure 27 shows the maximum methane yield for samples that are taken 

from the solid and liquid fractions. Out of all the samples (both solid 

and liquid), those samples that were taken from the liquid fraction of 

the post-pretreatment broth had the lowest biomethane yield. The low 

biomethane potential of this step could be due to the presence of 

inhibitory components. This suggests that samples from a post-
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pretreatment broth should be separated and eliminated from the 

bioethanol production process in order to improve the overall efficiency 

of the production chain. 

 
Figure 27. Maximum methane yield from samples taken from the solid and liquid 

fractions (VI). 

The kinetic rate constant of samples from the liquid and solid fractions 

are presented in Figure 28. The kinetic rate of untreated material is 0.19 

(d-1). For samples from the solid fraction (post-pretreatment) the kinetic 

rate was higher for samples that were pretreated at 200 °C 0.20 (d-1), 

followed by samples that were pretreated at 170 °C 0.19 (d-1), 190 °C 

0.18 (d-1), and 150 °C 0.18 (d-1). For samples that were taken from the 

solid fraction (post-hydrolysis broth), the kinetic rate constants varied 

between 0.12 (d-1) (200 °C) and 0.15 (d-1) (170 °C). For samples which 

came from the liquid fraction (the post-pretreatment broth), the results 

were between 0.22 (d-1) (190 °C) and 0.31(d-1) (150 °C), while for 

samples from the post-hydrolysis broth the highest kinetic rates were 

reported in samples that were pretreated at 190 °C (0.44 d-1) and 200 °C 

(0.44 d-1), and the lowest rates were from samples that were pretreated 

at 150 °C (0.38 d-1) and 170 °C (0.42 d-1). For samples that came from 

the liquid fraction (post-distillation broth) the kinetic rate varied 

between 0.30 (d-1) (190 °C) and 0.53 (d-1) (200 °C). 
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Figure 28. Kinetic rate constant for the fitting curves for samples from the liquid and 
solid fractions (VI). 

From the results we can conclude that the use of raw Napier grass 

(pathway 1, Figure 5) is not directly reasonable for biomethane 

production since the biomethane yields are low. Although the methane 

yields for samples that came from the solid fraction are lower than those 

from untreated material, when combined with samples from the liquid 

fraction they provide better outcomes. Using samples from the liquid 

fraction of the post-pretreatment (pathway 3) is also not reasonable 

when it comes to biomethane production, since there is almost no 

glucose present, no ethanol production, and the biomethane yields are 

too low. Therefore pathway 2 uses only samples from the solid fraction 

of the pretreatment broth as a feedstock for the hydrolysis stage. 

Regarding the hydrolysis step (pathway 4 and 5), as the hydrolysis 

continues during the fermentation step, it is not reasonable to carry out 

phase separation in this stage of the process. Pathway 6 is an effective 

solution and a handling option for the stillage that is generated 

downstream. Using a combination of stillage and solid fraction from the 

fermentation process together will help to improve the kinetics of the 

process, enhance biomethane yields, and lower the environmental 

impact caused by the stillage. 
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To sum up, these results are fundamental to and required for the 

development of efficient biorefinery platforms. Although studies on the 

conversion of cellulose into bioethanol production are widely available, 

there was a knowledge gap in those studies which involved chemical 

free pretreatment methods and circular cost-effective strategies. The 

experimental design that has been utilised in this thesis contributes to 

the development of sustainable and competitive bioethanol production. 

Therefore combining chemical-free pretreatment methods with 

sequential bioethanol and biomethane production can be used as an 

effective handling option for the large quantity of stillage that is 

generated in the bioethanol production process; as a strategy to increase 

the energy that is gained from ethanol that is extracted from biomass; 

as a way of offsetting the high costs that are inherent in bioethanol 

production; as a solution to improve the overall productivity of the 

process; and as a strategy to add value to bioethanol stillage. The 

pretreatment methods that have been utilised in this work (involving 

NED and flue gas) are cheaper than the pretreatment methods that are 

currently available on the market and are also environmentally friendly 

since they use pressure and water instead of chemicals to achieve the 

desired results. Those results as provided in this thesis can also be used 

to assess with confidence the biomethane potential of anaerobic 

digestion plants using biorefinery residues as substrates. 

5.6.  Future possibilities and outlook 

Although lignocellulosic biomass has commonly been used as a 
feedstock for bioethanol production, its production still has energetic, 
economic, and environmental challenges that are caused by the 
recalcitrant composition of lignocellulosic biomass. In order to be able 
to overcome this bottleneck, cereal plants can also be used as a solution 
for this problem in terms of biofuel production. Genetic modification 
of cereal crops was proposed as a solution to eliminate or reduce the 
need for pretreatment, while also enhancing the cellulose yields from 
the biomass and decreasing the need for the cellulase enzymes, which 
will decrease production costs in the production chain (Figure 29).  
This strategy will increase the utilisation of lignocellulosic biomass and 
agricultural waste for bioethanol production, decrease the costs 
involved in bioethanol production, decrease its energy requirements, 
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and make bioethanol production competitive against other fuels, such 
as coal, oil, and natural gas (VII).  

 

Figure 29. A process flow proposed for bioethanol production, using genetic 
engineering methods (VII). 

This pathway is a promising strategy, especially for agricultural crops, 

since it will be possible to utilise both grain and straw (which has little 

or no use). Contrary to woody biomass that needs to be recalcitrant to 

remain alive for many years, cereal plants are cut down every year (or 

even twice a year), meaning that structural changes will not be as 

harmful for the plant as they can be for woody biomass. Therefore 

genetic modification to cereal straw will make it less recalcitrant and 

convert it into a suitable feedstock for bioethanol production. 
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6. CONCLUSIONS 
 

In this thesis we have investigated the influence of various experimental 
designs (involving a traditional bioethanol process flow, a process flow 
using phase separation, and an optimised process flow with phase 
separation) on lignocellulosic sidestreams valorisation by means of 
biomethane production. For this end barley straw and Napier grass were 
used as a feedstock. The main conclusions that were obtained from the 
three different process flows to be investigated in this thesis are as 
follows:  

6.1. Traditional bioethanol process flow 

 Out of all of the samples from the various steps of the 
bioethanol production process (involving untreated, pretreated, 
hydrolysed, fermented, and stillage), the fermented samples 
have had the highest biomethane yields, and untreated barley 
straw the lowest; 

 The biomethane yields and the methane production rate of 
bioethanol stillage is higher than it is for untreated barley straw; 

 Methane production from bioethanol stillage can reach high 
levels of between 94 % to 97 % of the methane production of 
samples that come from the fermentation step; 

 NED and flue gas explosive decompression pretreatments 
provide effective chemical-free pretreatment methods in the 
disruption of lignocellulosic biomass and play an important role 
in the efficiency levels of the anaerobic digestion process; 

 For samples that were pretreated with flue gas, the biomethane 
yields were influenced by the bubbling process; 

 Use biomass primarily for bioethanol production can be 
considered reasonable, and only after that should anaerobic 
digestion be used to produce energy in the form of biomethane; 

 Sequential bioethanol and biomethane production is an 
effective solution when it comes to improving the energy output 
levels from the biomass, and also in terms of converting 
bioethanol stillage into value added products, and in achieving 
zero-waste and low carbon societies.  
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6.2. The process flow using phase separation 

 When compared with samples that did not undergo the 
separation process, the biomethane yields from bioethanol 
stillage were improved by as much as 45 %; 

 Samples that were pretreated with NED had biomethane yields 
that were between 8 % to 12 % higher than those that were 
pretreated with flue gas explosive decompression; 

 Samples from the liquid fraction had biomethane yields that 
were between 60 % to 80 % lower than samples from the solid 
fraction; 

 Solid and liquid phase separation of the substrates is a promising 
solution when it comes to enhancing bioenergy yields from 
sequential bioethanol and biomethane production. 

 
6.3.  Optimised process flow with phase separation 

 Bioethanol and biomethane yields are influenced by the 
pretreatment temperatures;  

 Samples from the solid fractions had higher biomethane yields 
than samples from the liquid fractions; 

 Nigerian Pennisetum purpureum is a suitable feedstock for 
bioethanol and biomethane production in Nigeria; 

 The liquid fraction of post-pretreatment samples should be 
separated and discarded since this has almost no glucose and no 
ethanol production, and the biomethane yields are too low. 

 
All of the proposed study objectives were addressed in this thesis and 
the research hypothesis were confirmed. Further research should be 
carried out in order to investigate additional strategies in terms of being 
able to produce value-added products from bioethanol stillage and to 
reduce energy and water inputs in the bioethanol production chain. 
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SUMMARY 

Lignocellulosic biomass has been widely used for the production of 
liquid and gaseous biofuels (such as bioethanol, biogas, and 
biomethane) in the transportation sector. Of the various biofuels that 
are currently available, bioethanol production is still inefficient mainly 
due to the large quantity of stillage that is produced in the process.  
In this thesis it was investigated the potential of samples from different 
stages of bioethanol production (pretreatment, hydrolysis, 
fermentation, and bioethanol stillage) for biomethane production and 
uses different strategies for the valorisation of bioethanol stillage in a 
sustainable circular economy by means of biomethane production.  
 
To address the research aims, the following objectives were established: 

 to investigate the potential of agricultural sidestreams for 
bioenergy production (Paper I); 

 to study the strategies that are currently available for sidestream 
valorisation (Paper II); 

 to assess the potential of lignocellulosic residues for the 
purposes of methane recovery (Papers III and IV); 

 to analyse the influence of nitrogen explosive decompression 
and synthetic flue gas explosive decompression pretreatment 
methods on methane recovery (Papers III and IV); 

 to examine the performance of various feedstocks (Papers III, 
IV and VI); 

 to evaluate the influence of various pretreatment temperatures 
on biomethane recovery (Paper VI); 

 to explore different strategies in order to enhance biomethane 
production by means of solid-liquid separation and genetic 
modification (Papers V, VI and VII). 

Three different process flows were investigated: the traditional 
bioethanol process flow, the process flow using phase separation of the 
substrates, and the optimised process flow using phase separation. For 
bioethanol production two different feedstocks were used - Estonian 
barley straw and Nigerian Napier grass and different pretreatment 
methods were applied (nitrogen explosive decompression and synthetic 
flue gas explosive decompression with and without bubbling through). 
Pretreatment methods were used at different temperatures (150 °C, 
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170 °C, 190 °C, and 200 °C). The broth that was obtained from the 
pretreatment step was further hydrolysed using the commercial enzyme 
mixture, Accelerase 1500. The samples were further fermented with the 
yeast, Saccharomyces cerevisiae (Turbo yeast T3). After that, the samples 
were distilled to remove the ethanol from the fermentation broth. The 
remaining material (bioethanol production stillage) and the samples 
from pretreatment, hydrolysis and fermentation stages were analysed 
for its biomethane potential (BMP). 

The results of the traditional bioethanol process flow show that: 
 of all the samples from the different steps of the bioethanol 

production process (untreated, pretreated, hydrolysed, 
fermented, and stillage), the fermented samples have the highest 
biomethane yields, and untreated barley straw the lowest; 

 methane production from bioethanol stillage can reach as high 
as 94 % - 97 % of the methane production of samples from the 
fermentation step; 

 NED and flue gas explosive decompression pretreatments are 
effective chemical-free pretreatment methods for the disruption 
of lignocellulosic biomass and can play an important role in the 
efficiency of the anaerobic digestion process; 

 sequential bioethanol and biomethane production is an effective 
solution when it comes to improving the energy output from 
the biomass, as well as in converting bioethanol stillage into 
value added products and to achieve zero-waste and in achieving 
low carbon societies. 

For the process flow that uses phase separation, the results show that: 

 the biomethane yields for bioethanol stillage were improved by 
45 %; 

 samples that were pretreated with NED had biomethane yields 
between 8 % to 12 % higher than those that were pretreated 
with flue gas explosive decompression; 

 samples from the liquid fraction had biomethane yields between 
60 % - 80 % lower than samples from the solid fraction; 

 statistically significant differences were found between the 
biomethane yields from samples from the solid and liquid 
fraction (p < 0.05); 
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 solid and liquid phase separation of the substrates is a promising 
solution in terms of being able to enhance bioenergy yields from 
sequential bioethanol and biomethane production. 

The results of the optimised process flow with phase separation show 
that: 

 bioethanol and biomethane yields were influenced by the 
pretreatment temperatures; 

 samples from the liquid fraction had higher kinetic rate than 
samples from the solid fraction; 

 samples from the solid fraction had higher biomethane yields 
than samples from the liquid fraction; 

 post-pretreatment samples (the liquid fraction) should be 
separated and discarded since they have almost no glucose and 
no ethanol production, and the biomethane yields are too low. 

 
All of the proposed study objectives were addressed in this thesis and 
the research hypotheses were confirmed. Further research should be 
carried out in order to investigate additional strategies in terms of being 
able to produce value-added products from bioethanol stillage and to 
reduce energy and water inputs in the bioethanol production chain.  
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KOKKUVÕTE 

Lignotselluloosset biomassi kasutatakse laialdaselt vedelate ja gaasiliste 
biokütuste – nagu bioetanool, biogaas ja biometaan – tootmiseks 
transpordisektori jaoks. Nimetatud biokütustest on bioetanooli 
tootmine endiselt ebaefektiivne, sest protsessi käigus tekib suur kogus 
jäätmeid. 

Käesolevas doktoritöös on uuritud bioetanooli tootmise erinevatest 
etappidest (eeltöötlus, hüdrolüüs, fermentatsioon ja destillatsioon) 
võetud proovide biometaani tootlikkust ja kasutab erinevaid strateegiaid 
bioetanooli tootmisjääkide väärindamiseks jätkusuutliku ringmajanduse 
kontekstis.   

Uurimistöö eesmärgi saavutamiseks seati järgmised ülesanded:  

 teada saada põllumajanduslike jäätmete potentsiaal bioenergia 
tootmiseks (artikkel I); 

 välja selgitada olemasolevad strateegiad bioetanooli 
tootmisjääkide väärindamiseks (artikkel II); 

 hinnata lignotselluloossete jäätmete potentsiaali biometaani 
tootmiseks (artiklid III ja IV); 

 teha kindlaks eeltöötlusmeetodite, lämmastikplahvatuse ja 
sünteetilise suitsugaasi plahvatuse mõju biometaani saagisele 
(artiklid III ja IV); 

 uurida erinevate toormaterjalide käitumist protsessis (artiklid 
III, IV ja VI); 

 välja selgitada eeltöötlemise temperatuuri mõju biometaani 
saagisele (artikkel VI); 

 uurida erinevaid strateegiaid biometaani tootlikkuse 
parandamiseks: tahke ja vedela faasi eraldamise ning 
lignotselluloosse lähtematerjali geneetilise modifitseerimise abil 
(artiklid V, VI ja VII). 

Käesolevas doktoritöös uuriti kolme erinevat protsessi: traditsioonilist 
bioetanooli tootmisprotsessi, protsessi vedela ja tahke faasi eraldamisega 
ja optimeeritud protsessi rakendades faaside eraldamist. Bioetanooli 
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tootmiseks kasutati kahte lähtematerjali, Eestis kasvatatud odra põhku 
ja Nigeeria päritolu hiidhirssi (Pennisetum purpureum), mida töödeldi 
erinevate eeltöötlusmeetoditega (plahvatuslik rõhulangetus lämmastiku 
ja suitsugaasiga, biomassi segust gaasi läbijuhtimisega ja ilma). 
Eeltöötlust teostati temperatuuridel 150 °C, 170 °C, 190 °C ja 200 °C. 
Eeltöötluse saadust hüdrolüüsiti ensüümide seguga Accellerase 1500 ja 
järgmises etapis kääritati pärmiga Saccharomyces cerevisiae (Turbo yeast T3). 
Seejärel toimus destillatsioon etanooli eemaldamiseks 
fermentatsioonisegust. Bioetanooli tootmisetappidest võetud proove ja 
bioetanooli tootmisjääki analüüsiti biometaani tootlikkuse (BMP) 
hindamiseks.  

Tulemused traditsioonilisest bioetanooli tootmisprotsessist:  

 bioetanooli tootmise erinevates etappides võetud proovidest 
(töötlemata lähteaine, eeltöödeldud, hüdrolüüsitud, kääritatud ja 
destillatsioonijääk) andis suurima biometaani saagise kääritatud 
proov, töötlemata odrapõhu biometaani saagis oli kõige 
madalam; 

 metaani tootlikkus destillatsioonijäägist moodustas 94–97 % 
kääritatud proovi saagisest; 

 lämmastiku ja suitsugaasi plahvatusliku rõhulangetuse meetodid 
on efektiivsed kemikaalivabad eeltöötlusmeetodid 
lignotselluloosse biomassi lõhkumiseks ning omavad tähtsat 
rolli anaeroobse käärimisprotsessi efektiivsemaks muutmisel; 

 järjestikune bioetanooli ja biometaani tootmine on tõhus viis 
biomassist saadava energia suurendamiseks, bioetanooli 
tootmisjäägi väärindamiseks ja jäätmevaba ning madala 
süsinikuheitega ühiskonna saavutamiseks. 

Tulemused protsessist tahke ja vedela faasi eraldamisega: 

 võrreldes traditsioonilise tootmisprotsessiga paranes bioetanooli 
tootmisjäägi biometaani saagis 45 %;  

 lämmastikplahvatusega eeltöödeldud proovide biometaani 
saagis oli 8–12 % kõrgem kui suitsugaasiplahvatusega 
eeltöödeldud proovidel; 
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 vedelfraktsiooni proovide biometaani saagised olid 60–80 % 
madalamad kui tahke faasi biometaani saagised, tahke ja vedela 
fraktsiooni biometaani saagiste erinevus oli statistiliselt oluline 
(p < 0.05); 

 bioetanooli ja biometaani järjestikusel toomisel on tahke ja 
vedela faasi eraldamine paljutõotav lahendus saadava bioenergia 
koguse suurendamiseks. 

Tulemused optimeeritud protsessist rakendades faaside eraldamist:  

 eeltöötluse temperatuur mõjutab bioetanooli ja biometaani 
saagist; 

 vedelfraktsiooni proovides oli biometaani tekkimine kiirem kui 
tahke faasi provides; 

 võrreldes vedelfraktsiooniga oli metaani tootlikkus suurem 
tahke fraktsiooni provides; 

 eeltöötluse järgselt eraldatud vedelfraktsiooni võib olla 
otstarbekas eemaldada protsessist kuna ei see sisalda olulisel 
määral glükoosi ja ei tooda bioetanooli ning biometaani saagis 
sellest on väga väike. 

Kõik püsitatud uurimiseesmärgid on doktoritöös käsitletud ja 
uurimishüpoteesid leidsid kinnitust. Edasised uuringud peaksid 
keskenduma täiendavate strateegiate väljaselgitamisele bioetanooli 
tootmisjäägist lisandväärtusega toote saamiseks ning bioetanooli 
tootmisahelas energia ja vee tarbimise vähendamiseks.  
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Engineering Services and Environmental 
Consulting, Huambo, Angola 

Jan 2013 – Jun 
2015 
 

Administrative Aid 
Portuguese Association for Regional 
Development,  Azores, Portugal 

Managerial and administrative work 

2020 – Present Member of the International Advisory Committee 
of the International Conference on Biotechnology 
for Sustainable Agriculture, Environment and 
Health, India 

2017 – Present  Assistant Editor, Journal Agronomy Research, 
Estonia 

2017 – Present  Member of the Organizing Committee of 
Conference Biosystems Engineering, Estonia 

2015 – 2015  Member of the Organizing Committee of 
Conference: “Sustainable Growth, Dignified 
Employment and Businesses”, Portugal 

2013 – 2015  Member of the Organizing Committee of 
Congress of Science and Development of the 
Azores, Portugal 

2013 – 2014  Member of the Organizing Committee of the 
Workshop ‘The Youth and the Labour Market’, 
Portugal 

2013 – 2013 Member of the Scientific Committee of the 
Workshop ‘The Youth and the Labour Market’, 
Portugal 
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2013 – 2014 Member of the Pedagogic Commission of the 
master’s in Management and Nature Conservation, 
University of the Azores, Portugal 
 

Supervised dissertations 

Guilherme Atouguia, Bachelor's Diploma, 2018, (sup) Antonio Felix 
Flores Rodrigues; Lisandra Marina da Rocha Meneses, Anaerobic 
digestion of samples from different stages of bioethanol production 
process, University of the Azores (Portugal), Faculty of Agricultural and 
Environmental Sciences 

Anastasiya Ivanova, Master's Diploma, 2018, (sup) Timo Kikas; 

Lisandra Marina da Rocha Meneses; Sergei Bereznev, Biogas 

production potential from biomaterial at different stages of bioethanol 

production process and its purification, Tallinn University of 

Technology School of Engineering, Department of Materials and 

Environmental Technology.   

Projects in progress 

PM180260TIBT "Utilization of biowaste in production of value-added 
products (1.01.2019−31.12.2022)", Timo Kikas, Merlin Raud, Estonian 
University of Life Sciences, Institute of Technology. 

F170042TIPT "Holistic processes and practices for clean energy in 
strengthening bioeconomy strategies in Europe and India 
(1.04.2017−31.03.2020)", Merlin Raud, Estonian University of Life 
Sciences, Institute of Technology. 

F170096TIPT "Development of an Integrated Process for Conversion 

of Biomass to Affordable Liquid Biofuel (1.04.2017−31.03.2020)", 

Timo Kikas, Estonian University of Life Sciences, Institute of 

Technology.  

PM180107TIBT "Winning proposal of the Innovative Idea award of 

Estonian University of Life Sciences, Continuous process apparatus for 

chemical-free pretreatment of lignocellulosic biomass using explosive 

decompression", Timo Kikas, Estonian University of Life Sciences, 

Institute of Technology. 



 

194 

 

Teaching experience 

2017/2018 
(Spring) 

TE.0977 Biomass to Biofuels and Biogas (6 ECTS) 

2019/2020 
(Autumn) 

TE.0977 Biomass to Biofuels and Biogas (6 ECTS) 

Training and courses 

June 2019   
 

2nd PhD summer school and executive training on 
solid waste management, Greece 

Sept 2018  
 

Zero waste biorefineries: Technical advances and 
sustainability assessment, Wageningen University, 
Netherlands 

July 2018     
 

Worker Health and Safety Awareness Training 
(online module), University of Guelp, Canada 

July 2018   
 

Laboratory Safety - Summer 2018 (online module), 
University of Guelph, Canada 

July 2018     
 

Workplace Hazardous Materials Information 
System (online module), University of Guelph, 
Canada 

Nov 2017     
 

Wood Biology and Biotechnology, PhD course, 
Umeå University, Sweden 

Nov 2016     
 

International Timber Harvesting, Msc course, 
University of Helsinki, Finland 
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ELULOOKIRJELDUS 

Isikuandmed 

Nimi:     Lisandra Marina da Rocha Meneses 

Sünniaeg:   04.12.1991 

Sünnikoht: Assoorid, Portugal 

Kodakondsus:    Portugal 

Aadress:   Tehnikainstituut, Eesti Maaülikool, Kreutzwaldi 56, 
Tartu, Eesti 

E-post:   Lisandra.Meneses@emu.ee 

Haridustee 

Sept 2016 – Aug 
2020 

Doktoriõpe tehnikateaduse erialal 
Tehnikainstituut, Eesti Maaülikool  

Sept 2012 – Mai 
2015 

Magistriõpe korralduse ja looduskaitse erialal 
Assooride Ülikool, Assoorid, Portugal 

Nov 2009 – Juuli 
2012 

Bakalaureuseõpe taastuvenergia erialal 
Assooride Ülikool, Assoorid, Portugal 

Teenistuskäik 

Nov 2017 – … 
 

Nooremteadur  
Tehnikainstituut, Eesti Maaülikool  

Sept 2016 – … 
 

Doktoriõpe  
Tehnikainstituut, Eesti Maaülikool 

Sept 2019 – Nov 
2019 
 

Külalisdoktorant  
Lõuna-Queenslandi Ülikool, Queensland, 
Austraalia 

Märts 2019 – 
Juuni 2019 

Külalisdoktorant  
Boråsi Ülikool, Borås, Rootsi 

Juuli 2018 – Aug 
2018 
 

Külalisdoktorant  
Guelphi Ülikool, Ridgetown, Chatham-Kent, 
Kanada 

Jaan 2016 –Aug 
2016 

Nooremteadur  
Good Energies Alliance Ireland (VVO),  Leitrim, 
Iirimaa   
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Aug 2015 – Dets 
2015 

Praktikant 
Tehnikainstituut,  Eesti Maaülikool 

Veebr 2014 – 
Märts 2014 
 

Tehnikadirektor 
Inseneri Teenused ja Keskkonnaalane 
Nõustamine, Huambo, Angola 

Jaan 2013 – Juuni 
2015 

Juhiabi 
Portugali Regionaalarengu Liit, Assoorid, Portugal 

Teadusorganisatsiooniline ja -administratiivne tegevus 

2020– … Rahvusvahelise konverentsi "Conference on 
Biotechnology for Sustainable Agriculture, 
Environment and Health" rahvusvahelise nõukoja 
liige (India) 

2017 – … Teadusajakirja "Agronomy Research" (Eesti) 
abitoimetaja 

2017 – … Konverentsi “Biosystems Engineering” (Eesti) 
korralduskomitee liige 

2015 – 2015  Konverentsi  “Sustainable Growth, Dignified 
Employment and Businesses” (Portugal) 
korralduskomitee liige 

2013 – 2015  Kongressi „Science and Development of the 
Azores“ (Portugal) korralduskomitee liige  

2013 – 2014  Seminari ‘The Youth and the Labour Market’ 
(Portugal) korralduskomitee liige 

2013 – 2013 Seminari ‘The Youth and the Labour Market’ 
(Portugal) teaduskomitee liige  

2013 – 2014 Looduskaitse ja -korralduse magistriõppe 
pedagoogilise komisjoni liige    (Assooride 
Ülikool, Portugal) 

Juhendatud väitekirjad 

Guilherme Atouguia, bakalaureuseõpe, 2018, (juh) Antonio Felix Flores 

Rodrigues; Lisandra Marina da Rocha Meneses, Bioetanooli 

tootmiseprotsessi eri etappidest võetud proovide anaeroobne 

kääritamine, Põllumajanduse- ja keskkonnateaduskond, Assooride 

ülikool (Portugal)   
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Anastasiya Ivanova, magistrikraad, 2018, (juh) Timo Kikas; Lisandra 

Marina Da Rocha Meneses; Sergei Bereznev, Bioetanooli  tootmise eri 

etappide biomaterjali biogaasi potentsiaal ja biogaasi puhastamine, 

Materjali- ja keskkonnatehnoloogia instituut, Inseneriteaduskond, 

Tallinna Tehnikaülikool. 

Osalus projektides 

PM180260TIBT "Biojäätmetest kõrge lisandväärtusega toodeteni - 

TIBT (1.01.2019−31.12.2022)", Timo Kikas, 

Biomajandustehnoloogiate õppetool. Tehnikainstituut, Eesti 

Maaülikool.  

F170042TIPT "Puhta energia terviklikud protsessid ja praktikad 

biomajandusstrateegiate tugevdamisel Euroopas ja Indias 

(1.04.2017−31.03.2020)", Merlin Raud, Biomajandustehnoloogiate 

õppetool, Tehnikainstituut, Eesti Maaülikool.  

F170096TIPT "Integreeritud protsesside arendamine biomassi 

muundamiseks taskukohaseks vedelaks biokütuseks   

(1.04.2017−31.03.2020)", Timo Kikas, Biomajandustehnoloogiate 

õppetool,  Tehnikainstituut, Eesti Maaülikool. 

PM180107TIBT "Innovaatilise idee konkursi võidutöö 

„Pidevprotsessiline kemikaalivaba eeltöötlusseade töötlemaks 

lignotselluloosset biomassi – eeltöötlus plahvatusliku rõhulangetuse 

meetodi abil“ teostamine (1.04.2018−31.03.2021)", Timo Kikas, 

Biomajandustehnoloogiate õppetool, Tehnikainstituut, Eesti 

Maaülikool. 

Õpetamise kogemus 

2017/2018 
(kevad) 

TE.0977 Biomassist biokütusteks ja biogaasiks (6 
ECTS) 

2019/2020 (sügis) TE.0977 Biomassist biokütusteks ja biogaasiks (6 
ECTS) 

Koolitus ja kursused 

Juuni 2019   
 

Teine doktori suvekool ja koolitus tahkete 
jäätmete käitlusest, Kreeka  
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Sept 2018  
 

„Jäätmevabad biorafineerimistehased: tehnilise 
edukuse ja jätkusuutlikkuse hindamine” 
Wageningeni Ülikool, Holland 

Juuli 2018     
 

Töötervishoiu ja tööohutuse teadlikkuse koolitus   
(veebikursus), Guelphi Ülikool, Kanada 

Juuli 2018   
 

Laboriohutus - Suvi 2018 (veebikursus), Guelphi 
Ülikool, Kanada 

Juuli 2018     
 

Töökoha ohtlike materjalide infosüsteem 
(veebikursus), Guelphi Ülikool, Kanada 

Nov 2017     
 

Puidubioloogia ja biotehnoloogia  doktorikursus, 
Umeå Ülikool, Rootsi 

Nov 2016     
 

Rahvusvaheline puidu ülestöötamise 
magistrikursus, Helsingi Ülikool, Soome 
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LIST OF ORIGINAL PUBLICATIONS 

Scholarly articles indexed by Scopus and Web of Science: 

Rocha-Meneses, Lisandra; Ivanova, A.; Atouguia, G.; Ávila, I.; Raud, 

M.; Orupõld, K.; Kikas, T. (2019). The effect of flue gas explosive 

decompression pretreatment on methane recovery from bioethanol 

production waste. Industrial Crops and Products, 127, 

66−72.10.1016/j.indcrop.2018.10.057.  

Rocha-Meneses, Lisandra; Raud, Merlin; Orupõld, Kaja; Kikas, 

Timo. (2019). Potential of bioethanol production-waste for methane 

recovery. Energy, 173, 133−139.10.1016/j.energy.2019.02.073. 

Rocha-Meneses, Lisandra; Silva, Jose Carlos; Cota, Sandra; Kikas, 

Timo. (2019). Thermodynamic, Environmental and Economic 

Simulation of an Organic Rankine Cycle (ORC) for Waste Heat 

Recovery: Terceira Island Case Study. Environmental and Climate 

Technologies, 23 (2), 347−365. 10.2478/rtuect-2019-0073. 

Rocha-Meneses, Lisandra; Ferreira, Jorge A; Bonturi, Nemailla; 

Orupõld, Kaja; Kikas, Timo. (2019). Enhancing Bioenergy Yields from 

Sequential Bioethanol and Biomethane Production by Means of Solid–

Liquid Separation of the Substrates. Energies, 12 (19), 3683. 

10.3390/en12193683. 

Rocha-Meneses, Lisandra; Bergamo, Thaísa Fernandes; Kikas, Timo. 

(2019). Potential of cereal-based agricultural residues available for 

bioenergy production. Data in Brief, 23, 

103829.10.1016/j.dib.2019.103829. 

Rocha-Meneses, Lisandra; Otor, Oghenetejiri Frances; Bonturi, 

Nemailla; Orupõld, Kaja; Kikas, Timo. (2020). Bioenergy Yields from 

Sequential Bioethanol and Biomethane Production: An Optimized 

Process Flow. Sustainability, 12 (1), 272.10.3390/su12010272. 
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Scholarly articles indexed by Scopus: 

Botta, G. F.; Antille, D. L.; Bienvenido, F.; Rivero, D.; Avila-Pedraza, 

E. A.; Contessotto, E. E.; Ghelfi, D. G.; Nistal, A. I.; Pelizzari, F. M.; 

Rocha-Meneses, L.; Canalejo, A. Ezquerra (2020). Effect of cattle 

trampling and farm machinery traffic on soil compaction of an Entic 

Haplustoll in a semiarid region of Argentina. Agronomy Research, 

18.10.15159/AR.20.063 [forthcoming]. 

Alesso, C. A.; Cipriotti, P. A.; Masola, M. J.; Carrizo, M. E.; Imhoff, S. 

C.; Rocha-Meneses, L.; Antille, D. L. (2020). Spatial distribution of 

soil mechanical strength in a controlledtraffic farming system as 

determined by cone index and geostatistical techniques. Agronomy 

Research, 18.10.15159/AR.20.063 [forthcoming]. 

Rocha-Meneses, Lisandra; Raud, Merlin; Orupõld, Kaja; Kikas, 

Timo. (2017). Second-generation bioethanol production: A review of 

strategies for waste valorisation. Agronomy Research, 15 (3), 830−847. 

Articles/ abstracts published in local conference proceedings 

Nasiri, Elnaz; Rocha-Meneses, Lisandra; Kikas, Timo (2020). 

Implementation of EU biofuels policies at country level: a review. Book 

of Abstracts: 11th International Conference on Biosystems Engineering 2020, 

Tartu, 6.05.2020. Ed. Olt, J.; Kikas, T.; Meneses, L. Tartu: Estonian 

University of Life Sciences, 35. 

Otor, Oghenetejiri Frances; Rocha-Meneses, Lisandra; Kikas, Timo 

(2020). The potential of sequential bioethanol and biomethane 

production from Nigerian Napier grass: an optimized process flow. 

Book of Abstracts: 11th International Conference on Biosystems Engineering 

2020, Tartu, 6.05.2020. Ed. Olt, J.; Kikas, T.; Meneses, L. Tartu: 

Estonian University of Life Sciences, 38. 

Rocha-Meneses, Lisandra; Orupõld, Kaja; Kikas, Timo (2020). 

Second-generation bioethanol production: Strategies for sidestreams 

valorisation. Book of Abstracts: 11th International Conference on Biosystems 

Engineering 2020, Tartu, 6.05.2020. Ed. Olt, J.; Kikas, T.; Meneses, L. 

Tartu: Estonian University of Life Sciences, 41. 
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Alesso, C. A.; Cipriotti, P. A.; Masola, M. J.; Carrizo, M. E.; Imhoff, S. 

C.; Rocha-Meneses, L.; Antille, D. L. (2020). Spatial distribution of 

soil mechanical strength in a controlled traffic farming system as 

determined by cone index and geostatistical techniques. Book of Abstracts: 

11th International Conference on Biosystems Engineering 2020, Tartu, 

6.05.2020. Ed. Olt, J.; Kikas, T.; Meneses, L. Tartu: Estonian University 

of Life Sciences, 69. 

Botta, G. F.; Antille, D. L.; Bienvenido, F.; Rivero, D.; Avila-Pedraza, 

E. A.; Contessotto, E. E.; Ghelfi, D. G.; Nistal, A. I.; Pelizzari, F. M.; 

Rocha-Meneses, L.; Canalejo, A. Ezquerra (2020). Effect of cattle 

trampling and farm machinery traffic on soil compaction of an Entic 

Haplustoll in a semiarid region of Argentina. Book of Abstracts: 11th 

International Conference on Biosystems Engineering 2020, Tartu, 6.05.2020. Ed. 

Olt, J.; Kikas, T.; Meneses, L. Tartu: Estonian University of Life 

Sciences, 72. 

Rocha-Meneses, Lisandra; Ivanova, Anastasia; Atouguia, Guilherme; 

Avila, Isaac; Orupõlld, Kaja; Kikas, Timo. (2019). Potential of 

bioethanol sidestreams for biomethane production. Abstract Book: New 

Horizons in Biotechnology: New Horizons in Biotechnology, Thiruvananthapuram, 

India 20-24.11.2019. Mark Offset Press, 231−232. 

Rocha-Meneses, Lisandra; Ferreira, Jorge A; Karimi, Sajjad; Orupõld, 

Kaja; Kikas, Timo. (2019). Genetic modification of cereal plants: A 

strategy to enhance bioethanol yields from agricultural waste. Abstract 

Book: New Horizons in Biotechnology: New Horizons in Biotechnology, 

Thiruvananthapuram, India 20-24.11.2019. Mark Offset Press, 153−154. 

Raud, Merlin; Meneses, Lisandra; Kikas, Timo; Lane, Daniel, J.; 

Sippula, Olli; Shurpali, Narasinha. (2019). Utilization of waste biomass 

from second generation biofuel production process. Abstract Book: New 

Horizons in Biotechnology: New Horizons in Biotechnology, Thiruvananthapuram, 

India 20-24.11.2019. Mark Offset Press, 150. 

Rocha-Meneses, Lisandra; Orupõld, Kaja; Kikas, Timo. (2018). 

Potential of bioethanol production waste for methane recovery. 

Renewable and Sustainable Energy Developments Beyond 2030. Proceedings of the 
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11th International Conference on Sustainable Energy & Environmental Protection, 

1. 365−368.  
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Editing of other research publications that are published by 

academic publishers 

Olt, J.; Kikas, T.; Meneses, L. (2020). 11th International Conference 

on Biosystems Engineering 2020. Book of Abstracts. Tartu: Eesti 

Maaülikool. 

Olt, J.; Kikas, T.; Meneses, L. (2019). 10th International Conference 

on Biosystems Engineering 2019. Book of Abstracts. Tartu: Eesti 

Maaülikool. 

Olt, J.; Kikas, T.; Meneses, L. (2018). 9th International Conference on 

Biosystems Engineering 2018. Book of Abstracts. Tartu: Eesti 

Maaülikool. 

Olt, J.; Kikas, T.; Meneses, L. (2017). 8th International Conference on 

Biosystems Engineering 2017. Book of Abstracts. Tartu: Eesti 

Maaülikool. 
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LIST OF CONFERENCE PRESENTATIONS 

Oral presentation 

Rocha-Meneses, Lisandra; Raud, Merlin; Orupõld, Kaja; Kikas, Timo 
(2017) Second-generation bioethanol production: A review of strategies 
for waste valorization. Biosystems Engineering, Tartu, Estonia 
12.05.2017. 

Rocha-Meneses, Lisandra; Raud, Merlin; Orupõld, Kaja; Kikas, 
Timo. (2018). Biochemical methane potential (BMP) test of bioethanol 
wasteproducts from barley straw using N2 explosive decompression 
pretreatment. Eco-Bio, Dublin, Ireland 05.03.2018. 

Rocha-Meneses, Lisandra; Raud, Merlin; Orupõld, Kaja; Kikas, 
Timo. (2018). Potential of bioethanol production-waste for methane 
recovery. Sustainable energy and environmental protection, Paisley, 
United Kingdom 8.05.2018. 

Rocha-Meneses, Lisandra; Ferreira, Jorge A; Karimi, Sajjad; Orupõld, 
Kaja; Kikas, Timo. (2019). Genetic modification of cereal plants: A 
strategy to enhance bioethanol yields from agricultural waste. New 
Horizons in Biotechnology, Thiruvananthapuram, India 20-24.11.2019.  

Poster presentations 

Rocha-Meneses, Lisandra; Orupõld, Kaja; Kikas, Timo (2020). 

Second-generation bioethanol production: Strategies for sidestreams 

valorisation. 11th International Conference on Biosystems Engineering 

2020, 6.05.2020. Tartu, Estonia (Poster presentation). 

Rocha-Meneses, Lisandra; Ivanova, Anastasia; Atouguia, Guilherme; 

Avila, Isaac; Raud, Merlin; Orupõld, Kaja; Kikas, Timo. (2019). 

Potential of bioethanol production-waste for methane recovery 

(poster). New Horizons in Biotechnology, Thiruvananthapuram, India 20-

24.11.2019.  

Rocha-Meneses, Lisandra; Silva, Jose Carlos; Cota, Sandra; Kikas, 

Timo. (2019). Thermodynamic, Environmental and Economic 

Simulation of an Organic Rankine Cycle (ORC) for Waste Heat 



 

205 

 

Recovery: Terceira Island Case Study. Conect: Conference of Environment and 

Climate Technologies, Riga, Latvia, 16.05.2019.
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