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Abstract  

 
To increase profitability for biogas production, new innovative substrates and condition of operations 

needs to be implemented. At the current state, fats, oils and greases (FOGs) represent a promising 

substrate even though it brings operational challenges to the anaerobic digestion process. By utilizing 

hydrodynamic cavitation (HC) as a pre-treatment of the FOGs, the efficiency of FOGs’ co-digestion with 

wastewater sludge can be significantly improved. Preliminary experiments conducted on oil and water 

demonstrates that the HC pre-treatment improves the oil solubilisation as well as forms stable oil and 

water emulsion that last for several hours. The pre-treatment also improved the soluble chemical 

oxygen demand (COD) of biosludge (BiSl) by up to 115% and the initial degradation rate by up to 35%. 

In a semi-continues system, this allowed a significant increment in the specific methane yield 

depending on the organic loading rate (OLR) applied1. With sufficient process optimization, the HC-

pre-treatment may prove to be an energy efficient and effective pre-treatment of FOGs. 
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Abbreviation 
 

AD Anaerobic Digestion 
BiSl Biosludge 
BMP Biochemical Methane potential 
CI Confidence Interval 
COD Chemical Oxygen Demand 
CSTR Continuous Stirred Tank Reactors 
DS Digester Sludge 
GC-FID Gas Chromatography Flame Ionization Detector 
GHGs Greenhouse Gases 
GTW Grease Trap Waste 
HC Hydrodynamic Cavitation 
HRT Hydraulic Retention Time 
IS Internal Standard 
LCFA Long Chain Fatty Acid 
MTBE Methyl Tertiary-Butyl Ether 
OLR Organic Loading Rate 
PrSl Primary Sludge 
SAA Surface Active Agents 
SCADE Semi-Continues Anaerobic Digestion Experiment 
SRB Sulfur Reducing Bacteria 
ThOC Theoretical Oil Concentration 
TS Total Solids 
WAS Waste Activated Sludge 
VFA Volatile Fatty Acids 
VO Visual Observation 
VS Volatile Solids 

 

  



2 

Chapter 1: Introduction 
 

In the last decades, Sweden has achieved several environmental targets. At the moment, Sweden aims 

to reduce the emission of greenhouse gases (GHG) by 40% in 2020 compared to 1990. Moreover, 

Sweden also aims to a non-fossil dependent fleet by 2030 and a zero net GHG emission by 2050. (IGU, 

2015). To achieve these goals, the current renewable energy sources and the energy recovery needs 

to be expanded as well as developed. 

By recycling the organic waste, such as food waste, manure and sewage, it is possible to improve 

the waste management and increase the production of renewable energy. This energy can be 

harnessed through a biological process known as anaerobic digestion (AD). The microorganisms in AD 

can transform complex biological structures into biomethane, a sustainable energy carrier utilized in 

the transportation sector as well as for heat and power generation.  

Municipal wastewater sludge represents one of the major organic sources for biogas production. 

In Sweden, the wastewater treatment plants (WWTPs) produce about 680 GWh of biogas, contributing 

to 37.5% of the annual production (Westin and Harryson, 2015). These production sites also offer a 

great opportunity for co-digestion systems where external organic matter is added to wastewater 

sludge to optimise process performance and enhance methane production. 

In the food industry, a lot of fats, oils and greases (FOGs) are produced in the production chain. 

These compounds cause major problems if they reach the sewage, thus organisations producing high 

amount of FOGs are required to use devices, such as grease traps, to collect this type of waste (Blecken 

et al., 2010). This presents an opportunity to solve a waste disposal problem whilst gaining access to 

high quality, energy rich and readily accessible substrate for AD (Long et al., 2012). 

Although in theory, this is a good solution, it still has a few drawbacks. Using this type of substrate 

in AD creates operational problems that will reduce the efficiency of the process if they are not averted. 

These problems generally arise due to the low solubility of FOG material (Ganidi et al., 2009; Alves et 

al., 2009; Lindorfer and Demmig, 2015; Long et al., 2012), thus an improved solubilisation of FOG 

material would have a great impact on the AD. 

There are ways to enhance the solubilisation of the FOGs, like operating at high digester 

temperatures or utilizing pre-treatments. Operating at high digester temperatures can be risky due to 

the sensitivity of these types of system and maintaining a high digester temperature is costly. Likewise, 

pre-treating the FOGs presents an added cost; hence the impact of the pre-treatment must be 

significant to justify the implementation. In this context, the mechanical pre-treatment hydrodynamic 

cavitation (HC) represents an interesting alternative due its energy efficiency and scalability (Gogate, 

et al., 2001). HC have shown promising results as a pre-treatment in AD (Patil et al., 2016; Lee and Han, 

2013), although there are limited studies on HC applied to FOGs. Consequently, HC applied to FOGs 

can be novel pre-treatment alternative for the AD process. 

The focus of this thesis is to investigate the impact of HC on FOGs and to monitoring the effect of 

this pre-treatment on a lab scale AD process. The expected outcome is an improved FOG degradation 

with an improved methane yield which subsequently may improve the waste management of FOGs 

and the sustainability of biomethane. 
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Chapter 2: Background 
 

2.1 Principles of Anaerobic Digestion 
AD is a biological process which is capable of degrading organic material into biogas. This process 

occurs naturally in an environment where commonly used electron acceptors like oxygen, sulfate and 

nitrate are absent (Bryant, 1979).This process involves several different types of microorganisms living 

in symbiosis. The AD can be divided into four different phases named: hydrolysis, acidogenesis, 

acetogenesis and methanogenesis (Figure 1). The first phase is the hydrolysis which involves the 

disassembling of polysaccharides, lipids and proteins into more soluble monomers. This is an essential 

step to make the organic material available to the microorganisms and depending on the properties 

of the substrate this may be the rate limiting step in the AD. The second step of the AD process is the 

acidogenesis. In this phase, fermentative microorganisms degrade the dissolved monomers to volatile 

fatty acids (VFA), which are subsequently degraded into acetate or hydrogen and carbon dioxide in the 

third phase, the acetogenesis (Appels et al., 2008). 

During the fourth and final phase, the methanogenesis, produced acetate or hydrogen and carbon 

dioxide are transformed into biogas. This gas mixture, depending on substrate composition (Table 1) 

and overall process design, generally consists of 50-70% methane and 30-50% carbon dioxide along 

with trace gases such as hydrogen sulfide (Appels et al., 2008; Silvestre et al., 2011; Yenigün and 

Demirel, 2013). 

 
Figure 1. A simplified schematic representation of the anaerobic digestion process. It displays the four phases: Hydrolysis, 
Acidogenesis, Acetogenesis and the Methanogenesis along with intermediate metabolites (Angelidaki & Ahring, 1992). 
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Table 1. The methane potential of the three main components in organic substrates. The proposed reactions are based 
compounds with characteristics of carbohydrates, lipids (Alves et al., 2009) and proteins. Adopted with modifications from 
Alves et al., 2009. 

Component Methanogenic reaction Methane [NmL g VS-1] CH4 [%] 

Carbohydrates C6H10O5 + H2O →  
3CH4 + 3CO2 

425 50.0% 

Lipids C50H90O6 + 24.5 H2O →  
34.75 CH4 +15.25 CO2 

991 69.5% 

Protein 
C5.4H7.8O1.5N1.4S0.1 + 1.4 H+ 3.8 H2O →  
2.75 CH4 + 1.25 CO2 + 1.4 HCO3

- + 1.4 NH4
+ + 0.1 H2S 

563 68.8% 

 

2.2 Operational challenges 
Throughout the four AD steps, different types of intermediate metabolites are formed and some of 

the operational problems originates from accumulation of these compounds. For instance, a fast 

degradation of carbohydrates and proteins causes an accumulation of VFAs and ammonia respectively. 

These metabolites affect the pH of the process and becomes toxic if the pH is shifted away from 

optimal conditions (Appels et al., 2008). On the other hand, lipid based substrates, such as FOGs, are 

initially hydrolysed into long chain fatty acids (LCFAs) in the first AD step. These compounds have a 

strong inhibitory effect on methanogenic and acetogenic bacteria, with significant detrimental impacts 

already at concentration as low as 1.0 g L-1 (Angelidaki and Ahring, 1992; Long et al., 2012).  

In addition, both FOGs and LCFAs are hard to dissolve in aqueous solutions due to the hydrophobic 

properties of this type of compounds. Ergo, these compounds generally attaches to surfaces in the 

digester and the connected pipework, subsequently affecting the stirring capacity of the digester and 

causes clogging. Moreover, these compounds also coats the microorganisms in the digester, hence 

limiting the transportation of substrates methane as well as increasing the risk for sludge flotation and 

microbial wash out. (Long et al., 2012; Ganidi et al., 2009; Alves et al., 2009; Lindorfer and Demmig, 

2015). 

Intermediate metabolites like VFAs, amino acids and LCFAs also plays an important role in foam 

formation. As surface active agents (SAA), these compounds have both hydrophobic and hydrophilic 

properties, hence they are able to interact with the liquid/gas phase. Consequently, when biogas is 

produced in the digester, the SAAs may attach to the gas bubbles and get transported to the digester 

surface. Since the SAA affect the surface tension, the gas bubbles will not immediately rupture and the 

foam layer starts to build up. If this is coupled with insufficient digester mixing or if the digester gets 

overloaded, this may result in costly process failures (Figure 2; Lindorfer and Demmig, 2015; Ganidi et 

al., 2009; Subramanian and Pagilla, 2015). 



5 

  
Figure 2. A) Major factors in foam formation B) Cause of foam formation in German biogas installations. 
Adopted with some modification from (Lindorfer & Demmig, 2015) 

 

2.2.1 Monitoring the AD process 
Some of the previously stated problems may be averted in an early stage by monitoring key parameters 

throughout process. One commonly used parameter is pH since it is linked to the concentration of VFA 

as well as ammonia, thus a shift in pH is usually an indication that something is amiss. The optimum 

pH level for AD ranges between 6.5 and 8.5 depending on the composition of the substrate and the 

microbial culture. (Appels et al., 2008). 

To obtain a more detailed picture of the status of the AD process it is usually preferable to monitor 

the concentration of the VFAs since they show the progression of the degradation in the later stages 

of the AD. Consequently, an accumulation of a certain type of VFA indicates that something is inhibiting 

the microflora whom are responsible for degrading this specific compound. (Appels et al., 2008)  

Digester problems may also be detected by monitoring the biogas production and composition 

since the methanogenic microorganisms are overall more sensitive as well as susceptible to inhibition 

by VFAs, LCFAs and ammonia compared to the other microorganisms in AD. (Appels et al., 2008; 

Angelidaki et al., 2011; Yenigün and Demirel, 2013). Moreover, the composition of the biogas indicates 

what type substrate that are being degraded since substrates with higher methane yield generates a 

high ratio of methane in the biogas (Table 1). In addition, trace gases like hydrogen sulfide, which are 

inhibitory to the AD process, point towards a presence of sulfur reducing bacteria (SRB) in the digester 

(Appels et al.,2008). 

 

2.2.2 Optimizing the anaerobic digestion 
One of the most efficient ways of regulating the concentration of intermediate metabolites during AD 

is to adjust the substrate composition. As shown earlier in Figure 1; carbohydrates, lipids and proteins 

have different steps of degradation, thus different intermediate metabolites. If the operator knows 

the composition and the amount of nutrients in the substrate, it is possible to estimate how the 

process will behave and subsequently steer it into more favourable conditions by adjusting e.g. the 

nutrient composition. Likewise, the efficiency off the process is gauged by comparing the methane 

yield to the added amount of volatile solids (VS), which essentially are all the energy dense compounds 

in the substrate (Angelidaki et al., 2011). The concentration of the VS in the digester are correlated to 

the organic loading rate (OLR) and the hydraulic retention time (HRT). Whilst the OLR affects the 

amount nutrients (VS) added per day, the HRT is the timeframe for how fast the liquid phase of the 

digester is replenished. Ergo, the optimal settings for these parameters are heavily dependent on the 

substrate. Adjusting digestion operation with these two parameters it is possible to maximize biogas 
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production by reducing the HRT or/and increasing OLR, consequently increasing the concentration of 

nutrients in the digester which subsequently may further enhance the biogas production. However, if 

the process’ substrate is hard to digest or too much organic material enters the digester, the 

microorganisms will not have sufficient time process the substrate, hence undigested substrate will 

leave the digester. Furthermore, it would also increase the risk of digester overloading and microbial 

washout which may lead to process failure. In conclusion, one should try to achieve a stable middle 

ground with ORL and HRT in order operate a profitable and efficient AD process. (Rincón et al., 2008; 

Appels et al., 2008). 

Another important choice is whether to operate the process at mesophilic (20-40°C) or thermophilic 

(50-60°C) conditions (Song, Kwon, and Woo, 2004). Operating at higher temperatures has a few added 

benefits like enhanced reaction rates, improved solubilisation and lower viscosity which tend to 

improve microbial growth, biodegradability and biogas production. (Appels et al., 2008; Angelidaki et 

al., 2011) Still, alongside these benefits there are some drawbacks. Since the reaction rates are higher 

under thermophilic conditions, the system usually respond quickly to changes, thus increasing the risk 

of the system spiral out of control. Furthermore, some substrates which generates a high amount of 

VFAs, LCFAs and ammonia have an increased toxicity at higher temperature (Appels et al., 2008; Long 

et al., 2012). In addition to the stated problems, there is an added cost of maintaining digesters at 

these temperatures, thus the application of thermophilic digestion are limited in comparison the 

mesophilic digestion. 

Another way to affect the biogas yield is to add trace elements to the AD process. The trace 

elements are not directly degraded in the process, but they rather passively affect the AD process. 

Many of these elements are crucial for the microbe’s cellular functions, however they tend to become 

toxic at higher concentrations (Appels et al., 2008). Therefore, maintaining these essential trace 

elements at adequate levels is key in order to make the process run smoothly. 

 

2.3 Potential of waste fats, oils and greases (FOGs) 
Due to the high biogas potential of lipid based substrates, many researchers have tried to find a way 

to utilize these kinds of substrates in AD. By comparison, lipid rich substrates tend to yield more biogas 

as well as biogas with a higher methane content (Alves et al., 2009). 

Most of these lipid rich substrates are produced in the food industry, notably the fast food industry. 

These lipids, also known as FOGs, are considered one of the major factors in generating sewage 

blockages. When released into the sewers, the FOG starts to solidify due to lower water temperatures. 

The sticky nature of FOGs in combination with saponification leads to an accumulation of fat deposits 

which over time may lead to clogging (Blecken et al., 2010; Ometto, 2010). 

One way to counteract this problem is to intercept FOGs before it reaches the sewages (Ducoste et 

al., 2008). The FOG is generally intercepted by grease traps which utilizes the difference in the 

compounds densities to separate FOGs, water and solids in the wastewater. Since FOGs have a lower 

density than water they floats to the surface whilst the solids sink to the bottom when sufficient 

amount of time is provided (Figure 3). Although the FOGs have been separated from the waste water, 

the problem of disposing this waste still remains. Nevertheless, this problem can be solved by 

degrading the FOGs in AD, which is an environmentally sustainable solution. (Long et al., 2012; Ducoste 

et al., 2008; Blecken et al., 2010). 
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Figure 3. Simplified schematic representation of a conventional grease trap. The waste water enters the grease trap and the 
heavy compounds sinks to the bottom. Since FOGs have a lower density than water, they will float towards the surface. In 
between these phases lies the aqueous phase, containing purified water that are able to leave the grease trap. 

 

However, lipid rich substrates bring a substantial amount of operational challenges to the table. 

Nevertheless, by balancing out the additions of FOG alongside other substrates in anaerobic co-

digestion, it is possible to overcome some of the drawbacks and still being able to reap the benefits of 

the FOGs. With a FOG feed of 30-50% of the total OLR, the maximum methane production were 

increased by between 30-200% in the studies by Kabouris, Davidsson and Luostarinen (Table 2), 

depending on the quality of the FOGs and WWTPs sludge. The methane potential of WWTP sludge in 

these studies were 143-278 NmL g VS-1 compared to the methane potentials 904-1404 NmL g VS-1 of 

grease trap waste (GTW) and FOGs (Long et al., 2012;Kabouris et al., 2008, 2009a; Luostarinen et al., 

2009). If correctly added to the process, FOGs has been shown improve the biogas production in pilot 

and lab scale reactors as well as, to some extent, in full scale wastewater anaerobic digesters (Silvestre 

et al., 2011; Li, Champagne, and Anderson, 2011; Long et al., 2012). 
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Table 2. Summary of other studies on AD co-digestion with fat, oil and grease (FOG). Adapted with some modification from (Long et al., 2012). 

Source of sludge Source of FOG 
Initial methane 

production 
[NmL CH4 g VS-1] 

Maximum methane 
production  

[NmL CH4 g VS-1] 
Increase [%] 

FOG feed 
at max gas 
production 

Temp. Reference 

Primary and waste activated 
sludge  

Polymer dewatered FOG 
from grease haulers 

159 473 197 48% M (Kabouris, et al., 
2009a) 

Primary and waste activated 
sludge 

Polymer dewatered FOG 
from grease haulers 

197 551 179 48% T (Kabouris, et al., 
2009b) 

Primary and waste activated 
sludge 

Grease trap sludge 271 344 27 30% M (Davidsson et al., 
2008) 

Primary and thickened 
secondary sludge 

Dewatered FOG sample 151 415 175 41% M  (Kabouris, et al., 
2008) 

Primary and thickened 
secondary sludge 

Dewatered FOG sample 143 339 137 33% M (Kabouris, et al., 
2008) 

Sewage sludge Grease trap sludge from 
a meat processing plant 

278 463 66 46% M (Luostarinen et al., 
2009) 

a % increase = (biogas production in control reactor/biogas production with FOG)−100% 
b M, mesophilic (∼35 ◦C); T, thermophilic (∼55 C˚) 
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2.4 Pre-treatment 
If a substrate consist of resilient biological structures and/or a low amount of solubilised organic 

material, as in the case of FOG, it results in a low hydrolysis rate. If the hydrolysis rate is low then the 

amount of dissolved biological monomers are limited, hence creating a bottleneck effecting the AD 

steps succeeding the hydrolysis. As a result, it is generally not profitable to use these substrates since 

it takes too long time to digest them. To make these kind of substrate viable the operator need to 

speed up the hydrolysis step and this can be achieved by utilizing pre-treatments (Taherzadeh and 

Karimi, 2008; Appels et al., 2008; Carlsson et al., 2012). 

The pre-treatments used for AD digestion usually fall into one out of four categories, namely: 

physical, chemical, biological and combined principle, depending on the approach and working 

mechanism of the pre-treatment (Figure 4). The physical principle rupture cells and reduces particle 

size by exposing the substrate to immense stress by utilizing high pressures, physical force and/or high 

temperatures (Appels et al., 2008). On the other hand, the chemical principal utilizes reactive chemical 

agents to destroy cell walls and membranes as well as hydrolysing biological polymers (Appels et al., 

2008). Due to the synergetic effect of high temperatures and chemical reactions (McMurry, 2011) it is 

common to combine the thermal and chemical pre-treatments. Lastly, the biological principal uses 

bacteria, fungi or enzymes to degrade though organic material (Appels et al., 2008; Zhao et al., 2014). 

 

 
Figure 4. A few of the commonly used pre-treatment principles and methods used for AD. Inspired by Appels et al., 2008. 

 

The choice of the pre-treatment lies with the overall goal of the process. Factors such as the time 

frame for the pre-treatment, the composition of the substrate and process volume determines which 

pre-treatment method that is suitable for the specific process and as a result, there is no universally 

best method. Whilst, thermal treatment generally leads to good improvements in biogas production, 

it still requires a substantial amount of energy to heat large volume of substrates since most the 

sample consist of water. On the other hand, enzymatic and chemical pre-treatments are highly 

efficient and they do not require as high working temperatures to be effective. However, the 

material cost for these types of pre-treatments are high and usually the created economical value is 

usually less then what is consumed by the process. Other pre-treatment utilizing electrical energy 

may consume less energy overall then than a thermal pre-treatment, but it is still important to point 

out that electrical and thermal energy are valued differently on the market (Carlsson et al., 2012). 
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Consequently, a decrease in the consumption of electrical energy is valued highly and for that reason 

researchers have been trying either optimize methods like ultrasound (US) and HC or find other 

alternatives. 

Studies comparing the impact of HC to US have shown promising results. Even though the US can 

generate intense cavitation, it is less energy efficient and result in lower cavitation yields (Figure 5). 

Moreover, US is harder to scale up due to the limited energy input in transducers whilst HC are 

relatively easy to scale up even though it utilizes the same physical phenomena, namely cavitation 

(Gogate,  2011; Gogate, 2001; Lee and Han, 2013). 

 

 
Figure 5. Energy efficiency of various cavitation equipment. It demonstrates the cavitation effect in comparison to the energy 
input. Adopted and modified from (Gogate et al., 2001) 

 

2.4.1 Cavitation 
Cavitation is a phenomenon which occurs in liquids experiencing rapid and drastic pressure changes 

(Gogate et al., 2001). A drastic drop in pressure can generate cavities, which are small bubbles of gas 

and vapour. These bubbles are able expand until the pressure returns to normal again. This causes the 

newly formed bubbles to rapidly shrink until they cannot withstand the pressure, hence making them 

implode and locally release tremendous pressure waves of up to 1000 bar and temperature spikes up 

to 10 000 K (Iskalieva et al., 2012; Pinjari and Pandit, 2010). Thus, supporting chemical reactions with 

stringent conditions whilst utilizing overall ambient conditions in the process (Gogate, 2008). These 

extreme conditions also generate highly reactive chemical agents, commonly known as radicals, inside 

the cavities which are promptly disbursed into the liquid during the collapse. These radicals may then 

facilitate the degradation of organic compounds in the liquid (Saharan et al., 2011; Gogate, 2008). On 

larger scale, the cavitation creates a lot of turbulence which can be used to improve the circulation 

and mixing of the liquid, hence reduce particle size and increasing the surface area of the solubilized 

compounds (Patil et al., 2016; Sawant et al., 2008). 

Currently, cavities can be formed with four different methods namely: HC, acoustic, optic and 

particle cavitation. However, the latter two methods are unable to generate cavities large enough for 

chemical and physical processing, therefore more researchers have chosen to utilize acoustic (US) and 

HC (Gogate, 2008). Still, as previously stated, HC tends to be more energy efficient and applicable to 

large scale (Gogate et al., 2001). Ergo, this thesis focus on this method. 

 

2.4.2 Hydrodynamic cavitation 
HC is generally induced when a constriction is added to a liquid flow. This constriction may be in a 

form of an orifice or a partially closed valve (Sawant et al., 2008). Since the volume of the liquid that 
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travels upstream of the orifice needs to be as great as the volume that passes through the orifice, a 

flowrate increment will arise at the site of the constriction. As stated by the Bernoulli´s principle: “If 

the speed of a fluid element increases as the element travels along a horizontal streamline, the 

pressure of the fluid must decrease, and conversely” (Walker, 2011), this will result in a decrease in 

pressure at the site of the constriction. However, the lowest pressure point does not occur at site of 

the constriction but rather at vena contracta, which is a point downstream where the liquid jet’s 

diameter is the smallest (Figure 6). If the pressure drops below certain pressure threshold, which is 

mainly dependent on the properties of liquid and the temperature, cavities are formed. When liquids 

flow rate starts to decline, the pressure raises and the newly formed cavities collapse (Gogate, 2008). 

 
Figure 6. Illustration of the HC phenomena. When a liquid flow is exposed to a constriction, the flow rate will rise while the 

pressure drops and at vena contracta the pressure reaches its lowest point (Pv). Under the right conditions cavities can be 

formed at this site. After vena contracta, the pressure increases and the cavities collapses. In this collapse, a portion of the 

liquids pressure head is converted heat, thus the pressure downstream (P2) of the constriction is lower compared to before the 

orifice (P1). Adopted with modification from Gogate ,2011 and Sawant et al., 2008. 

 

2.5 Aim and Objectives 
The overall aim was to improve the methane yield in anaerobic digestion. To achieve this aim, the 

idea was to add FOGs to semi continues anaerobic digestion systems. Due to the high methane 

potential of the FOGs, this addition will increase the methane yield, however it will also increase the 

risk of process failures. Thus, this thesis investigates if these drawbacks can be reduced whilst the 

operator still can reap the benefits of the FOGs high methane potential. Based on the work 

presented above, it has been hypothesised that HC could improve FOGs’ solubilisation, enhancing 

methane yield and process stability. Therefore, the following questions have been formulated: 

1. How does HC impact on FOG solubilisation and emulsion stability? 

2. Which are the significant HC factors in solubilisation of FOGs? 
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3. What is the impact of HC on biosludge (BiSl)? 

4. How does HC pre-treatment of FOGs and BiSl affect semi continues anaerobic digestion? 

5. How does HC pre-treatment fare from an energy perspective? 
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Chapter 3: Material and methods 
3.1 Experimental Approach 
In order to answer the research questions, the project was divided into two phases: the process 

optimisation and the Semi-Continues Anaerobic Digestion Experiment (SCADE). Basic principal 

understanding obtained in the process optimisation will be lead to identify optimal condition of 

operation for the HC treatment to be implemented in the SCADE. 

The process optimisation was primarily designed to find the optimal pre-treatment conditions. This 

was determined by testing three different factors: oil addition, number of cavitation cycles and orifice 

type. The FOG solubilisation and the emulsion stability was measured spectroscopically (turbidity), 

chemically (COD) and with visual observations (VO) on oil and water samples.  

To determine HCs impact on BiSl, the soluble oxygen chemical demand (sCOD) and the biomethane 

potential of cavitated BiSl samples were investigated. The solid content of pre-treated BiSl and BiSl 

mixed with FOG was analysed to gauge how efficiently the FOGs were dispersed into the BiSl. 

With the information from process optimisation in mind, the focus shifted to the SCADE. It consisted 

of a set of two CSTR reactors which were operated under the same conditions expect that in one of 

the reactors the BiSl and the FOG were cavitated. By monitoring the methane production in these 

digesters and the energy consumption in the pre-treatment, the impact and the energy balance could 

be determined. 

 
Figure 7. Simplistic illustration of the planed cavitation experiments in the process optimisation and the SCADE. The results 
from the process optimisation helped shaping the pre-treatment conditions in the SCADE. The SCADE consisted of two CSTRs, 
one control and one experimental digester. These were feed a fixed volume of BiSl, primary sludge (PrSl) and FOGs, but in the 
experimental digester the FOGs and BiSl were cavitated together before digester feeding. 
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3.2 Substrates 
Commercial rapeseed oil (Zeta Rapspolja) and tap water were used in the process optimisation to test 

cavitation impact of oil phase solubilisation. All other experiments worked on real waste oil material 

and municipal wastewater sludge. A 20 L sample of waste oil material, identified as fats, oils and 

greases (FOGs) in this studies, were collected from a storage tank at the Scandinavian Biogas Södertörn 

(Sweden) anaerobic digestion site, where this material is processed in co-digestion with food waste. 

BiSl and PrSl, collected several times during the project, were obtained from the Henrikksdahl WWTP 

in Stockholm (Sweden). Samples were characterised in term of total solids (TS) and volatile solids (VS), 

and stored at 4 ˚C until utilisation. 

 

3.3 Hydrodynamic cavitation 
The cavitation device was supplied by Efficient Technologies Lmt. (United Kingdom). It consists of a 

PKm200 Perollo pump, 7 interchangeable orifices (1, 2, 3, 4, 5, 6 and 7), pipework and a plastic can-

container for the sample (Figure 8). The number of cycles, defined as number of time a particle in a 1.5 

L fix volume passes through the cavitation device, have been fixed to 2, 5, 10 and 20.  

 

 
Figure 8. Illustration of the cavitation setup: (1) centrifugal pump, (2) cavitator devise, (3) sample container 

 

3.3.1 Cavitation of oil and water 
In the first solubilisation experiment, an elaborate factor test was utilized (Appendix A). 1.5 L water 

samples with 2, 8 and 16 g of rapeseed oil was cavitated with 3 orifice types (2, 3, 5) and 4 different 

number of cycles (2, 5, 10, 20). Each treated sample was measured for turbidity (DR 28000, Hach 

Lange). Afterwards the data from the experiment were processed in Minitab® Statistical Software. 

In the second experiment, the emulsion test, samples with 1.5 L of water and 8 and 16 g of rapeseed 

oil were cavitated using two orifices (3, 5), resulting in 4 samples in total. Each treated sample was 

poured into a 250 mL batch bottle and sealed. The bottles were monitored and each half an hour, a 

picture was taken. 21 hours after the treatment, a final picture was taken (Appendix B). 

In the third experiment, a sample of 1.5 L of water and 16 g of rapeseed oil was cavitated with 10 

cycles and orifice 2. The treated sample were transferred into a 1 L bottle. After 0, 1, 2, 3 and 24 hours 

after the treatment, a sample was extracted from the middle of the bottle with a pipette and diluted 

by a factor of 8 as well as 10 for turbidity and COD measurements respectively. The turbidity 

measurements were compared to another sample using the same ratio of rapeseed oil and water. 

However, this sample was shaken in a 250 mL batch bottle for 2 minutes instead of cavitated and the 

turbidity was only measured each minutes for 15 minutes. 

 

1 

2 

3 
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The turbidity readings from the shaken sample was converted into COD reading with a linear 

regression (Appendix C).The COD measurements from the cavitated and shaken sample were 

compared to the theoretical oxygen demand (ThOD) of the sample. The ThOD was calculated according 

to Appendix C. 

 

3.3.2 Cavitation of FOGs and biosludge 
In the first BiSl experiment, samples of 1.5 L biosludge (BiSl) was cavitated with 3 different orifices (2, 

3, 5) and 4 different number of cycles (2, 5, 10, 20). sCOD was measured on every sample. 

In the second experiment, two BiSl samples were cavitated (10 cycles and orifice 3). On each treated 

sample, 6 crucibles were prepared for solids analysis. Thereafter, the result from this test was 

statistically compared to the result of 12 untreated samples. The discrepancy between these samples 

was used to calculate the reduction of BiSl solids (TSRed.) in the pre-treatment. 

In the second phase of this experiment, samples of BiSl with increasing addition of FOG were 

cavitated (10 cycles and orifice 3) and on each treated sample, 3 crucibles were prepared for solid 

analysis. With the result from the solids analysis, an estimation of the oil content could be calculated 

with equation ( 1 ). 

 

 
𝑂𝑖𝑙 (𝑔 𝐾𝑔⁄ 𝑠𝑎𝑚𝑝𝑙𝑒) =

𝑇𝑆𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑉𝑆𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑇𝑆𝐵𝑖𝑆𝑙 ∙ 𝑉𝑆𝐵𝑖𝑆𝑙  ∙  𝑇𝑆𝑅𝑒𝑑.

(𝑇𝑆𝑜𝑖𝑙 ∙ 𝑉𝑠𝑜𝑖𝑙 − 𝑇𝑆𝐵𝑖𝑆𝑙 ∙ 𝑉𝑆𝐵𝑖𝑆𝑙 ∙  𝑇𝑆𝑅𝑒𝑑.)
 ∙ 1000 

 

( 1 ) 

   

3.4 Biomethane potential test (BMP) 
The BMP test followed the method described in Ekstrand, et al. (2013).Serum glass bottles with a total 

and working volume of 250 and 100 mL, respectively, were utilized. The experiment used an inoculum 

of daily-fresh digested wastewater from a local WWTP and BiSl from Henriksdahl as a substrate. The 

BiSl was treated with three orifices (2, 3 and 5) and two cycle levels (5, 10). 

After the addition of 2.2-2.4 g VS L-1 BS, the batch bottles were flushed with N2 (g) for 2 minutes 

and 2 mL of saline solution (NH4Cl, NaCl, CaCl2∙2H2O and MgCl2∙6H2O), 20 mL of inoculum as well as 20 

mL of mili-Q water were added, then sealed with EPDM rubber stoppers and aluminium screw caps. 

The headspace of the batch bottles was exchanged with a gas mixture of CO2 and N2, thereafter 0.3 ml 

of Na2S∙3H2O (100mM) was added with syringe. 

Each treatment combination and the controls were performed in triplicates. The controls were: 20 

mL of inoculum without BiSl as inoculum control, 20 mL of inoculum with 0.5 g of Whatman paper as 

positive control and bottle of 50 mL CH4 as a GC control. All these samples were incubated at 37 ˚C in 

a climate room. During the incubation, the biogas production and the methane content were 

measured on day 1, 3, 7, 12, 20, 28, and day 35. The biogas production were measured prior to the 

methane analysis with a Testo 312-3 digital pressure gauge. After this analysis, 1 mL of headspace gas 

was extracted with a syringe and transferred into an 11 mL glass vial filled with air. From this vial, 1 mL 

was extracted and the methane content were analysed in a Gas Chromatography Flame Ionization 

detector (GC-FID), from the HP58880A series with a Poraplot T column and N2 as carrier gas (130 mL 

min-1). The injector and detector temperature was 150 and 250 °C respectively. The detector gases 

were H2 (30 mL min1) and air (250 mL min-1). The methane content was calculated by fitting the 

measured values to a linear regression of the GC-FID readings of three controls. 

 

The prepared samples were analysed on a GC-FID (Clarus 580 Perkin-Elmer) with a BP21 column, 

He as carrier gas (2 mL min-1), 1:10 split ratio injection (1 µL of sample). The injector and detector 

temperature was 250 ˚C and 280 ˚C respectively. The detector gases were H2 (at 45 mL min-1) and air 
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(at 450 mL min-1). The oven temperature was linearly ramped from 160 to 225 ˚C over 15 minutes, and 

subsequently ramped to 240 ˚C over 3 minutes.  

 

3.4.1 Kinetic analysis 
The degradation rate of the BMP was calculated with equation ( 2 ). Y(t) is the accumulative methane 

yield (NmL g VS-1) at day t, Ym is the total methane production (NmL g VS-1) and k is the degradation 

rate (day-1). 

𝑌(𝑡) =  𝑌𝑚 ∙  𝑒−𝑘𝑡 ( 2 ) 
 

3.5 Semi-continuous digestion experiment (SCADE) 
The AD process was operated under mesophilic condition in a five litre glass CSTR with a working 

volume of 4 L. The mixing of the digester was facilitated by a mechanical stainless steel stirrer which 

operated at a constant rate. The SCADE utilized a set of two digesters; one control and one digester 

with HC pre-treated biosludge and oil. The inoculum of the digesters were digester sludge from 

reactors in the SBFs R&D laboratory and Henriksdahls WWTP. Throughout the experiment the 

digesters were feed a fixed volume primary- and biosludge to simulate full scale conditions. Since the 

oil addition along with the TS/VS content has shifted, the OLR of the reactor changed (Table 3). The 

OLR of the oil was set to 0.25 g VS L-1, d-1 initially to acclimate the digesters. Later the OLR was increased 

to 0.5 g VS L-1, d-1. Due to TS losses in the HC pre-treatment, the oil addition was increased to twice the 

theoretical amount at the end of the experiment. During the last two weeks, the oil addition was 

completely removed (Table 3). Throughout the whole experiment, the HRT was maintained at 16 days.  

During the SCADE a VFA test were conducted on the control and the cavitated digester. The VFA 

test monitored the changes in the VFAs’ concentrations prior to and after the hours (8 h) after the 

feeding. 

 
Table 3. FOG addition throughout the phases of the SCADE. The FOG addition was increased in phase 1 when the digester 
acclimation was over. In phase 4, the FOG addition was increased in the HC pre-treatment to compensate for TS losses and in 
phase 5, no FOGs were added to the digesters. The TS/VS of the BiSl and PrSl changed with each batch thus the OLR changed 
as well since the digesters were feed a fixed volume. 

Phase Day Oil conditions 
Average OLR [g VS L-1, d-1] 

Control 
Digester 

Experimental 
Digester 

1 2-6 0.25 g VS L-1, d-1 1.83 n/a 

1-3 6-84 0.5 g VS L-1, d-1 2.03 1.68 

4 85-115 0.5 g VS L-1, d-1 in the Control  
Increased FOG addition in the HC 
pre-treatment 

2.24 2.27 

5 116-130 No FOG addition 1.68 1.69 

 

The two digesters were feed on a daily basis. The cavitated digesters food portions were cavitated with 

10 cycles and orifice 2 each day from Monday-Friday and a TS/VS measurement was performed on 

these samples. During the weekend the cavitated sample from Friday was used to feed the cavitated 

digester. Each Tuesday, the biosludge container were switched to a new one and the food portions for 

control digester were completely prepared, whilst only primary sludge were added to the cavitated 

digesters food portion since the biosludge and FOG underwent pre-treatment. 
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Every week, analyses were made on the withdrawn digester sludge. The sludge was analysed for 

pH, conductivity, TS/VS, ammonia, VFAs and LCFAs. Each day the biogas production was measured 

with a custom made gas meters. Once each week a collected overnight gas sample was analysed with 

an Biogas 5000 Geotech device, from Santec Nordic, to determine the biogas’ composition. The 

schedule for the different analyses are summarized in Table 4. 

 
Table 4. Weekly analyses schedule for the SCADE. These analysis were performed each week throughout the experiment 
except the LCFA analysis which were implemented at day 46 due to the late development of this new method. 

Weekday Analyses  

Monday  pH, conductivity, VFAs, LCFA sampling, TS (Digester sludge), ammonium 

Tuesday  VS (Digester sludge), TS (food portions), VS (food portion), 

Wednesday  Biogas composition, TS (food portion), VS (food portion) 

Thursday  pH, VFA, TS (food portion) 

Friday  TS (food portion), VS (food portions), LCFA sampling 

 

3.5.1 Energy balance 
The energy balance was calculated by comparing the energy input in the pre-treatment ( 3 ) to the 

energy output ( 4 ) from the improved specific methane yield (Ei/Eo) (Ometto et al., 2014). The P is the 

energy demand (W) during the cavitation, t is the process time (s), m is substrate mass (g) and TS/VS 

is the solid content of the substrate. The ΔP is the improved specific methane yield (NmL g VS-1) and ξ 

is the methane heating value (KJ m-3 CH4) 

 

 
𝐸𝑖 =  

𝑃 ∙ 𝑡

𝑚𝐹𝑂𝐺 ∙  𝑇𝑆𝐹𝑂𝐺 ∙ 𝑉𝑆𝐹𝑂𝐺 + 𝑚𝐵𝑖𝑆𝑙 ∙  𝑇𝑆𝐵𝑖𝑆𝑙 ∙ 𝑉𝑆𝐵𝑖𝑆𝑙
 ( 3 ) 

 

 
𝐸𝑜 =  

Δ𝑃 ∙ ξ

106
 ( 4 ) 

 

3.6 Analytical analysis 

3.6.1 Solids analysis 
Total solids (TS) and volatile solids (VS) contents were determined in accordance with the Swedish 

standard method (SS-028113), whereby the weight of the samples was measured before and after 

drying at 105 °C for 20 h to obtain the TS ( 5 ), and burning at 550 °C  for 2 hours to obtain the VS ( 6 ). 

 
TS(%) =

(weight; dried at 105°C) 

(weight; wet)
 ∙ 100 ( 5 ) 

   
 

VS(% of TS) =
(weight; dried at 105°C) − (weight; combusted at 550°C) 

(weight; dried at 105°C)
 ∙ 100 ( 6 ) 

 

3.6.2 Chemical oxygen demand 
The sCOD was measured on cavitated BiSl samples and the COD was measured on oil and water 

samples. The BiSl samples were centrifuged at 8500 rmp for 11 minutes (Megafuge, Thermo Scientific) 

to extract the solubilized content. The COD and sCOD was determined with a spectrophotometer (DR 

28000, Hach Lange) and LCK 514 (100-2000 mg L-1 O2) as well as LCK 014 cuvettes (1 000-10 000 mg L-

1 O2) from Hach company. 
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3.6.3 Turbidity 
The turbidity was measured with a spectrophotometers’ (DR 28000, Hach Lange) predetermined 

turbidity program, which had a detection range of 40-400 FAU. Samples above the detection range 

were diluted. A sample of Milli-Q water was used as a baseline. 

 

3.6.4 pH 
pH was measured with a benchtop inoLab 7310 pH meter (Wissenschaftlich-Technische Werkstätten) 

with a HAM Polilyte Bridge Lab pH electrode (Hamilton Company). The equipment was calibrated once 

a week with alkali  ( pH 7 at 20 °C) and acidic ( pH 4 at 20 °C) buffer solutions. Prior and after each 

analysis, a control buffer (pH 7.96 at 25°C) was measured. 

 

3.6.5 Volatile fatty acids 
The VFA analysis was performed twice each week to measure the concentration of dissolved VFAs 

(Table 4). The measurable VFAs are acetic, propionic, butyric, isobutyric, capronic, isocapronic, valeric 

and isovaleric acid and they are detectable at concentration of 0.1 mM and quantifiable at 0.6 mM. 

The samples were processed by a Gas chromatography (GC) system of the HP 6890 series from Hewlett 

Packard. Prior to the GC analysis, 1.5 ml of the sample were centrifuged (Centrifuge 5417C, Eppendorf) 

at 12 000 rpm for 10 minutes and 400 μL of the supernatant, in addition with 40 μL internal standard 

(IS) of crotonic acid in a formic solution, were transferred to an injection vial. 

 

3.6.6 Long chain fatty acids 
Extracted digester sludge samples were put into 10 ml plastic tubes and stored in a -20 ˚C freezer. 

Before the analysis, the samples were thawed at room temperature and 1 mL fractions was transferred 

into glass extraction vials, then a IS of pentadecanoic acid solved in 10 g L-1 methanol was added. 

Thereafter, a 200 µL NaCl (250 g L-1) solution, 2 mL hexane: methyl tertiary butyl ether (MTBE) (1:1) 

and two drops of H2SO4 were added to each glass vial. Then the samples were vortexed using a Whirli 

VIB1 (InterMed) for 10 seconds, subsequently placed on an orbital shaker (Biosan OS-20) at 250 rpm 

for 20 minutes and lastly centrifuged for 10 minutes at 3500 rpm (using a Beckman centrifuge) for 10 

minutes. 1.5 mL of the organic supernatant of each treated sample was transferred into an injection 

vial. Reference samples for quantification were prepared from stock solutions of palmitic, oleic and 

stearic acids (10 g per L in a hexan/MTBE (1:1) solution.  

The prepared samples were analysed on a GC-FID (Clarus 580 Perkin-Elmer) with a BP21 column, 

He as carrier gas (2 mL min-1), 1:10 split ratio injection (1 µL of sample). The injector and detector 

temperature was 250 ˚C and 280 ˚C respectively. The detector gases were H2 (at 45 mL min-1) and air 

(at 450 mL min-1). The oven temperature was linearly ramped from 160 to 225 ˚C over 15 minutes, and 

subsequently ramped to 240 ˚C over 3 minutes.  

 

3.6.7 Conductivity 
Conductivity was measured with a Cond 3110 Conductivity meter and a TetraCon 325 standard 

conductivity measuring cell (Wissenschaftlich-Technische Werkstätten). Calibration was performed 

with a KCl solution (0.1 mol L-1) prior to the measurements.  

 

3.6.8 Ammonium 
The quantification of dissolved ammonia was determined with LCK 514 cuvettes (47-130 mg L-1 NH4-

N) from Hack Company in Germany. 
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3.7 Statistical analysis 
The data from the experiments were processed in Minitab® Statistical Software. Each data set was 

tested for normality with Anderson-Darling test, histogram and normality plots. In the case of the 

factor test, a general linear model was constructed with oil addition, cycles and orifice as factors and 

the turbidity measurements as a response variable. Tukey’s method was used for multiple comparison 

of the factor levels and a simultaneous confidence level of 95% was used. 

In the BMP test, a normal distribution was assumed due to the lower number of individual samples. 

Since the variance was not equal between the samples, Games-Howells comparison was used instead 

of Tukey’s method. 

The SCADE data for specific methane yield was skewed, hence 95% confidence intervals (CIs) were 

constructed based on the median value with 1-Sample Sign. The comparison in specific methane yield 

in the SCADE was performed with moods median test. 
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Chapter 4: Result and Discussion 
 

4.1 Process Optimisation (PO) 
The process optimisation was designed to test the impact of the HC on FOGs. First, the impact of the 

orifice types and the number of cycles used in the treatment was measured on rapeseed oil. 

Subsequently, the identified optimal condition where applied to real FOGs sample to validate emulsion 

stability.  

 

4.1.1 The impact of HC factors on oil solubilisation 
To gain a fundamental understanding of the HC process, the approach was to analysis several factors 

simultaneous, hence a factor test was designed (Appendix A). Other reports on the subject have shown 

that the orifice type and the number of cycles are important factors (Gogate, 2011; Lee and Han, 2013; 

Patil et al., 2016), thus these factors were assigned a few treatment levels: Three orifices (2, 3 and 5) 

with different hole size. Four cycle levels (2, 5, 10 and 20) to guarantee a significant impact of the pre-

treatment. In addition to these factors, the oil addition was assigned three levels (2, 8 and 16 g of oil) 

to observe how it affected the overall solubilisation. 

In this case, the solubilisation was evaluated by the samples turbidity readings. The changes in 

turbidity were plotted against each orifice type with increasing number cycle for 2, 8 and 16 g of added 

rapeseed oil (Figure 9). As suspected, the 16 g oil addition plot has conspicuously higher overall 

turbidity readings compared to 2 and 8 g oil addition plots. However, from these observations alone it 

is not possible to accurately deduce how of the added oil that is actually solubilized. Nevertheless, a 

subsequent test focused on primarily on this problem. 

On the other hand, by comparing the overall impact of the orifices, the orifices with smaller hole 

size (2 and 3) generally performed better than the large orifice 5 and orifice 2 resulted in the highest 

turbidity readings after 20 cycles. Overall, the solubilisation improved with increasing number of 

cycles, although there are some indications of diminishing returns and a few outliers. 
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Figure 9. Changes in turbidity for orifice 2, 3 and 5 with increasing number of cycles at different oil dosages: 

(A) 2g rapeseed oil, (B) 8g rapeseed oil and (C) 16g rapeseed oil. 

To obtain a more precise analysis of the data, statistical tools were applied to the experiment. Since 

the data were linearly distributed, a general linear model was created in Minitab® Statistical Software 

based on the turbidity measurements. The analysis of variance revealed that all the major factors had 

a significant impact (P < 0.05) on the solubilisation of oil. The mean squares (MS) indicates that most 

of variation is caused by the oil addition, then the number of cycles and lastly the type of orifice  

(Figure 4C in Appendix D). In other words, from a treatment perspective the number of cycles have 

greater overall impact on oil solubilisation compared to the type of orifice. 
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On the other hand, this analysis does not address the individual treatment levels of each factor. A 

pairwise comparison of the different number of cycles showed that in each case an increase in number 

of cycles always resulted in an increase in turbidity (Figure 10), which are in line with the conclusion 

drawn from Figure 9. In contrast, a pairwise comparison of the orifices has no superior orifice since 

orifice 2 and 3 are not significantly different. Nevertheless, according to the confidence intervals (CI), 

these orifices are significantly better orifice 1 (Figure 11). All these things considered, these results are 

in line with the previous observations from Figure 9. 

 

 
Figure 10. Pairwise comparison between number of cycles levels in Minitab® Statistical Software. 

 
Figure 11. Pairwise comparison between different types of orifices in Minitab® Statistical Software 
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All in all, these results are quite interesting, but there is one major factor which is not represented, 

namely sample temperature. As previously mentioned, higher temperature improves the overall 

solubilisation in a liquid and in this case, it may also help to detach oil from surfaces in the cavitator. 

Since heat is generated through friction in the electric pump and the by the cavitation effect, the 

sample temperature will rise in conjunction with an increase in in process time. Meanwhile, the 

process time is dependent on the number of cycles as well as the cycle time which is determined by 

the flow rate through the orifice. Consequently, the effect of sample temperature is intertwined the 

orifice type and the number cycles. Ergo, further investigation is necessary to fully understand the 

impact of the sample temperature. 

 

4.1.2 Emulsion stability 
With the information gathered from the factor test, a new test was designed to examine the emulsion 

stability of cavitated rapeseed oil and water samples. Orifice 3 and 5 were chosen with an oil addition 

of 8 and 16 g. The number of cycles were set 10 due to the previously observed diminishing returns. A 

stable emulsion was observed after each treatment, but no visual difference could be detected 

between the samples treated with different orifices. Partial oil resuspension occurred only 3 hours 

after the treatment with a clear oil stratification only visible after 21 hours (Appendix B).  

Following this experiment, a new test was created to measure the amount of dissolved oil and 

emulsion stability. However, this time orifice 2, 16 g oil addition and 10 cycles were used. By measuring 

COD and turbidity, the previous visual observations were confirmed by stable readings during the 

hours following the cavitation. Likewise, the last measurement taken after 24 hours showed a 

substantial decrease which are in line with the observed oil stratification (Figure 12). 

 
Figure 12. The impact of the cavitation represented by the changes in turbidity and COD of cavitated samples over time 

On the other hand, the COD readings also served the purpose of quantify the solubilisation of rapeseed 

oil. By calculating the ThOD of the sample, an estimate of the COD value of a 100% dissolved oil sample 

could be obtained (Appendix C). By comparing the measured COD of the sample to this value, the ratio 

of dissolved oil can be calculated. When applied to the data in Figure 12, the initial ratio of dissolved 

oil is 78% and it decreases to 34% over 24 hours. 

To compare the result, a water sample with the same rapeseed oil addition was thoroughly shaken 

to simulate turbulent condition which could arise in a WWTP. The turbidity readings of the shaken 

sample were lower than the cavitated sample and they decreased quickly over a timeframe of 15 

minutes (Table 5), thus it was not feasible to do COD measurements. Since the correlation between 

COD and turbidity looked robust (Figure 12), a linear regression was created to be able to convert the 
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turbidity measurements into COD measurements and subsequently calculate the ratio of dissolved oil 

(Figure C1 in Appendix C). When the cavitated and the shaken sample were compared, it is apparent 

that there were some significant differences between them (Table 5). First of all, the initial ratio of 

dissolved oil is lower in the shaken sample and secondly it is decreasing quicker, thus indicating that 

the emulsion is unstable in comparison to the cavitated sample. Consequently, with the data from 

these experiments, one may conclude that HC may be a viable alternative to solubilize oil, although 

over a short period of time. 

 
Table 5. A comparison between a cavitated and a shaken oil and water sample. The cavitated sample hold up well during the 
hours after the treatment whilst the shaken sample deteriorated quickly over a time span of 15 minutes, hence the rapid 
decrease in turbidity. 

Treatment Time Turbidity [FAU] Dissolved oil 

Cavitated [h] 

0 3176 78% 

1 3080 75% 
2 2960 74% 
24 1680 34% 

Shaken [min] 

1 1960 43% 
2 1608 32% 
3 1504 29% 
4 1432 27% 
5 1376 25% 
6 1320 24% 
7 1280 22% 
8 1248 21% 
9 1216 20% 
10 1184 19% 
11 1216 20% 
12 1160 19% 
13 1120 18% 
14 1072 16% 
15 1048 15% 

 

4.1.3 Impact of hydrodynamic cavitation on biosludge 
Since the BiSl was planned to be mixed together with the FOG during the SCADE, the impact of the HC 

pre-treatment on BiSl needed to be tested as well. To gauge the impact of the pre-treatment three 

tests were conducted: The first test analysed the changes in the soluble content of the samples with 

sCOD, the second test measured how the biomethane production was affected with a BMP test and 

the last test measured the solid content of pre-treated BiSl. 

 

4.1.3.1 Soluble content in biosludge 

The sCOD analysis was conducted with 0-20 cycles with 3 types of orifices. The results from this test 

(Figure 13) shows a great difference between the orifice types. In accordance with the data from the 

factor test, orifice 2 and 3 are grouped up whilst orifice 5 have significantly lower impact and as noted 

previously these orifices accumulated more heat during the run time. 
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Figure 13. Impact of hydrodynamic cavitation on sCOD based on cycles and process time. The impact of the treatment are 
greater for the orifices with smaller hole size (orifice 2-3) compared to the larger orifice 5. 

This accumulation of heat is partly due to the longer cycle time with the smaller orifices, but it could 

also be a sign that greater and more intense cavities are being formed. During the formation and 

collapse of the cavities, a portion of the absorbed energy is transformed into heat (Gogate, 2008). 

Temperature readings from this experiment indicates that there is a discrepancy between cavitation 

with larger and smaller orifices. Granted that the conditions are not equal since the orifices changes 

the flowrate and the stress put on the electric pump; this temperature increment should still behave 

fairly linearly, which is the case for the larger orifices. However, the change in temperature of a smaller 

orifice had a sigmoidal resemblance which may be due to the fact that the formation of cavities are 

temperature dependent (Dular, 2016), hence affecting the amount of heat generated over time. In 

either case, the HC have an impact on the BiSl although the smaller orifices (orifice 2-4) have a greater 

impact by improving the sCOD with 93-115% with 20 cycles. 
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4.1.3.2 Batch Biochemical Methane Potential test 

Regarding the BMP of the treatments, the overall impact of the HC on BiSl is small. Nevertheless, by 

looking at the specific methane production means of the treatments, it appears as the degradation 

rate deviates more from the untreated samples during the first days of the BMP test (Table 6), whilst 

they start to closing in as the days pass. This indicates that the HC pre-treatment help solubilizing some 

of the organic material in the BiSl, all the while unable to break down tougher components. Thus, the 

HC pre-treatment speeds up the digestion while the BMP of the BiSl remains the same. However, the 

result from the BMP test are not fully in line with the sCOD test which rather indicated that the smaller 

orifices were superior. This inconsistency may be due to the quality of the BiSl used in the experiment. 

If the sludge prior to the pre-treatment already was easily degradable then the effect pre-treatment 

will be comparably small. Nevertheless, at the current state it is still uncertain what the true effect may 

be, hence any future experiments may need to reiterate this experiment to confidently draw a 

conclusion. 

 
Table 6. Degradation rate at day 1 of the BMP test. The degradation rate is calculated for each treatment combination, 
depending on type of orifice and number of cycles. The difference in BMP between treated and untreated* samples are 
negligible.  

Orifice 
5 Cycles 10 Cycles 

Methane [NmL g VS-1] k [days-1] Methane [NmL g VS-1] k [days-1] 

2  237 ± 11 0.83  240 ± 12 0.83 

5  243 ± 15 1.02  243 ± 12 1.02 

*Untreated BiSl had an specific methane yield of 236±16 [NmL g VS-1] and a degradation rate of 0.79 [days-1] 
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Figure 14. Accumulative methane production for all the treatment combinations from BMP test. A) Cavitated with 5 cycles 
B) Cavitated with 10 cycles. Orifice 5 significantly increases the methane production during day 1 and 3. However, the pre-
treated sample did not have any significant increase in biomethane potential compared to the untreated samples. 

 

4.1.3.3 Solids reduction of biosludge 

Based on preliminary work completed outside the scope of this thesis, a portion of the BiSl solids was 

expected to be lost during the pre-treatment. Since this would lower the OLR of the cavitated digester 

in the subsequent SCADE, a solid content of cavitated BiSl was compared to untreated BiSl samples 

and a 7.45% reduction in TS was detected. Since there was a significant reduction in TS of the BiSl, it 

would be reasonable to assume a similar trend for the FOGs. Therefore this test was expanded and the 

solid content of cavitated BiSl and FOG was measured as well. With the solids reduction of BiSl in mind, 

the estimated FOG in the treated sample was compared to the theoretical oil concentration (ThOC) 

(Figure 15) which basically is FOG concentration in the sample if there was no losses in the pre-

treatment. This test suggested that a 2x dose of the theoretical FOG addition should result in a close 

to perfect FOG concentration. However, there is one major problem with tinkering with the ratios 

between BiSl and FOG, namely there is a risk that more FOG could enter the digester than expected. 

As a result, this adjustment was not implemented from the start in the SCADE. 
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Figure 15. A comparison between the ThOC and the calculated oil content of cavitated samples. One dose of oil is the 
theoretical amount of oil required to achieve a concentration of 37.9 g Oil Kg sample-1 and this concentration corresponds to 
an OLR of 0.5 g L-1, d-1 when feed to the digester in the SCADE. This test indicates that FOGs and BiSl solids are lost in the pre-
treatment. 

 

4.2 Semi-Continues Anaerobic Digestion Experiment (SCADE) 
The results from the process optimisation suggested that in terms of oil solubilisation, either orifice 2 

or 3 should be used in this experiment. No concrete conclusion could be drawn regarding the orifices 

in the BiSl experiments due to the conflicting data. Nevertheless, orifice 2 was chosen since it 

performed slightly better than orifice 3 in the factor experiment, it performed well in the sCOD test 

with BiSl and it should have a greater cavitation impact due to the smaller hole size. The number of 

cycles were set to 10 to guarantee significant impact from the pre-treatment. 

The SCADE consisted of one untreated control digester and one experimental digester with 

cavitated BiSl and FOG. Throughout the SCADE, the digesters were feed a fixed volume of BiSl, PrSl and 

FOGs to simulate full scale conditions. Since the stock of PrSl and BiSl needed to replenish each month, 

the properties of the sludge have changed over time (Table 7). Thus, a new phase is initiated during 

each transition to a new batch. Thru SCADE, only one batch of FOGs were used though the OLR changed 

in the experimental digester between phase 3 and 4 (. 

 
Table 7. Solids content of the PrSl and BiSl throughout the SCADE. When a new batch of BiSl and PrSl was used, a new phase 
was started. This resulted in a total of five phases in the SCADE experiment. 

Phase Day TS BiSl [%] VS BiS [%]l TS PrSl [%] VS PrSl [%] 

1 4-40 3.41 ± 0.16 67.88 ± 0.85 3.55 ± 0.03 79.84 ± 0.67 
2 41-63 5.01 ± 0.19 67.70 ± 1.03 1.81 ± 0.65 79.31 ± 0.77 
3 64-84 6.19 ± 0.04 67.01 ± 0.06 3.31 ± 0.00 82.70 ± 0.00 
4 85-115 5.66 ± 0.43 67.72 ± 1.83 3.14 ± 0.10 80.51 ± 1.10 
5 116-130 5.75 ± 0.19 64.55 ± 1.56 3.03 ± 0.17 81.05 ± 1.37 
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Figure 16. The estimated OLR of FOG during the experimental digester. During phase 1-3 the aim was 0.5 g VS L-1, d-1but the 
mean OLR was 0.2 g VS L-1, d-1. In phase 4, the FOG addition was increased in the HC pre-treatment thus the OLR of FOGs 
shifted closer to the control digester. However, this also increased the variance in the OLR of FOGs which is made clear when 
the CI from phase 1-3 is applied to phase 4. 

4.2.2.1 Digester performances 

During the first 7 days of the experiment, the OLR of FOGs were kept at 0.25 g VS L-1, d-1 and then 

raised to 0.5 g VS L-1 d-1 to acclimate the digesters to the new substrate. The control digester 

maintained specific methane production of 307 (+2.4%, -4.8%) NmL g VS-1, d-1 throughtout phase 1 

(Figure 16). However, at day 19-27 and 34-37, the gas production fluctuated a lot. In the experimental 

digester, the specific methane production was increasing from around 307 NmL g VS-1, d-1 between 

day 11-14, to around 380 between day 24-27and D. Afterwards, the methane yield started to decrease. 

Like the control digester, the experimental digesters gas production started to fluctuate at day 24-

27and 34-37, thus indicating digestion inefficiency in the digesters. During phase 1, the experimental 

digester maintained a specific methane yield of 363 (+3.3, -2.1) NmL g VS-1. 

In the second phase, the BiSl TS increased with about 47% and the PrSl TS dropped by 50%, hence 

creating a large shift in the TS ratio between the PrSl and the BiSl. This also resulted in an overall lower 

OLR which made the FOGs contribution greater, hence the specific methane yield increased in the 

digesters. Between day 40-50 in phase 2, the cavitated digester stabilized quicker compared to the 

control digester (Fel! Hittar inte referenskälla.), consequently reaching a specific methane production 

of 412 (+3.3, -2.1) NmL g VS-1. In contrast, the methane yield gradually increased in the control between 

day 40-51 until it stabilized between day 51-63, resulting in a specific methane yield of 358 (+1.9%, -

0.7%) (Figure 16). 

In the third phase, the BiSl and PrSl TS increased with 24% and 83% respectively, thus the overall 

OLR was substantially increased. This caused a decrease in the specific methane yield in the digesters, 

but as the digester acclimated to the conditions and the old liquid phase were substituted, the specific 

methane yield increased. The specific methane yield went from 266 to 288 (+ 2.6%, -2.7%) NmL g VS-1 

in the control and 308 to 347 (+ 4.9%, -3.2%) NmL g VS-1 in the cavitated digester (Figure 16). 

In the fourth phase, the TS conditions were similar to the previous phase. However, the FOGs’ 

addition in the HC pre-treatment was adjusted to accommodate for the detected TS reduction in the 

process optimisation and in the previous phases. This resulted in a close to equal OLR between the 

control and the cavitated digester, but it also put some strain on the experimental digester which had 

to adjust to the new batch whilst more FOGs entered the system. This change in conjunction with some 

cavitation problems of the new BiSl caused the specific methane yield to fluctuate throughout the 
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phase. Nevertheless, the specific methane yield increased from about 350 at day 85 to 366 (+ 1.9%, -

3.0%) NmL g VS-1 compared to the control which increased from about 280 at day 87-91 to 295 (+ 2. 

0%, -3.4%) NmL g VS-1. On the other hand, the biogas composition of the cavitated digester shifted. 

The methane content decreased with 3% in the cavitated digester compared to the control which did 

not change significantly (Figure 9 in Appendix E).  

In phase 5, the same batch of PrSl and BiSl were used. This time, no FOG was added, hence the 

biogas production promptly dropped in the digesters. During day 123-131 of phase 5, the specific 

methane yield was 284 (+1.8%, -5.5%) and 270 (+ 2.8%, -5.4%) NmL g VS-1 for the control and the 

cavitated digester respectively (Figure 17). 

Throughout the phases in the SCADE, the digesters have not encountered any notable problems 

except from the foaming. The VFA concentrations before feeding have remained under 0.6 mmolar 

throughout the experiment and no substantial increments in pH or ammonia were detected , although 

the conductivity have increased since the beginning (Figure E2, E3, E4 in Appendix E – Digester data). 

The LCFAs (palmitic, stearic and oleic acid) concentrations were elevated during a short period in phase 

4 (Figure G2 in Appendix G – ), nevertheless all the concentrations were below 250 mmolar which is 

not high enough to cause any severe inhibition (Angelidaki and Ahring, 1992; Long et al., 2012). The 

solids analysis of the digester sludge shows that both the TS and the VS content have been lower in 

the cavitated digester compared to the control during this whole experiment. Granted that the OLR 

was lower in the cavitated digester during phase 1-3, the solid content should to some degree be lower. 

Yet, this trend lingers on in phase 4 as well even though the OLR had been adjusted by that time (Figure 

E5 in Appendix E – Digester data). 
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Figure 17. Semi-continuous anaerobic digestion experiment (SCADE). Overtime performances in terms of specific methane yields and organic loading rate (OLR) 
for the control reactor (no cavitation pre-treatment) and the cavitated reactor (only FOGs and biosludge cavitated using orifice 2 for 10 cycles). Each phase 
correspond to changes in the BiSl and PrSl quality due to the transition to a new batches. FOGs quality was constant over time, although the addition in the 
cavitation treatment was adjusted in phase 4 to compensate for the losses in TS. In phase 5, no FOGs were added thus the specific methane production 
decreased though at higher rate in the experimental digester (marked with arrows). 
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4.2.2.2 Digester foaming 
 

 

(...) 

Information restricted by confidential agreement. 

 

(...) 

Figure restricted by confidential agreement. 

Figure 18. Gas production after feeding with and without addition FOG and the difference between them (ΔFOG). A) Control 

B) Cavitated. The “With FOG” plot shows the gas production during phase 4 whilst the “No FOG” plot shows the gas 

production in phase 5, the phase were no FOG was added to the digesters. The same batch of BiSl and PrSl was used in these 

phases. 

 

 

4.2.2.3 The FOG quality 

 

(...) 

Information restricted by confidential agreement. 

 

 

4.2.2.4 Efficiency of the pre-treatment 

 

(...) 

Information restricted by confidential agreement. 

 

(...) 

Table restricted by confidential agreement. 

 
Table 8. 95% CI over difference in median of specific methane production. The data points are taken from the later stages of 
each phase in order to acclimate the digesters to the new conditions. Since the data is skewed, the resulting upper and lower 
limits are not equal. 

(...) 

Figure restricted by confidential agreement. 

 
Table 9. Energy balance (Ei/Eo) of the HC pre-treatment used in the SCADE. Ei is the amount of energy consumed by in the 

pre-treatment while Eo is the energy gained by the pre-treatment. Ergo, a value lower than 1 indicates that more energy is 

generated than what is consumed by the pre-treatment. The cavitation in the SCADE were run for 10 cycles and the energy 

demand was generally between 1.8-1.9 kW. The 5 cycle rows are the estimated energy balance if the number of cycles were 

reduced and no specific methane yield was lost.  



33 

Chapter 5: Conclusion 
 

Overall, hydrodynamic cavitation applied to fats and oil solution was observed to be an effective 

treatment allowing stable oil material solubilisation. Furthermore, applied to anaerobic digestion of 

FOGs and wastewater sludge, the HC pre-treatment enhanced digestibility of the FOGs fraction with 

methane yields increment up to 78%. 

 

From the work performed the following specific conclusion are summarised: 

 HC improves the solubilisation of hydrophobic compounds in aqueous solutions. HC of oil and 

water samples resulted in stable emulsion that lasted for at least 3-4 hours. Applied to FOGs 

in AD, pre-treatment by HC may reduce the risk of oil accumulation, hence reducing the risk of 

clogging and improving the overall digester performance. 

 The orifice hole size and the number of cavitation cycles have a significant impact on oil 

solubilisation, although the number of cavitation cycles overall have a greater impact. With 

the pre-treatment conditions used in this thesis, orifice 2 with 10 cycles represents the best 

choice in regards to the oil solubilisation. 

 The HC improves the sCOD of BiSl by up to 115% with orifice 2 and 3 though the biomethane 

potential test did not reveal any significant improvement in specific methane yields. 

Nevertheless, the initial degradation rate were speed up by 35% with orifice 5. 

 HC applied to BiSl and FOGs significantly improved the specific methane in lab scale semi-

continuous AD2. 

 At the current state, the pre-treatment is not justifiable from an energy perspective. 

Nevertheless, the pre-treatment is in an early stage of development and it may be viable if the 

energy demand and the number cycles can be sufficiently reduced. 

  

                                                           
2 Information restricted by confidentiality agreement. 
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Appendix A – Structure of the factor test 
 

Table A1. Design of the factor experiment with three oil additions, three orifices and four cycle levels. Each possible 
treatment combination was run once  

Oil added[g] Orifice Number of cycles 

2 5 2 

2 5 5 

2 5 10 

2 5 20 

2 3 2 

2 3 5 

2 3 10 

2 3 20 

2 2 2 

2 2 5 

2 2 10 

2 2 20 

8 5 2 

8 5 5 

8 5 10 

8 5 20 

8 3 2 

8 3 5 

8 3 10 

8 3 20 

8 2 2 

8 2 5 

8 2 10 

8 2 20 

16 5 2 

16 5 5 

16 5 10 

16 5 20 

16 3 2 

16 3 5 

16 3 10 

16 3 20 

16 2 2 

16 2 5 

16 2 10 

16 2 20 
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Appendix B – Oil emulsion samples 

 
Figure B1. 8 g oil treated with orifice 5 and 10 cycles. 

 
Figure B2. 16 g oil treated with orifice 5 and 10 cycles. 

 
Figure B3. 8 g oil treated with orifice 3 and 10 cycles. 

 
Figure B4. 16 g oil treated with orifice 3 and 10 cycles.
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Appendix C – Calculation of dissolved oil 
 

Table C1.. LCFA content of rapeseed oil (Orsavova, Misurcova, Ambrozova, Vicha, & Mlcek, 2015) 

Fatty acid % C H O ThOD [g O2 g-1] 

C16 4.6 16 32 2 0.13 

C18 1.7 18 36 2 0.05 

C18:1 cis (n-9) 63.3 18 34 2 1.83 

C20:1 (n-9) 9.1 20 38 2 0.27 

C18:2cis (n-6) 19.6 18 32 2 0.56 

C18:3 (n-3) 1.2 18 30 2 0.03 

Σ 99.5    2.88 

 
 

ThOD =  8 · (4n + a − 2b − 3c)/(12n + a + 16b + 14c) g COD/ g C𝑛H𝑎O𝑏N𝑐  ( 1 ) 

Table C2. A calculation of dissolved oil by comparing COD to ThOD 

COD test 

Rapeseed oil[g] 15.97 

Volume[L] 1.5 

Concentration in a homogeneous solution[g L-1] 10.65 

Theoretical COD[mg L-1] sample 30662 

Dilution 1:9 

Theoretical COD[mg L-1] sample diluted 3066 

COD sample [mg L-1]  2400 

Dissolved oil 78% 

 

 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑂𝐷 = 𝑇ℎ𝑂𝐷 ∙ 𝑐𝑜𝑖𝑙  ( 2 ) 
 

𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑜𝑖𝑙 =
𝐶𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑂𝐷𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
 ( 3 ) 
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Figure C1. The relationship between COD and turbidity. By dividing the converted turbidity value, a estimation of the amount of 

dissolved rapeseed oil may be obtained. 
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Appendix D – Factor test data 
 

The red dots in the figures below are the mean value of the treatment levels. 

 
Figure D1. Turbidity versus oil addition. 

 
Figure D2. Turbidity versus number of cycles. 

 
Figure D3. Turbidity versus orifice type.  
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Figure D4. Analysis of variance of the general linear model in Minitab® Statistical Software 
  

General Linear Model: Turbidity [FAU] versus Orifice; Cycles; Oil 
 

Analysis of Variance 

 

Source         DF    Adj SS    Adj MS  F-Value  P-Value 

Orifice       2    398335    199168    16,11    0,000 

Cycles        3   3397824   1132608    91,64    0,000 

Oil           2  40029249  20014625  1619,32    0,000 

Orifice*Oil   4    148505     37126     3,00    0,046 

Cycles*Oil    6    983537    163923    13,26    0,000 

Error         18   222478     12360 

Total         35 45179929 

 

Model Summary 

 

S    R-sq  R-sq(adj)  R-sq(pred) 

111,175  99,51%     99,04%      98,03% 
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Appendix E – Digester data 
 

A summary of the digester data. The following days correspond to each phase: 

Phase 1 (day 4-40), Phase 2 (day 41-63), Phase 3(day 64-84), Phase 4 (day 85-115) and Phase 5 (day 116-

130). 

 
Figure E1. The methane content of the produced biogas, measured once a week. 
 

 
Figure E2. Ammonia content in the digester sludge, measured once a week. 
 

 
Figure E3. Conductivity of the digester sludge, measured once a week. 
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Figure E4. pH of the digester sludge, measured twice a week. 

 
Figure E5. TS and VS of the digester sludge, measured once a week. 
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Appendix F – Gas production in SCADE 
 

 

(...) 

Information restricted by confidential agreement. 
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Appendix G – Fatty acids 
 

 
Figure G1. The amount of free VFAs in the digester sludge during the hours after digester feeding. A) Control Digester B) Cavitated 

Digester. These measurements were taken during phase 4 and time 0 hours is before digester feeding. 

 
Figure G2. The amount of free LCFAs in the digester sludge before feeding. At day 85, phase 4 is initiated and the OLR are adjusted 

in the cavitated digester. 
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