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Abstract 
An experimental study with pulsed electric field (PEF) pre-treatment was conducted to 
investigate its effect on methane production. PEF pre-treatment converts organic solids into 
soluble and colloidal forms, increasing bioavailability for anaerobic microorganisms 
participating in methane generation process. The substrates tested were pig slurry (PS), 
landfill leachate (LL) and fruit/vegetables (FV). Operating parameters were varied from 15 
to 50 kWh/m3 to show the influence of treatment on methane production via the biochemical 
methane potential test. The results indicate that the methane production and chemical oxygen 
demand (COD) removal was improved by the PEF pre-treatment. Continuous escalation of 
applied intensity, up to 50 kWh/m3, contributed to increasing methane production of PS up 
to 58% over the control, after 22 days. Threshold treatment intensity of 30 kWh/m3 was 
found for LL beyond which the methane production was enhanced linearly with increase in 
intensity. When PEF treatment exceeded the threshold, methane production of the LL 
increased up to 44% after 22 days. The result of the PEF pre-treatment on FV showed that 
16.3 kWh/m3 was the intensity by which the highest enhancement in methane production 
(7%) was achieved after 41 days. Beyond this intensity, the methane production decreased. 
COD removals were increased up to 53%, 100% and 17% for PS, LL and FV, respectively, 
compared to the control. Results indicate that the treatment intensity has a significant effect 
on the methane production and biosolid removal. Therefore, it has to be chosen with respect 
to the substrate. 

 

 

 

 

 

 

 



 

 

Útdráttur 
Í þessari rannsókn voru könnuð áhrif formeðhöndlunar lífrænna efna með missterkum 
rafsegulpúlsum á metanmyndun þeirra við loftfirrtar aðstæður. Formeðhöndlun með 
rafsegulpúlsum umbreytir hvarfefnum þannig að þau verða að leysanlegri kvoðulausn. 
Kannað var hvort umbreytingin auki metanframleiðslu þ.e. hvort örverur sem sjá um loftfirrt 
niðurbrot og framleiðslu metangass fái aukið aðgengi að hvarfefninu. Notuð eftirfarandi 
lífræn hvarfefni: grugglausn svínaúrgangs (GS), sigvatn frá urðunarstað (SU) og ávextir & 
grænmeti (ÁG). Áhrif formeðhöndlunar með rafsegulpúlsum voru könnuð með því að breyta 
styrkleika þeirra frá 15 kWh/m3 upp í 50 kWh/m3. 

Niðurstöðurnar sýna að formeðhöndlun með rafsegulpúlsum auki metan framleiðslu og 
lækki COD hvarfefnisins í lok framleiðslunnar.  

Metanframleiðsla grugglausnar svínaúrgangs jókst með auknum styrk rafsegulpúlsa og með 
hámarks styrk varð framleiðslan 58% hærri miðað við samanburðarlausn á 22 dögum. 
Formeðferð á sigvatni frá urðunarstað hafði ekki áhrif á metanframleiðslu fyrr en styrkur 
rafsegulpúlsanna var kominn upp í 30 kWh/m3. Eftir það jókst metanframleiðslan línulega 
með auknum styrk rafsegulpúlsa og náði 44% aukningu m.v. samanburðarlausn á 22 dögum. 

Metanframleiðsla með formeðhöndlaðri hvarflausn úr ávöxtum & grænmeti jókst með 
auknum styrk rafsegulpúlsa en náði hámarki við 16,3 kWh/m3 og minnkaði við hærri styrk. 
Við hámarksframleiðslu jók rafsegulpúlsa formeðhöndlunin framleiðsluna um 7% eftir 41 
daga m.v. samanburðarlausn. Við lok framleiðslunnar voru COD gildi formeðhöndlaðra 
hvarflausna lægri en COD gildi samanburðalausnanna, eða 70% (GS), 50% (SU) og 86% 
(ÁG) af COD samanburðarlausnanna. Niðurstöður sýna að styrkur rafsegulpúlsa hefur mikil 
áhrif á metanframleiðslu og þarf að velja út frá hvarfefninu.  
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1 Introduction 
1.1 General  introduction   
Nowadays a big share of global energy demand is met by fossil fuels (Ward and Løes, 2011). 
With the occurrence of an international oil crisis, and at the same time, rapidly rising 
concentrations of greenhouse gases (GHGs) in the atmosphere because of fossil fuel 
consumption, renewable energy sources, as an alternative, are an appropriate response to 
energy demand (Jingura and Matengaifa, 2009). Biogas is a versatile renewable energy 
source, which contributes to reduction of GHGs emissions with the replacement of fossil 
fuels in heat and power production, and it can be also used as a gaseous vehicle fuel 
(Weiland, 2010). Biogas production from anaerobic decomposition of waste material offers 
significant advantages over other forms of bioenergy production. It has been evaluated as 
one of the most energy efficient, cost effective and environmentally sustainable technologies 
for bioenergy production (Krishania et al., 2013; Polprasert, 1996). Digestate as an organic 
fertilizer contains more dissolved and readily available nutrients to be taken up by crops 
which can substitute mineral fertilizer (Holm-Nielsen et al., 2009; Weiland, 2010). A series 
of metabolic reactions are involved in the process of anaerobic digestion (AD) which can be 
divided up into four phases: hydrolysis, acidogenesis, acetogenesis and methanogenesis 
(Park et al., 2005; Weiland, 2010). Hydrolysis of organic solids to soluble compounds is the 
rate-limiting step of anaerobic processes (Choi et al., 2006; Holm-Nielsen et al., 2009; Park 
et al., 2005; Qiao et al., 2011; Rafique et al., 2010; Rittmann et al., 2008; van Lier et al., 
2001). Consequently, efficient pre-treatments are required to increase organic   solid’s 
solubility, accelerate and enhance the biodegradation rate and thus decrease the amount of 
sludge to be disposed of (Banaszak, 2011; Khalid et al., 2011). The function of the pre-
treatment is to increase hydrolysis of suspended organic solids and make them more 
accessible for the anaerobic microorganisms (Carlsson et al., 2012; Choi et al., 2006; Holm-
Nielsen et al., 2009; Qiao et al., 2011; Rafique et al., 2010; Rittmann et al., 2008; van Lier 
et al., 2001). A variety of pre-treatment techniques have been studied to enhance 
biodegradability, solubilisation and solids destruction, such as thermal (Qiao et al., 2011), 
microwave (Marin et al., 2010) and pulsed electric fields (PEF) (Carlsson et al., 2008; Choi 
et al., 2006; Salerno et al., 2009). Qiao and co-workers (Qiao et al., 2011) evaluated the 
effect of hydrothermal pre-treatment (at 170℃ for 1 h) on biogas production of pig manure, 
cow manure, fruit/vegetable (FV), municipal sewage sludge and food waste. The results 
from treated samples showed improvement of biogas potential by 7.8, 13.3, 18.5, and 67.8%, 
respectively. While, for treated food waste, the biogas production decreased by 3.4%. Marin 
and co-workers (Marin et al., 2010) investigated microwave pre-treatment to enhance biogas 
production of kitchen waste. Temperature was increased at three different heating rates (7.8, 
3.9 and 1.9℃/min) to the desired temperature (175℃) with 1 minute of holding time. 
Anaerobic biodegradability of the kitchen waste was assessed by using biological methane 
potential (BMP) assay at 33℃. The highest level of chemical oxygen demand (COD) 
solubilisation was achieved at a heating rate of 1.9℃/min, and biogas production improved 
by 9% at a heating rate of 7.8℃/min. 

Despite important improvements achieved through several pre-treatment methods, they are 
not reliable, energy efficient, nor cost effective if adopted at full scale due to high capital 
costs, high consumption of energy or chemicals ,and serious operating problems (Carlsson 
et al., 2008; Rittmann et al., 2008; Zhang et al., 2009). On the other hand, PEF has shown 
promising results treating a range of biomass types (Choi et al., 2006; Lee and Rittmann, 
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2011; Salerno et al., 2009) and it has successfully been commercialized at the Northwest 
Water Reclamation Plant in the City of Mesa, AZ, USA (Banaszak, 2011; Rittmann et al., 
2008; Zhang et al., 2009). To the best of the author´s knowledge, no studies have been carried 
out in order to investigate the effect of PEF pre-treatments on PS using treatment intensity 
higher than 10.5 kWh/m3 used by Salerno (Salerno et al., 2009) and also on landfill leachate 
(LL) and FV. Therefore, this pre-treatment has been chosen and elaborated in this study. The 
effect of PEF on the viability of microorganisms in liquid materials has been studied since 
the 1960s (Schoenbach et al., 2000). The PEF technology can be utilized for many operations 
in food disinfection (Heinz et al., 2001; Min et al., 2007; Soliva-Fortuny et al., 2009; Toepfl 
et al.,  2007;;  Töpfl,  2006), oil extraction from plants (Sheng et al., 2011) and sludge digestion 
(Carlsson et al., 2012; Choi et al., 2006; Kopplow et al., 2004; Lee and Rittmann, 2011; 
Loeffler et al., 2001; Rittmann et al., 2008; Salerno et al., 2009). Exposure  of   the   cell’s  
phospholipids and peptidoglycans to the high-voltage electrical field applied during PEF 
treatment opens up the membrane pores large and long enough for osmotic pressure to 
provide  adequate  force  to  lyse  the  cell.  This  expedites  abolishment  of  the  cell’s  integrity,  
facilitates permeability of the cell to release soluble components of the cytoplasm and 
eventually breaks the biomass down into small colloids (known as electroporation) (Gerlach 
et al., 2008; Marquez et al., 1997; Rittmann et al., 2008; Salerno et al., 2009; Q. Zhang et 
al., 1995). In consequence of the so-called electroporation, complex organic molecules 
reduce to simpler forms and become available as substrates for other biological reactions. 
This phenomenon improves the efficiency of anaerobic digestion by making sludge solids 
more vulnerable to destruction and accessible for methanogenesis and denitrification with a 
corresponding increase in biogas production (Banaszak et al., 2007; Sheng et al., 2011).  

With PEF treatment, the bacterial community becomes phylogenetically diverse resulting in 
efficient utilization of acetate (product of the third stage of AD) by methanogenesis (Zhang 
et al., 2009). Choi achieved 2.5 times higher biogas production in the batch AD of PEF-
treated waste activated sludge (WAS) compared to the control (untreated slurry) (Choi et al., 
2006). Rittmann and co-workers (Rittmann et al., 2008) reported increased soluble COD 
(SCOD) from 1285 mg/L to 3310 mg/L after PEF treatment and 40% improvement of the 
biogas production in the full-scale AD of waste sludge (mixture of primary and secondary 
sludge). Salerno and co-workers (Salerno et al., 2009) used PEF pre-treatment of pig manure 
and WAS to obtain an increase in methane production by 80% and 100% after 31 days. 
Treatment of pig manure with 10.5 kWh/m3 increased SCOD concentration from 400 mg/L 
to 1340 mg/L and 33% increase in methane production was obtained in 20 days by 
laboratory-scale WAS digestion (Lee and Rittmann, 2011). In the work presented, PS, LL 
and FV are pre-treated by PEF using three different energy intensities from 15 to 50 kWh/m3. 
The laboratory-scale BMP test was used to evaluate anaerobic digestibility of the pre-treated 
samples after 22 days for PS and LL and 41 days for FV. Comparing untreated and pre-
treated substrates indicated improvements in biogas and methane yields as well as solid 
waste removal.  

1.2 Motivation   
The produced amount of organic waste (consisting of municipal, industrial, and agricultural 
waste) is increasing dramatically each year, and leads to significant environmental pollution. 
Considerable amounts of GHGs such as CH4, N2O and CO2 are emitted during disposal and 
storage of organic waste contributing to global climate change. Anaerobic digestion (AD) as 
a well-known waste treatment technology converts the organic waste into the useful and 
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valuable product methane that can be used as a substitute for fossil fuel, and help societies 
towards transportation fuel independence. It also eliminates the emission of GHGs, odors 
and pathogens. In addition, the EU policy concerning renewable energy sources has a target 
of supplying 20% of the European energy demands from renewable energy, and also 
prohibition of landfill using organic matter by 2020. The question arises here whether it is 
possible to improve the performance of AD and reach a higher yield of methane production.  

To address this question, effects of pulsed electric field (PEF) pre-treatment on AD of 
different substrates are investigated in this project. The hypothesis is that PEF pre-treatment 
improves the performance of AD contributing to higher methane production. 

The experimental work in this thesis has been performed on three different substrates: pig 
slurry, landfill leachate, and fruit and vegetable wastes. Analyses of the obtained results are 
based on comparison between treated and untreated substrates to study the effect of PEF pre-
treatment on methane production. The studied PEF pre-treatment in this work uses high 
energy intensities from 15 to 50 kWh/m3. A laboratory-scale batch test is used to evaluate 
AD of the PEF pre-treated samples over control. Comparing treated and untreated substrates 
indicates improvements in methane yield and solid waste removal. 

1.3 Objectives  of  the  study 
The objectives of this master thesis are to address the following questions: 

1. What is the effect of PEF pre-treatment on solubilisation of the organic solids? 
2. Does PEF pre-treatment increase total methane production?  
3. Which studied treatment intensity contributes most to methane production? 
4. Which substrate is most influenced by PEF pre-treatment? 
5. Does PEF pre-treatment have an impact on biosolids removal? 
6. What is the optimum range of treatment intensity by which the highest methane 

production can be achieved? 

1.4 Organization  of  the  thesis   
This thesis is submitted as a requirement for the completion of the Master’s degree. All of 
the work has been done by the student herself at the biogas research laboratory of SORPA 
in Álfsnes. The pre-treatment phase has been done in collaboration with Innovation Center 
Iceland and its bioenergy technology department group leader Magnús Guðmundsson. 

The thesis starts with a general introduction and contains literature review studies, method 
and material used in the entire project, results and discussion, and ends up with a summary 
of the results and future perspective. In addition to this thesis, two manuscripts have been 
written and submitted to the following peer-reviewed journals for publication. The 
manuscripts are accessible in the appendix C of this thesis. 

Submitted manuscripts:  

1. Enhanced methane production from pig slurry with pulsed electric field pre-
treatments, submitted to Fuel, August 2015. 
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2. The effects of the pulsed electric field pre-treatment on methane production, 
submitted to Fuel, August 2015. 

3. Conference paper, in preparation for the 2015 AIChE annual meeting in Salt Lake City, 
USA, in November 2015. 

4. Conference paper, in preparation for the 2015 AIChE annual meeting in Salt Lake City, 
USA, in November 2015. 

The results obtained throughout this thesis did/will contribute to the following conferences: 

1. Nordic Environmental Chemistry Conference, Reykjavik, Iceland, June 11-13, 
2014 (oral presentation). 

2. Nordic Biogas Conference, Reykjavik, Iceland, August 27-29, 2014 (poster 
presentation). 

3. AIChE annual meeting, Salt Lake City, Utah, USA, November 8-13, 2015 (oral and 
poster presentation). 

Chapter 1 includes introduction, motivation, objectives and literature review on biogas 
production from anaerobic digestion (AD). In this chapter, AD and its microbiological 
reactions are explained. The different parameters influencing AD are given. The pulsed 
electric field (PEF) pre-treatment is also elaborated to some extent. 

Chapter 2 includes methods and materials. The materials and equipment used to produce the 
results are detailed. This chapter also describes the preparation of the substrates selected for 
the experiments. The selected raw materials were pig slurry (PS), landfill leachate (LL) and 
fruit and vegetable (FV). The second part of the chapter explains the analytical method. The 
third part shows the design and calculation for the PEF unit. The last part deals with the 
experimental setup for biochemical methane production (BMP) test for biogas production 
and biogas quality measurements. 

Chapter 3 presents results associated with the PEF pre-treatment of the substrates and the 
BMP tests. The methane production from different substrates is compared using treated and 
untreated samples. Statistical analyses are also conducted to validate the results. The results 
of the effect of PEF pre-treatment on biosolids removal are presented. At the end of this 
chapter, there is a summary of the presented results.  

Chapter 4 concludes and offers some future research possibilities in relation to the topic. 
This thesis ends with references and an appendix.  

1.5 Literature  review   

1.5.1 Biogas  production   

Biogas production from microbial anaerobic decomposition of waste materials is one of the 
effective and sustainable methods of waste management. It provides energy security for a 
country, and conserves the environment and natural resources, simultaneously. Waste 
materials utilized for biogas production can be industrial wastes (food industries, sludge 
from industrial processes, etc.), municipal wastes (sewage sludge, household waste, etc.) or 
agricultural residues (animal manure, energy crops, etc.). Biogas (mixture of gases) can be 
used to generate electricity, heat and vehicle fuels (Polprasert, 1996). The concentration of 
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methane (CH4) fluctuates between 50-75%, depending on factors such as raw materials, 
time, temperature and organic loading applied to the digesters. The second main component 
of biogas, after methane, is carbon dioxide (CO2) between 25-50%. Other trace components 
of biogas are nitrogen (N2), hydrogen (H2), oxygen (O2) and hydrogen sulfide (H2S) (Arthur 
Wellinger and Jerry Murphy, 2013). 

1.5.2 The  biochemical  process  of  anaerobic  digestion 

AD is defined as a process in which organic matter in waste materials is broken down and 
becomes biodegradable by micro-organisms in the absence of oxygen and results in biogas 
(Khalid et al., 2011). The organic content of waste reduces during the biological process and 
produces a stabilized sludge (digestate) that can be utilized as fertilizer or soil conditioner. 
This organic fertilizer contains more dissolved and readily available nutrients to be taken up 
by crops. The digestate has less pathogen contamination after being kept without oxygen for 
a period of time at about 35℃, which also points out another environmental benefit of using 
AD (Polprasert, 1996).  

The AD process consists of four metabolic stages which is shown in Figure 1. In hydrolysis, 
the insoluble organic polymers are broken down and become available for the other bacteria. 
Acidogenic bacteria produce carbon dioxide, hydrogen, ammonia and organic acid from 
sugars and amino acids. Then acetic acids are formed by acetogenic bacteria. Eventually, 
these products result in methane and carbon dioxide generation by methanogens (Polprasert, 
1996).  

Hydrolysis  
Large organic polymers which exist in biomass must be prepared for the anaerobic 
microorganisms to use, hence they should be broken down into smaller constituent parts. 
The process in which high-molecular-weight polymeric components like carbohydrates, 
proteins and lipids are decomposed into smaller molecules such as sugars, amino acids, 
glycerol and long-chain fatty acids is called hydrolysis. The hydrolysis process is relatively 
slow, however, the rate is dependent on environmental factors, substrate and bacterial 
concentration. A small proportion of biogas is produced in this stage (Lastella et al., 2002).  

Acidogenesis  
In the acidogenesis stage, further breakdowns are accomplished by fermentative bacteria. 
Soluble organic components including the products of hydrolysis are converted to volatile 
fatty acids (VFA), organic acids, ammonia, carbon dioxide, hydrogen and small quantities 
of alcohols (depending on the bacteria present in the substrate and environmental conditions) 
(Ana D, 2012; Polprasert, 1996). When the substrate contains large amounts of 
carbohydrates, acidogenesis bacteria produce VFA rather rapidly that may lead to VFA 
accumulation and failure of AD process (Huesemann et al., 2010).  

Acetogenesis  
Acetogenesis is the third stage where VFA and alcohols are oxidized to produce largely 
acetic acid, carbon dioxide and hydrogen (Bouallagui et al., 2005). Accumulation of 
hydrogen results in significant hydrogen pressure that stops activity of acetogenesis bacteria 
and accordingly acetate production. 
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Methanogenesis  
The majority of methane is produced by methanogenesis microorganisms with the utilization 
of intermediate products of the former stages. 70% of methane comes from acetic acid which 
is the most critical substrate, and 30% originates from hydrogen and carbon dioxide. These 
microbes control and adjust the pH of the digester by converting VFA into CH4 and other 
gases. In addition, partial pressure of hydrogen in the digester is decreased by consumption 
of hydrogen by methanogens (Polprasert, 1996). In a well-balanced AD process, all 
anaerobically biodegradable organic materials convert into end products like methane, 
carbon dioxide, hydrogen sulfide and ammonia (Bouallagui et al., 2005). The following 
equation shows simply the methane production process (Arthur Wellinger and Jerry Murphy, 
2013).  

Acetic acid               methane + carbon dioxide 
Hydrogen + carbon dioxide               methane + water  

Methanogenesis is the slowest reaction in the AD process and dependent on environmental 
and operational conditions such as pH, feeding rate and temperature. To promote the bacteria 
growth there should be specific conditions which will be discussed, hence, if the 
microorganisms fail to function productively there will not be any CH4 or just a little amount. 
Following is the chemical equation for the overall process: 

C6H12O16               3CO2 + 3CH4 

 

 

 

 

                                                            

                                  

       

                                                               

 

        

                                                                  

                                                           

 

 

 

 Figure 1: Simplified schematic of AD process, (1) hydrolysis, (2) fermentation, (3) 
anaerobic oxidation and (4) methanogenesis. 
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1.5.3 Operational  parameters  for  AD 

AD is a multi-parameter controlled process. All the environmental and operational factors 
not only have control over the process individually, but also are interrelated, meaning that 
changes in one condition may adversely affect the others. To enhance the microbial activity 
and process efficiency, these parameters should be varied within an optimum range. The 
parameters have different effects on different microbial groups as each microbial group has 
its own growth rate, and physiological and nutritional requirements. Hence, an imbalance 
between the parameters may cause instability in the process. Some of the essential 
parameters are discussed briefly below. 

Temperature  
AD process can happen in a wide range of temperatures from 3 to 70°C. It is classified into 
three different categories: thermophilic (50-60℃), mesophilic (32-37℃) and psychrophilic 
(up to 20℃) (Raposo et al., 2012; Yadvika et al., 2004). The lower the temperature goes (as 
in psychrophilic), the slower the conversion process will be, leading as well to longer 
retention time and larger reactor volumes (De Mes et al., 2003). Variation in temperature 
has an effect on the rate of biogas production, fermentation period and biological activity of 
bacteria (De Mes et al., 2003). The temperature variance should not be more than ± 0.5, 1.0 
and 2.0 °C/h for the thermophiles, mesophiles and psychophiles respectively (Özmen and 
Aslanzadeh, 2009).  

Most methanogenic bacteria are mesophilic and sensitive to thermal temperature (Krishania 
et al., 2013). Although higher rate of methane production is expected as temperature 
increases, this relationship is non-linear, and the rate will decline above 70℃ as the microbial 
population starts to die (Naik et al., 2014). Constant temperature is critical to prevent 
ammonia or other toxic inhibition for the process. Thermophilic conditions make the process 
faster, and improve digestibility and availability of substrate. Mesophilic conditions are 
considered to be more stable, though (Khalid et al., 2011). On the other hand, thermophilic 
digestion requires more heat energy than mesophilic digestion (Krishania et al., 2013). 
Thermophilic systems may be advantageous because of the considerable reduction of 
bacteria in the output digestate. The higher temperature goes, the more pathogens and viruses 
are eliminated (Monnet, 2003).  

pH and alkalinity 
pH value is a measure of the acidity/alkalinity of a substrate. The pH value of the digester 
has a direct effect on the growth of methanogenic bacteria and it should be neutral or slightly 
alkaline. The best-optimized range for methane production is between 6.5 and 8.5 (Krishania 
et al., 2013). The variation in pH makes AD work effectively in two separate stages, with 
the pH of 5.5 to 6.5 for hydrolysis/acidogenesis, and around 7.0 to 8.2 for 
acetogensis/methanogenesis (Naik et al., 2014; Raposo et al., 2012). If acid-producing 
bacteria generate more acids than required for the methanogenic bacteria, the pH inside the 
digester will drop due to the excess amount of acids being produced, and lead to instability. 
pH value lower than 5 will result in VFA accumulation which will inhibit or even stop the 
AD process (Naik et al., 2014; Özmen and Aslanzadeh, 2009). 

Alkalinity is the capacity to neutralize acids, which prevents rapid changes of pH in 
anaerobic reactors. It is also known as buffering capacity. Alkalinity is present primarily in 
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the form of bicarbonate. It counteracts the changes in pH up to a certain level beyond which 
AD process will be inhibited (Raposo et al., 2012).  

Organic loading rate  
Organic loading rate (ORL) is the input rate of organic dry matter per unit volume of the 
digester and time, representing capacity of the AD system in terms of biological conversion 
and expressed in kgVS/m3 or kgCOD/m3. The stability of the AD process is important; over 
feeding leads to inhibition of methane production and VFA accumulation, on the other hand 
underfeeding leads to low biogas production as well as an economically inefficient process 
(Özmen and Aslanzadeh, 2009) (Naik et al., 2014). Feeding strategy for farm-based digesters 
which are receiving waste from a particular farm can be volumetric or gravimetric, but in 
the case of having mixture of substrates it is critical to assess the actual quality of the input 
substrate in terms of its organic fractions to optimize the biogas yield (Raju, 2012). ORL is 
linked with HRT; when deciding on the HRT of an anaerobic reactor ORL should be taken 
into consideration (Monnet, 2003). OLR is obtained by the following formula (Seadi et al., 
2008).  

                                                                 𝐵 = ×                                                             (1) 

where Br is organic loading rate (kg/d.m3), M is mass of substrate fed per time unit (kg/d), C 
is concentration of organic matter (%) and Vr is digester volume (m3). 

Hydraulic retention time  
The number of days that the substrate stays in a reactor to achieve complete degradation of 
its organic fractions is called hydraulic retention time (HRT) and its accuracy depends on 
process temperature and substrate composition (Krishania et al., 2013; Özmen and 
Aslanzadeh, 2009). HRT, for waste treated in thermophilic conditions, is between 12 and 14 
days while for mesophilic, it is from 15 to 30 days (Monnet, 2003). The HRT which can be 
obtained by the following formula is indirectly related to temperature (Krishania et al., 
2013). 

                                           HRT  (days) =            ( )  
        ( )

                                    (2) 

Carbon to nitrogen ratio and required nutrients  
The carbon to nitrogen (C/N) ratio in the feedstock plays a crucial role in AD. The 
unbalanced nutrients are regarded as an important factor limiting AD of organic wastes 
(Khalid et al., 2011) as high concentration of nitrogen can inhibit the rate of decomposition 
(Krishania et al., 2013), and high concentration of carbon can cause hydrolysis to proceed 
too quickly and the pH to drop (Naik et al., 2014). C/N should be around 20-30 for best-
optimized metabolic activity of microorganisms in the digester and it can vary by substrate 
type (Naik et al., 2014). Apart from carbon, oxygen and nitrogen, bacteria need other mineral 
nutrients to grow. A sufficient concentration of sulfur, phosphorous, calcium, potassium, 
magnesium and a low concentration of trace elements such as molybdenum, manganese, 
zinc, nickel, selenium and cobalt are required. High or insufficient amounts of these nutrients 
typically causes inhibition and toxification (De Mes et al., 2003).  
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Inhibition during AD 
The anaerobic microorganisms can be inhibited by toxicants present in the feedstock, such 
as halogenated compounds, cyanide, and heavy metals. In addition, the metabolic byproducts 
of microorganisms, such as ammonium, VFA, and sulfide can cause adverse effects on 
bacterial metabolism and failure of AD systems (Chen et al., 2008; Naik et al., 2014). 
Ammonia is considered as one of the essential nutrients for anaerobic microbes. Increases 
in pH lead to an increase in concentration of ammonia which is toxic to the anaerobic 
microbes. Among all anaerobic microorganisms methanogens appear to be less tolerant of 
ammonia inhibition (Raju, 2012).  

Solids  
Solids refers to any suspended (insoluble) or dissolved (soluble) material in a substrate that 
can be physically isolated through either evaporation or filtration. Solids passing through a 
standard laboratory filter are called dissolved solids, while those captured on a filter are 
suspended solids. Solids can also be classified as either organic (living material) or 
inorganic. Organic solids are carbon-based and can be burnt; inorganic solids are mineral-
based and cannot be burnt. Total solids (TS) concentration shows the proportion of the 
amount of solids in a substrate. Volatile solids (VS) is the total concentration of organic dry 
matter contained in the TS (George Tchobanoglous et al., 2004). The classification of solids 
is illustrated in Figure 2. 

The presence of insoluble organic solids in the substrate makes the AD process slow due to 
the time required for conversion of biodegradable insoluble organic solids into soluble 
compounds. This process is already described as hydrolysis, which is affected by the PEF 
pre-treatment. To determine the amount of solubilisation achieved with pre-treatment, total 
suspended solids (TSS) and volatile suspended solids (VSS) measurements should be carried 
out. 
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Inoculum  
Inoculum or seeding bacteria are introduced into the digester to initiate the AD process. 
Digested sludge from municipal or industrial treatment plants, or animal manures can be 
used as inoculum. Inoculum should be pre-digested (degassed) for 2 to 7 days before feeding 
it to the digester in order to eliminate the residual biodegradable organic content that may 
still be present. This decreases the volume of background gas production and improves the 
precision with which net gas production can be measured (Raposo et al., 2012). The amount 
of inoculum used is usually expressed as a ratio between the VS content of biomass and the 
VS content of the inoculum. Inoculum improves the yield and quality of biogas production. 
In addition, higher concentration of inoculum accelerates the rate of biodegradation (Khalid 
et al., 2011). 

1.5.4 Methane  production  potential 

The performance of AD is expressed as the methane yield. The methane production is 
reported as volume per unit of material fed (either of TS, VS, chemical oxygen demand 
(COD), wet weight, percentage of TS reduction or percentage of VS reduction) (Carlsson et 
al., 2012). There are three common tests: COD, VS, and biological oxygen demand (BOD). 
These are used to estimate probable potential of methane generated from a digester in an AD 
process. The COD test has some advantages compared to BOD which make it more popular 
for AD samples. The major benefit of COD is that it is faster, taking approximately 2 hours 

Figure 2: Classification of solids, TS: Total solid, VS: Volatile solids, TSS: Total 
suspended solids, VSS: Volatile suspended solids 
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to complete, rather than 5 days for BOD. COD concentration is higher than BOD in the same 
sample, because it oxidizes both organic and inorganic compounds in the substrate, which is 
the only drawback for the COD test (George Tchobanoglous et al., 2004).  

Chemical oxygen demand  
The COD test is widely used to quantify the overall level of organic and inorganic 
contamination in the substrate and predict the methane production potential. The dissolved 
oxygen required to oxidize organic matter content of the substrate is determined by using a 
strong chemical oxidant. Methane is being formed by bacteria consuming dissolved oxygen 
to decompose the organic matter during the AD process (Lee and Dar Lin, 2007).  

The result of the COD test is expressed as milligrams per liter of substrate and shows the 
amount of oxygen consumed by the contaminants during 2 hours of boiling in a solution of 
potassium dichromate. Depending on the amount of COD expected, the test uses different 
chemicals and controls. Generally in COD test protocols, values up to 150 mg COD/L is 
considered as low and above 500 mg COD/L is considered high range. 

Volatile solid  
The amount of organic materials in the substrate is also determined by VS analysis. It is a 
simple and inexpensive mass basis measurement. After combustion of dried matter in an 
oven at 550℃, the amount of solids that will be lost indicates VS which is simply the 
difference between dried matter (total solids) and remaining ash (non-volatile solids). The 
measured VS can contain inorganic matters that are burned during ignition. VS consists of 
biodegradable VS (BVS) and refractory VS (RVS) fractions. Substrates with high VS and 
low RVS are more suitable for AD (Monnet, 2003). 

1.5.5 Pre-treatment 

AD is one of the well-stablished techniques for the treatment of waste materials 
(Montgomery et al., 2014). However, its application is often limited by long retention times 
and a low degradation of the organic solids. Significant attempts have been dedicated to 
improve the performance of the digesters in recent years. Various pre-treatments and 
technologies are used to treat feedstock before starting AD processes in order to optimize 
the methane yield and economical profitability of the process (Krishania et al., 2013). Pre-
treatments break down the complex structure of organic matter to simpler molecules. This 
makes the material more accessible to anaerobic microorganisms, leading to more rapid 
digestion and improving the biological process. Pre-treatments are mainly classified in 4 
categories, physical (Bonmatí et al., 2001; Carrère et al., 2009; Elbeshbishy et al., 2011; 
González-Fernández et al., 2008; Jin et al., 2009; Mladenovska et al., 2006; Rafique et al., 
2010; Salerno et al., 2009), chemical (Carrère et al., 2009; González-Fernández et al., 2008; 
Rafique et al., 2010), biological (Li et al., 2011) and combined (Carrère et al., 2009; Rafique 
et al., 2010) pre-treatments.  

In physical methods, solid particles of sludge are disintegrated by various kind of approaches 
such as mechanical, thermal, ultrasonic, PEF and etc. This creates new surface and releases 
cell compounds. Therefore, organic compounds become better accessible and degradable for 
anaerobic microorganisms resulting in improved methane production. In chemical methods, 
strong mineral acids or alkalis are used to destroy complex organic compounds. In biological 
methods, enzymes are added to enhance the breakdown of biomass. The biological pre-
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treatments can take place at low temperature without using chemicals, however it can be 
slower than other methods. Combined processes use a combination of above-mentioned 
mechanisms (Van Lier et al., 2001). In the following section, some examples are provided 
where the abilities of pre-treatments on pig manure were demonstrated for enhancement of 
biogas and methane production. 

Hydrolysing pig manure with amylase prior to AD was carried out by Li and co-workers (Li 
et al., 2011) where a 10.84% increase in TS, 11.11% increase in VS removal and 13.10% 
increase in biogas production were observed compared to the control. Carrère and co-
workers (Carrère et al., 2009) evaluated the effect of thermal and thermo-chemical pre-
treatments on methane production of pig manure. For thermal treatment, samples were 
heated for 3 hours at temperatures below 100℃ and for 20 minutes above 100℃. For thermo-
chemical treatments, sodium hydroxide (10-20 g/L) was added before thermal treatment in 
order to adjust pH at 10 or 12. The results showed both positive and negative effects on 
methane potential after 40 days of digestion. The best results were obtained with the highest 
temperature (190℃) and by addition of alkali at pH=10. However, biodegradability 
deteriorated to pH 12 due to the formation of inhibitory compounds. Rafique and co-workers 
(Rafique et al., 2010) investigated thermal, thermo-chemical and chemical pre-treatments on 
the methane potential of pig manure. The temperature range for both thermal and thermo-
chemical treatments was 25 to 150℃. For thermal treatment, samples were heated at the 
desired temperature for 1 hour. The result after 40 days showed a 25% increase in methane 
production up to 100℃  and then decreased with the increase of temperature. For thermo-
chemical treatments, Ca(OH)2 was added before thermal treatment in order to adjust pH to 
14. That enhanced the methane production by 60% at 70℃ after 40 days. For the samples 
receiving only chemical pre-treatment, the pig manure was mixed with 5% Ca(OH)2. No 
improvement in methane production was observed for the chemically pre-treated substrate.  

Pulsed electric field treatment  
The PEF technology produces a pulsed high-voltage in the slurry substrate, which induces 
arc discharge. Electric power of the arc discharge in slurry generates shockwaves, intense 
ultraviolet radiation, and a strong electric field that eventually destroy the cell wall of sludge. 
This impact elevates anaerobic digestibility of the substrates being pre-treated (Lee et al., 
2003; Choi et al., 2006). 
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Biological cells are comprised of membrane and cytoplasm. The membrane is mostly a 
bilayer lipid functioning as a dielectric, while cytoplasm is electrically conductive 
(Schoenbach et al., 2000). Naturally, charges of opposite polarities between interior and 
exterior of a cell membrane cause a membrane potential. Upon exposure of the cell to an 
external electric field, electrical charge builds up at the cell membrane and increases the 
membrane potential. Negative and positive charges from both sides of the membrane attract 
each other so that it causes compression pressure and attenuation of the membrane thickness. 
As the membrane thickness lessens, the electrostatic attraction between two sides increases 
until the membrane potential exceeds a critical value of approximately 1 V (Gerlach et al., 
2008; Schoenbach et al., 2000; Zhang et al., 1995). Then elastic resistance of the membrane 
is destroyed, and local structural changes and pore formation ensues that is known as 
electroporation (see Figure 3) (Marquez et al., 1997). Pore formation is a dynamic process 
and can be either reversible (small pores created by low intensity PEF) or irreversible (large 
pores created by high intensity PEF). In the former, the viability of the cell is maintained 
and additional biosynthesis of secondary metabolites can be triggered as a response to the 
stress condition induced from PEF treatment. While in the latter, it leads to cell disruption. 
PEF uses a rapidly pulsing, high-voltage electric field to disrupt and causes high 
permeability state in biological cellular membranes (Gerlach et al., 2008). Consequently, 
complex organic molecules reduce to simpler forms and become available as substrates for 
other biological reactions. It improves the efficiency of AD by making sludge solids more 
vulnerable to destruction and accessible for methanogenesis and denitrification with a 
corresponding increase in biogas production (Banaszak et al., 2007; Sheng et al., 2011).  

Figure 3: Exposure of biological cells to an electric field and applications in food processing and 
waste treatment with typical electric field strength and energy input requirements. Increasing 
treatment intensity will lead to formation of large, irreversible membrane pores (Kopplow et al., 
2004; Töpfl,  2006). 
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Generation of pulsed electric fields  
Only pumpable fluid products can be treated with PEF. They are considered as electrical 
conductors, due to the presence of large concentrations of ions (electrical charge carriers) 
(Devlieghere et al., 2004). Generation of a high-voltage pulsed electrical field (10-50 kV/cm) 
within the liquid material requires a large flux of electrical current through the liquid in a 
treatment chamber in a very short period of time (1–100 µs) (Gerlach et al., 2008; 
Schoenbach et al., 2000). A low-level voltage is collected and stored in a capacitor and 
discharged instantaneously at a high level, therefore, the time between pulses is longer than 
the pulse width. Many devices could be used as the discharge switch, such as a magnetic 
switch, a gas spark-gap, a mercury ignitron spark-gap or a mechanical rotary switch. In 
addition, there are two types of high-voltage power supplies for charging the capacitor, 
ordinary direct current (DC) power supply and a capacitor-charging power supply (Zhang et 
al., 1995). Exponential decay and square wave pulses are two major waveforms in PEF 
technology, with the difference that exponential decay pulses are easier to obtain and change 
(Toepfl et al., 2007). 

Treatment chamber design 
To hold the substrate and house the electrodes, treatment chambers are used. Parallel plates, 
parallel wires, concentric cylinders, and a rod plate are the possible electrode configurations. 
Parallel plates are the most practical choice because they can produce uniform electric field 
strength in a large usable area. Uniform electric field strength can be achieved by parallel 
plate-electrodes with a gap sufficiently smaller than the electrode surface dimension (Zhang 
et al., 1995).  
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2 Method  and  materials   
2.1 Substrates  and  inoculum   

2.1.1 Pig  slurry 

The pig slurry samples were collected from the pig farm Stjörnugrís hf located in 
Grundarhverfi, Reykjavík (see Figure 4) and transferred to SORPA bs in Álfsnes 
(approximately 12 km). The sample containers were kept loosely closed to prevent explosion 
and kept outside for one day prior to pre-treatment. Before loading the digesters for the BMP 
test, the pig slurry was filtered through an 8 mm sieve to remove large materials (e.g., sand, 
bedding material) and diluted to decrease the concentration of organic matter. High solids 
digestion and foreign materials such as animal bedding and stone can have a significant 
impact on the AD process (Ebruke, 2001). After this preparation, the pig slurry was PEF 
pre-treated. The initial TS concentration of the raw pig slurry was 3.93%, with a total VS 
content of about 73.62%. The pH of the sample was 7.72 at 20°C.  

 

 

 

 

 

 

 

 

 

Figure 4: Pig slurry sampling from the pool (a), sieving pig slurry to remove the large 
materials (b). 

2.1.2 Landfill  leachate 

LL was collected from the municipal solid waste landfill in Álfsnes, SORPA (see Figure 5). 
Its characteristics were dark brown colour, poor clarity, COD in the range from 4328 to 5300 
mg/L, and pH 8.25 at 20°C. After collection, the leachate was sealed in plastic containers 
and was stored at 5℃ until used. The initial TS concentration of the leachate was 0.70%, 
with VS content of about 43.89%.  

(a) (b) 
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Figure 5: Pumping leachate from the lowest part of the landfill site 

2.1.3 Fruit  and  vegetables   

FV used in this work were collected from markets in Reykjavík. They were shredded in 
small pieces and then blended with additional tap water (see Figure 6). Prior to the PEF pre-
treatment, FV was filtered through an 8 mm sieve to remove large pieces, diluted with tap 
water, and was stored at 5℃ until used. The initial TS concentration of the FV was 5%, with 
a VS content of about 91%. The pH of the sample was 3.81 at 20°C.  

 

 

 

 

 

 

 

Figure 6: Fruit and vegetables sample preparation. Fruit and vegetables chopped in small 
pieces (a) and mixed with tap water in a blender to be homogenised (b).   

2.1.4 Inoculum   

A mesophilic anaerobic sludge obtained from the wastewater treatment plant of Vífilfell 
Coca Cola was used as inoculum (see Figure 7). The inoculum was pre-incubated for a week 
at 37℃ for degassing to ensure depletion of the biodegradable organic matter until no 
significant gas production was observed. The inoculum was homogenized in a blender before 
use.  

(a) (b) 
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Figure 7: Granular sludge taken from Vífilfell wastewater treatment plant 

2.2 Substrate  analyses  and  preparation   
The amount of solids in substrates was determined by the following analytical methods and 
procedures. The studied substrates were characterized by TS, VS, total suspended solids 
(TSS), volatile suspended solids (VSS), COD, SCOD analyses and pH prior to starting the 
BMP tests. All the samples were stored in the refrigerator below 5℃ before use. The 
proportions of samples inside the digesters were calculated after determining VS and COD 
of inoculum and substrate. All analyses were performed in triplicate, with the average values 
reported. 

2.2.1 TS  and  VS  measurements 

TS content of samples was obtained by drying the known weight of sample (Ws) in a furnace 
at 105  ℃ overnight (see Figure 8). After measuring the dried sample weight (Wd), TS value 
was calculated using the following equation: 

 TS  (%) = × 100.  (3) 

Dried samples were ignited in a furnace at 550  ℃ for at least 2 hours (see Figure 6). The 
weight of the remaining ash (Wash) was measured to determine VS according the following 
expression:  

 VS  (%) = ( ) × 100. (4) 
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2.2.2 TSS  and  VSS  measurements 

Figure 9 shows the equipment and process of the TSS and VSS measurements. Samples were 
diluted to a desired concentration with de-ionized water. 1.2 µm Whatman Glass Microfiber 
Filters were used (for filtering the samples) and their empty weight was measured (Wf). 
Filters were dried overnight in a desiccator and then weighed (Wd) for TSS. The dried filters 
were combusted at 550℃ for 30 minutes, weight of the remaining ash was measured (Wash) 
and the volatilized amount was calculated as VSS. TSS and VSS values can be computed 
with the usage of following equations: 

                                                   TSS  (%) = × 100                                                 (5) 

                                                  VSS  (%) = (( ) ( )) × 100 (6) 

 

 

 

 

 

 

 

 

Figure 8: Desired volume of samples in crucibles (a), total solids after drying (b) and ash 
remaining after ignition (c). 

 

 

Figure 9: Vacuum pump, filters and filtrate flask and samples (a). Samples were dried 
overnight in the desiccator for TSS measurements (b) 

(a) (b) 

(a) (b) (c) 
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2.2.3 COD  and  SCOD  measurements 

The measurement method used in this study, which is a popular one, contains low, medium 
and high-range vials sealed and heated in the reactor. When digestion is completed different 
colours from orange to green will appear in the vials, which indicate different amounts of 
oxidation in the samples. Figure 10 shows the equipment and process of the COD and SCOD 
measurements. Samples were diluted to a desired volume with de-ionized water. A volume 
of samples was put into the COD test vials and heated in the reactor (HACH, DRB200) at 
150℃ for 2 hours. After the vials cooled down, they were placed in the colorimeter (HACH, 
DR/870) for COD value measurement (mg/L). Procedure of SCOD test is the same as COD, 
but samples were filtered through 0.45 µm Durapore Membrane filters and then the filtrates 
were used to measure the soluble organic content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Samples, vacuum pump, filtrate flask (a), HACH reactor for conducting COD test and 
the COD vials (b,) and colorimeter for COD value measurements (c). 

 

 

 

 

 

 

(a) 

(c) 

(b) 
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2.2.4 pH  measurements   

pH was measured on all substrates using a pH meter from OAKTON (see Figure 11). pH 
measurements before and after BMP test are in appendix A. 

 

Figure 11: pH measurement instrument 

2.3 Pulsed  electric  field  pre-treatment 
The PEF system is designed by Innovation Centre Iceland (ICI), for treating the organic 
solids in the slurry (see Figure 12). Figure 13 shows the circuit diagram of the PEF system. 
It consists of a capacitor-charging power supply from FuG Elektronik, type HCK 200-20000. 
Its maximum voltage is 20kV and it serves 20mA. The high-voltage power supply is used to 
charge the capacitor (40 kV–1μF)  from  General  Atomics.  There  are  also  2  resistors  (5Ω)  
from FuG Elektronik, a gas spark gap switch from Optoelectronics type OGP75, and a 
treatment chamber with internal dimensions of 50cm × 2cm × 7cm as length, width and 
height, respectively. The electrodes are made of stainless steel and positioned at each side of 
the chamber. The electrodes are 20cm long, 0.5cm wide and 7cm high. The distance between 
two electrodes is 1cm. The spark gap is used to trigger the stored energy (at 18.5kV) in the 
capacitor across the electrodes in the form of electric pulses. An exponential decay 
waveform is generated at the applied voltage with the frequency and pulse width of 1.7Hz 
and 4μs, respectively. Compared to traditional PEF in food pasteurization, the PEF system 
is optimized to deliver more power and control power delivery more precisely to enhance 
the disruption of cell membrane walls. It is developed specifically for high treatment 
capacity of biomass slurries. Many factors can affect cell disruption when applying PEF such 
as electric field strength, pulse width, and frequency. Treatment intensity is utilized to 
combine these effects.  

The specifications of PEF treatment are shown in Table 1, 2 and 3 for treating PS, LL and 
FV, respectively. Due to a very short period of discharge time (microseconds), heating was 
minimized (Min et al., 2007; Qin et al., 1994). The outlet temperature increased by 16℃ 
from control to condition 3, with an almost linear relationship to treatment intensity. Sheng 
and co-workers reported a similar trend (Sheng et al., 2011). Thus, thermal denaturation was 
not severe enough to break up cells. To perform the control experiment, the slurry passed 
through the PEF system under the same condition as other experiments but without an 
electric field. For PEF pre-treatment, the pulse electric field (20 kV/cm for all treatments) 
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was turned on, with a range from 15 to 50 kWh/m3. Electrical pulses were applied to the 
slurry when it was pumped from the feed tank to the chamber and flowed through the 
electrodes. The slurry was introduced into the chamber by using a circulation pump at a rate 
of 350 ml/min. Treated slurry was directed back to the feed tank, and this loop was continued 
to reach the required time for each treatment calculated from the following equation:  

 
                                                           T = V × ( )                                                             (7) 

where T (min) is the required time for the PEF pre-treatment, V is the substrate volume to be 
treated (m3), TI is the treatment intensity (10 to 50 kwh/m3) and E is the effective energy 
output of the equipment per hour (0.13 kwh/h with estimation of 60% efficiency). 

Table 1: Summary of PEF pre-treatment specifications for pig slurry  

Date Substrate Duration 
(min) 

Volume 
(L) 

Intensity 
(kWh/m3) 

Temperature 
(°C) 

10.04.14 Pig slurry 0 16 0 9.3 
10.04.14 Pig slurry 83 12 15 12 
10.04.14 Pig slurry 90 8 30 18 
10.04.14 Pig slurry 90 4 50 25.3 

 

Table 2: Summary of PEF pre-treatment specifications for landfill leachate 

Date Substrate Duration 
(min) 

Volume  
(L) 

Intensity 
(kWh/m3) 

Temperature 
(°C) 

27.05.14 Landfill leachate 0 16 0 11.8 
27.05.14 Landfill leachate 83 12 15 18.5 
27.05.14 Landfill leachate 90 8 30 23.6 
27.05.14 Landfill leachate 90 4 50 27.8 

 

Table 3: Summary of PEF pre-treatment specifications for fruit and vegetables  

Date Substrate Duration 
(min) 

Volume  
(L) 

Intensity 
(kWh/m3) 

Temperature 
(°C) 

3.09.14 FVW 0 16 0 16.6 
3.09.14 FVW 90 12 16.3 24 
3.09.14 FVW 110 8 32.4 28.8 
3.09.14 FVW 70 4 48.7 32.3 
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(c) (b) 

(a) 

Figure 12: PEF instrument (a), energy supplier unit (b), capacitor, spark gap and resistors (c) 



24 

 

Figure 13: Process flow diagram of PEF pre-treatment setup. The material was pumped 
from the feed tank through the PEF treatment chamber and directed back to the tank. The 
pump and the mechanical mixer were always running to keep samples homogenised.  

 

2.4 Experimental  setup 

2.4.1 Biochemical  methane  potential  test 

BMP assessment of samples was determined using batch AD tests as described below. AD 
was performed on 1 L batch digesters at a ratio of 1:1 VS basis (inoculum to substrate), each 
in triplicate, and at a mesophilic temperature (37°C). Each digester was mixed with 300 ml 
of homogenized inoculum and samples at an amount determined from the VS content of the 
waste and then filled up with de-ionized water. Batch tests were run without pH adjustment, 
because of the large amount of inoculum utilized (Neves et al., 2004). No additional nutrients 
were added to the digesters. 

2.4.2 Batch  setup 

The AD batch test was comprised of 12 one-liter Pyrex (digester) that was filled up to a 
volume of 900 ml. Digesters were capped and placed submerged in a water bath. In order to 
maintain a constant temperature at 37 ºC, a heater was installed. The 12 cylinders were closed 
on top with a valve for holding gas. Figure 14 shows the test bench setup. The pH of each 
digester was measured at room temperature (20-25℃) prior to installation and starting the 
AD test. Digesters were assembled under the same conditions to enable comparison of the 
production of biogas. Then the digesters were tightly closed with a rubber stopper. To 
prevent accumulation of sludge, ensure homogeneous conditions, and improve the contact 
between microorganisms and substrate (Krishania et al., 2013), manual mixing was applied 
after each gas volume measurement.  
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Figure 14: View of the batch experimental setup, with 12 digesters connected to cylinders 
where produced biogas is accumulated. 

2.4.3 Gas  volumetric  system 

Gas measurements were carried out to assess methane production from the organic matter 
present in the samples. In this study, the continuous liquid replacement system (CLRS) was 
chosen to determine the volume of gas production (Pham et al., 2013). The biogas formed 
in the digesters, by the AD process, was continuously conveyed by pressure difference to 
the cylinders with a pipe for the entire experimental period, illustrated in Figure 15. All 
cylinders were immerged in the water and kept at the same pressure condition in order to 
ensure accurate measurement of gas volume (Raposo et al., 2012). Produced biogas directed 
to the cylinders raised them up due to pressure. The distance between the top of the gas 
cylinders and the water level was used to measure the volume of the produced biogas. 
Monitoring of biogas production was carried out at least three times a week until the gas 
generation reached less than 1% of the accumulated biogas being produced (Arthur 
Wellinger and Jerry Murphy, 2013; Pham et al., 2013). 



26 

 

Figure 15: Batch digester with gas capturing and measurement system. 

2.4.4 Gas  quality  measurement   

The quality of the biogas was measured with the GEOTECH GA5000 gas analyzer (see 
Figure 16). Approximately 900 ml of biogas was collected for analysis. This was because 
the device needed at least 30 seconds purging the gas to measure an accurate value equivalent 
to 900 ml of biogas. Gases were sampled directly from the valves installed on the cylinders. 
In order to ensure accurate gas quality measurement, the gas analyzer purged clean air after 
each measurement. The gas analyzer can detect CH4, O2, CO2 and CO.  Measurements are 
given in percentage for CH4, CO2, O2 and in ppm for H2S. In addition, gas analyzer is able 
to monitor temperature and pressure (Geotechnical instruments, 2014). 

 

Figure 16: Gas analyser from GEOTECH 
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3 Results  and  discussion   
All the experimental results are presented in this chapter. The research was conducted to 
study the effects of PEF pre-treatment on biogas and methane production prior to laboratory-
batch AD of PS, LL and FV. These effects were statistically proven. The characteristics of 
the substrates before and after PEF pre-treatment were measured and compared. Also, 
performance of PEF pre-treatment at three different intensities from 15 to 50 kWh/m3 was 
compared in order to find the optimum range of intensities for highest methane production. 
At the end of each batch experiment, COD and VS analyses were performed to study the 
effects of pre-treatments on biosolids removal.  

3.1 Preliminary  test  on  pig  slurry 

In order to find out any potential error in PEF pre-treatment and AD process and thus 
avoiding them in the real experiments, a preliminary test was conducted on PS. 

3.1.1 Pig  slurry  characterization   

A number of tests are done on the raw substrate taken from the source to determine its 
characteristics. Having identified the characteristics of the substrates such as TS, VS and 
COD makes it easier to continue with making diluted samples for the pretreatment 
afterwards. Data in Table 4 were obtained by standard TS and VS analyses after sample 
collection and prior to the PEF pretreatment.  

Table 4: Pig slurry characteristics  
 

 

 

3.1.2 Pre-treatment  of  pig  slurry 

The sample was diluted in order to go through the circulation pump more easily. The 
specification of the pretreatment is shown in Table 5. 
 
Table 5: Summary of PEF pre-treatment specifications for pig slurry 

Date Substrate Duration (min) Quantity (L) Intensity (kWh/m3) 
31.01.14 Pig slurry 100 20 10 
31.01.14 Pig slurry 72 15 20 
31.01.14 Pig slurry 50 10 30 

 

3.1.3 Effects  of  PEF  pre-treatment  on  substrates  characterisations   

The results of solubilisation tests are illustrated in Table 6. As can be seen, solid content of 
samples changed dramatically after PEF treatment.  

    Parameters                    Values (%) 
TS   6.52 
VS 73.3 
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Table 6: Property changes by PEF pre-treatment of pig slurry. The values indicate an 
average of three analyses conducted on each sample.  

 Pig slurry 
Control Condition1 Condition2 Condition3 

Treatment intensity 
(kWh/m3) 0 10 20 30 

TS (%) 3.25% 1.60% 1.95% 3.17% 
VS (%) 73.01% 67.03% 68.73% 76.18% 

COD (mg/L) 11062 11031 11007 11033 
SCOD (mg/L) 1878 3565 3489 3088 

TSS (%) 20.25% 12.68% 7.73% 13.59% 
VSS/TSS (%) 82.14% 84.62% 93.75% 89.29% 

 

3.1.4 Biogas  and  methane  production   

Samples in eight digesters, duplicate of each condition, were digested for 38 days. The 
results of biogas and methane production (ml) along with digestion time are presented in 
Figures 17 and 18 with three different intensities. As can be seen, the biogas production 
increased 26% for condition 3 over the control, and by 10% and 4% for conditions 1 and 2 
respectively. The methane production also increased by 11%, 5% and 28% for conditions 1, 
2 and 3 compared to the control, respectively. The results show the positive effect of PEF 
pretreatment on optimizing the methane yield of treated samples, but they did not follow a 
systematical trend. Less methane was produced for condition 2 than for condition 1, however 
the intensity was higher. 

 

Figure 17: Total biogas production of pig slurry samples as a function of the digestion 
time. Error bars are indicative of duplicate measurement 
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Figure 18: Accumulated methane production of pig slurry samples as a function of the 
digestion time. Error bars are indicative of duplicate measurement. 

3.1.5 Errors  in  the  preliminary  experiment 

1. The most important reason for errors was an incorrect sampling method. All the 
samples were not taken from the same bottle for the pretreatment and analyses.  

2. Samples were not diluted at the same time in the same bottle which resulted in 
variable TS, VS, TSS and VSS values.  

3. PEF treatment should have included a mixer in the bucket containing pig slurry, so 
every time treated slurry comes into the bucket, it will be well mixed with the rest 
of the feed. 

4. In TS and VS tests, the volume of sample in crucibles should have also been 
specified, in order to be able to report methane production in ml/gVS.  

5. Temperature and pH were not measured after PEF treatment, nor before and after 
the BMP test.  

6. Characteristics of the inoculum regarding TS, VS and COD were unknown, 
consequently COD and VS removal could not be reported. 

3.2 Experimental  results   
The errors found in the preliminary experiment were considered and corrected before 
conducting the main experiments. 

The PEF intensities used for pre-treatment in the preliminary experiment were 10, 20 and 30 
kWh/m3.  Since this project was interested in finding the optimum range of the intensities 
for highest methane production, it was decided to change the intensity ranges of the main 
experiments to higher values (15 – 50 kWh/m3).  
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3.2.1 Effects  of  PEF  pre-treatment  on  substrates  characterisations   

Pig slurry 
Sample characterisations with respect to TS, VS, COD, SCOD, TSS, VSS and pH before 
and after PEF (at three different degrees of treatment, 15, 30 and 50 kWh/m3) are 
summarized in Table 7 and Figure 19. As shown in Table 7, TS measurements showed small 
biomass loss with PEF treatment of an average of 16%. Viscosity, visual color and pH of the 
pig slurry were affected by the pre-treatment. According to Table 7, SCOD values fluctuated 
and were almost the same as the control, except for condition 1 which showed a 25% increase 
compared to the control. 10.5 Kwh/m3 pre-treated pig manure showed around a 300% 
increase in SCOD as reported by Salerno (Salerno et al., 2009). Initial SCOD/COD ratio of 
substrates reported by Salerno (Salerno et al., 2009) ranged from 0.002 to 0.04. Nonetheless, 
in the present work, the initial SCOD/COD ratio was approximately 0.5. This could explain 
partly the relatively low effect of the pre-treatment on the solubilisation of COD. Such high 
initial solubilisation of COD is probably due to the age of the substrate, with the natural 
hydrolysis step already advanced. This leads to the hypothesis that efficiency of the pre-
treatment is a function of the age of the substrate. Despite recirculation of the pre-treated 
slurry (for condition 2 and 3), the PEF showed little effect on COD solubilisation. As 
reported by Salerno, samples (WAS) that were passed more than once through PEF 
contained higher SCOD than those which were passed only once (Salerno et al., 2009). The 
pulse frequency applied in this study was 1,7Hz, whereas, Salerno used a frequency of 
1000Hz. Therefore, it might be more effective to have high pulse frequencies in order to 
make the biomass more susceptible to solubilisation. The TSS and VSS presented in Figure 
19 dropped by an average of 7% and 9%, respectively, for all the treated samples. The 
highest drop in TSS was observed for condition 1 by 13% and in VSS for condition 3 by 
15%, compared to the control. The weight loss indicates that some cells were severely 
disrupted into cell fragments smaller than the pore size of glass-fiber  filter  (1.2  μm), or that 
some soluble components were released into the medium. 

Table 7: Property changes by PEF pre-treatment of pig slurry. The values indicate an 
average of three analyses conducted on each sample, which have standard deviations always 
less than 6% of the average. A statistical analysis was performed using Microsoft Excel 
2013, and the data of repeated experiments were given as the mean ± standard deviation. 

 PEF treatment conditions  
Control Condition 1 Condition 2 Condition 3 

Treatment intensity 
(kWh/m3) 0 15 30 50 

TS (%) 2.55% 2.24% 2.05% 2.12% 
VS (%) 70.78% 67.75% 68.18% 67.02% 

COD (mg/L) 11094 ±588 10995±58 10948±557 11096±329 
SCOD (mg/L) 4888±82 6059±231 4585±33 4563±248 

pH  7.72 7.90 8.35 8.94 
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Figure 19: Characteristics of the substrate before and after PEF treatment. Error bars are 
indicative of triplicate analyses. 

Landfill leachate 
In Table 8 and Figure 20 the properties of control and PEF treated LL (at three different 
degrees of treatment, 15, 30 and 50 kWh/m3) are summarized. The property values shown 
in this table are the average over three experiments. After PEF treatment, the average values 
for TS and VS content changed. TS measurements showed a slight increase for treated 
samples. VS content increased up to 13%. The VSS dropped by an average of 8% after PEF 
treatment, which is higher than the 0.7% reported by Lee for treated WAS at 34.2 kWh/m3  
(Lee and Rittmann, 2011). The highest drop in VSS was observed for condition 3 by 14%, 
compared to the control.  

PEF showed no effect on COD solubilisation for LL (see Table 8). Taking into account the 
low value of COD (±5000) for LL, it is noteworthy to add that this leachate was classified 
as  “medium  age”  and  low-biodegradable (Ahmed and Lan, 2012; Renou et al., 2008). The 
LL was almost stabilised and thus its SCOD was poorly biodegradable soluble microbial 
products. As can be seen from Table 8, SCOD of LL prior to PEF was high and that is 
probably due to the age of this substrate. Hence, effect of PEF on solubilisation might be 
proportional to the age of the substrate. Another observation of these experiments was the 
decrease in viscosity along with colour lightening of the LL after pre-treatment. Also, a slight 
increase in pH was observed after PEF treatment.  
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Table 8: Property changes by PEF pre-treatment of landfill leachate. The values indicate an 
average of three analyses conducted on each sample. A statistical analysis was performed 
using Microsoft Excel 2013, and the data of repeated experiments were given as the mean ± 
standard deviation. 

 Landfill leachate 
Control Condition 1 Condition 2 Condition 3 

Treatment intensity 
(kWh/m3) 0 15 30 50 

TS (%) 0.70% 0.72% 0.86% 1.11% 
VS (%) 43.89% 44.97% 46.99% 49.37% 

COD (mg/L) 5302±450 5227±204 5223±210 5107±78 
SCOD (mg/L) 3180±194 2925±53 2845±21 2755±6 

TSS (%) 14.05% 15.58% 23.34% 35.92% 
VSS (%) 83.81% 81.25% 77.78% 72.30% 

pH  8.25 8.36 8.47 8.54 
 

 

Figure 20: Characteristics of the substrate before and after PEF treatment. Error bars are 
indicative of triplicate analyses. 

Fruit and vegetables  
In Table 9 and Figure 21, the properties of control and PEF treated FV (at three different 
degrees of treatment, 16.3, 32.4 and 48.7 kWh/m3) are summarized. The property values 
shown in this table are the average over three experiments. After PEF treatment, the average 
values for TS and VS content changed. TS content decreased slightly for treated samples, 
but VS content increased after treatment. VS content is in the same range as reported by 
Bouallagui (Bouallagui et al., 2009). The TSS measurement showed small biomass loss that 
correlated to treatment intensity. The TSS dropped by an average of 9% for the treated 
samples, and by 13% with the most severe treatment condition (3). The release of soluble 
components also was confirmed by an increasing trend of SCOD which reached 7% for 
condition 1 compared to the control (see Table 9). Another observation of these experiments 
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was the decrease in viscosity along with colour lightening, and a slight increase in pH 
observed after PEF treatment.  

Table 9: Property changes by PEF pre-treatment of fruit and vegetables. The values indicate 
an average of three analyses conducted on each sample. VSS analysis have been done for 
this experiment. Due to the high volatility of FV waste it could not be measured as there are 
no data available in literature regarding VSS of fruit and green waste. A statistical analysis 
was performed using Microsoft Excel 2013, and the data of repeated experiments were given 
as the mean ± standard deviation. 

 Fruit and vegetable 
Control Condition 1 Condition 2 Condition 3 

Treatment intensity 
(kWh/m3) 0 16.3 32.4 48.7 

TS (%) 3.96% 3.82% 3.52% 3.46% 
VS (%) 90.83% 90.99% 90.62% 91.17% 

COD (mg/L) 11682.4±927 11667.6±1219 11600.8±648 11202±684 
SCOD (mg/L) 6417.5±55 6876±42 6621.5±30 6517.5±137 

TSS (%) 53.30% 52.48% 50.54% 49.72% 
VSS (%) Na Na Na Na 

pH  3.81 3.85 3.85 3.92 
 

 

Figure 21: Characteristics of the substrate before and after PEF treatment. Error bars are 
indicative of triplicate analyses. 
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3.3 Daily  biogas  production 

3.3.1 Pig  slurry 

The average biogas production during the digestion of pig slurry samples are shown in 
Figure 22. Analysis of biogas production profiles for the PEF treated samples and control 
showed that there were differences among the conditions tested, and that the results for 
treated samples were better in term of biogas yield. Biogas production started from the first 
day. It can be seen that for the digesters, the biogas yield increased until about day 10 and 
then gradually levelled off. The average biogas yields from the control, conditions 1, 2 and 
3 were 65.11, 73.22, 85.31 and 92.57 ml/gVS, respectively, after 22 days of digestion. About 
87%, 88%, 89% and 90% of total biogas yield was achieved after the first ten days of 
digestion for the control, condition 1, 2 and 3, respectively. This shows the possibility of 
higher biogas yield from PEF treated samples within the same digestion time. 

 

Figure 22: Biogas production variation during 22-day anaerobic digestion of pig slurry 
under mesophilic condition. Error bars are indicative of triplicate measurement. 

3.3.2 Landfill  leachate 

The average biogas production during the digestion of LL samples are shown in Figure 23. 
Analysis of biogas production profiles for the PEF treated samples and control showed that 
there were differences among the conditions tested, and that the results for treated samples 
were better in term of biogas yield. It can be seen from Figure 23 that for the digesters, the 
biogas yield increased until about day 12 and then gradually levelled off. The average biogas 
yields from the conditions 1, 2, 3 and control were 16.11, 15.78, 20.48 and 22.44 ml/gVS, 
respectively, after 22 days of digestion. About 81%, 76%, 74% and 77% of total biogas yield 
was achieved after the first ten days of digestion for the control, condition 1, 2 and 3, 
respectively. 
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Figure 23: Biogas production variation during 22-day anaerobic digestion of landfill 
leachate under mesophilic condition. Error bars are indicative of triplicate measurement. 

3.3.3 Fruit  and  vegetables   

The average biogas production during the digestion of FV samples are shown in Figure 24. 
Biogas production started from the first day. The biogas production reached their peak values 
of 102.35, 131.65, 140.33 and 131.30 (ml/gVS) on day seventeen for the control condition 
1, 2 and 3, respectively. After 41 days of digestion, the average biogas yields were about 36 
ml/gVS for conditions 2, 3 and the control, and 40 ml/gVS for condition 1. About 90% of 
total biogas yield was achieved after 21 days of digestion for all the conditions. This shows 
that digestion time of 21 days was sufficient to generate the majority of the biogas for this 
substrate. Similar to LL, the lowest biogas yields were obtained by the control; but the 
highest was for condition 1. The biogas production almost stopped in day six of digestion 
due to a decrease in pH from 7 to 5. FV wastes contain high amounts of easily digestible 
carbohydrate (Knol et al., 1978). These carbohydrate-rich substrates are very rapidly 
acidified to organic acids (Bouallagui et al., 2009; Scano et al., 2014; Singh et al., 2012). If 
the formed organic acid is sufficiently utilized by the methanogenesis, biogas is 
proportionally produced as time passed. However, quick acid formation decreases the pH in 
the digester from its optimum, of about 7.0 for methanogensis (Krishania et al., 2013), and 
tends to inhibit the activity of methanogenic bacteria and even stops the methane formation 
during AD. After observation of the inhibition, the batch experiment stopped and pH was 
maintained at about 7.5 by the addition of sodium hydroxide solution (0.008 M) (Bouallagui 
et al., 2005; Bouallagui et al., 2004). Afterwards, an immediate increase in biogas production 
was observed and biogas yields continued for several weeks.  
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Figure 24: Biogas production variation during 41-day anaerobic digestion of fruit and 
vegetables under mesophilic condition. Error bars are indicative of triplicate 
measurement. 

3.4 Biogas  and  methane  production   

3.4.1 Pig  slurry 

Samples in the 12 digesters were digested for 22 days. The results of biogas production 
(ml/gVS) along with digestion time are presented in Figure 25 with three different 
intensities. The values were in the range of 520.87 to 740.57 (ml/gVS) for the four 
conditions. The biogas production from the control (520.87 ml/gVS) was much higher than 
the 385 (ml/gVS) obtained by laboratory-scale AD of pig manure conducted by Qiao (Qiao 
et al., 2011). Biogas production was enhanced 26% for condition 3 over the control and by 
17% and 12% for conditions 2 and 1, respectively. These results are higher than the 9% 
biogas production enhancement achieved by Qiao after hydrothermal pre-treatment (170℃ 
for 1 hour).    

The biogas quality was measured, and the methane concentration was in the range of 64 to 
66% for the control. The concentration reached 71 to 74% for PEF pre-treated samples. The 
methane concentration values for the control were almost similar to the biogas quality 
estimated by Chae (Chae et al., 2008) and Hill (Hill and Bolte, 2000), in the range of 60–
65%. Figure 26 presents the results of methane production (mlCH4/gVS) along with the 
digestion time. The methane production yield was in the range of 339.20 to 536.50 
(mlCH4/gVS). The methane production yield for the control (339.20 mlCH4/gVS) was 
higher than that reported by Bonmatí (247.5 mlCH4/gVS) and Asam (330 mlCH4/gVS) and 
Qiao (253.8 mlCH4/gVS) from a batch AD of pig slurry (Bonmatí et al., 2001; Asam et al., 
2011; Qiao et al., 2011). The methane production after hydrothermal pre-treatment reported 
by Qiao increased by 15%, which was still lower than that achieved in this study. 
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Figure 25: Total biogas production of pig slurry samples as a function of the digestion time. 
Error bars are indicative of triplicate measurement.  

Increase in methane production was not linearly correlated with the changes in SCOD. This 
indicated that PEF pre-treatment affects availability of organic solids through production of 
small colloids, rather than solubilisation which resulted in more methane production 
(Salerno et al., 2009). The methane production from the control was observed to be 32% of 
the total COD, similar to 30% achieved by Salerno and coworkers (Salerno et al., 2009). The 
methane production after PEF pre-treatment represented 37%, 39% and 46% of COD for 
conditions 1, 2 and 3, respectively. These results show low bioavailability of untreated pig 
slurry and the positive effect of PEF pre-treatment on optimizing the methane yield in treated 
samples. In comparison, microwave-based pre-treatment had no effect on methane 
production of dairy manure (Jin et al., 2009). The methane production was enhanced 58% 
for condition 3 over the control and by 41% and 19% for conditions 2 and 1, respectively. 
This study did not find the optimum intensity by which maximum methane is produced. 
Higher PEF intensities could possibly improve the methane production from PS. 58% 
methane production enhancement for condition 3 (50 kWh/m3) was higher than achieved 
with ultrasonic pre-treatment of hog manure reported by Elbeshbishy and co-workers 
(Elbeshbishy et al., 2011). Methane potential increased by 28% with specific energy input 
of 500 kJ/kg (140 kWh/m3), which is three times higher than in our experiment. Increased 
energy input decreased the effect on biodegradability, nevertheless, the opposite behavior 
was observed in the present study. The methane production increased linearly with higher 
intensities. The highest methane production after PEF pre-treatment was 46% of the total of 
the initial COD which was a bit lower than the 54% achieved by Salerno in PEF treatment 
of pig slurry with 10.5 kWh/m3 (Salerno et al., 2009). It is difficult to compare the observed 
effects due to different PEF systems used, different electric process parameters and 
insufficiently described equipment/treatment conditions. There are several important 
parameters that should be considered, such as electric field strength, total treatment time, 
pulse frequency, pulse geometry, treatment chamber design, flow rate of the substrate, 
fluctuation of temperature and total energy input. Several studies indicate that electric field 
strength, pulse width, frequency and pulse shape are the main critical parameters affecting 
the treatment results (Carlsson et al., 2008; Lee et al., 2002; Soliva-Fortuny et al., 2009).  
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Figure 26: Accumulated methane production of pig slurry samples as a function of the 
digestion time. Error bars are indicative of triplicate measurement. 

3.4.2 Landfill  leachate 

The accumulated biogas and methane production of the control and three different intensities 
(15, 30 and 50 kWh/m3) are depicted in Figures 27 and 28 along with digestion time. The 
values were in the range of 155.61 to 220.06 (ml/gVS) after 22 days of digestion. Biogas 
yields were higher for PEF treated LL than for raw (untreated) LL. The biogas quality was 
measured, and the methane concentration values were around 40% regardless the intensity. 
The methane produced from the control, 13% of total COD, indicates that the LL was poorly 
bio-degradable and had low-bioavailable biosolids that required effective pre-treatment 
before methanogenesis. The methane production after PEF pre-treatment represented 21% 
and 25% of COD for conditions 2 and 3, respectively. The results from all of the experiments 
clearly demonstrate the positive effect of PEF pre-treatment on methane production 
potential. The methane production yield was in the range of 62.24 to 91.32 (mlCH4/gVS). 
Condition 2 and 3 showed 26% and 44% higher and faster methane production than the 
control after 22 days, respectively. Consistent with Salerno and co-workers (Salerno et al., 
2009), the main effect of PEF treatment was not to create truly soluble organic material, but 
to produce small colloids. These colloids could readily be utilized by anaerobic 
microorganisms and result in fast organic acid formation during the initial stage of AD and 
consequently higher methane formation and biogas yield. PEF pre-treatment seems to have 
a threshold treatment intensity for increasing bioavailability of solids. This threshold is 
approximately 30 kW/m3, based on the large increase in methane generation in Figure 28. 
Then the methane production increased linearly with higher intensities. Hence, as with PS 
higher PEF intensities could possibly increase the methane production from LL.  
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Figure 27: Total biogas production of landfill leachate samples as a function of the digestion 
time. Error bars are indicative of triplicate measurement. 

 

Figure 28: Accumulated methane production of landfill leachate samples as a function of 
the digestion time. Error bars are indicative of triplicate measurement. 

3.4.3 Fruit  and  vegetables 

Figures 29 and 30 summarize results for FV. Biogas production measured for FV was in the 
range of 804.12 to 868.80 (ml/gVS) which is much higher than the 695.45 (ml/gVS) obtained 
by laboratory-scale AD of FV conducted by Bouallagui (Bouallagui et al., 2004), 372 
(ml/gVS) achieved by Liu (Liu et al., 2009) from 25-day batch AD of green waste, and 525 
(ml/gVS) reported by Qiao (Qiao et al., 2011) after the hydrothermal treatment of FV.  

The average methane contents of the biogas produced from FV waste were around 85% for 
all PEF treated samples and the control. Methane concentration from FV in this study (85%) 
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is higher than that obtained by Bouallagui (Bouallagui et al., 2004), 65%, and that reported 
by Babaee from AD of green waste (Babaee and Shayegan, 2011), 50-64%. The results 
showed that methane production increased by 7% from 628.65 to 678.69 (mlCH4/gVS) after 
PEF treatment (Figure 30). The methane production from the control (632.97 mlCH4/gVS) 
was much higher than the 206 mlCH4/gVS obtained by batch AD of green waste conducted 
by Liu (Liu et al., 2009).  

Unlike PS and LL, the PEF treatment effect on methane generation was more significant for 
the lowest treatment intensity. The result of this experiment shows that 16.3 kWh/m3 is the 
range of intensity by which the highest amount of methane can be achieved. Beyond this 
intensity, methane production decreased even lower than that produced from the control. 
Condition 1 showed 7% increase in SCOD which caused the methane generation to increase 
by 7% by day 41. The amount of solubilisation was proportional to the increase in methane 
generation for this substrate, the which is similar to the PEF treatment study on WAS 
conducted by Choi and co-workers (Choi et al., 2006). The methane produced from the 
control, 53% of the total COD, and up to 57% with PEF treatment, indicates that the FV was 
highly bio-degradable and was not in need of a pre-treatment before methanogenesis. As 
discussed before, FV waste is limited by methanogenesis rather than by the hydrolysis. The 
small difference in methane generated by treated samples after 41 days of digestion, reveals 
the little impact of PEF treatment on this substrate. Carlsson and co-workers  (Carlsson et 
al., 2008) evaluated the effect of PEF treatment on OFMSW using the BMP test. The results 
as well as treatment conditions are summarized in Table 10. They achieved a 40% increase 
of the total biogas potential compared to the 8% biogas enhancement obtained from FV in 
this study. The pulse frequency applied in this study was 1,7Hz while Carlsson used a 
frequency of 120Hz, higher intensity and electric field strength. Although there is still 
missing information on the PEF equipment, in combination the electric field strength, 
frequency and intensity showed a strong impact on biogas potential. 
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Figure 29: Total biogas production of fruit and vegetable samples as a function of the 
digestion time. Error bars are indicative of triplicate measurement. 

 

Table 10: PEF treatment specification, solubilisation and biogas production results of 
Carlsson’s  experiment (Carlsson et al., 2008) and the current study 

Substrate PEF specification Solubilisation Biogas 
production 

 
Electric field 

strength 
(Kv/cm) 

Pulse 
geometry 

Frequency 
(Hz) 

Intensity 
(kWh/m3)   

OFMSW 24 NA 12.5 70 NA 40% 

FV 20 Exponential 
decay 1.7 16.3 7% 8% 
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Figure 30: Accumulated methane production of fruit and vegetable samples as a function of 
the digestion time. Error bars are indicative of triplicate measurement. 

3.5 Statistical  analyses 

3.5.1 Analysis  of  variance  (ANOVA) 

In order to see if there is significant difference in methane production from PEF pre-treated 
samples and the control, the One-way analysis of variance (ANOVA) method was used. 
MATLAB was used for the calculation  and  the  significant  level  (α=0.05) set as a part of the 
experimental design.  

One-way ANOVA method is used when comparing three or more unmatched groups. It uses 
the following linear statistical model: 

𝑦    = 𝜇 + τ + 𝜖     {(𝑖 = 1, 2, … , 𝑎),(𝑗 = 1, 2, … , 𝑛)} 

where  𝑦   is the random variable, 𝜇 is the overall mean, τ  parameter associated with the ith 

measurement, and 𝜖  is the random error component (Montgomery and Runger, 2006). 

ANOVA tests whether the mean value of each measurement is the same (H0 hypothesis) or 
differs significantly from the others (H1 hypothesis).  

H0:  τ1 = τ2 = τ3 =  …  =  τi=0 

H1: τi ≠0  for  at  least  one  i 

If H0 is true, there is no difference between the mean value of each measurement, meaning 
there the PEF treatment has no significant effect on the methane production of the substrates. 
If H0 is rejected, there is at least one mean value which is significantly different from the 
others. 
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The computation for this test is summarized in ANOVA table (see Table 10): 

 

Table 11: One-way ANOVA table 

Source of 
variation 

Sum of 
squares 

Degrees of 
freedom 

Mean 
square F0 p-value 

Measurements 
(Between) SSR a – 1 MSR MSR / MSE P(Fa-1, a(n-1) > F0) 

Error (within) SSE a (n – 1) MSE   

Total SST an – 1   
 

 

 

SSR is sum of squares between-measurements calculated from equation below: 

                  𝑆𝑆 = ∑ ȳ −  ȳ..                                (8) 

SST is total sum of squares to measure the total variability in the data calculated by: 

       𝑆𝑆 = ∑ ∑ 𝑦 −  ȳ..                      (9) 

SSE is sum of squares within-measurements obtained from the equation below: 

                                𝑆𝑆 = 𝑆𝑆 − 𝑆𝑆                                                            (10) 

MSR represents the mean square for measurements and calculated by:  

   𝑀𝑆 =
( )

                                       (11) 

MSE represents the mean square for error obtained by:  

                                                𝑀𝑆 =
[ ( )]

                                                   (12) 

where: 

ȳ . represents the average of the replicates under the ith measurement  

ȳ.. represents the grand mean of the replicates 

𝑦  represents the jth replicate taken under ith measurement  

N represents the total number of replicates 

The p-value is computed from each comparison ranging from zero to one, assuming the H0 
hypothesis is true. A high p-value indicates that the H0 hypothesis is true, meaning that there 
is no difference between the measurement mean values (meaning that the PEF pre-treated 
samples do not have significant difference from those obtained from control samples). When 
the p-value from a particular measurement is less than the significance level, the H0 
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hypothesis is rejected and therefore the results are deemed statistically significant 
(Montgomery and Runger, 2006; Ross, 1987).  

3.5.2 Multiple  comparison  using  one-way  ANOVA 

ANOVA does not identify which measurement means are different. A multiple comparison 
test can determine which pairs of measurement mean values are significantly different. There 
are different multiple comparison procedures. In this study “Tukey's honestly significant 
difference”  was used which is the default procedure in MATLAB.  

Tukey's Honestly Significant Difference 
The test is based on studentized range distribution. The test rejects H0 if: 

                                              |𝑡| = |ȳ      ȳ |

( )
>

√
𝑞 ,   (   –   ),                                                             (13) 

where q α, a (n – 1), a is the upper 100*(1 – α)th percentile of the studentized range distribution 
with parameter a and a (n-1) are degrees of freedom.  

A matrix was created for each day that the methane production was measured. The columns 
of the matrix represent triplicate measurements of each group (control and conditions).  

 

 

𝐴 =
𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  1 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  1 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  1
𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  2 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  2 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  2
𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  3 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  3 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  3

𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  1
      𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  2      
𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒  3

 

 
To conduct One-way ANOVA and multiple comparison tests, the functions “[p,tbl,stats] = 
anova1(A)” and “multcompare(stats)”  were used. All the groups were compared against 
each other and the obtained p-values showed for which pair(s) of measurements there was 
significant difference.  
 

3.5.3 Results   

The Analysis Of Variance (One-way ANOVA) was conducted on the biogas and methane 
production of the control and PEF pre-treated samples, from the first measurement until the 
day by which the reactors had reached steady state. The results are illustrated in Figures 31, 
32 and 33. Any data point shown in the figures indicates the p-value of compared groups as 
a function of digestion time (days). Significant level (α) was set to 0.05. Statistical analyses 
for methane production from substrates used in this work are as below. Statistical analyses 
for biogas production are in appendix B. 

 

Control Condition 2 Condition 3 Condition 1 
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Pig slurry 

Figure 31 shows the results from the PS experiment. There is no significant difference 
observed for the first 5 days of the experiment, due to lag phase. Growth cycle of the 
anaerobic microorganisms and their activity in batch experiments are divided into four 
phases. During lag phase, first phase, bacteria adapt themselves to growth conditions 
(George Tchobanoglous et al., 2004). It can be seen that there were significant differences 
between all of the conditions after about 5 days of digestion (except for condition 2 versus 
3 which was after 8 days). The p-values that are less than the significant level (0.05), state 
that the differences are statistically significant. 
 

 
 

Figure 31: Analysis of variance (ANOVA) for methane production of pig slurry. Each data 
point represents the comparison of the average of a triplicate measurement between two 
different groups. p-values less than significant level (α=0.05) show that the differences are 
statistically significant. 

 

Landfill leachate 
Figure 32 shows the results of statistical analyses for LL experiment. The results showed 
that there were significant differences between all of the conditions after about first 5 days 
of digestion (lag phase) except for the control and condition 1. As it mentioned before, LL 
showed the threshold intensity of around 30 kWh/m3 (condition 1) and before that the PEF 
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pre-treatment did not show improvement in methane production. The p-values that are less 
than the significant level (0.05) state that the differences are statistically significant. 

 
Figure 32: Analysis of variance (ANOVA) for methane production of landfill leachate. 
Each data point represents the comparison of the average of a triplicate measurement 
between two different groups. p-values less than significant level (α=0.05) show that the 
differences are statistically significant. 

 

Fruit and vegetables 
Figure 33 shows the results of statistical analyses for FV experiment. The results showed 
that there were significant differences between condition 1 and all other conditions after 
about 20 days of digestion. Condition 1 was the only treatment intensity that showed 
distinctive effect on methane production of this substrate. The p-values that are less than 
the significant level (0.05), state that the differences are statistically significant. 
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Figure 33: Analysis of variance (ANOVA) for methane production of fruit and vegetables. 
Each data point represents the comparison of the average of a triplicate measurement 
between two different groups. p-values less than significant level (α=0.05) show that the 
differences are statistically significant. 

 

3.6 Biosolids removal 

The results of volumetric methane yield (L/kg substrate) and biosolids reduction are 
presented in Tables 11, 13 and 14. The volumetric methane yield (L/Kg substrate) for LL 
increases upon increasing the treatment intensity, as does that for PS when PEF pre- 
treatment exceeded the threshold (around 10 and 30 kWh/m3 for PS and LL, respectively). 
For FV, the highest volumetric methane yield (22.32 L/Kg substrate) was reached at the 
treatment intensity of 16.3 kWh/m3.  

PEF pre-treatment made solids more bioavailable, which led to increased biosolids 
destruction by 23, 30 and 53% for conditions 1, 2 and 3, respectively, over the control for 
PS. These results are higher compared to the 18% COD removal obtained by PEFpre- 
treatment of WAS (at 34 kWh/m3) reported by Lee (Lee and Rittmann, 2011), as well as 
the 15% reduction achieved by Bonmati (Bonmatí et al., 2001) when PS was thermally 
pre-treated at 80ºC for 3 hours. Due to bio-refractory and high ammonia contents, mainly 
in more stabilized (less bio-degradable) leachates, the biological processes are less efficient 
with respect to methane production and organic removal quantity (Ahmed and Lan, 2012; 
Barbusiński and Pieczykolan, 2010; Renou et al., 2008). Hence, biogas yield as well as 
biogas quality from LL were low compared to PS and FV. Physico-chemical treatments 
such as coagulation/flocculation, air stripping and chemical oxidation have been used to 
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remove recalcitrant organic substances, when treating stabilized leachate. Silva and co-
workers (Silva et al., 2004) conducted coagulation and flocculation treatment on a stabilized 
LL (COD: 3460 mg/L) by adding aluminium sulfate at a concentration of 700 mg/L to 
remove refractory organic compounds from the leachate. COD was partially removed by 23 
to 27% via this technique. This current study with PEF pre-treatment showed a significant 
effect on enhancement of methane production and organic refractory removal. As can be 
seen from Tables 11 and 12, PEF pre-treatment led to COD reduction up to 100% for LL 
compared to the control. This is higher than the 17% and 53% reduction obtained when 
treating FV and PS, respectively. Moreover, VS removal in LL is relatively high (1.17% for 
condition 3) as in comparison to the control (0.48%). The conversion of volatile solid to 
methane for untreated and treated samples of FV falls between 53 and 56%, which is also in 
correlation with COD removal. This shows PEF pre-treatment was more effective on 
biosolid from LL than PS and FV. 

  

Table 12: Overall results of volumetric methane yield and COD removal after 22 days of 
digestion for pig slurry. Statistical analyses were performed using Microsoft Excel 2013, 
and the data of repeated experiments were given as the mean ± standard deviation. 

Pig slurry 
  Control Condition 1 Condition 2 Condition 3 

Treatment intensity 
(kWh/m3) 0 15 30 50 

Methane 
(L/Kg substrate) 5.25±0.25 5.91±0.16 6.40±0.17 7.24±0.47 

COD removal (%) 31.65 37.36 38.52 45.50 
 

 

Table 13: Overall results of volumetric methane yield and COD and VS removal after 22 
days of digestion for landfill leachate. Statistical analyses were performed using Microsoft 
Excel 2013, and the data of repeated experiments were given as the mean ± standard 
deviation. 

Landfill leachate 
  Control Condition 1 Condition 2 Condition 3 

Treatment intensity  
(kWh/m3) 0 15 30 50 

Methane  
(L/Kg substrate) 0.19±0.01 0.19 ±0.01 0.31 ±0.01 0.49 ±0.03 

COD removal (%) 12.74 13.70 21.02 25.33 
VS removal (%) 12.83 11.84 15.68 21.78 
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Table 14: Overall results of volumetric methane yield and COD and VS removal after 41 
days of digestion for fruit and vegetables. Statistical analysis was performed using Microsoft 
Excel 2013, and the data of repeated experiments were given as the mean ± standard 
deviation. 

Fruit and vegetables 
  Control Condition 1 Condition 2 Condition 3 

Treatment intensity  
(kWh/m3) 0 16.3 32.4 48.7 

Methane  
(L/Kg substrate) 21.97±0.22 22.32 ±0.36 19.62 ±0.28 19.27  ±0.25 

COD removal (%) 58.78 68.73 62.46 64.03 
VS removal (%) 53.10 57.69 53.98 55.62 

 

3.7 Summary  of  the  results 

The investigated substrates, pig slurry (PS), landfill leachate (LL) and fruit/vegetable (FV), 
were pre-treated with PEF and anaerobically digested at 37℃. The effect of PEF on 
solubilisation, methane production and biosolids removal was investigated at three different 
intensities from 15 to 50 kWh/m3.  

PEF pre-treatment had a little effect on solubilisation of the organic solids. By pre-treating 
PS, SCOD/COD ratio increased by 25% for the intensity of 15 kWh/m3 (condition 1) over 
the control. The highest VSS/TSS drop was for condition 3 by 15%. PEF showed no effect 
on COD solubilisation for LL due to the age of this substrate. The LL used in this study is 
considered as stabilized and low-biodegradable leachate because of its initial low value of 
COD (±5000). This leads to the hypothesis that efficiency of the PEF pre-treatment is a 
function of the age of the substrate. The highest drop in VSS/TSS was observed for condition 
3 by 14%, compared to the control. The SCOD/COD ratio increased by 7% with the most 
severe treatment intensity (condition 1) for FV. 

PEF pre-treatment converted the organic solids to small colloidal forms, rather than making 
truly soluble organic solids. These colloids could readily be utilized by anaerobic 
microorganisms and result in more methane production. In terms of PEF pre-treatment 
effects on methane production enhancement, this study presents a similar trend as reported 
in other literature (Carlsson et al., 2008; Choi et al., 2006; Kopplow et al., 2004; Lee and 
Rittmann, 2011; Rittmann et al., 2008; Salerno et al., 2009). The overall results of methane 
production (ml/gVS) from different treatment conditions along with digestion time are 
presented in Figures 34, 35 and 36 with three different intensities from 15 to 50 kWh/m3. 
The results indicate that the methane production improved by pre-treatment. Accumulated 
methane production of PS and LL after 22 days of digestion increased linearly with higher 
intensities and the PEF pre-treated samples produce more methane than the control. The PS 
samples which were PEF pre-treated with the highest treatment intensity, 50 kWh/m3, 
produced 58% more methane than the control. Threshold treatment intensity of 
approximately 30 kWh/m3 was found for LL beyond which the methane production was 
enhanced linearly with the increase in intensity. The LL treated samples produced 44% more 
methane than the control with the highest treatment intensity. This study did not find the 
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optimum intensity by which maximum methane is produced. Higher PEF intensities could 
possibly improve the methane production from PS and LL. 

Whereas in the FV experiment, 16.3 kWh/m3 was found to be the maximum treatment 
intensity beyond which the methane production dropped. At this maximum point 7% more 
methane production was achieved compared to the control after 41 days of digestion.  

 

Figure 34: The 22-day methane production of pig slurry samples which were PEF pre-
treated using different energy intensities 

 

Figure 35: The 22-day methane production of landfill leachate samples which were PEF 
pre-treated using different energy intensities. 
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Figure 36: The 41-day methane production of fruit and vegetable samples which were PEF 
pre-treated using different energy intensities. 

Biosolids removal also improved with the PEF pre-treatment for all the substrates. The 
results of COD removal were in correlation with methane production in all three (PS, LL 
and FV) experiments (see Figure 37). It means that the more the increase in methane 
production, the more the reduction in biosolids. In PS experiment, COD removal was 
increased by 53% for conditions 3 compared to the control. 100% improvement of COD 
removal was obtained for LL treated with the highest degree of PEF. Treated FV samples in 
condition 3 showed 17% increase in COD removal compared to the control. 

 

Figure 37: COD removals for pig slurry, landfill leachate and fruit and vegetables after the 
digestion. Error bars are indicative of triplicate measurements. 
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All in all, for each gram VS of any raw biomass waste studied in this work, the order of 
methane production potential is as follows: FV > PS > LL (because of highest methane yield 
per g VS of FV).  

While, the order of methane volume enhanced by PEF pre-treatment is 200, 50 and 30ml for 
PS, FV, and LL, respectively. The values are obtained from comparison between methane 
produced by the control and the highest methane produced by each substrate.  

Regarding the effect of PEF pre-treatment on biosolids removal from the substrates the order 
is: LL> PS > FV. 

Energy considerations 

PEF pre-treatment requires quite high energy in form of electricity. Therefore, it is good to 
have an estimation of the energy input and output. Energy output to energy input ratios are 
shown in Table 15 for the highest methane yields achieved by PEF pre-treatment. The energy 
input is taken to be the equivalent heating value of the intensity by which highest methane 
yield achieved. The difference between the highest amount of methane produced by PEF 
pre-treatment and that produced by the control is calculated. The heating value of this extra 
amount of methane production is taken to be as the energy output. The ratios are also 
calculated with respect to the cost of energy (cost of energy output / cost of energy input). 

                                                   𝑅𝑎𝑡𝑖𝑜 =      ( )
     ( )

                                              (14) 

                                         𝑅𝑎𝑡𝑖𝑜 =
     (       )  

     (       )
                               (15) 

There are several factors influencing these ratios one of which can be well-optimized PEF 
equipment regarding its energy consumptions.  

Table 15: Energy and cost ratios (output/input) for the highest methane production for each 
substrate. 

Substrate Intensity 
(kWh/m3) 

Increase in 
methane 

potential (%) 

Extra 
CH4 by 

PEF 

Ratio 
(energy) 

Ratio 
(cost of energy) 

Pig slurry 50 58 1.32 0.27 0.3 

Landfill leachate 50 44 0.29 0.06 0.07 

Fruit and vegetables 16.3 7 0.34 0.23 0.26 
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4 Conclusion   
The effect of pulsed electric field (PEF) pre-treatment at three different intensities (from 15 
to 50 kWh/m3) on methane production of pig slurry (PS), landfill leachate (LL) and fruit and 
vegetables (FV) was investigated. According to the results of the TSS, VSS and SCOD 
analyses, PEF pre-treatment showed little effect on solubilisation. It was more effective for 
making the organic solids bioavailable for the anaerobic microorganisms by producing small 
colloids, rather than truly soluble organic solids. These colloids could readily be utilized by 
anaerobic microorganisms and result in fast organic acid formation during the initial stage 
of AD, and consequently higher methane formation and biogas yield.  

The results indicate that the methane production was improved by PEF pre-treatment. 
Accumulated methane production of PS and LL after 22 days increased linearly with higher 
PEF intensity, after the threshold intensity was met, and the PEF pre-treated samples 
produced more methane than the control. The highest intensity (50 kWh/m3) PEF pre-
treatment contributed to 58% more methane production of PS samples than the control after 
22 days. The LL, which was also PEF pre-treated with the highest intensity, produced 44% 
more methane than the control. In the FV experiment, 16.3 kWh/m3 was found to be the 
maximum treatment intensity beyond which the methane production dropped. At this 
maximum point 7% more methane production was achieved compared to the control after 
41 days. Therefore, PS is the substrate most influenced by the PEF pre-treatment.    

The results also show a linear increase in chemical oxygen demand (COD) removal with 
higher PEF pre-treatment intensities. The results of COD removal were in correlation with 
methane production in the PS, LL and FV experiments. It means that the more the increase 
in methane production, the more the reduction in biosolids. COD removal increased up to 
44% for treated PS samples, compared to the control. 100% improvement of solid waste 
removal was obtained for landfill leachate treated with the highest degree of PEF. Treated 
FV samples in condition 3 showed 17% increase in COD removal compared to the control. 

The methane production increased linearly with increasing the energy intensities up to 50 
kWh/m3 for PS and LL. For FV, however, the highest methane production was achieved by 
condition 1 (16.3 kWh/m3). Beyond this intensity, methane production decreased even lower 
than that produced from the control.  

4.1 Future  research  opportunities   
This study did not find the optimum intensity by which maximum methane is produced from 
PS and LL. Therefore, PEF intensities higher than those studied in this work could possibly 
improve the methane production from PS and LL, which might be the scope of future 
research. 

This thesis showed the possibility of higher conversion of biosolids to biogas with PEF pre-
treatment. This implies that the costs of residual biosolids disposal could be reduced. In the 
future, economical assessment can be done to investigate the viability of using PEF pre-
treatment for biogas production from these substrates.  

Moreover, different substrates like fishery and forestry wastes can be tested with the same 
approach elaborated in this work for biogas production.   
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Appendix A 

pH measurements 

Pig slurry  

pH tests were performed on the samples prior to and after the batch experiments. This was 
done to determine whether the pH values are in the range of AD process condition. The 
results are presented in Figures 38, 39 and 40. 

 

 

Figure 38: pH measurements for pig slurry before and after BMP test. Error bars are 
indicative of triplicate measurement. 

Landfill leachate 

 

Figure 39: pH measurements for landfill leachate before and after BMP test. Error bars 
are indicative of triplicate measurement. 
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Fruit and vegetables  

 

Figure 40: pH measurements for fruit and vegetables before and after BMP test. Error 
bars are indicative of triplicate measurement. 
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Appendix B  

Statistical analyses for biogas production 

Pig slurry 

 

Figure 41: Analysis of variance (ANOVA) for biogas production of pig slurry. Each data 
point represents the comparison of the average of a triplicate measurement between two 
different groups. p-values less than significant level (α=0.05) show that the differences are 
statistically significant. 
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Landfill leachate 

 

Figure 42: Analysis of variance (ANOVA) for biogas production of landfill leachate. Each 
data point represents the comparison of the average of a triplicate measurement between 
two different groups. p-values less than significant level (α=0.05) show that the differences 
are statistically significant. 
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Fruit and vegetables  

 

Figure 43: Analysis of variance (ANOVA) for biogas production of fruit and vegatables. 
Each data point represents the comparison of the average of a triplicate measurement 
between two different groups. p-values less than significant level (α=0.05) show that the 
differences are statistically significant. 
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treatment 3 
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Abstract  11 

Intensive amount of manure produced in pig breeding sectors represents negative impact on 12 

the environment and requires optimal management. Anaerobic digestion as a well-known 13 

manure management process was optimized in this experimental study by pulsed electric field 14 

(PEF) pre-treatment. The effect of PEF on methane production was investigated at three high 15 

intensities (condition 1: 15 kWh/m3, condition 2: 30 kWh/m3 and condition 3: 50 kWh/m3). 16 

The results indicate that the methane production and chemical oxygen demand (COD) 17 

removal was improved by PEF after 22 days of digestion. Continuous escalation of applied 18 

intensity, up to 50 kWh/m3, contributed to increase methane production. In comparison with 19 

untreated slurry (control), the methane production was increased by 19%, 41%, and 58% for 20 
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the conditions 1, 2 and 3, respectively. COD removals were increased by 37%, 39%, and 46% 21 

for the conditions 1, 2 and 3, respectively.  22 

Key words: Anaerobic digestion, Pulsed electric field pre-treatment, Pig slurry, Biogas, 23 

Methane  24 

1 Introduction   25 

Demand for animal breeding is directly proportional to world population growth [1]. 26 

Consequently, the simultaneous increase in animal manure production can lead to significant 27 

environmental pollution if no preventive action is taken. Despite high concentrations of 28 

organic matter, nitrogen and pathogenic organisms in pig manure [2,3], considerable amounts 29 

of NH3 and greenhouse gases (GHG) such as CH4, N2O and CO2 are emitted during its 30 

storage [4]. This can result in negative environmental impacts, hence, proper treatment of pig 31 

manure became necessary. There are several treatment technologies, one of which, anaerobic 32 

digestion (AD), is widely adapted [2] as an effective way of waste management protocols that 33 

diminishes emission of GHG, odors and pathogens [5]. It also optimizes waste recycling by 34 

producing renewable fuel such as biogas [6]. Moreover, digestate can be utilized as organic 35 

fertilizer that can be substituted for a mineral fertilizer [3]. Due to inefficient digestion of pig 36 

slurry, the energy recovery of AD is not as much as it potentially could be. Poor AD 37 

performance of pig manure comes from its large lignocellulose fractions which are 38 

recalcitrant to degradation and often remain undigested in the reactor [7,8]. Using raw pig 39 

manure as substrate yields less than 50% of the ultimate biogas potential [9]. Therefore, it is 40 

usually either co-digested with other organic wastes, such as fish waste and glycerol [10], or 41 

pre-treated prior to the AD [5]. The pre-treatment is carried out in order to accelerate the 42 

digestion, enhance the digestibility, increase the biogas yield, and reduce the amount and the 43 

cost of sludge to be disposed [11]. Hydrolysis of suspended matter and organic solids is 44 

usually the rate-limiting step in AD and pre-treatment is an approach to surmount it by 45 

making the material more accessible to anaerobic bacteria [3,6,9,12–14]. A variety of pre-46 
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treatment techniques have been studied to enhance biodegradability, solubilisation and solids 47 

destruction of manure, such as, hydrolyses [15], thermal [8,9,16], chemical [9,16], ultrasonic 48 

[17], microwave [18] and pulsed electric field (PEF) [19]. Among the above mentioned 49 

approaches, it is only ultrasonic and PEF that have been shown both biodegradability and 50 

solubilisation enhancement [14]. Hydrolysing pig manure with amylase prior to AD was 51 

carried out by Li and co-workers [15] where a 10.84% increase in total solid (TS), 11.11% 52 

increase in volatile solid (VS) removal and 13.10% increase in biogas production were 53 

observed compared to the control [15]. Carrère and co-workers [16] evaluated the effect of 54 

thermal and thermo-chemical pre-treatments on methane production of pig manure. For 55 

thermal treatment, samples were heated for 20 minutes at temperatures above 100℃ and for 3 56 

hours below 100℃. For thermo-chemical treatments, sodium hydroxide (10-20 g/L) was 57 

added before thermal treatment in order to adjust pH to 10 or 12. The results showed both 58 

positive and negative effects on methane potential after 40 days of digestion. The best results 59 

were obtained with the highest temperature (190℃) and by addition of alkali at pH=10. 60 

However, biodegradability deteriorated at pH 12, due to the formation of inhibitory 61 

compounds. Rafique and co-workers [9] investigated thermal, thermo-chemical and chemical 62 

pre-treatments on the methane potential of pig manure. The temperature range for both 63 

thermal and thermo-chemical treatments was 25 to 150℃. For thermal treatment, samples 64 

were heated at the desired temperature for 1 hour. The result after 40 days showed a 25% 65 

increase in methane production up to 100℃  and then decreased with the increase of 66 

temperature. For thermo-chemical treatments, Ca(OH)2 was added before thermal treatment in 67 

order to adjust pH to 14. That enhanced the methane production by 60% at 70℃ after 40 days. 68 

For the samples receiving only chemical pre-treatment, the pig manure was mixed with 5% 69 

Ca(OH)2. No improvement in methane production was observed for the chemically pre-70 

treated substrate. Despite improvements achieved through such pre-treatment methods, they 71 

are not reliable, energy efficient, nor cost effective if adopted at full scale due to high capital 72 
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costs, high consumption of energy or chemicals, and serious operating problems [6]. In 73 

contrast, PEF has shown promising results treating a range of biomass types [12,19,20] and it 74 

has successfully been commercialized at the Northwest Water Reclamation Plant in the City 75 

of Mesa, AZ, USA [6,11]. Therefore, PEF pre-treatment was chosen and further elaborated in 76 

this study. The effect of PEF on the viability of microorganisms in liquid materials has been 77 

studied since the 1960s [21]. The PEF technology has been utilized for many operations in 78 

food disinfection [22], oil extraction from plants [23] and sludge treatment [6,12,14,19,20]. 79 

Only pumpable fluid products can be treated with PEF. They are considered as electrical 80 

conductors, due to the presence of large concentrations of ions as electrical charge carriers 81 

[24]. Generation of a high-voltage pulsed electric field (10-50 kV/cm) within the liquid 82 

material requires a large flux of electrical current through the liquid in a treatment chamber in 83 

a very short period of time (1–100 µs) [21,25].  84 

1.1 Mechanism of electroporation 85 

Biological cells are comprised of membrane and cytoplasm. The membrane is mostly a 86 

bilayer lipid functioning as a dielectric, while cytoplasm is electrically conductive [21]. 87 

Naturally, charges of opposite polarities between interior and exterior of a cell membrane 88 

cause a membrane potential. Upon exposure of the cell to an external electric field, electrical 89 

charge builds up at the cell membrane and increases the membrane potential. Negative and 90 

positive charges from both sides of the membrane attract each other so that it causes 91 

compression pressure and attenuation of the membrane thickness. As the membrane thickness 92 

lessens, the electrostatic attraction between two sides increases until the membrane potential 93 

exceeds a critical value of approximately 1V [21,25]. Then elastic resistance of the membrane 94 

is destroyed, and local structural changes and pore formation ensues which is known as 95 

electroporation [26]. Pore formation is a dynamic process and can be either reversible (small 96 

pores created by low intensity PEF) or irreversible (large pores created by high intensity 97 
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PEF). In the former, the viability of the cell is maintained and additional biosynthesis of 98 

secondary metabolites can be triggered as a response to the stress condition induced from PEF 99 

treatment. While the latter leads to cell disruption. PEF uses a rapidly pulsing, high-voltage 100 

electric field to disrupt and causes high permeability state in biological cellular membranes 101 

[25]. Consequently, complex organic molecules reduce to simpler forms and become 102 

available as substrates for other biological reactions. This phenomenon improves the 103 

efficiency of AD by making sludge solids more vulnerable to destruction and accessible for 104 

methanogenesis and denitrification with a corresponding increase in biogas production [23].  105 

In the following, some examples are provided where the ability of PEF was demonstrated for 106 

enhancement of biogas production. Batch AD of PEF-treated waste activated sludge (WAS) 107 

showed 2.5 times higher biogas production than control as Choi reported [12]. Rittmann and 108 

co-workers [6] noted that soluble chemical oxygen demand (SCOD) increased from 1285 109 

mg/L to 3310 mg/L after PEF treatment and biogas production was improved by 40% in the 110 

full-scale AD of waste sludge (mixture of primary and secondary sludge). Salerno and co-111 

workers [19] also used PEF pre-treatment of pig manure and WAS and obtained an increase 112 

in methane production by 80% and 100% after 31 days. Treatment of pig manure with 10.5 113 

kWh/m3 increased SCOD concentration from 400 mg/L to 1340 mg/L. Lee [20] observed a 114 

33% increase in methane production of a 20-day laboratory-scale WAS digestion. To the best 115 

of the author´s knowledge, no studies have been carried out in order to investigate the effect 116 

of PEF pre-treatments using treatment intensity higher than 10.5 kWh/m3 used by Salerno and 117 

co-workers [19]. In the work presented in this paper, pig slurry was pre-treated by PEF using 118 

three treatment intensities, 15, 30, and 50 kWh/m3. The laboratory-scale biochemical methane 119 

potential (BMP) test was used to evaluate anaerobic digestibility of the pre-treated samples 120 

after 22 days. Comparing untreated and pre-treated substrates indicated improvements in 121 

biogas yield and solid waste removal.  122 
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2 Materials and methods 123 

2.1 Substrate and inoculum 124 

2.1.1 Pig slurry 125 

The pig slurry samples were collected from the pig farm (Stjornugris) located in 126 

Grundarhverfi, Reykjavik, Iceland and transferred to the laboratory at SORPA in Alfsnes. 127 

After collection, the samples were sealed in plastic containers and stored below 5℃ until 128 

used.  Before loading the digesters for BMP test, the pig slurry was filtered through an 8 mm 129 

sieve to remove large materials (e.g., stones, bedding material) and diluted to decrease the 130 

concentration of organic matter. After this preparation, the pig slurry was PEF pre-treated. 131 

The initial TS concentration of the raw pig slurry was 3.93%, with a total VS content of dry 132 

matter of about 73.62%. The pH of the sample was 7.72 at 20°C.  133 

2.1.2 Inoculum  134 

The inoculum used in this work was a mesophilic anaerobic sludge obtained from the 135 

wastewater treatment plant of Vifilfell Coca-Cola Company. The inoculum was pre-incubated 136 

for a week at 37℃ for degassing to ensure depletion of the biodegradable organic matter until 137 

no significant gas production was observed.  138 

2.2 Substrate analysis and preparation  139 

The substrate was characterized by TS, VS, total suspended solids (TSS), volatile suspended 140 

solids (VSS), COD and SCOD analyses. TS content of samples was obtained by drying the 141 

known volume of samples in a furnace at 105℃ overnight. Dried samples were ignited in a 142 

furnace at 550℃ for at least 2 hours. VS content was determined by subtracting the remaining 143 

ash weight from the dried weight. For TSS and VSS measurements, 1.2 µm Glass Microfiber 144 

Filter was used. Filters were dried overnight and measured as TSS. The dried filters were 145 

incinerated at 550℃ for 30 minutes and then measured. The difference between the weight of 146 

dried filters and the residues after incineration represents the VSS. Reactor digestion (HACH, 147 
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DRB200) was used for COD and SCOD measurements. For the SCOD measurements, 0.45 148 

µm Durapore Membrane filters were used. All the samples were stored in the refrigerator 149 

below 5℃ before use. The proportions of samples inside the digesters were calculated after 150 

determining VS and COD of inoculum and substrate.  151 

2.3 Pulsed Electric Field pre-treatment 152 

The PEF system is designed by Innovation Centre Iceland, for treating the organic solids in 153 

the slurry. Figure 1 shows the circuit diagram of the PEF system. It consists of a capacitor-154 

charging power supply from FuG Elektronik type, HCK 200-20000. Its maximum voltage is 155 

20kV and it serves 20mA. The high-voltage power supply is used to charge the capacitor 156 

(40kV–1μF)  from  General  Atomics.  There  are  also 2 resistors (5Ω)  from  FuG Elektronik, a 157 

gas spark gap switch from Optoelectronics type OGP75 and a treatment chamber with internal 158 

dimensions of 50cm × 2cm × 7cm as length, width and height, respectively. The electrodes 159 

are made of stainless steel and positioned at each side of the chamber.  The electrodes are 160 

20cm long, 0.5cm wide and 7cm high. The distance between two electrodes is 1cm. The spark 161 

gap is used to trigger the stored energy (at 18.5kV) in the capacitor across the electrodes in 162 

the form of electric pulses. An exponential decay waveform is generated at the applied 163 

voltage with the frequency and pulse width of 1.7Hz and 4μs,  respectively. This PEF system 164 

is developed specifically for high treatment capacity of biomass slurries. Many factors can 165 

affect cell disruption when applying PEF such as electric field strength, pulse width, and 166 

frequency. Treatment intensity is utilized to combine these effects.  167 

The specifications of PEF treatment are shown in Table 1. Due to a very short period of 168 

discharge time (microseconds), heating was minimized [27]. The outlet temperature increased 169 

by 16℃ from control to condition 3, with an almost linear relationship to the treatment 170 

intensity. Sheng and co-workers reported a similar trend [23]. Thus, thermal denaturation was 171 

not severe enough to break up cells. To perform the control experiment, the slurry passed 172 
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through the PEF system under the same condition as other experiments but without an electric 173 

field. The pulse electric field (20 kV/cm for all treatments) was turned on, for treatment 174 

intensities ranging from 15 to 50 kWh/m3. Electrical pulses were applied to the slurry when it 175 

was pumped from the feed tank to the chamber and flowed through the electrodes. The slurry 176 

was introduced into the chamber by using a circulation pump (Verderflex Economy tube 177 

pumps) at a rate of 350 ml/min. Treated slurry was directed back to the feed tank, and this 178 

loop was continued to reach the required time for each treatment calculated from the 179 

following equation:  180 

𝑇 = 𝑉 × (𝑇𝐼𝐸 ) 

where T (min) is the required time for the PEF treatment, V is the substrate volume to be 181 

treated (m3), TI is the treatment intensity (15 to 50 kwh/m3) and E is the effective energy 182 

output of the equipment per hour (0.13 kwh/h with estimation of 60% efficiency).    183 

Table 1: Summary of PEF pre-treatment specifications  184 

Duration 
(min) 

Volume 
(L) 

Intensity 
(kWh/m3) 

Temperature 
(°C) 

0 16 0 9.3 
83 12 15 12 
90 8 30 18 
90 4 50 25.3 

 185 

 186 
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Figure 1: Process flow diagram of PEF pre-treatment setup. The material was pumped from the feed tank 187 

through the PEF treatment chamber and directed back to the tank. The pump and the mechanical mixer 188 

were always running to keep samples homogenised.  189 

2.4 Experimental set up 190 

2.4.1  Biochemical methane potential method 191 

BMP assessment of samples was determined using batch AD tests as described below. AD 192 

was performed on 1 L batch digesters at a ratio of 1:1 VS basis (inoculum to substrate), each 193 

in triplicate, and at a mesophilic temperature (37°C). Each digester was mixed with 300 ml of 194 

homogenized inoculum and samples at an amount determined from the VS content of the 195 

waste and then filled up with de-ionized water. Batch tests were run without pH adjustment, 196 

because of the high buffering capacity of pig manure [7] and large amount of inoculum 197 

utilized [28]. No additional nutrients were added to the digesters because pig manure has the 198 

necessary nutrients for optimal bacterial growth [7,10]. 199 

2.4.2 Batch set up 200 

The AD batch test was comprised of 12 one-litre Pyrex (digester) that was filled up to a 201 

volume of 900 ml. Digesters were capped and placed submerged in a water bath. In order to 202 

maintain a constant temperature at 37ºC, a heater was installed. The 12 cylinders were closed 203 

on top with a valve for holding gas. Figure 2 illustrates the test bench setup. The pH of each 204 

digester was measured at room temperature (20-25℃) prior to installation and starting the AD 205 

test. Digesters were assembled under the same conditions to enable comparison of the 206 

production of biogas. Then the digesters were tightly closed with a rubber stopper. To prevent 207 

accumulation of sludge, to ensure homogeneous conditions and improve the contact between 208 

microorganisms and substrate [5], manual mixing was applied after each gas volume 209 

measurement.  210 
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 211 

Figure 2: View of the batch experimental setup, with 12 digesters connected to cylinders where produced 212 

biogas is accumulated. 213 

2.4.3 Gas volumetric system 214 

Gas measurements were carried out to assess biogas production from the organic matter 215 

present in the samples. In this study, the continuous liquid replacement system (CLRS) was 216 

chosen to determine the volume of gas production [29]. The biogas formed in the digesters, 217 

by the AD process, was continuously conveyed by pressure difference to the cylinders with a 218 

pipe for the entire experimental period, illustrated in Figure 3. All cylinders were immerged in 219 

the water and kept at the same pressure condition in order to ensure accurate measurement of 220 

gas volume [30]. Produced biogas directed to the cylinders and raised them up due to pressure 221 

difference. The distance between the top of the gas cylinders and the water level was used to 222 

measure the volume of the produced biogas. Monitoring of biogas production was carried out 223 

at least three times a week until the gas generation reached less than 1% of the accumulated 224 

biogas being produced [29]. 225 
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 226 

Figure 3: Batch digester with gas capturing and measurement system. 227 

2.4.4 Gas quality measurement 228 

The quality of the biogas was measured with the GEOTECH GA5000 gas analyser. 229 

Approximately 900 ml of biogas was collected for analysis. This was because the device 230 

needed at least 30 seconds purging the gas to measure accurate value equivalent to 900 ml of 231 

biogas. Gases were sampled directly from the valves installed on the cylinders. In order to 232 

ensure accurate gas quality measurement, the gas analyzer purged clean air after each 233 

measurement.  234 

3 Results and discussions   235 

3.1 Substrate analyses 236 

Sample characterisations with respect to TS, VS, COD, SCOD and pH before and after PEF 237 

(at three different intensities, 15, 30 and 50 kWh/m3) are summarized in Table 2. As can be 238 

seen in Table 2, TS measurements showed small biomass loss with PEF treatment of an 239 

average of 16%. According to Table 1, SCOD values fluctuated and were almost the same as 240 

the control except for condition 1 which showed a 25% increase compared to the control. 10.5 241 

Kwh/m3 pre-treated pig manure showed around a 300% increase in SCOD as reported by 242 

Salerno [19]. Initial SCOD/COD ratio of substrates reported by Salerno [19] ranged from 243 

0.002 to 0.04. Nonetheless, in the present work, the initial SCOD/COD ratio was 244 
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approximately 0.5. This could explain partly the relatively low effect of the pre-treatment on 245 

the solubilisation of COD. Such high initial solubilisation of COD is probably due to the age 246 

of the substrate with the natural hydrolysis step already advanced. This leads to the hypothesis 247 

that efficiency of the pre-treatment is a function of the age of the substrate. Despite 248 

recirculation of the pre-treated slurry (for condition 2 and 3), the PEF showed little effect on 249 

COD solubilisation. As reported by Salerno, samples that had been passed more than once 250 

through PEF contained higher SCOD than those which passed only once [19]. The pulse 251 

frequency applied in this current study was 1.7Hz, whereas, Salerno used a frequency of 252 

1000Hz. Therefore, it might be more effective to have high pulse frequencies in order to make 253 

the biomass more susceptible to solubilisation. The TSS and VSS presented in Figure 4 254 

dropped by an average of 7% and 9%, respectively, for all the treated samples. The highest 255 

drop in TSS was observed for condition 1 by 13% and in VSS for condition 3 by 16%, 256 

compared to the control. The weight loss indicates that some cells were disrupted into cell 257 

fragments smaller than the pore size of glass-fiber filter (1.2μm), or that some soluble 258 

components were released into the medium. Other observations after PEF treatment were the 259 

decrease in viscosity along with color enlightening of the pig slurry and a slight increase in 260 

pH. 261 

Table 2 : Property changes by PEF pre-treatment of pig slurry. The values indicate an average of three 262 

analyses conducted on each sample, which have standard deviations always less than 6% of the average. A 263 

statistical analysis was performed, and the data of repeated experiments were given as the mean ± 264 

standard deviation. 265 

 PEF treatment conditions  
Control Condition 1 Condition 2 Condition 3 

Treatment intensity 
(kWh/m3) 0 15 30 50 

TS (%) 2.55% 2.24% 2.05% 2.12% 
VS/TS (%) 70.78% 67.75% 68.18% 67.02% 

COD (mg/L) 11094 ±588 10995±58 10948±557 11096±329 
SCOD (mg/L) 4888±82 6059±231 4585±33 4563±248 

pH  7.72 7.90 8.35 8.94 



 
 

13 
 

 266 

Figure 4: TSS and VSS of samples before and after PEF pre-treatment. Error bars indicate the biogas 267 

difference in a triplicate measurement for each condition.  268 

3.2 Biochemical methane potential test  269 

Samples in the 12 digesters were digested for 22 days. The results of biogas production (ml/g 270 

VS) along with digestion time are presented in Figure 5 with three different intensities. The 271 

values were in the range of 520.87 to 740.57 (ml/gVS) for the four conditions. The biogas 272 

production from the control (520.87 ml/gVS) was much higher than the 385 (ml/gVS) 273 

obtained by laboratory-scale AD of pig manure conducted by Qiao [13]. Biogas production 274 

was enhanced by 26% for condition 3 over the control and by 17% and 12% for conditions 2 275 

and 1, respectively. These results are higher than the 9% biogas production enhancement 276 

achieved by Qiao after hydrothermal pre-treatment (170℃ for 1 hour).   277 

 278 

8000 
9000 

10000 
11000 
12000 
13000 
14000 

0 20 40 60 

C
on

ce
nt

ra
tio

n 
(m

g/
L)

 

Treatment intensity (kWh/m3) 

TSS 
VSS 

0 
100 
200 
300 
400 
500 
600 
700 
800 
900 

0 5 10 15 20 25 

A
cc

um
ul

at
ed

 b
io

ga
s p

ro
du

ct
io

n 
 

(m
l/g

 V
S)

 

Days 

Control 
Condition 1 
Condition 2 
Condition 3 



 
 

14 
 

Figure 5: Total biogas production of pig slurry samples as a function of the digestion time. Error bars are 279 

indicative of triplicate measurement. 280 

The average biogas production during the digestion of pig slurry samples are shown in Figure 281 

6. Analysis of biogas production profiles for the PEF treated samples and control showed that 282 

there were differences among the conditions tested, and that the results for treated samples 283 

were better in terms of biogas yield. It can be seen that the biogas yield increased for the 284 

digesters until about day 10 and then gradually leveled off. The average biogas yields from 285 

the conditions 1, 2, 3 and control were 65.11, 73.22, 85.31 and 92.57 ml/gVS, respectively, 286 

after 22 days of digestion. About 87%, 88%, 89% and 90% of total biogas yield was achieved 287 

after the first ten days of digestion for the control, condition 1, 2 and 3, respectively. This 288 

shows the possibility of higher biogas yield from PEF treated samples within the same 289 

digestion time. 290 

 291 

Figure 6: Biogas production variation during 22-day anaerobic digestion of pig slurry under mesophilic 292 

condition. Error bars are indicative of triplicate measurement. 293 

The biogas quality was measured, and the methane concentration was in the range of 64 to 294 

66% for the control. The concentration reached 71 to 74% for PEF pre-treated samples. The 295 

methane concentration for the control were almost similar to that estimated by Chae [31] and 296 

Hill [32], in the range of 60–65%. Figure 6 presents the results of methane production 297 
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(mlCH4/gVS) along with the digestion time. The methane yields were in the range of 339.20 298 

to 536.50 (mlCH4/gVS). The methane yield obtained from the control (339.20 mlCH4/gVS) 299 

was higher than that reported by Bonmati (247.5 mlCH4/gVS) and Asam (330 mlCH4/gVS) 300 

and Qiao (253.8 mlCH4/gVS) from a batch AD of pig slurry [8,13,33]. The methane 301 

production after hydrothermal pre-treatment reported by Qiao increased only by 15%, which 302 

was lower than that achieved in this study. Increase in methane production was not linearly 303 

correlated with the changes in SCOD. This indicated that PEF pre-treatment affects 304 

availability of organic solids through production of small colloids, rather than solubilisation 305 

which resulted in more methane production [19]. The methane production from the control 306 

was observed to be 32% of the total COD, similar to 30% achieved by Salerno and coworkers 307 

[19]. The methane production after PEF pre-treatment represented 37%, 39% and 46% of 308 

COD for conditions 1, 2 and 3, respectively. These results show low bioavailability of 309 

untreated pig slurry and the positive effect of PEF pre-treatment on optimizing the methane 310 

yield in treated samples. In comparison, microwave-based pre-treatment had no effect on 311 

methane production of dairy manure [18]. The methane production was enhanced by 58% for 312 

condition 3 over the control and by 41% and 19% for conditions 2 and 1, respectively. This 313 

study did not find the optimum intensity by which maximum methane is produced. Therefore, 314 

higher PEF intensities could possibly improve the methane production from PS. The same 315 

result has also been reported when landfill leachate was used as the substrate, whereas the 316 

lowest intensity applied on fruit and vegatable waste was found to be the maximum intensity 317 

beyond which the methane production dropped [34]. 58% methane production enhancement 318 

for condition 3 (50 kWh/m3) was higher than achieved with ultrasonic pre-treatment of hog 319 

manure reported by Elbeshbishy and co-workers [17]. They found 28% increase in methane 320 

yield with specific energy input of 500 kJ/kg (140 kWh/m3), which was three times higher 321 

than the highest energy input in our experiment (50 kWh/m3). Energy input higher than 140 322 

kWh/m3 decreased the effect on biodegradability, nevertheless, the opposite behavior was 323 
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observed in the present study where methane production increased linearly with higher 324 

intensities. The highest methane production after PEF pre-treatment was 46% of the total of 325 

the initial COD which was a bit lower than the 54% achieved by Salerno in PEF treatment of 326 

pig slurry with 10.5 kWh/m3 [19]. It is difficult to compare the observed effects due to 327 

different PEF systems used, different electric process parameters and insufficiently described 328 

equipment/treatment conditions. There are several important parameters that should be 329 

considered, such as electric field strength, total treatment time, pulse frequency, pulse 330 

geometry, treatment chamber design, flow rate of the substrate, fluctuation of temperature and 331 

total energy input. Several studies indicate that electric field strength, pulse width, frequency 332 

and pulse shape are the main critical parameters affecting the treatment results [22].  333 

 334 

Figure 6: Accumulated methane production of pig slurry samples as a function of the digestion time. 335 

Error bars are indicative of triplicate measurement. 336 

In order to see if there is significant difference in methane production from PEF pre-treated 337 

samples and the control (from the first measurement until the day by which the digesters had 338 

reached steady state), the Analysis Of Variance (One-way ANOVA) method was used. 339 

MATLAB  was  used  for  the  calculation  and  the  significant  level  (α=0.05)  set  as  a  part  of  the  340 

experimental design. The results are illustrated in Figure 7. Any data point shown in the 341 
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figure indicates the p-value of compared groups as a function of digestion time (days). There 342 

is no significant difference observed for the first 5 days of the experiment, due to lag phase. 343 

Growth cycle of the anaerobic microorganisms and their activity in batch experiments are 344 

divided into four phases. During lag phase, first phase, bacteria adapt themselves to growth 345 

conditions [35]. It can be seen that there were significant differences between all of the 346 

conditions after about 5 days of digestion (except for condition 2 versus 3 which was 347 

observed after 8 days). The p-values that are less than the significant level (0.05), state that 348 

the differences are statistically significant. 349 

 350 

Figure 8: Analysis of variance (ANOVA) for methane production of pig slurry. Each data point represents 351 

the comparison of the average of a triplicate measurement between two different groups. p-values less 352 

than  significant  level  (α=0.05)  show  that  the  differences  are  statistically  significant 353 

The results of volumetric methane yield (L/kg substrate) and COD reduction are presented in 354 

Table 3. The volumetric methane yield (L/Kg substrate) was increased upon increasing the 355 

treatment intensity. PEF pre-treatment made solids more bioavailable, which led to increased 356 

biosolids destruction by 23, 30 and 53% for conditions 1, 2 and 3, respectively, over the 357 
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control for PS. These results are higher compared to the 18% COD removal obtained by PEF 358 

pre- treatment of WAS (at 34 kWh/m3) reported by Lee [20], as well as the 15% reduction 359 

achieved by Bonmati [8] when PS was thermally pre-treated at 80ºC for 3 hours.  360 

Table 3: Overall results of volumetric methane yield and COD removal after 22 days of digestion. A 361 

statistical analysis was performed, and the data of repeated experiments were given as the mean ± 362 

standard deviation. 363 

  Control Condition 1 Condition 2 Condition 3 
Methane  

(L/Kg substrate) 5.25±0.25 5.91±0.16 6.40±0.17 7.24±0.47 

COD removal (%) 31.65 37.36 38.52 45.50 

4 Conclusion  364 

The effect of PEF pre-treatment at intensities of 15, 30 and 50 kWh/m3 was investigated on 365 

methane production of pig slurry. Accumulated methane yield after 22 days increased linearly 366 

with higher intensity. The highest intensity, 50 kWh/m3, contributed to 58% more methane 367 

than the control. Linear increase in COD removal was observed as the intensity increased. 368 

COD removal was improved by 53% at the highest intensity. Intensities higher than that 369 

studied here could possibly improve the methane production from pig manure. This opens up 370 

further research in order to determine the optimum methane production of pig slurry using 371 

PEF pre-treatment. 372 
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Abstract  10 

An experimental study with pulsed electric field (PEF) pre-treatment was conducted to enhance 11 

methane yield of landfill leachate (LL) and fruit/vegetables (FV). Operating parameters were 12 

varied from 15 to 50 kWh/m3 to show the influence of pre-treatment on methane production via 13 

the biochemical methane potential test. Threshold treatment intensity of 30 kWh/m3 was found 14 

for LL beyond which the methane production was enhanced linearly with increase in intensity. 15 

Methane production of the LL significantly increased up to 44% with the highest intensity. The 16 

result of PEF pre-treatment on FV showed that 16.3 kWh/m3 was the intensity by which the 17 

highest amount of methane (up to 7%) was achieved. Beyond this intensity, the methane 18 

production decreased. Chemical oxygen demand removals were increased up to 100% and 17% 19 

for LL and FV, respectively, compared to the control.  20 
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Key words: Anaerobic digestion, Pulsed electric field pre-treatment, Landfill leachate, 21 

Fruit/vegetables, Biogas, Methane production 22 

1 Introduction  23 

Nowadays a big share of global energy demand is met by fossil fuels [1]. With the occurrence of 24 

an international oil crisis, and at the same time, rapidly rising concentrations of greenhouse gases 25 

in the atmosphere due to fossil fuel consumption, renewable energy sources, as an alternative, are 26 

an appropriate response to energy demand [2]. Biogas is a versatile renewable energy source, 27 

which contributes to reduction of greenhouse emissions with the replacement of fossil fuels in 28 

heat and power production, and it can be also used as a gaseous vehicle fuel [3]. Biogas 29 

production from anaerobic decomposition of waste material offers significant advantages over 30 

other forms of bioenergy production. It has been evaluated as one of the most energy efficient, 31 

cost effective and environmentally sustainable technologies for bioenergy production [4]. 32 

Digestate as an organic fertilizer contains more dissolved and readily available nutrients to be 33 

taken up by crops which can substitute mineral fertilizer [3]. A series of metabolic reactions are 34 

involved in the process of anaerobic digestion (AD) that can be divided up into four phases: 35 

hydrolysis, acidogenesis, acetogenesis and methanogenesis [3]. Hydrolysis of organic solids to 36 

soluble compounds is the rate-limiting step of anaerobic processes [5–7]. Consequently, efficient 37 

pre-treatments are required to increase organic solids’s solubility, accelerate and enhance the 38 

biodegradation rate and thus to decrease the amount of sludge to be disposed of [8]. The function 39 

of the pre-treatment is to increase hydrolysis of suspended organic solids and make them more 40 

accessible for the anaerobic microorganism [5–7,9]. A variety of pre-treatment techniques have 41 

been studied to enhance biodegradability, solubilisation and solids destruction, such as thermal 42 

[6], microwave [10] and pulsed electric fields (PEF) [5,11,12]. Qiao and co-workers [6] evaluated 43 

the effect of hydrothermal pre-treatment (at 170℃ for 1 h) on biogas production of pig manure, 44 
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cow manure, fruit/vegetables (FV), municipal sewage sludge and food waste. The results from 45 

treated samples showed improvement of biogas potential by 7.8, 13.3, 18.5, and 67.8%, 46 

respectively. While, for treated food waste, the biogas production decreased by 3.4%. Marin and 47 

co-workers [10] investigated microwave pre-treatment to enhance biogas production of kitchen 48 

waste. Temperature was increased at three different heating rates (7.8, 3.9 and 1.9℃/min) to the 49 

desired temperature (175℃) with 1 minute holding time. Anaerobic biodegradability of the 50 

kitchen waste was assessed by using biochemical methane potential (BMP) assay at 33℃. The 51 

highest level of chemical oxygen demand (COD) solubilization was achieved at a heating rate of 52 

1.9℃/min, and biogas production improved by 9% at a heating rate of 7.8℃/min. 53 

Despite important improvements achieved through several pre-treatment methods, they are not 54 

reliable, energy efficient, nor cost effective if adopted at full scale owing to high capital costs, 55 

high consumption of energy or chemicals, and serious operating problems [7,12,13]. On the other 56 

hand, PEF has shown promising results treating a range of biomass types [5,11,14] and it has 57 

successfully been commercialized at the Northwest Water Reclamation Plant in the City of Mesa, 58 

AZ, USA [7,13]. Besides, there has been no study so far reporting PEF pre-treatment and its 59 

effect on landfill leachate (LL) and FV. Therefore, PEF pre-treatment has been chosen and 60 

elaborated further in this study on these substrates. The effect of PEF on the viability of 61 

microorganisms in liquid materials has been studied since the 1960s [15]. The PEF technology 62 

can be utilized for many operations in food disinfection [16,17], oil extraction from plants [18] 63 

and sludge digestion [7,5,9,11,14]. Exposure  of  the  cell’s  phospholipids  and  peptidoglycans  to  64 

the high-voltage electric field applied during PEF treatment opens up the membrane pores large 65 

and long enough for osmotic pressure to provide adequate force to lyse the cell. This expedites 66 

abolishment  of  the  cell’s  integrity,  facilitates  permeability  of  the  cell  to  release  soluble  67 

components of the cytoplasm and eventually breaks the biomass down into small colloids (known 68 
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as electroporation) [7,11,19,20]. In consequence of the so-called electroporation, complex 69 

organic molecules reduce to simpler forms and become available as substrates for other 70 

biological reactions. This phenomenon improves the efficiency of AD by making sludge solids 71 

more vulnerable to destruction and accessible for methanogenesis and denitrification with a 72 

corresponding increase in biogas production [18].  73 

With PEF treatment, the bacterial community becomes phylogenetically diverse resulting in 74 

efficient utilization of acetate (product of the third stage of AD) by methanogenesis [13]. Choi 75 

achieved 2.5 times higher biogas production in the batch AD of PEF-treated waste activated 76 

sludge (WAS) compared to the control (untreated slurry) [5]. Rittmann and co-workers [7] 77 

reported increased soluble COD (SCOD) from 1285 mg/L to 3310 mg/L after PEF treatment and 78 

40% improvement of the biogas production in the full-scale AD of waste sludge (mixture of 79 

primary and secondary sludge). Salerno and co-workers [11] used PEF pre-treatment of pig 80 

manure and WAS to obtain an increase in methane production by 80% and 100% after 31 days. 81 

Treatment of pig manure with 10.5 kWh/m3 increased SCOD concentration from 400 mg/L to 82 

1340 mg/L and 33% increase in methane production was obtained in 20 days by laboratory-scale 83 

WAS digestion [14]. To the best of the author´s knowledge, no studies have been carried out in 84 

order to investigate the effect of PEF pre-treatments on LL and FV. In the work presented in this 85 

paper, LL and FV are pre-treated by PEF using three different treatment intensities from 15 to 50 86 

kWh/m3. Laboratory-scale BMP test was used to evaluate anaerobic digestibility of the pre-87 

treated samples after 22 days for LL and 41 days for FV. Comparing untreated and pre-treated 88 

substrates indicated improvements in biogas and methane yields as well as solid waste removal.  89 
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2 Methods and material 90 

2.1 Substrates and inoculum 91 

2.1.1  Landfill leachate 92 

LLwas collected from the municipal solid waste landfill in Alfsnes, SORPA (Reykjavik, 93 

Iceland). Its characteristics were dark brown colour, poor clarity, COD in the range of 4328 to 94 

5300 mg/L, and pH 8.25 at 20°C. After collection, the leachate was sealed in plastic containers 95 

and was stored below 5℃ until used. The initial total solids (TS) concentration of the leachate 96 

was 0.70%, with a total volatile solids of dry matter content (VS) of about 43.89%.  97 

2.1.2 Fruit and vegetables 98 

FV used in this work were collected from markets in Reykjavik. They were shredded in small 99 

pieces and then blended with additional tap water. Prior to the PEF, FV was filtered through an 8 100 

mm sieve to remove large pieces, diluted with tap water, and stored below 5℃ until used. The 101 

initial TS concentration of the FV was 5%, with a VS/TS content of about 91%. The pH of the 102 

sample was 3.81 at 20°C.  103 

2.1.3  Inoculum  104 

A mesophilic anaerobic sludge was used as inoculum. The inoculum was pre-incubated for a 105 

week at 37℃ for degassing to ensure depletion of the biodegradable organic matter until no 106 

significant gas production was observed.  107 

2.2 Substrate analysis and preparation 108 

The studied substrates were characterized by TS, VS, total suspended solids (TSS), volatile 109 

suspended solids (VSS), chemical oxygen demand (COD) and soluble COD (SCOD) analyses. 110 

All the samples were stored in the refrigerator below 5℃ before use. TS and VS content were 111 
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determined in the well-mixed samples according to standard method [21]. The COD and SCOD 112 

were measured using HACH method (HACH DRB200). Soluble materials were separated from 113 

sludge by filtration through 0.45µm Durapore Membrane filters . Samples were filtered through 114 

1.2µm Glass Microfiber Filter, dried, and then weighed for TSS. The dried filters were 115 

incinerated at 550℃ for 30 minutes, the volatilized amount was measured as VSS. All analyses 116 

were performed in triplicate, with the average values reported. 117 

2.3 Pulsed Electric Field pretreatment 118 

Details of the PEF treatment system are presented in a previous work conducted by the authors 119 

where the effect of treatment intensity on the conversion of organic matter to methane was 120 

evaluated [22]. They found that methane yield increased systematically for treatment intensities 121 

up to about 50 kWh/m3 for pig slurry. The PEF system shown in Figure 1 was designed by 122 

Innovation Centre Iceland, for treating the organic solids available in the slurry. It consists of a 123 

capacitor charging power supply (20kV-20mA), capacitor (40kV-1μF),  2  resistors  (5Ω), gas 124 

spark gap switch, and treatment chamber with the electrodes positioned at each side of it. The 125 

specifications of PEF treatment for LL and FV experiments are shown in Table 1 (A and B). Due 126 

to a very short period of discharge time (microseconds), heating was minimized [17,23]. The 127 

outlet temperature increased by 16℃ from control to condition 3, with an almost linear 128 

relationship to treatment intensity, for both LL and FV and for pig slurry in the previous study 129 

[22]. Sheng and co-workers also reported a similar trend [18]. Thus, thermal denaturation was not 130 

severe enough to break up cells. To perform the control experiment, the slurry passed through the 131 

PEF system under the same conditions as other experiments but without an electric field. The 132 

pulse electric field (20 kV/cm for all treatments) was turned on, for treatment intensities ranging 133 

from 15 to 50 kWh/m3. The stored energy in the electric field between the capacitor plates was 134 

released through electrodes in the form of electric pulses, and applied to the slurry when it was 135 
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pumped from the feed tank to the chamber. Freshly treated slurry was recirculated back to the 136 

feed tank and this loop was continued until all of the slurry passed through the PEF chamber at 137 

least once. The time required for each treatment was calculated from the following equation:  138 

𝑇 = 𝑉 × (𝑇𝐼𝐸 ) 

where T (min) is the required time for the PEF treatment, V is the substrate volume to be treated 139 

(m3), TI is the treatment intensity (kwh/m3) and E is the effective energy output of the equipment 140 

per hour (0.13 kwh/h with estimation of 60% efficiency).  141 

 142 

Figure 1: schematic diagram of PEF pre-treatment setup. The material was pumped from the feed tank 143 

through the PEF treatment chamber and directed back to the tank. The pump and the mechanical mixer were 144 

always running to keep samples homogenised.  145 

Table 1: Summary of PEF pre-treatment specifications for landfill leachate (A) and fruit/vegetables (B). 146 

 Landfill leachate 
Control Condition 1 Condition 2 Condition 3 

Treatment intensity (kWh/m3) 0 15 30 50 
Volume (L) 16 12 8 4 

Duration (min) 0 83 90 90 
Temperature (°C) 11.8 18.5 23.6 27.8 
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 147 

 Fruit and vegetables 
Control Condition 1 Condition 2 Condition 3 

Treatment intensity (kWh/m3) 0 16.3 32.4 48.7 
Volume (L) 16 12 8 4 

Duration (min) 0 90 110 70 
Temperature (°C) 16.6 24 28.3 32.3 

 148 

2.4 Biochemical methane potential method 149 

For a detailed description of the experimental setup, readers are refered to the previous work by 150 

the authors [22]. In a one-litre Pyrex, 300ml of homogenized inoculum was added followed by 151 

the addition of substrate and de-ionized water. The inoculum-to-substrate ratio was calculated 152 

based on the initial VS of the inoculum and the VS of the substrate (1:1). All the samples were 153 

prepared in triplicate. After adding the required amount of inoculum and substrate(s), each 154 

digester was filled up to 900 ml with de-ionized water. Then the samples were transferred to the 155 

water bath at 37℃ (mesophilic AD). Batch tests were run without pH adjustment and nutrient 156 

addition to the digesters. To prevent accumulation of sludge and to ensure homogeneous 157 

conditions, all the digesters were manually shaken after each gas volume measurement. The 158 

volume of biogas produced was measured by the continuous liquid replacement system (CLRS) 159 

method [24]. The biogas formed in the digesters, by the AD process, was continuously conveyed 160 

by pressure difference to the cylinders with a pipe for the entire experimental period, illustrated 161 

in Figure 2. The distance between the top of the gas cylinder and the water level was used to 162 

measure the volume of the produced biogas. Monitoring of biogas production was carried out at 163 

least three times a week until the gas generation was less than 1% of the accumulated biogas 164 

being produced [24]. The quality of the biogas was tested by collecting biogas samples and 165 

testing them in a gas analyser (GEOTECH GA5000) for methane content.  166 
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 167 

Figure 2: Schematic diagram of batch digester with gas capturing and measurement system. 168 

 169 

3 Result and discussions 170 

3.1 Property changes by PEF pre-treatment  171 

In Tables 2 and 3, the properties of control and PEF treated LL and FV (at three different 172 

intensities from 15 to 50 kWh/m3) are summarized. The property values shown in these tables are 173 

the average of a triplicate. After PEF treatment of LL and FV, the average values for TS and VS 174 

content changed. TS measurements showed a slight increase for LL samples after PEF pre-175 

treatment. VS content also increased up to 13% for LL. The VSS/TSS dropped by an average of 176 

8% for LL after PEF treatment, which is higher than the 0.7% reported by Lee for treated WAS at 177 

34.2 kWh/m3 [14]. The highest drop in VSS/TSS was observed for condition 3 by 14% for LL, 178 

compared to the control. PEF showed no effect on COD solubilisation for LL (see Table 2). 179 

Taking into account the low value of COD (±5000) for LL used in this study, it is noteworthy to 180 

add that the leachate  was  classified  as  “medium  age”  and  low-biodegradable [25,26]. The LL was 181 

almost stabilised and thus its SCOD was poorly biodegradable soluble microbial products. As it 182 
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can be seen from Table 2, SCOD of LL prior to PEF was high and that is probably due to the age 183 

of this substrate. Hence, effect of PEF on solubilisation might be proportional to the age of the 184 

substrate.  185 

For FV samples, TS content decreased slightly but VS content increased after treatment. The TSS 186 

measurement of FV showed small biomass loss that correlated to treatment intensity. The TSS 187 

dropped by an average of 9% for the treated samples, and by 13% with the most severe treatment 188 

condition 3. The release of soluble components was also confirmed by an increasing trend of 189 

SCOD which reached an average of 7% compared to the control (see Table 3). Another 190 

observation of these experiments were the decrease in viscosity along with color lightening of the 191 

LL and FV after pre-treatment. Also, a slight increase in pH was observed for both LL and FV 192 

after PEF treatment.  193 

Table 2: Property changes by PEF pre-treatment of landfill leachate. The values indicate an average of 194 

triplicate measurements conducted on each sample. A statistical analysis was performed, and the data of 195 

repeated experiments were given as the mean ± standard deviation. 196 

 Landfill leachate 
Control Condition 1 Condition 2 Condition 3 

Treatment intensity 
(kWh/m3) 0 15 30 50 

TS (%) 0.70% 0.72% 0.86% 1.11% 
VS/TS (%) 43.89% 44.97% 46.99% 49.37% 

COD (mg/L) 5302 ±450 5227±204 5223±210 5107±78 
SCOD (mg/L) 3180±194 2925±53 2845±21 2755±6 

TSS (%) 14.05% 15.58% 23.34% 35.92% 
VSS/TSS (%) 83.81% 81.25% 77.78% 72.30% 

pH  8.25 8.36 8.47 8.54 

 197 

Table 3: Property changes by PEF pre-treatment of fruit and vegetables. The values indicate an average of 198 

triplicate measurements conducted on each sample. VSS analyses have been done for this experiment. Due to 199 

high the volatility of FV waste it could not be measured as there are no data available in literature regarding 200 
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VSS of fruit and green waste. A statistical analysis was performed, and the data of repeated experiments were 201 

given as the mean ± standard deviation. 202 

 Fruit and vegetables 
Control Condition 1 Condition 2 Condition 3 

Treatment intensity 
(kWh/m3) 0 16.3 32.4 48.7 

TS (%) 3.96% 3.82% 3.52% 3.46% 
VS (%) 90.83% 90.99% 90.62% 91.17% 

COD (mg/L) 11682.4±927 11667.6±1219 11600.8±648 11202±684 
SCOD (mg/L) 6417.5±55 6876±42 6621.5±30 6514.5±137 

TSS (%) 53.30% 52.48% 50.54% 49.72% 
VSS/TSS (%) Na Na Na Na 

pH  3.81 3.85 3.85 3.92 
  203 

3.2 Digestion of LL and FV 204 

The average biogas production during the digestion of LL and FV samples are shown in Figures 205 

3 and 4. Analysis of biogas production profiles for the PEF treated samples and control showed 206 

that there were differences among the conditions tested, and that the results for treated samples 207 

were better in terms of biogas yield. The average biogas production during the digestion of LL 208 

are shown in Figure 3. It can be seen that for the digesters, the biogas yield increased until about 209 

day 12 and then gradually leveled off. The average biogas yield from the conditions 1, 2, 3 and 210 

control were 16.11, 15.78, 20.48 and 22.44 ml/gVS, respectively, after 22 days of digestion. 211 

About 81%, 76%, 74% and 77% of total biogas yield was achieved after the first 10 days of 212 

digestion for the control, condition 1, 2 and 3, respectively. As it can be seen from the Figure 4, 213 

the biogas production reached the peak values of 102.35, 131.65, 140.33 and 131.30 (ml/gVS) on 214 

day 17 for the control, condition 1, 2 and 3, respectively. After 41 days of digestion, the average 215 

biogas yields were about 36 ml/gVS for conditions 2, 3 and the control, and 40 ml/gVS for 216 

condition 1. About 90% of total biogas yield was achieved after 21 days of digestion for all the 217 
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conditions. This shows that digestion time of 21 days was sufficient to generate the majority of 218 

the biogas for this substrate.  219 

For FV samples, the lowest biogas yields were obtained by the control; but the highest was for 220 

condition 1. The biogas production almost stopped in day 6 of digestion due to a decrease in pH 221 

from 7 to 5. FV wastes contain high amounts of easily digestible carbohydrate [27]. These 222 

carbohydrate-rich substrates are very rapidly acidified to organic acids [28,29]. If the formed 223 

organic acid is sufficiently utilized by the methanogenesis, biogas is proportionally produced as 224 

time evolves. However, quick acid formation decreases the pH in the digester from its optimim of 225 

about 7.0 for methanogensis [4], and tends to inhibit the activity of methanogenic bacteria and 226 

even stops the methane formation during AD. After observation of the inhibition, the batch 227 

experiment stopped and pH was maintained at about 7.5 by the addition of sodium hydroxide 228 

solution (0.008 M) [30,31]. Afterwards, an immediate increase in biogas production was 229 

observed and biogas yields continued for several weeks. 230 

 231 

Figure 3: Biogas variation during anaerobic digestion of landfill leachate under mesophilic condition. Error 232 

bars are indicative of triplicate measurement. 233 
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 234 

Figure 4: Biogas variation during anaerobic digestion of fruit/vegetables under mesophilic condition. Error 235 

bars are indicative of triplicate measurement. 236 

3.3 Biogas and methane production  237 

The accumulated biogas and methane production of the control and three different intensities (15 238 

to 50 kWh/m3) are depicted in Figure 5 (A and B) along with digestion time. The biogas yield 239 

from LL was in the range of 155.61 to 220.06 (L/Kg VS) after 22 days of digestion. Biogas 240 

yields were higher for PEF treated LL than for raw (control) LL. The methane produced from the 241 

control, 13% of total COD, indicates that the LL was poorly bio-degradable and had low-242 

bioavailable biosolids that required effective pre-treatment before methanogenesis. The methane 243 

production after PEF pre-treatment represented 21% and 25% of COD for conditions 2 and 3, 244 

respectively. The results from all experiments clearly demonstrate the positive effect of PEF 245 

treatment on methane production potential. The obtained methane yield was in the range of 62.24 246 

to 91.32 (mlCH4/gVS). Condition 2 and 3 showed 26% and 44% higher and faster methane 247 
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[11], the main effect of PEF treatment was not to create truly soluble organic material, but to 249 

produce small colloids. These colloids were readily utilized by anaerobic microorganisms and 250 
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resulted in fast organic acid formation during the initial stage of AD and consequently higher 251 

methane formation and biogas yield. PEF pre-treatment seems to have a threshold treatment 252 

intensity for increasing bioavailability of solids. This threshold is approximately 30 kW/m3, 253 

based on the large increase in methane generation in Figure 5B. Then the methane production 254 

increased linearly with higher intensities. Hence higher PEF intensities could possibly increase 255 

the methane production from LL.  256 

 257 

 258 

Figure 5: Accumulated biogas (A) and methane (B) production of landfill leachate samples as a function of the 259 

digestion time. Error bars are indicative of triplicate measurement. 260 
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Figure 6 (A and B) summarizes results for FV. Biogas production measured for FV was in the 261 

range of 804.51 to 868.80 (L/Kg VS) which was much higher than the 695.45 (L/KgVS) obtained 262 

by labaratory-scale AD of FV [32], 372 (L/KgVS) from 25 day-batch AD of green waste [33], 263 

and 525 (L/Kg VS) by the hydrothermal treatment of FV [6]. The results also showed that 264 

methane production increased by 7% from 639.97 to 678.69 (mlCH4/gVS) after PEF treatment 265 

(Figure 6B). The methane production from the control (632.97 mlCH4/gVS) was much higher 266 

than the 206 mlCH4/gVS obtained by batch AD of green waste conducted by Liu [33]. Unlike 267 

LL, the PEF treatment effect on methane generation from FV was more significant for the lowest 268 

intensity applied. The result of this experiment shows that 16.3 kWh/m3 is the intensity by which 269 

the highest amount of methane can be acheived. Beyond this intensity, the methane production 270 

decreased even lower than that produced from the control. Condition 1 showed 7% increase in 271 

SCOD which caused the methane generation to increase by 7% by day 41. The amount of 272 

solubilization was proportional to the increase in methane generation for this substrate, which is 273 

similar to the PEF treatment study on WAS conducted by Choi and co-workers [5]. The methane 274 

produced from the control, 53% of the total COD, and up to 57% with PEF treatment, indicates 275 

that the FV was highly bio-degradable and were not in need of a pre-treatment before 276 

methanogenesis. As discussed before, FV is limited by methanogenesis rather than by the 277 

hydrolysis. The small difference in methane generated by treated samples after 41 days of 278 

digestion reveals the little impact of PEF treatment on this substrate.  279 

In terms of PEF pre-treatment effects on biogas and methane production enhancement, this study 280 

presents a similar trend as reported in other literature [5,7,11,12,14]. Although all the studies 281 

mentioned here use PEF treatment technology, comparison of their effects is relatively difficult 282 

due to different electric field systems used and insufficient information available on treatment 283 

conditions. Several studies indicate that electric field strength, pulse geometry, frequency and 284 
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field intensity are the main critical parameters affecting the treatment result [12]. Carlsson and 285 

co-workers [12] evaluated the effect of PEF treatment on organic fraction of municipal waste 286 

using the BMP test. The results as well as treatment conditions are summarized in Table 4. They 287 

achieved a 40% increase of the total biogas potential compared to the 8% biogas enhancement 288 

obtained from FV in this study. The pulse frequency applied in this study was 1.7Hz while 289 

Carlsson used a frequency of 120Hz, higher intensity and electric field strength. Although there is 290 

still missing information on the PEF equipment, in combination the electric field strength, 291 

frequency and intensity showed a strong impact on biogas potential. 292 
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 294 

Figure 6: Accumulated biogas (A) and methane (B) production of fruit and vegetables samples as a function of 295 

the digestion time. Error bars are indicative of triplicate measurement. 296 

In order to see if there is significant difference in methane production from PEF pre-treated 297 

samples and the control (from the first measurement until the day by which the digesters had 298 

reached steady state), the Analysis Of Variance (One-way ANOVA) method was used. 299 

MATLAB  was  used  for  the  calculation  and  the  significant  level  (α=0.05)  set  as  a  part  of  the  300 

experimental design. The results are illustrated in Figure 7 (A and B). Any data point shown in 301 

the figure indicates the p-value of compared groups as a function of digestion time (days). Figure 302 

7A shows that there were significant differences between all of the conditions after about first 5 303 

days of digestion (due to lag phase) except for the control and condition 1. As it mentioned 304 

before, LL showed the threshold intensity of 30 kWh/m3 (condition 1) and before that the PEF 305 

pre-treatment did not improve its methane production. The p-values that are less than the 306 

significant level (0.05) state that the differences are statistically significant. Figure 7B indicates 307 
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significant differences between condition 1 and all other conditions after about 20 days of 309 

digestion. Condition 1 was the only treatment intensity with distinctive effect on methane 310 

production of this substrate. The p-values that are less than the significant level (0.05), state that 311 

the differences are statistically significant. 312 

Table  4:  PEF  treatment   specification,   solubilisation  and  biogas  production  results  of  Carlsson’s  experiment  313 

and the current study 314 

Substrate PEF specification Solubilisation Biogas 
production 

 
Electric field 

strength 
(Kv/cm) 

Pulse 
geometry 

Frequency 
(Hz) 

Intensity  
(kWh/m3)   

OFMSW 24 NA 12.5 70 NA 40% 

FV 20 Exponential 
decay 1.7 16.3 7% 8% 
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 317 

Figure 7: Analysis of variance (ANOVA) for methane production of landfill leachate (A) and fruit/vegetables 318 

(B). Each data point represents the comparison of the average of a triplicate measurement between two 319 

different groups. p-values  less  than  significant  level  (α=0.05)  show  that  the  differences  are  statistically  320 

significant. 321 
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compared to FV and pig slurry [22]. Physico-chemical treatments such as 332 

coagulation/flocculation, air stripping and chemical oxidation have been used to remove 333 

recalcitrant organic substances, when treating stabilized leachate. Silva and coworkers [35] 334 

conducted coagulation and flocculation treatment on a stabilized LL (COD: 3460 mg/L) by 335 

adding aluminum sulfate at a concentration of 700 mg/L to remove refractory organic compounds 336 

from the leachate. COD was partially removed by 23 to 27% via this technique. This current 337 

study with PEF pre-treatment presented a significant effect on enhancement of methane 338 

production from LL and its organic refractory removal. PEF pre-treatment made solids more 339 

bioavailable, which led COD reduction up to 100% for LL compared to the control. This is much 340 

higher than the 17% and 53% reduction obtained when treating FV and pig slurry [22], 341 

respectively, as well as 18% COD removal obtained by PEF treatment of WAS at 34 kWh/m3 342 

[14]. Moreover, VS removal in LL is relatively high (1.17% for condition 3) as in comparison to 343 

the control (0.48%). The conversion of volatile solid to methane for untreated and treated 344 

samples of FV falls between 53 and 56%, which is also in corrolation with COD removal. This 345 

concludes PEF pre-treatment is more effective in treating LL than FV. 346 

 347 

Table 5: Overall results of volumetric methane yield and COD and VS removal after 22 and 41 days of 348 

digestion for landfill leachate (A) and fruit/vegetables (B), respectively. Statistical analyses were performed, 349 

and the data of repeated experiments were given as the mean ± standard deviation. 350 

                                 Landfill leachate 
  Control Condition 1 Condition 2 Condition 3 
Treatment intensity  

(kWh/m3) 0 15 30 50 

Methane  
(L/Kg substrate) 0.19±0.01 0.19 ±0.01 0.31 ±0.01 0.49 ±0.03 

COD removal (%) 12.74 13.70 21.02 25.33 
VS removal (%) 12.83 11.84 15.68 21.78 
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                                          Fruit and vegetables 
  Control Condition 1 Condition 2 Condition 3 
Treatment intensity  

(kWh/m3) 0 16.3 32.4 48.7 

Methane  
(L/Kg substrate) 21.97±0.22 22.32 ±0.36 19.62 ±0.28 19.27 ±0.25 

COD removal (%) 58.78 68.73 62.46 64.03 
VS removal (%) 53.10 57.69 53.98 55.62 

 352 

4 Conclusion  353 

The effect of PEF pre-treatment at three different intensities (15-50 kWh/m3) on methane 354 

production of LL and FV was investigated. Accumulated methane production of LL increased 355 

linearly with higher PEF intensity, after the threshold of 30 kWh/m3 was met. The highest 356 

treatment intensity, 50 kWh/m3, produced 44% more methane than the control. Whereas for FV, 357 

16.3 kWh/m3 was found to be the maximum intensity beyond which the methane production 358 

dropped. At this maximum point, 7% more methane production was achieved compared to the 359 

control. 100% improvement of COD removal was obtained for LL treated with the highest degree 360 

of PEF.  361 
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