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ABSTRACT
To develop anaerobic digestion (AD), innovative solutions to increase methane yields in existing AD
processes are needed. In particular, the adoption of low energy pre-treatments to enhance biomass
biodegradability is needed to provide efficient digestion processes increasing profitability. To obtain
these features, hydrodynamic cavitation has been evaluated as an innovative solutions for AD of waste
activated sludge (WAS), food waste (FW), macro algae and grass, in comparison with steam explosion
(high energy pre-treatment). The effect of these two pre-treatments on the substrates, e.g. particle
size distribution, soluble chemical oxygen demand (sCOD), biochemical methane potential (BMP) and
biodegradability rate, have been evaluated. After two minutes of hydrodynamic cavitation (8 bar), the
mean fine particle size decreased from 489- 1344 nm to 277- 381 nm (≤77% reduction) depending of
the biomasses. Similar impacts were observed after ten minutes of steam explosion (210 °C, 30 bar)
with a reduction in particle size between 40% and 70% for all the substrates treated. In terms of BMP
value, hydrodynamic cavitation caused significant increment only within the A. nodosum showing a
post treatment increment of 44% compared to the untreated value, while similar values were obtained
before and after treatment within the other tested substrates. In contrast, steam explosion allowed
an increment for all treated samples, A. nodosum (+86%), grass (14%) and S. latissima (4%). However,
greater impacts where observed with hydrodynamic cavitation than steam explosion when comparing
the kinetic constant K. Overall, hydrodynamic cavitation appeared an efficient pre-treatment for AD
capable to compete with the traditional steam explosion in terms om kinetics and providing a more
efficient energy balance (+14%) as well as methane yield for A. nodosum.

KEYWORDS: HYDRODYNAMIC CAVITATION, STEAM EXPLOSION, ANAEROBIC DIGESTION, HYDROLYSIS, BMP, PARTICLE SIZE
DISTRIBUTION, METHANE
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POPULÄRVETENSKAPLIG SAMMANFATTNING
Det behövs innovativa lösningar för att utveckla anaerob rötning i syfte att öka metangasutbytet från
biogassubstrat. Beroende på substratets egenskaper, kan förbehandling möjliggöra sönderdelning av
bakterieflockar, uppbrytning av cellväggar, elimination av inhiberande ämnen och frigörelse av
intracellulära organiska ämnen, som alla kan leda till en förbättring av den biologiska nedbrytningen i
rötningen. För att uppnå detta har den lågenergikrävande förebehandlingsmetoden hydrodynamisk
kavitation prövats på biologiskt slam, matavfall, makroalger respektive gräs, i jämförelse med
ångexplosion. Effekten på substraten av dessa två förbehandlingar har uppmäts genom att undersöka
distribution av partikelstorlek, löst organiskt kol (sCOD), biometan potential (BMP) och
nedbrytningshastigheten.

Efter

2 minuters hydrodynamisk

kavitation (8 bar)

minskade

partikelstorleken från 489- 1344 nm till 277- 281 nm (≤77 % reduktion) för de olika biomassorna.
Liknande påverkan observerades efter tio minuters ångexplosion (210 °C, 30 bar) med en
partikelstorlekreducering mellan 40 och 70 % för alla behandlade substrat. Efter behandling med
hydrodynamisk kavitation, i jämförelse med obehandlad biomassa, ökade metanproduktionens
hastighetskonstant (K) för matavfall (+65%), makroalgen S. latissima (+3%), gräs (+16 %) samtidigt som
den

minskade

för

A.

nodosum

(-17

%).

Förbehandlingen

med

ångexplosion

ökade

hastighetskonstanten för S. latissima (+50 %) och A. nodosum (+65 %) medan den minskade för gräs (37 %), i jämförelse med obehandlad biomassa. Vad gäller BMP värden, orsakade hydrodynamisk
kavitation små variationer där endast A. nodosum visade en ökning efter behandling (+44 %) i
jämförelse med obehandlad biomassa. Biomassa förbehandlade med ångexplosion visade en ökning
för A .nodosum (+86 %), gräs (14 %) och S. latissima (4 %). Sammantaget visar hydrodynamisk
kavitation potential som en effektiv behandling före rötning och kapabel att konkurrera med den
traditionella ångexplosionen gällande kinetik och energibalans (+14%) samt metanutbytet för A.
nodosum.
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CHAPTER 1: INTRODUCTION
The worldwide energy demand is predicted to rise in the next decades while more restrictive CO2
emission targets will be implemented. This creates the urgent need of lower fossil fuel dependency
enhancing biofuels and renewable energy production (IEA, 2015). In this context, biomethane from
anaerobic digestion (AD) processes represents an optimal alternative. With an energy content equal
to 6 kWh, 1 Nm3 of biogas (60% CH4) can generate up to 2kWh electricity and 2kWh of heat. In terms
of vehicle fuel, 1 Nm3 biogas (9.67 kWh) corresponds to 1.1 litres of petrol while the energy content in
1 Nm3 natural gas (11.0 kWh) corresponds to about 1.2 litres of petrol (SGC, 2012).
Currently, wastewater sludge (WWS) and food waste (FW) represent the primary source of organic
matter for biogas production. For instance in Sweden, 55 % of the total biogas production comes from
waste water treatment plants (SGC, 2012). However, with the increasing demand of biomethane, new
substrates need to be identified to fulfil the demand. Why the interest of macroalgae and grass as
innovative not fully investigated substrates for biogas production. They are fast growing biomass and
can be cultivated in areas unsuited for food crops without competing with these farmlands (Hughes et
al., 2012; Lindholm, 2012; King, 2014).
In addition to new innovative biomasses, the adoption of biomass pre-treatments have a key role
on optimising existing process. The aims of pre-treatments are to increase the rate of AD,
potentially increase biogas yield, enable the use of new substrates and/or prevent processing
problems such as high electricity requirements for mixing (Montgomery et al., 2014).
In this study, hydrodynamic cavitation and steam explosion have been used as two comparable
pre-treatment methods. Earlier works on hydrodynamic cavitation has been done primarily on
wastewater sludge while this work investigates for the first time this treatment applied to FW, S.
latissima, A. nodosum and grass. For steam explosion, earlier work investigated waste and
lignocellulosic materials while this report consider algae biomass and grass.
Steam explosion is an example of a method already implemented at full scale and widely
investigated. Most applications utilise the high temperatures (160-210 °C) and pressures (1- 3.5
bar) involved in this treatment to open complex biomass structure, such as lignocellulose, capable
to resist microbial degradation in the AD (Stelte, 2013). For instance, there is a system called
CAMBI applied as pre-treatment on WWS. The system operates at high temperature (160- 180 °C)
and pressure which sterilizes the sludge, decrease its’ viscosity and open up the structure before
the subsequent process of AD (Sárvári et al., 2010; Bishnoi, 2012). A similar system was used in a
study using steam explosion on paper residuals and the methane production on the pre -treated
biomass was double that on the un-treated (Sárvári et al., 2010). Despite the positive effects of
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this treatment enhancing methane production, the high energy inputs required ( 180–3600 kJ/kg
TS) are often too high to justify its’ application at full scale. In contrast, hydrodynamic cavitation
offers a low energy solution (60–1200 kJ/kg TS) not fully investigate, with the potential of achieve
similar methane yields than steam explosion (Lee et al., 2013). Devices used for inducing
hydrodynamic cavitation can be controlled by changing different parameters such as orifice (size
and shape), time, pump power, pressure and flow. Similar hydrodynamic devises as used in this
work utilize at a pressures of 1-8 bar and with an orifice size of 1-3 mm (Ozonek, 2012).
Hydrodynamic cavitation is an innovation of acoustic cavitation which is commonly applied as
waste water treatment and for food processing. The benefit of acoustic cavitation as a pretreatment for AD has been demonstrated in term of cell disruption and particle size reduction
(Chakinala et al., 2008; Gogate, 2010; Lee et al., 2013). For instance, using different intensities of
acoustic cavitation pre-treatment on manure, a study conducted by Karaalp (2014) increase in
methane production between 12-70% in comparison with un-treated biomass was observed.
However, the high energy demand limits its full scale applications (Lee et al., 2013).

1.1 Aim
The aim of the project was to investigate hydrodynamic cavitation as a valuable low energy pretreatment to enhance methane production in comparison with steam explosion. Five different
substrates, waste activated sludge (WAS) and food waste (FW) as conventional substrates, Saccharina
latissima (S. latissima), Ascophyllum nodosum (A. nodosum) and grass as innovative substrates
respectively not yet fully utilised at full scale, have been analysed before and after treatment in term
of biomasses’ physical, chemical characteristics and methane production. In addition, the energy
balance of the two pre-treatment was investigated based on the results obtained.

1.2 Research questions
To address the aim, the following research questions have been formulated:
1. What are the physical (e.g. particles size distribution) and chemical (e.g. soluble COD) effects
of the two pre-treatments on the selected substrates?
2. How does the pre-treatments affect the AD process in terms of hydrolysis rate and methane
yields?
3. What is the impact of the cavitation and steam explosion respectively on the energy balance
of the AD process in this work (lab scale) as well as in full scale?

1.3 Boundary conditions
The project was completed at Scandinavian Biogas Fuels AB. Most of the laboratory work was
performed at the Scandinavian Biogas Fuels AB laboratory located at Linköping University (Linköping,
Sweden) while the steam explosion trials were completed at the heating plant of Borås Energi och
Miljö AB (Borås, Sweden). The cavitation equipment was provided by Efficiency Technologies Limited
8

(UK). Preliminary experiments to identify optimal hydrodynamic cavitation conditions were performed
on grass as it assumed to be representative for the other substrates in terms of physical characteristics
and are reported in Appendix A.
All experiments was performed in lab scale. Steam explosion was not applied on WAS and FW since
the availability was limited.
Due to confidentiality agreement between the parties involved in the project, some information are
omitted in the present report and can be obtained previous written request to Scandinavian Biogas
Fuels AB.
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CHAPTER 2: BACKGROUND
2.1 The AD process
Anaerobic digestion (AD) is a biological process where, in absence of oxygen, organic matters is
degraded to biogas by microorganisms (Figure 1). The biogas is a mixture of gases where methane
is the main compound (50-75%) follow by carbon dioxide (19-38%), nitrogen gas (0-5%), oxygen
(0-1%) and water (6% at 40°C). The overall AD process can be described in four phases: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis.
During hydrolysis complex polymers, carbohydrates, fats and proteins are degraded into soluble
monomers such as simple sugars, fat acids and amino acids, respectively. For substrates containing
more complex polymers, such as lignocellulose, this is the most desirable phase to optimize since
it becomes a rate limiting step. To obtain an effective hydrolysis some substrates needs pretreatment so that the biomass becomes more accessible for the microorganisms (Borgström,
2011). Subsequently, in the acidogenesis phase, the soluble monomers are converted into volatile
fatty acids, hydrogen gas, carbon dioxide, hydrogen sulfide, ammonia and other by-products. As
well as in hydrolysis the rate of this step is affected by the complexity of the polymers in the
substrates. The third step of AD mainly involves the formation of acetate. Here, the acetogens
catabolize the products from acidogenesis into acetate, carbon dioxide and hydrogen gas.
Subsequently, these products, together with the intermediate steps from hydrolysis and
acidogenesis, are converted into methane and carbon dioxide in the phase of methanogenesis.
The methanogens are slow growing microorganisms and for simpler substrates lacking complex
polymers, this step is the rate limiting. There are two possible ways of creating methane;
(I)

CO2 + 4 H2 → CH4 + 2H2O

(II)

CH3COOH → CH4 + CO2

Whereas the second one is the most important one for the microorganisms, though it uses acetate to
form methane and carbon oxide (Biarnes, 2015).
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Figure 1. Schematic picture of the anaerobic degradation process (illustrated with inspiration from De Mes et al. 2003).

2.2 Substrates
Various kinds of biomasses can be used as substrates for biogas production. Within conventional
substrates such as food waste, sewage sludge, stillage and manure are the conventional substrates
utilised in most full scale AD process. Under optimal digestion conditions, these substrates allow high
degradation rates (28.3- 88,6 %) and methane yields between 114 and 589 ml gVS-1 without the needs
of pre-treatments (Padgett, 2009; Elbeshbishy et al., 2012; Yoon et al., 2014; Yusof et al., 2014).
However, pre-treatments play a key role on process optimisation to short HRTs and to increase OLR in
existing digester volumes impacting operational condition and ultimately, profitability. Conversely,
straw, algae, grass, and glycerol from ethanol and biodiesel production as examples of nonconventional substrates, need pre-treatments to achieve high degradation rates in the AD process
(Taherzadeh et al., 2008; Hendriks et al., 2009; Coelho et al., 2014).
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2.2.1 Conventional substrates used in this project
Waste activated sludge (WAS) is the sludge taken out after biological step in the waste water treatment
process (Hellström et al., 2005). Browne et al. (2013) calculated the theoretical methane potential of
un-treated WAS to 406 ml CH4 gVS−1 and an BMP yield equal to 164 ml CH4 gVS-1 have been obtained
in a study of Nielfa et al. (2015) (Table 1). Both the theoretical and experimental values varies
dependent of the quality of the substrates used (Girault et al., 2012).
There is a wide variation of pre-treatment methods used whereas ultrasonic, mechanical, ozone,
thermal and ultrasound are the most common ones (Carrère et al., 2010). The aims of the pretreatments are to sterilize, decrease viscosity and/or to create deflocculating of the bacteria’s
(Ebenezer et al., 2015). Benefits are decreased retention time, volume and enhanced biogas
production (Kondusamy et al., 2014). For instance, in a study conducted by Kondusamy et al. (2014),
ozone treatment of sewage sludge increased the methane production from 82 to 173 ml gVS-1
Food waste (FW) is commonly used in the industry as a substrate for biogas production, partially due
to its’ high methane potential, theoretical (537 ml CH4 gVS−1) and experimental (419 ml CH4 gVS-1)
(Browne et al., 2013; Yusof et al., 2014) (Table 1). The composition and ratio between carbohydrate,
lipids and proteins can differ and this affects the biogas potential. FW can favour from pre-treatment
by obtaining a more complete degradation in AD and a faster hydrolysis. Today, mechanical pretreatments such as shredding and bead milling are commonly used. They homogenize and reduces
particle size which increases the surface and hereby the attachment area for the microorganisms in
hydrolysis. Izumi et al. (2010) reported that pre-treatment by bead milling on FW reduced the particle
size from 0.843 – 0.391 mm and increased the methane yield equal by 28 %. Pre-treatments such as
thermal, ultrasonic, alkali, biological and ozonation are also used. The composition highly effects what
kind of method is most efficient. (Kondusamy et al., 2014)

2.2.2 Un-conventional substrates used in this project
Macro algae, or seaweeds as they are also called, are a growing market whereas today they are
mostly used in medicine, for food and as fertilizer and in the processing of chemicals and
phycolloids (Santelices, 2007). Even though the macro algae have a fast growth rate, and inshore
and offshore digestion has been showed successful, there are problems with the local
environmental effects on the sea life. There are also a challenge to be able to obtain a high biogas
production and methane yield per VS in some of the macro algae, and then pre-treatment is
required. For macro algae mechanical treatment is mostly used (Popper et al., 2010; Allen et al.,
2015) (Popper et al., 2010). Un-treated nearshore algae have a lower experimental methane
potential than offshore algae and partly due to its’ hard crust, see table 1. It has also shown that
inshore macro algae such as A. nodosum contains a higher yield of polyphenols than offshore
macro algae such as S. latissma and that may inhibit the microorganisms in AD, especially the
12

methanogens. (Horn, 2000) The theoretical BMP yield for A. nodosum is 488 ml CH 4 gVS−1, although
rarely obtained due to the challenges previously mentioned (Allen et al., 2015). For S. latissma the
theoretical BMP yield is 422 ml CH 4 gVS−1 and an experimental BMP yield conducted in a study by
Vivekanand et al. (2011). Jard et al. (2013) studied the red algae Palmaria palmata, with a
theoretical methane potential similar to S. latissma equal to 350 ml CH 4 gVS−1, and the impact of
thermal and chemical pre-treatment. The addition of 0.04 g NaOH gTS -1 at a temperature of 20 °C
showed an increase in BMP, from an initial value equal to 308 ± 9 ml gVS-1 to 365± 9 ml gVS-1 for
the treated algae. (Jard et al., 2013) Thus, pre-treatment of algae has showed to enhance the
methane production.
Grass contains lignocellulose, a compound that is recalcitrant and just like macro algae needs pretreatment to be efficient in AD. Lignocellulose consists of cellulose, hemicellulose and lignin and the
fraction between them is different dependent on the plant species. Grass mostly contains
hemicellulose as well as extractives and inorganics (Popper et al., 2010; Karlsson et al., 2014). Pretreatment can cause release of lignin which can act inhibitory in the AD process (Taherzadeh et al.,
2008). The theoretical methane potential is 530 ml CH4 gVS−1 whereas the experimental methane
potential is 107 ml CH4 gVS−1 (Syngellakis, 2015) (Table 1).
A thermo-chemical pre-treatment on grass silage was conducted by Xie et al. (2011) and showed to
increase the BMP by 10- 38.9% at different conditions in comparison with un-treated grass silage.
Additionally, at some conditions, up to 65.6 % of the inhibiting compound lignin was removed.
Table 1. The theoretical and experimental BMP yield of conventional (WAS, FW) and non-conventional
(S.latissima, A.nodosum, grass) substrates. WAS= waste activated sludge, FW= food waste, S. latissima=
Saccharina latissima, A. nodosum= Ascophyllum nodosum.

Substrate
WAS
FW
S. latissma
A.
nodosum
Grass

Theoreticle BMP yield
(ml CH4 gVS−1)
406 b
537 a
422 d

Experimental BMP yield
(ml CH4 gVS −1)
164 c
419 b
223 d

488 e
530 f

41 g
107 f

a

(Yusof et al., 2014); b (Browne et al., 2013); c (Nielfa et al., 2015); d (Vivekanand et al., 2011); e (Allen et al.,
2015); f (Syngellakis, 2015); g (Kuci 2015)

2.3 Pre-treatments
Hydrodynamic cavitation offers new possibilities thus it is less energy demanding, has a simples
construction and less operational costs in comparison with acoustic cavitation that is commonly
applied today. In comparison with other pre-treatment no chemical are needed, the method can be
applied on several biomasses with different characteristics and enhances the methane production
13

(Gogate, 2010). Additionally, hydrodynamic cavitation is energy efficient and easy to upscale (Letcher
et al., 2014; CT, 2015). The application of steam explosion as a pre-treatment method has showed
promising for innovative substrates in terms of methane production enhancement. In comparison with
other pre-treatments used for this application today, steam explosion are applicable on several
biomasses, handling of acid and acid recycling are avoided and no chemicals are needed. Additionally,
thanks to the explosion effect, steam explosion disrupts solid residues from bundles to individual fibres
and hence good yields of hemicellulose with low degraded by-products are formed (Stelte, 2013).

2.3.1 Cavitation
Cavitation is the formation of vapour cavities in liquids and this take place in three steps:
expansion, refraction and explosion of the cavities. The process creates spots of high temperature
and forces released that can damage components in machines. For a long time cavitation has been
known for the damage it causes on components in machines and has therefor been an undesirable
occurrence (Escaler et al., 2006). But can also be an asset if something is intended to be degraded.
Hydrodynamic cavitation is induced by the passage of a liquid through a constriction such as an
orifice plate with one or multiple holes. The passage of the liquid through the constriction causes
an increase of the kinetic energy/velocity at expense of the pressure. After the constriction, a
pressure drop is formed which creates cavities. As the liquid expands, the pressure recovers and
this results in the collapse of the cavities, generating the forces and increase in temperature
(Gogate et al., 2001). In general, devices used for inducing hydrodynamic cavitation can be
controlled by changing different parameters such as orifice (size and shape), time, pump power,
pressure and flow (Parag et al., 2011). The process of cavitation can be seen in figure 2.

Figure 2. The schematic process of hydrodynamic cavitation.

Today, acoustic cavitation have been found promising as a method for pre -treatment of biomass.
Most studies, laboratory and full scale, has been done on WAS, and thus showing an improvement
in disintegration rates, biogas production, dewatering and biodegradability compared with other
thermal and chemical treatments. However, the advantages gained are diminished when looking
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at the energy required and the challenges adapting the equipment to the varied characteristics of
different biomasses (Letcher et al., 2014).
In the study of made by Lee et al. (2013) acoustic and hydrodynamic cavitation was evaluated in
the proposed to disintegrate WAS for biogas production. Compared with acoustic (180–3600 kJ/kg
TS) Hydrodynamic cavitation (60–1200 kJ/kg TS) found to consume significantly lower power.
Not only have hydrodynamic cavitation shown to be energy efficient, studies of waste activated
sludge and food waste have showed promising due to its’ ability of cell disruption which enables
more efficient biodegradability. (Chakinala et al., 2008; Gogate, 2010; Lee et al., 2013)
Additionally, studies of cavitation have showed that the extraction of organic compounds
contained in plants improves after treatment with cavitation, which is an indication of successful
degradation. Even though hydrodynamic cavitation has been shown to be efficient, still acoustic
induced cavitation is used as industrial practice. In the study conducted by Dular et al. (2015), their
opinion is that this can be due to lack of communication between researchers where engineers
sees cavitation as something harmful whereas the environmentalist concentrates on development
of acoustic cavitation.

2.3.2 Steam explosion
Steam explosion was used and patented as pre-treatment for wood biomass by William H. Mason as
early as 1926 (Mason, 1926). The general process of steam explosion consist of three steps; treatment,
explosion and the impact. In the first step the biomass is treated with hot steam (up to 240 °C) under
pressure (up to 3.5 MPa). During the explosion step the biomass is explosively decompressed which
results in a rupture of the fibres and cell walls. The rupture releases internal molecules that can interact
with each other (impact step), possibly causing further lysis or in the contrary making the molecules
stick together. Temperatures between 180-200 °C with exposure times 10- 15 minutes are
recommended for lignocellulosic materials (Stelte, 2013).
For the positive effects on the AD process, the advantage of steam exploded biomasses are that the
material becomes degradable, enables a faster biodegradability and possibly destroys the toxic
inhibitor lignin (if that is present in the biomass) (Pourmakhdomi, 2014).
The possible disadvantages can be that a formation of persistent and toxic compounds can occur at
high temperatures and/or that organic material may be lost during the treatment as well as that the
treated material becomes hygenizated (Carlsson, 2012).
A study conducted by Bauer et al. (2009) accessed steam explosion in lab scale as a possible pretreatment of straw and it showed to increase the methane potential by 20%. Steam explosion are
mostly used in a continuous process, and hence the effect of the pre-treatment is dependent on the
characteristics of the material and the design of the process (Carlsson, 2013). In full scale biogas
15

production the technique of steam explosion is mostly used in the treatment of waste water sludge
from municipal water treatment plants (Pickworth et al., 2006).
Additionally, steam explosion requires much energy due to the steam. Hereby, the energy needed for
the pre-treatment may not be justifiable in relation to how much additional energy is gained from it,
in the form of biomethane. To evaluate the feasibility energy balances therefor needs to be considered.
However, in continuous processes the steam can partly be reused to pre-heat the material and utilized
through heat exchange when the treated material is adapted to the digester temperature. (Kepp et al.,
2012)
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CHAPTER 3: MATERIALS AND METHODS
3.1 Biomass
The food waste was collected at Scandinavian Biogas plant in Sofielund, Stockholm in April 2015. The
waste activated sludge was collected at Henriksdahl waste water plant in April 2015. Both food waste
and sludge was stored at 4 C° before further treatment. Samples of the algae biomass was collected
from the Norwegian coastline outside Trondheim fjord by SINTEF, Saccharina latissima in June 2014
and Ascophyllum nodosum in July 2014. The seaweeds were washed onsite and then brought to the
laboratory of Scandinavian Biogas Fuels AB in Linköping and stored at -20 C° until utilisation. The grass
was harvested outside Linköping University in May and June 2015 and stored at 4 C° before utilisation.

3.1.1 Sample preparation
The TS of 5% was chosen after the preliminary experiments, see Appendix A.


FW was diluted with water to obtain a TS of close to 5%.



WAS was used without dilution, because it was already 5%.



The frozen algae was first mechanically treated by cutting with a scissor and then mixed in a
blender to obtain a particle size of approximately 0.5 cm2. Subsequently, water was added to
obtain a TS close to 5%.



The grass was cut with a scissor and then water was added to obtain a TS close to 5%.

3.2 Pre-treatment with hydrodynamic cavitation
3.2.1 Experimental setup
The cavitation system (Figure 3) counts on a PKm200 Perollo pump, operating at 220/240v, 13 A , two
connecting tubes, a pipe containing the orifice of specific diameter between 2 and 2.5 mm, a pressure
gauge and a separate 10 L container containing the biomass. It operates up to 10 bar pressure and the
plastic container operates at atmospheric pressure. The device is manufactured by Efficiency
Technologies, United Kingdom. To be able to start the pump the pipe was filled with approximately 0.5
L of water and then placed in the box with the diluted substrate (1.5 L) at which the cavitator was
started. The total volume in the system was 2 L and the pace of the solution through the system was
of 10 L/min. Both energy (source for device) and temperature was noted before and after cavitation,
the running time was two minutes (determined after the preliminary experiments, Appendix A). After
each run the cavitator was cleaned by running the system with clean water and then taken apart to
remove possible residue of current substrate.
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Figure 3. Hydrodynamic cavitation system with pump, two connecting tubes, a pipe containing the orifice, pressure gauge and
a 10 L container.

3.3 Pre-treatment with steam explosion
3.3.1 Experimental setup
The steam explosion system (Figure 4) consists of a funnel where the sample is poured down into a
small middle chamber connecting to pipes where the steam is coming to push the biomass into a larger
chamber (where the steam explosion occurs). The steam exploder is manufactured by Knislinge
Mekaniska, Knislinge, Sweden. The steam exploder operates at a temperature of 180- 230 °C at a
pressure of 20- 30 bar. (Sárvári et al., 2010)
The system was heated up to 230 °C at a pressure of 30 bar, this took approximately two minutes.
Then the biomass was added and left in the chamber for 10 minutes before collecting the sample. Two
different runs was done on each substrate, whereas the second run was later used for BMP-test. The
volume of the sample was expected to increase approximately 2.6 times and therefore the samples
were weighted before and after to determine dilution factor. (Sárvári et al., 2010)
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Figure 4. Steam explosion system operating operates at a temperature of 180- 230 °C at a pressure of 20- 30 bar. To the left is
the funnel where the sample is poured and to the right is the chamber where the sample is steam exploded.

3.4 Analysis of the substrates
3.4.1 Total solids (TS) and Volatile solids (VS)
TS was analysed according to Swedish Standard (SS-028113; 25) by evaporating the water with an oven
at a temperature of 105 °C for 20 hours leaving a dry matter. To analyse VS, the dry matter from the
TS analysis was left in a furnace of 550 °C for two hours. (Eurofins, 2003)

3.4.2 Particle size distribution (PSD)
The supernatant liquid from the same centrifugation as for sCOD was used, for each substrate. The
PSD analysis was performed using a laser that measures particle sizes between 10 nm to 5 mm,
connected to a computer. The PSD is essentially taking the physical measured value (i.e. scattered light,
settling rate) determining the diameter of the particles. Additionally, a container containing the sample
to place in the laser.
The laser (BI90) and computer was started according to standard procedure in BI90 manual (Lundmark,
2015). While the laser was warming up the samples was diluted 100 times, using 1 ml of sample and
99 ml of water. The diluted sample was poured into a container and placed in the machine. The first
round was started with 1000 cycles. When finished, the sample was taken out, carefully blended and
then put back for additionally 2 rounds of 1000 cycles. The data was collected and then cleared before
the next sample. (Lundmark, 2015)

3.4.3 Soluble chemical oxygen demand (sCOD)
Standard methods was used for estimation of soluble COD using Hach Lange GmbH LCK 514 kit
(Düsseldorf, Germany). The sample was homogenize by shaking and poured into falcon tubes and
centrifuged for 11 minutes at 10.000 rpm. The precipitation was discarded while the supernatant liquid
was filtrated in a Millipore filtrate setup with fiberglass filters and attached to a water suction. Some
samples was diluted and then the dilution was noted. The filtration was done when there was enough
filtrate for further analysis. The filtrate was poured into falcon tubes and the subsequent steps were
made according to the instructions on the kit.
19

3.5 Scanning electron microscope (SEM)
The influence of the pre-treatments of the structure of grass was evaluated by SEM. This was done to
evaluate the physical impact of the substrate after the treatments. The samples were freeze dried,
fractured and sputtered with 10 nm of gold. Samples were then imaged with LEO Ultra 55 FEG scanning
electron microscope (SEM) from Leo Electron Microscopy Ltd., Cambridge, England, operating an
acceleration voltage of 3 kV (Abrahamsson et al., 2014)

3.6 Batch biochemical methane potential test (BMP test)
The test was carried out in triplicates following the internal protocol from Scandinavian Biogas Fuels
AB, department of TEMA (Linköping). For all the batch tests digested sludge from Tekniska verken in
Linköping was used as inoculum. Specific amount of un-treated and pre-treated substrate to reach the
desired organic loading rate (Table 2) was poured in glass Serum bottles having a total volume of 330
ml, 20 ml of digested sludge, nutrients and water was added to obtain a total working volume of 100
ml. Each bottle was sealed with EPDM rubber stopper and constricted with aluminium screw cap. Each
sample was carried out in a triplicate. In the end the gas in the bottle was replaced with a mixture of
80% nitrogen and 20% carbon dioxide and put in a climate room at 37 °C. Control bottles with;
Whitman paper (cellulose), digester sludge and methane was also prepared and treated in the same
way. The cellulose was used to measure the activity of the inoculum.
To calculate the amount of methane and biogas produced, the average blank controls production
(inoculum + nutrients) was subtracted from the volume produced from the bottles with substrates.
Characteristics of the biomass added to the bottles can be seen in table 2.
Table 2. Characteristics of biomass and inoculum. The numbers of untreated biomass represents raw material
before dilution. U= un-treated, T= treated, OLR= organic loading rate
Biomass
Pre-treatment
TS (%)
VS (%)
OLR (g VS L-1)
WAS (U)
5.0
71
3.0
WAS (T)
Cavitation
3.2
71
2.9
FW (U)
5.8
91
4.3
FW (T)
Cavitation
3.6
90
2.6
S. latissima (U)
13*
60
5.9
S. latissima (T)
Cavitation
1.6
61
3.0
A. nodosum (U)
29.0*
69
6.4
A. nodosum (T)
Cavitation
0.8
73
2.6
Grass (U)
25*
89
5.0
Grass (T)
Cavitation
0.4
84
2.3
S. latissima (U)
12.3*
62
6.2
S. latissima (T)
Steam explosion
1.1
61
3.0
A. nodosum (U)
31*
74
9.1
A. nodosum (T)
Steam explosion
1.0
77
5.0
Grass (U)
16*
90
2.4
Grass (T)
Steam explosion
0.5
91
3.5
Inoculum
2.7
64
*raw sample. A 5% TS content was achieved before pre-treatment.
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3.7 Kinetic analysis
A kinetic analysis was done to determine the degradation rate of respectively biomass from the BMPtest according to Allen et al. (2015). Following equation (1) was used for the calculation;

Y( )=

· (1 −

(− )

)

(1)

Y(t) is the accumulative biomethane yield (ml CH4 gVS−1) at digestion time t(days), Ym is the maximum
biomethane potential (ml CH4 gVS−1) of the biomass added and K is the growth constant (days-1). (Allen
et al., 2015)

3.8 Biodegradability
The biodegradability index gives an indication of how much the biomass that have been degraded
during AD. It is calculated by dividing the theoretical BMP value divided by the BMP value yielded in
the experiment according to Ometto et al. (2014).

3.9 Energy balance
The energy balance of each pre-treatment was evaluated by considering the ratio between the energy
input and the energy output (Ei/E0). Values lower or equal to one represent neutral or positive energy
balance, respectively. (Ometto et al., 2014)

3.9.1 Hydrodynamic cavitation
The energy input was measured with a power meter during pre-treatment.
Ei (kJ gVS-1) for cavitation was calculated using equation 2:
=

∗

(2)

∗

where P represents the power (Watt), t the pre-treatment time (seconds), V the biomass volume
(millilitres) and VS the volatile solid concentration (g l-1).
E0 for cavitation was calculated with equation 2 (Ometto et al., 2014).

3.9.2 Steam explosion
The energy balance was estimated based on a case study on A. nodosum using equations from the
study conducted by Ometto et al. (2014).
The energy balance of each pre-treatment was evaluated by considering the ratio between the energy
input and the energy output (Ei/E0). Values lower or equal to one represent neutral or positive energy
balance, respectively.
E0 (kJ g VS-1) was calculated with equation 2 and Ei (kJ gVS-1) with equation 3.
=

∆

(3)
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∆ represents the increase of methane content expressed in ml CH4 gVS-1 and is the methane heating
value (35,800 kJ m CH4 -3).
Ei =

Ƿ∗ ∗ ϒ∗

∗(

∅)

(3)

The specific density of the algae suspension (Ƿ ) was assumed equal to that for water (1 g ml-1). The
volume (V) was 2 L and the specific heat (ϒ) is 4.18 * 10-3 kJ g-1 °C -1. The initial temperature (T0) was
20.3 °C before hydrodynamic cavitation and 80.0 °C before steam explosion. Tp represents the pretreatment temperature for steam explosion and hydrodynamic cavitation which was 210 °C and 44.2
°C, respectively. Heat recovery efficiency (φ) was assumed equal to 85% and heat losses were assumed
negligible (Ometto et al., 2014).
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CHAPTER 4: RESULTS AND DISCUSSION
4.1 Characteristics of the biomass
After cavitation, visible changes of the treated material in comparison with the un-treated were
reduction of particle size, lower density and a more homogenized biomass. A small amount of large
particles and fibres were still visible after treatment for the unconventional substrates (S. latissima, A.
nodosum and grass).
Similar observation were possible after steam explosion. However, after treatment of A. nodosum, no
residual materials or bigger particles could be seen, there was only a homogenized brown liquid. For
S. latissima some residual materials could be seen, the density decreased and the biomass transformed
to a homogenized brown liquid. During steam explosion the volume of the sample increased by
approximately 2.6 times due to condensation of the steam. Effects from steam explosion can be seen
in Appendix C.
A similar study where steam explosion was used as a pre-treatment on spruce and birch showed similar
physical impact (Uzelac, 2014).

4.2 Particle size distribution
The impact of the pre-treatment on particle size distribution was evaluated by comparing the mean
diameter value between treated and un-treated sample. Smaller particle size provides larger surface
area, thou expects to enhance the process of AD and the biodegradability of the biomass (Rajabu et
al., 2015). After hydrodynamic cavitation treatment a reduction in particle size could be seen on all the
substrates (Figure 5). The highest impact, after two minutes of cavitation, were seen on FW, S.
latissima and A. nodosum, with a reduction of particle size equal to 77, 76 and 68%. The reduction on
the particle size of WAS and grass showed a similar impact, relative to each other, equal to 35 and 47%,
respectively. The particle size after pre-treatment of all the substrates ranges from 277 and 327 nm.
Regardless of initial distribution (489-1344 nm) it seems the all the substrates particle sizes are similar
after cavitation. This is an indication that cavitation successfully reduces the particles which would be
advantageous in subsequent process of AD. Sonawane et al. (2010) could also see that effect of
hydrodynamic cavitation resulted in a particle reduction. In the study nano calcite was used and after
hydrodynamic cavitation a reduction equal to 37 nm (-29%), using an orifice size of 1 mm, could be
seen.
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Figure 5. Mean particle size (diameter) before and after cavitation for WAS, FW, S. latissma, A.
nodosum and grass.

For steam explosion, the particle size of the un-treated substrates ranges from 815 to 1149 nm,
whereas the range of the treated substrates ranges from 230- 488 nm (Figure 6). With steam explosion
as treatment the highest impact on particle size was seen on A. nodosum, with a reduction equal to
77%. The impact on S. latissma and grass showed to be a particle size reduction of 57 and 40%,
respectively.
The visible effect of A. nodosum (mentioned in section 4.1) after steam explosion was that no bigger
particles could be seen in the homogenized liquid, while in the case of the other two, grass and algal
fibres were detected. Even on that visible level the effectiveness could be seen and the reduction of
particle size may be a confirmation of the effectiveness on nanoscale as well.
Uzelaz (2014) conducted a comparative study of steam explosion pre-treatment on birch and spruce
were the particle size (diameter) of the biggest particles, were reduced by 38%.
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Figure 6. Mean particle size (diameter) before and after steam explosion for S.latissma, A. nodosum and grass.

After two minutes of treatment, hydrodynamic cavitation caused a reduction to smaller particles for
both S. latissma (1173- 277 nm) and grass (538- 281 nm), than after 10 minutes of steam explosion
treatment on S. latissma (1149- 495 nm) and grass (815- 488 nm). Whereas in the case of A. nodosum
steam explosion treatment caused a smaller particle size (995- 230 nm) than hydrodynamic treatment
(1053- 327 nm). This is interesting since hydrodynamic cavitation is seen as a low energy demand
treatment whereas steam explosion is seen as a high energy demand, and hence hydrodynamic seems
to be more effective in particle size reduction for two substrates and almost as effective in one.
After the investigation of the particle size, the pictures from SEM further confirms there is an effect
from the pre-treatment of both cavitation and steam explosion. Un-treated grass (Figure 7) indicates
a braided canvas with only a few broken fibres. In the second SEM picture (Figure 8) the impact of
hydrodynamic cavitation can be seen. Some structure has broken up and some seems to be in intact.
The same type of impact is observed the grass treated with steam explosion (Figure 9), since more
structure seems to be broken than intact. Both pre-treatments have an impact but hydrodynamic
cavitation has a more superficial degradation than steam explosion. More SEM picture can be seen in
Appendix B.
Overall, in comparison with other literature mentioned, this shows that both treatments effect the
particle size, hence the surface area of the particles which would be beneficial in the subsequent AD
process. Even though the pictures from SEM indicates that steam explosion degrades the surface more
fully in comparison with cavitation the impact on finer particles (measured in particle size distribution)
seems to be greater after cavitation.
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Figure 7. SEM picture of un-treated grass.

Figure 8. SEM picture of grass treated with cavitation.

Figure 9. SEM pictures of grass treated with steam explosion.
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4.3 Soluble chemical oxygen demand (sCOD)
The effect of hydrodynamic cavitation on soluble COD differed between substrates (Figure 10) with
grass being the one showing the highest impact. Starting from an initial value of 1389 mg/l, after two
minutes of cavitation, the sCOD increased to 8047 mg/l (+41%). Similar behaviour was observed with
the macroalgae A. nodosum. The pre-treated increased the sCOD from 1389 mg/l to 8047 mg/l (+20%).
In contrast, the sCOD of S. latissma decreased after hydrodynamic cavitation from 15341 mg/l to 12874
mg/l (-16%). The effect of the pre-treatment on sCOD for WAS and FW can be counted as none at all,
from 4132 mg/l to 4220 mg/l (+2%) and 38865 mg/l to 38578 mg/l, respectively.
In contrast with available literature data where cavitation increased sCOD due to the disintegration
and release of intra- and extracellular components, our study did not show any significant increment.
Machnicka et al. (2008) used a similar hydrodynamic cavitator. After 15 minutes of treatment the sCOD
increased from 42- 136 mg/l (+69%). The conclusion of the study was that the sCOD increased with
increased time of cavitation. It may be that two minutes of cavitation was too little time for the
disintegration of the flocs in WAS to occur and therefor no increase of sCOD could be seen. In another
study, in the purpose of evaluating cavitation as pre-treatment on complex/recalcitrant
biomethanated distillery wastewater, the COD decreased (-32.24 %) with a biodegradability at 0.32,
after treatment (Padoley et al., 2012). The result varies in different studies and that is dependent on
the characteristics of the sludge used in the experiments.
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Figure 10. sCOD results from WAS, FW, S. latissma, A. nodosum and grass taken before and after two minutes of treatment
with cavitation.

After 10 minutes of steam explosion, the soluble COD increased for all the substrates (Figure 11). The
impact on grass showed to be the highest. Un-treated grass had an initial sCOD of 9364 mg/l which
increased to 29746 mg/l (+69%) after treatment. The pre-treatment on S. latissima also showed a high
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impact, with an initial value of 22237 mg/l and after treatment 49910 mg/l (+55%). Similar effect was
seen on A. nodosum, with sCOD increasing from 18015 mg/l to 36483 mg/l (+51%).
A similar steam explosion system was used as a pre-treatment on thickening waste activated sludge
(TWAS), bio solids and a mixture of both. The experiments were conducted at 150 psi (~10 bar), 300
(~20 bar) and 600 psi (~40 bar) at the temperatures 180, 220 and 260 °C, respectively. The impact of
the treatment showed to enhance both sCOD release and methane production with increased
intensity. The largest different could be seen when the intensity was changed from 150 to 300 psi
(+80% in sCOD in comparison with un-treated TWAS) whereas the increased intensity from 300 to 600
psi did not substantially increase the release of COD. It seems that the intensity used on the steam
explosion in this report was a nice level to stay at to obtain the most release of sCOD if one should take
into account that higher intensity also demands more energy.
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Figure 11. sCOD results from samples taken before and after treatment with steam explosion.

From steam explosion the results were clear, all of the substrates got higher sCOD values, whereas the
results from cavitation were shattered. Overall, even though A. nodosum and grass showed an increase
it seems that steam explosion showed a higher and more consistent impact in terms of sCOD release.
The powerful characteristics of explosion in steam explosion are able to rupture the cell walls more
than hydrodynamic cavitation. This can also be seen in the SEM pictures (Figures 7, 8 and 9).

4.4 Biochemical methane potential (BMP)
During 60 days of digestion, the impact of BMP varied between the substrates and the pre-treatments.
For hydrodynamic cavitation, two substrates showed an increase of BMP, A. nodosum and WAS, while
FW stayed the same. The BMP value of S. latissima and grass decreased.
After steam explosion, all of the substrates showed an increased BMP yield with A. nodosum being the
one with the highest.
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4.4.1 Hydrodynamic cavitation
After 60 days of digestion, A. nodosum showed the highest increase of BMP yield. The initial value at
63 ± 23 ml CH4 gVS−1, increased to a BMP value equal to 113 ± 5 ml CH4 gVS−1 (+44%)(Figure 12).
Additionally, the biodegradability index increased from 0.13 to 0.23 after treatment (+44%) (Table 3).
According to Horn (2000) the pre-treatment of macro algae often releases polyphenols which causes
inhibition of AD due to its´ toxicity to the microbes (Horn, 2000). An inhibition can be an explanation
to why the biomass had a low biodegradability index, since polyphenols may have been released during
cavitation treatment.
Pre-treated WAS also got an increase in BMP value after 60 days of digestion. The initial value for untreated of 347 ± 6 ml CH4 gVS−1 increased to 460 ± 35 ml CH4 gVS−1 (+25%) (Figure 12). Additionally,
there was a difference in the slope of the curves (Figure 13), which implicates a faster hydrolysis for
the pre-treated WAS. The comparison between the biodegradability indexes for un-treated (0.85) and
treated (1.13) shows there is also an increase of degradation of the biomass treated with cavitation by
25% (Table 3).
The impact from cavitation on WAS is mainly the deflocculating of bacteria flocs which is beneficial in
the subsequent AD process. Maeng (2010) used a comparable hydrodynamic cavitator and also
obtained an increase of methane production equal to 24 % on the treated WAS. In a similar study,
conducted by Hidalgo et al (2012), different kinds of substrates were treated with acoustic cavitation.
All the substrates benefited from the pre-treatment and improved the AD process by a factor of 1.10–
2.54, whereas WAS improved by a factor of 1.47. Even though this is not the same type of cavitation,
it is a comparative study which shows the effectiveness of the pre-treatment method. These
comparable studies further indicates the positive impact from hydrodynamic cavitation on WAS in
terms of increasing the methane production as well as kinetics and biomass degradation.
Treated and un-treated FW showed similar BMP value equal to 620 ± 60 ml CH4 gVS−1 (Figure 12).
Additionally, the biodegradability index, a division between the theoretical value (537 ml CH4 gVS−1)
and the BMP yield in the experiment, did not show any change, 1.16 for un-treated and 1.15 for treated
(Table 3). This can be due to the challenges getting a homogenized and representative sample during
preparation in the batch bottles, which is indicated by the high level of error. As mentioned in the
background the methane potential is depended on the composition of the food waste and can differ a
lot between samples. The small amount of food waste used in the batch bottles therefore may have
not been equal representative (Bissmont, 2015). However, a significant difference in the slope of the
curve can be seen, indicating a more rapid hydrolysis for the treated sample (Figure 13). This could be
a proof that the pre-treatment have worked it purpose to degrade the biomass to make it more
available for the microorganisms in the first step of AD, even though there was no change in the
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biodegradability index. By obtaining a faster hydrolysis the total time of the AD process can be reduced,
hence produce methane more effectively.
For the macro algae S. latissima, the BMP value decreased by 18 % after the treatment of two minutes
hydrodynamic cavitation (Figure 12). Un-treated S. latissima obtained BPM values equal to 308 ± 6 ml
CH4 gVS−1, whereas after treatment, 260 ± 9 ml CH4 gVS-1, (-18%), which may be due to the release of
inhibiting molecules such polyphenols after cavitation treatment. (Horn, 2000) With theoretical BMP
yield (420 ml CH4 gVS-1) the biodegradability index was calculated to 0.72 for un-treated and 0.62 for
treated (Table 3). These results from the BMP test states that the degradation of the biomass during
AD was less completed on the treated samples, hence caused by a possible inhibition of the microbes.
(Horn, 2000) There was no visible change in the slope of the curve indicating any change of hydrolysis
rate between un-treated and treated samples (Figure 14). This is also indicated by the rate constant
(K) that only increased from 0.28 for un-treated biomass to 0.29 for pre-treated (Table 3).
Similar to S. latissima, the impact of hydrodynamic cavitation was not beneficial for the BMP yield of
grass. Un-treated grass produced 417 ± 7 ml CH4 gVS-1, whereas treated produced 323 ± 8 ml CH4 gVS1

(-29%) (Figure 12). As discussed in the background of grass as a substrates, lignin may be released

during pre-treatment, hence later inhibiting the process of AD. Additionally, the comparison of this
experimental BMP yield to the theoretical BMP value at 530 ml CH4 gVS-1, showed an biodegradability
index equal to 0.79 for un-treated and 0.61 for treated (-23%) (Table 3). The decrease in
biodegradability, further proves an inhibition of AD may have occurred with the samples that were
pre-treated.
For S. latissima, A. nodosum and grass hydrodynamic cavitation have not been tested before since it is
an innovative pre-treatment method. Hence, no available comparable data have been found in the
literature. However, studies with acoustic cavitation as pre-treatment have been made on microalgae.
Alzate et al. (2012) compared three different pre-treatments on microalgae, whereas one of those
where acoustic cavitation. Similar to this study, acoustic cavitation pre-treatment did not show any
significant impact on the methane production, only a slight increase. In another study, conducted by
Samson et al. (1983), a combination of acoustic cavitation and mechanical treatment were used as a
pre-treatment on microalgae which resulted in a decrease in methane production.
Both of these studies mention that the results are different depending on the species of the
microalgae, which is the case when it comes to different species of macroalgae as well. Hydrodynamic
cavitation may not be suitable as a pre-treatment for all species of macroalgae but in some cases a
combination of pre-treatments may be successful.
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Figure 12. The BPM yield of WAS, FW, S. latissima, A. nodosum and grass before and after treatment with cavitation.
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Figure 13. The BMP yield before and after cavitation, for WAS and FW. Out of the 60 days of digestion the first 30 days are
presented.
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Figure 14. The BMP yield before and after cavitation for S. latissima, A. nodosum and grass. Out of the 60 days of digestion
the first 30 days are presented.

4.4.2 Steam explosion
The impact on the BMP value, after 10 minutes of steam explosion, showed to be most beneficial for
A. nodosum, an increase from 37 ± 1 ml CH4 gVS-1 for un-treated algae to 209 ± 15 ml CH4 gVS-1 for
treated (+86%) (Figure 15). Similar, the biodegradability index significantly increased by 86% for the
pre-treated sample (0.43) than for the un-treated (0.06) (Table 3). This was calculated in comparison
with theoretical BMP value of A. nodosum (488 ml CH4 gVS-1). Additionally, there is a significant change
in the slope of the curve for treated sample, indicating an increased rate of hydrolysis (Figure 16).
Grass also showed to benefit from steam explosion pre-treatment. After 60 days of digestion, untreated produced 355 ± 13 ml CH4 gVS-1, whereas treated produced 412 ± 44 ml CH4 gVS-1
(+14%)(Figure 15). Additionally, the slope of the accumulated methane production in figure 16 does
indicate a slightly faster hydrolysis of the pre-treated biomass. In comparison with the theoretical BMP
value of grass (355 ml CH4 gVS-1), the impact of the biodegradability index from this experiment
increased by 14 % (0.67- 0.78) after steam explosion (Table 3). A similar result was conducted from a
study where the biogas yield increased by 13.8%, which is comparable with the biogas production
enhancement in this report, see Appendix D. (Brückner et al., 2007)
The BMP value of steam explosion treated S. latissma also increased but only showed a moderate
increase equal to 4% (Figure 15). During 60 days of digestion, the BMP value of S. latissma increased
from the initial 327 ± 6 to 341 ± 9. Additionally, the slope of the accumulated methane production in
figure 16 indicates a higher hydrolysis rate of the pre-treated. In comparison with the theoretical BMP
value of S. latissma (422 ml CH4 gVS-1) the biodegradability increased from 0.77 to 0.81, which is equal
to 5% (Table 3).
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Figure 15. The BMP yield of S. latissma, A. nodosum and grass, before and after treatment with steam explosion.
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Figure 16. The BMP yield before and after steam explosion, during 60 days of digestion, for S. latissma, A. nodosum and grass.
Out of the 60 days of digestion the first 30 days are presented.

To get some sense of the impact of steam explosion on WAS from a study made by Bougrier et al.
(2007) can were used. A system called CAMBI was used and the steam explosion was operated at a
temperature of 190 °C. It was found that the biogas rate increased by 25% and this is comparable to
the biogas production from hydrodynamic cavitation in this thesis, where the increase of biogas was
equal to 17% (Appendix D).
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There is a difference in the BMP value between the un-treated grass in the experiment on steam
explosion and the one in hydrodynamic cavitation and the reason for this is that the grass is not of the
same species and have been cut at different times. Hence, this can affect the methane production
since the composition of compounds differs (Lehtomäki, 2006).
In a study conducted by Martin-Sampedro et al. (2011) removal of lignin and hemicellulose was
observed after steam explosion treatment and this can be the reason why steam explosion obtains
better results in terms of BMP value than the biomasses treated by cavitation. However, the BMP
value do not give a full picture of the impact of the two treatments. Both S. latissima and grass
increased their kinetics after the treatment of cavitation whereas the kinetics decreased after steam
explosion (Table 3).
A. nodosum was the biomass that benefited the most from both treatments and this showed in all
analysis and in the final BMP-test. Between steam explosion and hydrodynamic cavitation steam
explosion increased the BMP value the most.

4.4.1 Kinetics and biodegradability index
The biodegradability index and the rate constant (K) combined offers a wider perspective on the
results. An increase of K indicates that the rate of AD has increased and the biodegradability index tells
the degree of degradation of the biomass during AD.
After two minutes of hydrodynamic cavitation, K increased for FW (+64%), S. latissima (+3%) and grass
(+16%), unlike the values for biodegradability index for the same biomasses, that decreased. That is,
for these three biomasses pre-treated with cavitation, the kinetics increased even though it did not
increase the biodegradability. Additionally, the BMP value of both S. latissma and grass degreased after
cavitation (Table 3).
The pre-treatment with cavitation on A. nodosum decreased K (-17%) while the biodegradability
increased by 43% which resulted in the increase of BMP value. WAS had an increase in biodegradability
index (+25%) but had the same K value (0.16) and got a higher BMP value after pre-treatment of
cavitation. In a study conducted by Kavitha et al. (2016), were acoustic cavitation was used on sludge,
the K value increased from 0.14 to 0.19 (+26%). Additionally, the same treated sludge obtain a
biodegradability equal to 73 % higher than the untreated biomass, and hence obtain a more efficient
AD process. This is proof that the disintegration of the flocs has been successful which was also
concluded in the study.
The results from S. latissima, A. nodosum and grass shows that they may contain compounds that are
non-biodegradable such as lignin and phenols, and hence slows down the process of AD and also
inhibits the degradation in the case of S. latissima and grass.
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After 10 minutes of steam explosion, K increased for S. latissima (+50%), and A. nodosum (+66%)
whereas the K for grass decreased (-37%). Additionally, the biodegradability index increased for all
three. (Table 3)
In a study, conducted by Liu et al. (2001), municipal solid waste (MSW) was pre-treated with steam
explosion an obtained an increase in VS reduction by 40 % as well as an increase in methane production
equal to 40%. MSW contains a varied range of materials, there among lignocellulosic compounds. Liu
et al. (2001) reported that steam explosion successfully degraded the lignocellulosic compounds in the
experiments. However, as mentioned earlier, steam explosion of lignocellulosic materials may release
compounds toxic in the AD process and the results varies depending on the substrate used. As in the
case of hydrodynamic cavitation, the impact of steam explosion varies.
Table 3. Biodegradability index for WAS, FW, S. latissima, A. nodosum and grass. The biodegradability index was
calculated by dividing the BMP yield by theoretical BMP yield.

Biomass

Un-treated
Biodegradability
index
K (days-1)

Cavitation
WAS
FW
S. latissma
A. nodosum
Grass
Steam
explosion
S. latissma
A. nodosum
Grass

Pre-treated
Biodegradability
index
K (days-1)

0.85
1.16
0.72
0.13
0.79

0.16
0.06
0.28
0.12
0.21

1.13
1.15
0.62
0.23
0.61

0.16
0.17
0.29
0.10
0.25

0.77
0.08
0.67

0.13
0.21
0.27

0.81
0.43
0.78

0.26
0.61
0.17

4.5 Energy balance
To evaluate the efficiency of a pre-treatment method in terms of energy demand the additional
methane yield gained after treatment is compared with the energy required. A lot of information can
be obtained from lab-scale conditions but it should be remembered that the conditions differ from
those in full scale mainly due to different equipment used. Energy demand from the equipment as well
as the values obtained from the BMP-tests are not equivalent to full scale conditions and hereby
comparable data in important to use for the evaluation (Montgomery et al., 2014).

Both in the case of hydrodynamic cavitation and steam explosion the additional methane production
gained was sufficient to balance the energy required to pre-treat A. nodosum. Assuming that the
hydrodynamic cavitation operate at 1kW and the steam explosion require energy to heat the biomass
from 20 to 210 °C, the Ei/E0 ratio calculated for hydrodynamic cavitation got a value equal to 0.96 and
for steam explosion 1.11. This indicates a positive energy balance for hydrodynamic cavitation whereas
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the treatment of steam explosion was not sufficient for the methane gained during the BMP-test (Table
4). This also shows that hydrodynamic cavitation is more energy efficient as pre-treatment than steam
explosion. However, higher installed power for the hydrodynamic cavitator and a higher starting
temperature point in the steam explosion generate different Ei/E0 (Table 4). In the first case, higher
energy demand increase the Ei/E0 up to 1.82 a value higher than the one observed with steam
explosion. On the contrary, steam explosion showed an Ei/E0 reduction when increasing the starting
temperatures.
Lee et al. (2013) compared the energy required from different pre-treatments (thermal, alkaline,
acoustic cavitation and hydrodynamic cavitation) on WAS and found that hydrodynamic cavitation
found to consume significant lower power than the other methods. The experiments were made in
laboratory scale but Lee et al (2013) also found that hydrodynamic cavitation was the easiest to scale
up.
Sárvári et al. (2010) conducted a study where the impact, as well as energy balances, of steam
explosion on different biomasses was evaluated. The calculation included that some of the heat from
steam explosion could be used to heat up the AD reactor. This would require a continuous steam
explosion that is attached to the reactor. Considering this, steam explosion could be a feasible pretreatment.

As estimated in table 4, full scale hydrodynamic cavitation could be more efficient than steam
explosion in terms of energy balance. Several studies such as Lee et al (2013) as well as Capocelli et al.
(2014) has also presented that hydrodynamic cavitation is more efficient than the comparable acoustic
cavitation. Hence, making hydrodynamic cavitation the most promising full scale pre-treatment.

Table 4. Energy balance (Ei/E0) of the pre-treatment methods steam explosion and hydrodynamic cavitation at
different starting temperatures and energy demands, respectively.

Steam explosion

Hydrodynamic cavitation

T0 (°C)

Ei/E0

Energy (watt)

Ei/E0

20

1,11

1000*

0,96

**

30

1,05

1200

50

0,93

1500

80

0,76

1800

*

***

1,15
1,44
1,72

expected value for full scale installation according to Scandinavian Biogas Fuels AB provided information
as reported by Lee et al. (2013)
***
consider measured value in present work
**
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CHAPTER 5: CONCLUSIONS
Overall, hydrodynamic cavitation was demonstrated as an effective pre-treatment for AD. Compared
with steam explosion, hydrodynamic cavitation showed potential of being 14% more efficient in terms
of energy balance as well as it allows higher impact of particle size reduction and methane production,
depending on the specific substrate adopted. In terms the advantages from the pre-treatments in AD,
both hydrodynamic cavitation and steam explosion showed increased rate constant as well as
increased biodegradability for most of the substrates, in comparison with un-treated biomass.
Main conclusions of the thesis can be summarized as followed:


Both pre-treatments had a significant impact of the biomass quality. While hydrodynamic
cavitation allowed higher particle size reduction (74 % on average), steam explosion showed
higher sCOD value within all tested substrates.



Hydrodynamic cavitation appeared to affect the biomass structure on the surface causing
superficial damage, while steam explosion caused a more complete damage.



The highest impact on methane production was showed after steam explosion pre-treatment
(35 % on average) with a faster AD process in terms of rate constant (days -1) for S. latissima
(+50%) and A. nodosum (+66%). While hydrodynamic cavitation enabled an increment in the
AD rate (K) for FW (+63%), S. latissima (3%) and grass (+16) despite a reduction in degradability
index for the same biomasses.



In terms of energy balance, hydrodynamic cavitation has the potential to be 14% more
efficient in comparison with steam explosion at the investigated laboratory-scale operational
conditions and substrates.
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CHAPTER 6: FUTURE WORK
For some substrates, such as WAS, hydrodynamic cavitation could be implemented today as a pretreatment method. However, more studies are needed to evaluate the design of the equipment as
well as the process parameters. In particular, different orifice size, cavitation time and TS% can lead to
different outcomes showing higher or lower biomass degradation rates. This thesis was based on
results conducted at lab scale, pilot scale trial are needed to demonstrate the benefit of this technology
at full scale AD plants. In particular, the effective energy demand of the hydrodynamic cavitation needs
to be evaluated to validate the observed benefits.
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Appendix A
A.1 Determination of most suitable TS% with grass
The grass was first prepared and cut with a scissor. For this preliminary experiment of different TS %
water was added to obtain a TS of 2, 5, 7, 9 and 11%. The hydrodynamic cavitation pre-treatment was
conducted according to procedure from section 3.3.1.
The experiment on the TS level of 11 % could not be completed since clogging occurred after a few
seconds; hence there is no data from this trial. The limit for the equipment seems to be at a level of
<10% TS which was also the recommendation from the manufacture. Difficulties in terms of clogging
started to occur at a level of 7% TS and the pump had to be restarted a few times on the higher levels.
The results from the sCOD analyse showed that the sCOD release increased with increased TS% up to
7 % whereas it decreased at a level of 9 %. This can be due to the difficulties with clogging at this level,
hence optimal impact may not have been obtained.
The final chose of TS was 5% as there was no problems with clogging at this level and a significant
increase in sCOD could be seen.
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Figure 17. sCOD results from testing different TS% with grass.
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Appendix B
B.1 Scanning electron microscope pictures of un-treated grass at different
magnitudes.

m j bhj
kf hgj hf gj hfkj f g

Figure 18. SEM pictures of un-treated grass at different magnitudes (Mag): a) Mag 62 X, b) mag 165 X, c) mag 530 X, d) mag
3.16 K X, e) mag 11.73 K X, f) mag 23.05 K X.
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B.2 Scanning electron microscope pictures of grass pre-treated with cavitation at
different magnitudes.

Figure 19. SEM pictures of grass treated with hydrodynamic cavitation at different magnitudes (Mag): a) Mag 134 X, b) mag
117 X, c) mag 279 X, d) mag 1.41 K X, e) mag 733 K X, f) mag 4.97 K X.
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B.3 Scanning electron microscope pictures of grass pre-treated with steam explosion
at different magnitudes.

Figure 20. SEM pictures of grass treated with steam explosion at different magnitudes (Mag): a) Mag 343 X, b) mag 346 X, c)
mag 488 X, d) mag 2.09 K X, e) mag 3.82 K X, f) mag 2.92 K X.
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Appendix C
C.1 Visible changes of the impact of steam explosion
Visible changes of the impact of steam explosion before and after treatment can be seen in figure 21.

Figure 21. The images show un-treated biomasses and biomasses treated with steam explosion. a) Un-treated S. latissima, b)
un-treated A. nodosum, c) un-treated grass, d) treated S. latissima, e) treated A. nodosum, f) treated grass.
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Appendix D
D.1 Biogas production during 60 days of digestion in batch bottles
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Figure 22. Biogas production from WAS and FW, before and after hydrodynamic cavitation, during 60 days of digestion.
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Figure 23. Biogas production from S. latissima A. nodosum and grass, before and after cavitation, during 60 days of
digestion.
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Figure 24. Biogas production from S. latissima A. nodosum and grass, before and after steam explosion, during 60 days of
digestion.
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