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Summary
Substrate pre-treatment has been gaining interest in anaerobic digestion (AD) as a means to increase
biogas yields with nowadays more diversified substrate sources. The objective of this thesis is to
identify improvement potentials and development needs within applications of substrate pretreatment in anaerobic digestion (AD) based on literature and specific examples, with special focus
on the impact assessment and exemplified by the case of electroporation(EP) pre-treatment.
The substrate inherent limitations to conversion of organic material to methane include content of
non-biodegradable organic compounds, incorporation of biodegradable matter into recalcitrant
structures and large particle size. WAS and lignocellulosic material are specific substrates that
express significant substrate inherent limitations, especially WAS from WWTPs with long sludge age
and lignocellulosic material with high lignin content.
Improved AD performance relies on increasing operational methane yield as to approximate as much
as possible the actual potential methane yield of the substrate at the highest possible digestion rate.
This could potentially be achieved by the application of a pre-treatment, via the mechanisms of
particle size reduction/solubilisation of biodegradable/bioavailable matter and/or
conversion/exposure of non-biodegradable/non-bioavailable matter as to make it available or
degradable. Pre-treatment mechanisms that could potentially counteract these effects are the
removal of organic matter and/or the formation of refractory compounds. Pre-treatment by
electroporation has the potential to affect substrates and, in some cases improve AD process
performance. However, the effect of a specific pre-treatment may differ depending on the type of
substrate upon which it is applied.
The assessment of pre-treatment effects may be performed on different levels, representing impacts
from micro to macro scale. On a substrate level, COD solubilisation is commonly measured, but the
interpretation is aggravated by the application of different measurement approaches. In addition,
solubilisation of COD as a result of pre-treatment does not necessarily translate into increased
operational methane yield, and vice versa, the increased operational yield is not necessarily caused
by increased COD solubilisation. On an AD process performance level, BMP tests have been used to
assess both increased biodegradability and increased rate of degradation. Both applications rely on
appropriate set-up as well as understanding of the limitations of the test. Substrate pre-treatment
affects the quality of the outputs as well as the downstream processes of an AD process. A
systematic approach is therefore necessary to understand how the introduction of a pre-treatment
process as well as the changes in process performance with respect to qualities and quantities of
outputs affect the balances of the system with respect to assessment bases such as energy, CO2 or
economics.
Several areas that would gain from further development can be identified within the area of
substrate pre-treatment. These include improved understanding of substrate characteristics with
improved descriptors, such as improved understanding of COD composition, and of BMP applicability
and limitations. In addition, improved understanding of the relationship between substrate
composition and process performance would be helpful to improve the understanding of different
pre-treatment effects.
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Improved understanding of system effects where case-specific conditions can be considered is
necessary for the full-scale implementation of pre-treatments to a larger extent. The application of
tools for systems analysis to systems including pre-treatment should be further evaluated and a
sensitivity analysis with respect to which specific conditions may render pre-treatments beneficial or
non-beneficial should be performed.
The practical applicability of electroporation pre-treatment for different substrates needs further
development and the energy efficiency of the pre-treatment should be evaluated considering
upscaling effects.
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1 Introduction
1.1 Background
Anaerobic digestion (AD), long used for stabilising organic matter such as sewage sludge and manure,
has increasingly been applied with the main objective of biogas production, and the AD substrates
have nowadays broadened to include several wastes and dedicated crops. Biogas represents a
renewable and versatile energy source that can be used for heat and electricity production or as
vehicle fuel and the concerns about global warming have stimulated further AD application and the
improvement of AD processes in order to maximise the production of biogas.
Considerable efforts to improve biogas production via AD have focused on understanding the
associated microbial processes in order to optimise environmental conditions, reactor design and the
substrates used (Ahring, 2003; Angelidaki and Sanders, 2004; Boruff and Buswell, 1934; Ghosh and
Pohland, 1974; Pavlostathis and Gossett, 1988; Vavilin et al., 2008; Veeken et al., 2000). Substrate
manipulation poses improvement opportunities as well as challenges for AD since the substrates
available for AD have different properties, representing different types and levels of limitations to
optimal AD performance. Substrate-focused AD optimisation has ranged from finding suitable
substrates and combining substrates (Buendía et al., 2009; Hamzawi et al., 1998; Seppälä et al., 2008)
to adding complementary nutrients (Hinken et al., 2008) and/or pre-treating the substrates as to
make them more amenable for AD.
Pre-treatment methods to improve AD have been the focus of a large number of scientific studies
during the last 30 years (Haug et al., 1978; Hendriks and Zeeman, 2008; Neyens and Baeyens, 2003;
Pilli et al., 2011; Stuckey and McCarty, 1984; Weemaes and Verstraete, 1998) and AD improvement
in terms of increased methane yield and solids reduction are well established advantages of such
pre-treatments. Nevertheless, the potential for improvement varies with substrate composition and
the relative applicability of different pre-treatments need to be assessed with respect to their effects
on different substrates and the pre-treatment impacts on the overall AD system. There is a lack of
common/standardised protocols for evaluation of pre-treatment efficiency (Kianmehr et al., 2010)
and in the cases where systems aspects are considered, system boundaries vary and the focus is on
specific substrates and specific utilisation options of biogas as well as of digestate, which makes the
results difficult to apply to other scenarios (Fdz-Polanco et al., 2008; Pickworth et al., 2006).

1.2 Objective
The objective of this thesis is to identify improvement potentials and development needs within
applications of substrate pre-treatment in anaerobic digestion (AD) based on literature and specific
examples, with special focus on the impact assessment and exemplified by the case of
electroporation(EP) pre-treatment. The aim is to address the following research questions:
(i)
What are the inherent potentials and limitations for different AD substrates with respect
to conversion of organic material to methane?
(ii)
How can the limiting factors for substrate conversion into methane within AD be
influenced by substrate pre-treatment?
(iii)
How can/should the impacts of pre-treatments on AD performance be assessed?
(iv)
What are the development needs within impact assessment of AD substrate pretreatment?
1

1.3 Structure of the thesis
Chapter 2 – Substrates for AD: inherent potentials and limitations. The concept of process
performance in relation to substrate characteristics is described and used in combination with actual
results from literature to illustrate the potentials and limitations of different types of substrates for
AD. This is followed by an attempt to pin-point and explain the main substrate-inherent limitations to
optimal performance as defined by the substrate characteristics. The chapter is concluded by a
discussion about the potential for improvement for different substrates.
Chapter 3 – Overcoming limitations by substrate pre-treatment. The potential effects on substrates
from pre-treatment are presented and the following potential effects on the AD process
performance are discussed. These discussions are mainly based on Paper A. The concept is
exemplified by results from experiments performed with EP-treatment of different substrates, as
presented in Paper B and Report 1.
Chapter 4 – Assessment of pre-treatment impacts. The challenges involved in evaluating the effect
of pre-treatment on AD enhancement are presented and discussed. These tend to relate to aspects
associated with substrate solubilisation, appropriate use of biochemical methane potential (BMP)
tests and system boundaries. Solubilisation and system boundaries are thoroughly analysed in Paper
A, and therefore only summarized in this section. The use of BMP tests is analysed in more detail,
partly based on Paper A, but also completed with findings from recent scientific publications and
reports.
Chapter 5 – Conclusions presents answers to the research questions based on the work presented in
the thesis. The conclusions are used to identify development needs within impact assessment of AD
substrate pre-treatment.
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2 Substrates for AD: inherent potentials and limitations
2.1 How to evaluate the performance of an AD process
Evaluation of the performance of an AD process with respect to substrate conversion to methane is a
matter of relating the operational performance to the potential performance; the methane potential,
which is defined by characteristics of the substrates fed to the process. Approaches for assessing
methane potential and operational performance are illustrated in Fig. 1.
Methane potential can be defined either as (i) calculated methane potential or as (ii) experimental
methane potential (Fig. 1):
(i)

(ii)

The calculations are based on the stoichiometry of methane production according to
Symons and Buswell (1933). The potential methane yield of the substrate can be
calculated based on analyses of substrate composition with respect to elements,
components or COD.
The methane potential may be determined experimentally by the biochemical methane
potential (BMP) test. The BMP is assessed through a batch digestion test (Owen et al.,
1979) and often used to approximate the anaerobic biodegradability, which will be
further discussed in Chapter 4. The experimentally achieved BMP will normally be a
portion of the calculated BMP, depending on the biodegradability and bioavailability of
the organic material and on the fact that some of the organic material is used for
microbial growth.

The operational performance of an AD process is related to substrate characteristics and process
conditions, namely hydraulic retention time (HRT), organic loading rate (OLR) and environmental
conditions in the digester. Commonly, the performance in AD is expressed as the methane yield, i.e.
the volumetric methane production under standard conditions per unit of material fed, which can be
expressed as total solids (TS), volatile solids (VS), chemical oxygen demand (COD) or wet weight.
Alternative performance expressions are TS or VS reduction (% of incoming TS or VS reduced) and
methane productivity (m3 CH4/m3 reactor, day). The operational methane yield from a continuous
process will normally be a portion of the experimental methane potential, depending on the specific
process conditions, i.e. hydraulic retention time (HRT) and environmental conditions in the digester
(Fig. 1).

3

Substrate
Composition analysis
Elements

Components

BMP test

COD

Fat: C57H104O6
Protein: C5H7NO2
Carbohydrate:
(C6H10O5)n

Medium
Inoculum
Substrate

Calculated potential

Experimental potential

Continuous
digestion
under specific
process conditions

Operational yield

Methane per VS or COD

Used for microbial growth
Not available for degradation/

Not anaerobically biodegradable
Other process limitations
Limited HRT

Figure 1. Assessment of a substrate anaerobic digestibility. The calculated potential is based on either
elemental (C/H/O/N) or component (fat/protein/carbohydrate) composition or the substrate chemical
oxygen demand (COD).The assessment disregards the utilisation of organic material for microbial
metabolism and the possibility that part of the compounds included are not anaerobically
biodegradable or available for degradation. The experimental potential is based on a batch digestion
test – the biochemical methane potential (BMP) test, which if accurately performed represents the
convertibility to methane under substrate limited conditions. Operational yield from a continuous
digestion process depends on the specific process conditions including limited hydraulic retention time
(HRT).
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2.2 Methane potentials and operational yields of some AD substrates
From the many different substrates that have been considered for AD, the majority can be divided
into the following five categories: (a) organic fraction of municipal solid waste (OFMSW), (b) organic
waste from the food industry, (c) energy crops or agricultural harvesting residues, (d) manure, and
(e) waste water treatment plant (WWTP) residues. Among these, WWTP residues have long been
used as AD substrates and are relatively well studied, whereas different types of wastes and crops
have gained or regained interest more recently and for some of these the experience may be limited.
Among WWTP residues, waste activated sludge (WAS) poses a challenge to AD due to generally low
biogas yields. The experimental methane potential and the operational methane yield from WAS are
considered to depend on the WWTP process in which it is produced, more specifically the sludge age
in the biological process (Bolzonella et al., 2005; Bougrier et al., 2007; Bougrier et al., 2008; Gossett
and Belser, 1982). Gossett and Belser (1982) evaluated the effect of sludge age on experimental
methane potential and operational performance of laboratory AD reactors. Fig. 2 presents data
extracted from this study regarding calculated and experimental methane potential as well as
operational methane yield at 15 days hydraulic retention time (HRT) for WAS of different sludge age.

Figure 2. Calculated (based on COD) and experimental methane potentials and operational methane
yield at 15 d HRT from municipal waste activated sludge of different sludge age. Data extracted from
Gossett and Belser (1982).
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Within co-digestion, the variety of possible substrates represent different levels of limitations for
optimal AD performance. In (Carlsson and Uldal, 2009), a selection of potential substrates for AD,
selected in consultation with biogas plant operators, were characterised with respect to calculated
methane potential based on component composition and experimental methane potential based on
BMP tests. Figure 3 presents data extracted from this study regarding calculated and experimental
methane potential for different AD substrates.
Similarly, in a study by Wang et al (1994), samples of excavated refuse from landfills were
characterised with respect to calculated methane potential based on component composition and
experimental potential based on BMP tests. This type of material is partly degraded and has a very
low ratio of carbohydrates to lignin. The results showed that the experimental methane potential
was between 0-53 % of the methane potential calculated based on cellulose and hemicellulose
content, suggesting that substantial parts of these carbohydrates were not available for biological
conversion to methane.

Figure 3. Methane potential data from Report 2, representing examples of different substrate types.
White bars are calculated methane potentials based on component composition and grey bars are
experimental methane potential based on BMP-tests. The bases for calculation were in this case:
Fat=0.96 Nm3 CH4/kg VS, Protein=0.51 Nm3 CH4/kg VS, Carbohydrate=0.42 Nm3 CH4/kg VS. Data
extracted from Carlsson and Uldal (2009).
These experimental results show that for several AD substrates there is a significant difference
between calculated and experimental methane potentials, and between the methane potentials and
the operational methane yield, as seen in Fig. 2. These differences can be partially due to
shortcomings related to the analytical and experimental methods used, which may be illustrated by
the fact that the experimental potential is higher than the calculated in the case of fish processing
6

waste (Fig. 3). Another factor is the part of the organic material that is used for microbial growth,
which is not taken into account in the calculated potential. But some of the differences are most
probably due to substrate inherent limitations to anaerobic biological degradation and may thus
provide information regarding the AD improvement potential for different substrates.

2.3 Substrate inherent limitations and potential for improving substratedependant AD performance
The performance of the overall AD process depends on the substrate convertibility to methane and
on the kinetics of the degradation step that is rate limiting for the system in question. For AD of
complex particulate organic matter hydrolysis is often the rate limiting step and as a consequence,
the substrate may not be fully utilised in a continuous process (Gavala et al., 2003; Parkin and Owen,
1986; Pavlostathis and Giraldo-Gomez, 1991; Veeken and Hamelers, 1999).
In the hydrolysis step of AD, the organic polymers are broken down by extracellular enzymes
excreted by hydrolytic microorganisms into simpler compounds which can then pass the cell
membrane. The rate of hydrolysis of particulate organic matter is influenced by several factors,
including the origin and the previous acclimation of the anaerobic culture as well as the
concentration, composition and structure of the substrate, particle size, temperature, agitation and
pH. Hydrolysis kinetics of particulate organic material during AD and its dependence on different
factors have been addressed in numerous studies (Angelidaki and Sanders, 2004; Dinamarca et al.,
2003; Gavala et al., 2003; Jash and Ghosh, 1996; Pavlostathis and Giraldo-Gomez, 1991; Veeken and
Hamelers, 1999; Veeken et al., 2000).
The substrate inherent limitations related to the extent and rate of hydrolysis are linked to the
substrate chemical composition, i.e. substrate biodegradability, and the substrate availability for
enzymatic activity, i.e. substrate bioavailability (Jash and Ghosh, 1996; Vavilin et al., 1996) as well as
the actual surface per unit mass of substrate. On the one hand, complex organic materials can range
from practically non-biodegradable compounds under anaerobic conditions, such as lignin and
keratin, to rather easily biodegradable compounds, such as starch and most proteins (Klimiuk et al.,
2010; Lissens et al., 2004; Onifade et al., 1998; Salminen et al., 2003). On the other hand, some
biodegradable compounds may be less bioavailable since they are incorporated into complex,
recalcitrant structures, such as lignocellulose or microbial cell walls. In addition, substrates composed
of large particles will be slowly degraded due to the limited actual surface area (Vavilin et al., 1996).
In the literature, the term biodegradability is often used to express the amount of material that can
be biologically converted into methane by AD, thus including the concept of bioavailability. Following
the literature, the term biodegradability is further used in this sense in this thesis, unless indicated
otherwise.
Substrate dependant AD performance improvement is related to overcoming the substrate inherent
limitations leading to increased rate and/or extent of degradation. The improvement potential for a
specific substrate may be revealed by studying the differences between calculated methane
potential, experimental methane potential and operational methane yield as described in the
previous section. The substrates expressing the largest differences between calculated and
experimental potentials in Fig. 2 and 3 are mink manure, feathers and coffee grinds and WAS with
sludge age of 15 days or more. In addition, all WAS types express considerable difference between
experimental methane potential and operational methane yield at 15 d HRT, the relative difference
7

increasing with higher sludge age. The different substrates represent different types and levels of
hydrolysis limitations to optimal AD performance; however, two main components can be identified
among substrate categories that cause low biodegradability and/or slow degradation rate: the
presence of microbial cells/flocs (Weemaes and Verstraete, 1998) such as those found in waste
activated sludge (WAS) from WWTPs and lignocellulosic material from plants and vegetables found in
energy crops and harvesting residues, in manure and in different fractions of household waste. In
addition, feathers consisting mainly of the hardly degradable protein keratin express low
biodegradability. Accordingly, these substrates pose more or less significant potentials for improving
substrate conversion to methane.
Methods for improvement should focus on overcoming the substrate inherent limitations, i.e.
content of non-biodegradable organic compounds, incorporation of biodegradable matter into
recalcitrant structures and large particle size, leading to increased rate and/or extent of degradation.
One of the most frequently applied ways to achieve this is pre-treating the substrates as to make
them more amenable for AD.

8

3 Overcoming limitations by substrate pre-treatment
3.1 Pre-treatment effects on substrate characteristics and AD process
performance
The substrate inherent limitations as defined in section 2.3 may be altered when a substrate is
disintegrated, solubilised and/or chemically transformed due to mechanical or physico-chemical
effects induced by a pre-treatment. Pre-treatment methods to improve AD have been the focus of a
large number of scientific studies during the last 30 years (Haug et al., 1978; Hendriks and Zeeman,
2008; Neyens and Baeyens, 2003; Pilli et al., 2011; Stuckey and McCarty, 1984; Weemaes and
Verstraete, 1998). The pre-treatments that have been used for improving AD performance rely on
different principles and can thus be sub-divided into different categories. For Paper A and this thesis,
the pre-treatments have been sub-divided into the following categories based on a combination of
pre-treatment occurrence and principles of operation; thermal, freeze/thaw, ultrasonic, other
mechanical, chemical, wet oxidation, microwave and pulsed electric field (PEF)/electroporation (EP)
treatments.
The main effects that pre-treatments may have on different substrates, as presented in literature,
can be identified as (i) particle-size reduction, (ii) solubilisation, (iii) biodegradability enhancement,
(iv) formation of refractory compounds and (v) loss of organic material (Paper A). Methods and
expressions used for quantifying these effects differ among publications and the most common
methods and definitions as well as the correlations between the effects are presented and briefly
discussed in Paper A. The substrate modifications resulting from pre-treatment have the potential to
influence the substrate/process assessment indicators differently, as illustrated in Fig. 4. To account
for the different effects on calculated and experimental methane potential as well as operational
methane yield, the substrate modifications are here presented as: (a) Particle size
reduction/solubilisation of biodegradable/bioavailable matter, (b) Non-biodegradable/bioavailable
matter made available or degradable, (c) Removal of organic matter and (d) Formation of refractory
compounds. In reality, the actual effect assessed by analytical procedures is a combination of the
impacts of (a)-(d) and it may be difficult to distinguish the effects from one another.
The calculated methane potential, as illustrated in Fig. 4, is only affected if organic material is
removed by the pre-treatment. This results in a net decrease of organic material available for
methane production and consequently a decrease in calculated methane potential and potentially
also experimental potential and operational methane yield. Loss of organic material has been
observed in several cases of wet oxidation pre-treatment (Lissens et al., 2004; Strong et al., 2010) as
well as from high temperature thermal pre-treatment (Valo et al., 2004). The experimental methane
potential is increased by the release or exposure of organic material that was originally inaccessible
to microorganisms or the transformation of material that was originally not biodegradable.
Nevertheless, the formation of refractory compounds as a result of pre-treatment can counteract
positive effects on biodegradability, potentially decreasing experimental potential as well as
operational methane yield. This is most commonly associated with high temperature pre-treatments
(Bougrier et al., 2007; Dwyer et al., 2008). The operational methane yield is potentially affected by all
the substrate modifications induced by pre-treatments. Degradation rates are increased by
solubilisation or particle size reduction of organic matter that would have been otherwise slowly
hydrolysed, while the extent of degradation is increased by the release or exposure of organic
material that was originally inaccessible to microorganisms or the transformation of material that
9

was originally not biodegradable. In addition to the previously mentioned possible formation of
refractory compounds, the increase in solubilised COD from pre-treatment, if not inhibitory in itself,
can increase the organic loading to the methanogens and overload the AD system (Izumi et al.,
2010). Furthermore, the effect on AD process performance may be limited if the substrate treated is
inherently easily degradable (Lissens et al., 2004).

(a)
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potential

Experimental
potential

(b)

Operational
Yield

Operational
Yield

Used for microbial growth

Non biodegradable/bioavailable

Non biodegradable/bioavailable

Process limitations

Process limitations
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degradation
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Methane yield

Effect of
pretreatment

Methane yield

Increased
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rate
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Experimental
potential

(d)
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Yield
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potential
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Effect of
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Process limitations
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Methane yield
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degradation
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Experimental
potential

Used for microbial growth

Non biodegradable/bioavailable
Effect of
pretreatment

Experimental
potential

Used for microbial growth

Effect of
pretreatment

(c)

Calculated
potential

Figure 4. Possible effects on calculated methane potential, experimental methane potential and
operational methane yield (as explained in Fig. 1) from different substrate modifications induced by
pre-treatments: (a) Particle size reduction/solubilisation of biodegradable/bioavailable matter, (b)
Non-biodegradable/bioavailable matter made available or degradable, (c) Removal of organic matter
and (d) Formation of refractory compounds. The arrows indicate potential increase or decrease in
methane yield compared to the grey-scaled baseline due to the specific substrate modification.

3.2 Pre-treatment effects on AD systems
For the implementation of pre-treatments into specific AD systems, the impact on the overall AD
system needs to be considered. The pre-treatment itself requires inputs of energy and/or chemicals
and an altered process performance results in changes in outputs and affects downstream processes
which further affects the inputs and outputs of the total AD system. Figure 5 presents an overview of
inputs, outputs and processes that may be involved in an AD system.
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Figure 5. Interrelations in AD system and possible inputs and outputs as well as main, upstream and
downstream processes.
Specifically, the changes in the substrate degree of degradation and its overall characteristics will
also affect the physical and chemical properties of the digestate. The particle size distribution affects
the dewatering properties of the digestate; reduced particle-size has been suggested to deteriorate
dewaterability, whereas increased particle size has the reverse effect (Bougrier et al., 2006; Chu et
al., 2001; Neyens and Baeyens, 2003). The effects of pre-treatment on dewatering properties of the
digestate, mainly from AD of WWTP residues, have been widely studied. Decreased dewaterability
would counteract the positive effect of increased degradation when aiming at minimising sludge
volumes for disposal. Among pre-treatments, ultrasonic generally decreases dewaterability (Erden
and Filibeli, 2009; Muller et al., 2009; Pérez-Elvira et al., 2010), whereas for thermal pre-treatment
positive as well as negative impacts on dewatering properties have been reported (Barjenbruch and
Kopplow, 2003; Neyens and Baeyens, 2003; Takashima, 2008).
Changes in the liquid part of the digestate may also be of importance for the AD system. Refractory
or inhibitory compounds produced by pre-treatment as well as additionally released nutrients
resulting from enhanced degradation will remain in the digestate and, in the case of AD of WWTP
residues, will be recirculated to the WWTP, increasing energy and chemical demand for treatment as
well as possibly deteriorating effluent quality (Barjenbruch and Kopplow, 2003; Bougrier et al.,
2007; Gossett et al., 1982; Kim et al., 2010; Kopplow et al., 2004; Takashima, 2008). If the digestate is
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used as a fertilizer, the effect of the digestate properties on the fertilizer value needs to be
considered.
Additional reported effects of pre-treatments are (i) decreased risk of foaming in the digester
(Barjenbruch and Kopplow, 2003; Müller, 2001), (ii) achieved hygienisation of the material (Carballa
et al., 2009; Müller, 2001) and (iii) odour generation, where both positive and negative impacts have
been reported (Appels et al., 2008; Muller et al., 2009; Müller, 2001).
Development potentials identified with regards to pre-treatment effects on AD systems include
improved knowledge of how the quality of the outputs affects the value of these products as well as
the downstream processes.

3.3 Case study: Electroporation of different substrates
3.3.1 Introduction
Electroporation (EP), or pulsed electric fields (PEF), is a technique that supplies short and intense
electric pulses at high voltage. When applied to biological cells, the treatment causes the formation
of pores in the cell membranes. Depending on the intensity of the pulses, transient or permanent
pores are formed. The electric field strength needed depends on the structure of the treated
material. Besides the field intensity, the frequency and the geometry of the pulses are also presumed
to have impact on the treatment result. The mechanism of electroporation is further described in
literature (Bouzrara and Vorobiev, 2003; Weaver and Chizmadzhev, 1996). EP of sugar beets to
improve/facilitate juice extraction is described by Sack and Bluhm (2008).
Paper B and Report 1 present results from experiments with EP pre-treatment of three different AD
substrates, namely sugar beets, WAS and OFMSW. The three substrates correspond to different
degrees and types of substrate-inherent limitations for anaerobic degradation: WAS contains
bacterial cells, OFMSW is a heterogeneous substrate with large particle size containing easily
degradable compounds as well as lignocellulosic complexes, whereas sugar beets are homogeneous
in composition, display relatively large particle size and contain fibres, but with a low lignin content.
3.3.2 Methods
The different substrates were subjected to batch electroporation treatment. Treated as well as
untreated samples were chemically analysed and digested in continuous laboratory reactors at 50
days HRT for OFMSW and sugar beets and 25 days HRT for WAS. The sugar beets had limited
alkalinity, so the long HRT was necessary to keep the process stable without the addition of
chemicals or a co-substrate. For the OFMSW, the motive for the long HRT was that the substrate
contained large fractions of lignocellulosic material. Equipment and methods used are described in
Paper B and Report 1.
During the start-up period of the experiments, all materials were subjected to equal treatment
intensity and the results from this period were used to compare the solubilisation effect of EP on the
different types of cells that the materials represent. Solubilised compounds are herein defined as
those passing a glass fibre filter of 1.6 μm pore size, which corresponds to the method for suspended
solids separation which is normally used in Sweden. The pre-treatment effect on substrate
characteristics was analysed with respect to soluble COD (CODs) which was related to the initial VS of
the sample. The samples were not characterised with respect to total COD due to their heterogeneity
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and large particle size. The actual applied field strength could not be determined during this period
because of technical problems.
During the last two weeks of trials, the field strength was determined and monitored and all samples
were treated with the rather high field strength of 24 kV/cm. These last two weeks were chosen as
evaluation period for continuous methane production.
3.3.3 Results
The different substrates responded differently to the EP-treatment: For sugar beet and WAS, COD
solubilisation was significant whereas for OFMSW there was no solubilisation of COD (Fig 6).

Figure 6. Effect of EP pre-treatment on substrate solubilisation as g CODs/g VSin for the 3 different
substrates studied.
The effect on operational methane yield also varied between the substrates; the effect was the
largest for OFMSW, for which a 20 % increase in methane yield was observed after pre-treatment.
For sugar beet, the yield increased by around 10 % after pre-treatment whereas for WAS, the yield
was not affected by the pre-treatment.
3.3.4 Discussion
The varying effects of EP-treatment on operational methane yields of the different substrates did not
correlate to COD solubilisation. The positive effect on operational methane yield was the highest for
OFMSW, even though no significant increase in soluble COD could be detected after pre-treatment of
this substrate. The improved process performance in this case may have been caused by some other
pre-treatment mechanism, possibly an increased surface area available for degradation.
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For sugar beet, the pre-treatment had a clear effect on COD solubilisation, but less pronounced
positive effect on operational methane yield. Even before pre-treatment, a large part of the organic
matter was in soluble form and the solubilised COD may have been part of material which is not
bound to hardly degraded fibres. Due to the long HRT of the AD process, the potential impact of
hydrolysis kinetics may have been minimized for this specific substrate.
For WAS, the process was not affected even though the soluble COD increased significantly
compared to the raw sample. The COD that was solubilised by the pre-treatment corresponded to a
limited part of the total organic material as VS and may have been part of some easily hydrolysed
fraction rather than the recalcitrant cell material.
The technical applicability of the technology was not considered in this study and the energy balance
was not optimised.
3.3.5 Conclusions
Electroporation has the potential to affect substrates and, in some cases AD process performance.
To develop efficient systems for practical use of electroporation as a pre-treatment for AD further
studies are required.
The results from the EP-tests show that the effect of a specific pre-treatment may differ depending
on the type of substrate upon which it is applied. In addition, solubilisation of COD as a result of pretreatment does not necessarily translate into increased operational methane yield, and vice versa,
the increased operational yield is not necessarily caused by increased COD solubilisation. Improved
understanding of the relationship between substrate composition and AD process performance is
necessary to explain and predict the effects of a pre-treatment on AD of a specific substrate.
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4 Assessment of pre-treatment impacts
The assessment of pre-treatment effects may be performed on different levels, representing impacts
from micro to macro scale. On the one hand, the effect on substrate level with reference to the
effects presented in Section 3.1 may be useful either to evaluate how different pre-treatment
conditions affect the same substrate (Apul and Sanin, 2010) or, alternatively, how substrates of
different characteristics are influenced by the same pre-treatment (Bougrier et al., 2008).
Nevertheless, the relationship between substrate level pre-treatment effects and specific AD process
performance is complex and the evaluation of this relation is aggravated by the application of
different measurement approaches of systems performance. A systematic approach is necessary to
understand how the introduction of a pre-treatment process as well as the changes in process
performance with respect to qualities and quantities of outputs affect the balances of the system
with respect to assessment bases such as energy, CO2 or economics.
A review of the scientific literature regarding pre-treatment for AD (Paper A) revealed that the
challenges in evaluating the effect of pre-treatment on AD enhancement tend to relate to aspects
associated with substrate solubilisation, appropriate use of BMP-tests and system boundaries. These
aspects relate to different levels of pre-treatment impact assessment and the challenges involved
will be further discussed in the following sub-sections.

4.1 Assessment of substrate solubilisation
Substrate solubilisation, a commonly used indicator of pre-treatment effect, has been expressed and
analysed in various ways in the literature, in which the definition of soluble material or fraction varies
or is not always specified (Weemaes and Verstraete, 1998). Soluble material is generally separated by
filtration using different filter pore sizes either from total samples or from supernatant after
centrifugation (Appels et al., 2010; Braguglia et al., 2010; Elbeshbishy et al., 2011; Kianmehr et al.,
2010; Mottet et al., 2009; Naddeo et al., 2009; Salsabil et al., 2010). In addition, soluble material has
been measured directly in the supernatant after centrifugation (Bougrier et al., 2006; Zhang et al.,
2009). The filtered fraction has been further characterised and differentiated, for instance Kianmehr
et al (2010) separated colloidal from “true soluble” organic material in the filtrate by flocculation
with subsequent membrane filtration.
Substrate solubilisation is most commonly evaluated based on the substrate COD measurements, for
which multiple expressions have been used (Table 1). Generally, the soluble COD after pre-treatment
is related to different combinations of the raw substrate COD characterised as total, particulate or
soluble COD or it is related to the “maximum hydrolysable” COD of the substrate. In addition to COD,
substrate solubilisation has been described based on TS and VS or on organic composition
measurements including proteins, carbohydrates and lipids (Bougrier et al., 2008; Elbeshbishy et al.,
2011; Salsabil et al., 2010).
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Table 1. Quantifications of solubilisation based on COD appearing in literature.
Variable

Definition

References

COD
solubilisation

SCOD=(CODs –
CODs0)/CODp0

(Bougrier et al., 2006; Bougrier et al., 2005; Bougrier et
al., 2008; Elbeshbishy et al., 2011; Graja et al., 2005;
Mottet et al., 2009; Salsabil et al., 2010)

SCOD=( CODs – CODs0)/
CODt

(Appels et al., 2010; Marin et al., 2010)

SCOD=CODs/CODt

(Eskicioglu et al., 2007; Jackowiak et al., 2011; Jin et al.,
2009; Kianmehr et al., 2010; Kim et al., 2010; PérezElvira et al., 2009; Valo et al., 2004; Wett et al., 2010)

SCOD=(CODs –
CODs0)/CODs

(Ma et al., 2011)

SCOD=(CODs –
CODs0)/VS

(Apul and Sanin, 2010)

DDCOD=(CODsCODs0)/(CODmaxCODs0)

(Bougrier et al., 2005; Müller, 2000; Müller, 2003;
Naddeo et al., 2009)

DDCOD=(CODsCODs0)/CODmax

(Braguglia et al., 2006)

Degree of
disintegration

CODs = COD measured in supernatant or filtrate of pre-treated substrate
CODs0 = COD measured in supernatant or filtrate of raw substrate
CODp0 = COD measured on particulate fraction or calculated subtracting soluble from total COD of
raw substrate
CODt = total COD of substrate, mostly measured in raw substrate and assumed unchanged after pretreatment
CODmax = maximum soluble COD of raw substrate, determined either by adding a chemical (NaOH or
H2SO4 in different concentrations) or calculated based on composition

As discussed in Paper A, substrate solubilisation does not necessarily translate into improved process
performance or even increased biodegradability. This is supported by the results presented in
Section 3.3 from EP-treatment of different substrates, where COD solubilisation is not correlated to
improved AD performance at the process conditions tested. COD solubilisation is generally used for
evaluation of pre-treatment efficiency, but it poorly characterizes solubilisation of specific substrate
components that may ultimately impact AD performance. The characterization of AD performance
relies on descriptive and even predictive variables, for which further development is required. This
includes improved understanding of substrate characteristics with improved descriptors, such as
improved understanding of COD composition.
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4.2 Assessment by BMP-test
The BMP test is the commonly used method to assess the experimental methane potential, i.e. the
substrate biodegradability as defined in section 2.3. The test has been frequently used in this sense
for evaluating the suitability of substrates for AD and predict the process performance (Carlsson and
Schnürer, 2011) as well as to assess the enhancement effect of pre-treatment implementation
(Bougrier et al., 2006). The biological nature of the test as well as the batch dynamics pose challenges
for proper implementation and interpretation. Despite several recent efforts to improve the
understanding of BMP tests as well as approaches to standardise their procedure (Angelidaki et al.,
2009; Appels et al., 2011; Jensen et al., 2011; Raposo et al., 2011; VDI, 2006), there are still large
inconsistencies in the application and interpretation of these tests (Carlsson and Schnürer, 2011). In
the following sub-sections, the BMP method and its applicability for evaluating pre-treatment effects
are discussed.
4.2.1 The BMP method
The test procedures for BMP are generally more or less modified versions of the ones described by
Owen et al (1979). In this test, the substrate anaerobic biodegradability is determined by monitoring
cumulative methane production from an anaerobically incubated sample seeded with an active
anaerobic culture (inoculum).
Several factors of importance for reliable and comparable BMP results have been identified, the most
important being related to the quality of the inoculum and the inoculum to substrate ratio (ISR)
(Carlsson and Schnürer, 2011). In order to reach complete and rapid biodegradation, the inoculum
used in a BMP test must contain a broad spectrum of microorganisms, which may be difficult to
verify. The most common approach of inoculum characterisation, the VS analysis, does not
distinguish between active microorganisms and other organic material. To verify satisfactory activity,
a known control substrate should be tested in parallel with the substrate. Factors influencing the
inoculum activity have been identified as origin/source, concentration, pre-incubation,
acclimation/adaptation and storage. The microorganisms in the inoculum must also be of sufficient
quantity to efficiently degrade the organic material in the substrate and the ISR is a measure to
regulate this. Different substrates may have different optimal ISR, depending on their specific
characteristics, but in order to standardise the procedures, a relatively high ISR should be applied for
all substrates. Many researchers agree that an ISR of 2 on a VS basis is suitable and this is also
suggested by the German standard VDI 4630 (VDI, 2006). Under these conditions, the degradation is
likely to be substrate-limited and thus reflecting the substrate properties rather than the microbial
limitations. However, since VS is not an ultimate measure of microorganism content, ISR is not an
ultimate measure of microbial load (Carlsson and Schnürer, 2011; Raposo et al., 2011; VDI, 2006).
Other issues affecting the outcome of a BMP test relate to different methodology issues such as
sample procedure and reactor size (Nizami et al., 2012), the concentration of substrate, addition of
buffer and nutrients in the dilution medium and headspace flush gas (Carlsson and Schnürer, 2011).
The outcome of a BMP test may be two-fold; primarily the experimental methane potential provides
information about the degradation extent, i.e. the biodegradability. In addition, the test provides
information about the rate of substrate conversion. The experimental methane potential is normally
expressed as accumulated methane volume produced per unit of TS, VS or COD fed. This potential is
highly influenced by the duration of the test (Stuckey and McCarty, 1984) and several pre-defined
test durations have been suggested in literature; Owen et al (1979) recommended 30 days, the VDI
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4630 protocol suggests 21 days (VDI, 2006) and Hansen et al (2004) 50 days. In any case, if the testing
period is pre-set, it is not certain that the result will actually express the biodegradability as
previously defined since a slowly degraded substrate may not be completely converted. A Swedish
group of researchers suggested that the “BMP” and thus the biodegradability can only be
determined when the slope of the methane production curve is close to zero, the requested time for
which may vary substantially between different substrates (Carlsson and Schnürer, 2011).
Furthermore, it has been pointed out that the experimental methane potential is only an
approximate indicator of the actual extent of biodegradability since part of the biodegradable
organic material is converted into cells and the extent of this differs for different substrates (Stuckey
and McCarty, 1984). Experimental data have demonstrated that the ISR can influence both the
extent and the rate of the anaerobic degradation in a BMP test even though, in theory, the
experimental methane potential should be independent of the ISR (Raposo et al., 2011). The
experimental methane potential may also be underestimated by overload, resulting from low ISR and
high substrate concentrations. If the test is conducted under substrate-limited conditions, the firstorder hydrolysis rate coefficient of the specific substrate may be determined (Jensen et al., 2011).
Owen et al (1979) emphasised that batch tests do not simulate the operation of real systems. The
test may however be useful for identifying important variables and for optimal planning of
continuous tests. Several variables can be investigated and the more promising conditions screened
for more detailed studies. This makes the test suitable for fine-tuning pre-treatment settings or
choosing the most appropriate pre-treatment for a particular substrate before performing more
time-consuming continuous tests.
4.2.2 BMP used for assessing pre-treatment effects on AD
The AD process performance can be improved by substrate pre-treatment by increasing
biodegradability and/or by increasing the rate of degradation. Increased biodegradability may
translate into an increase in the experimental methane potential and increased degradation rate may
translate into increased rate coefficient in a BMP test. As an example, Bougrier et al (2006) observed
WAS degradation in BMP tests accelerate to different degrees resulting from ozone, ultrasonic and
thermal pre-treatments. After pre-treatment a specific methane yield was reached in a much shorter
time and it was therefore suggested that the productivity of a continuous AD process could be
improved by reducing the HRT by 25 % from the typically applied 20 days while keeping the specific
yield. This interpretation of the methane production rate of a BMP is only valid if the test is
substrate limited, as pointed out by Jensen et al (2011). This highlights the fact that, in accordance
with the discussion of the previous section, the set-up and interpretation are crucial when using BMP
tests to evaluate pre-treatment efficiency.
The two main issues relating to BMP tests and evaluation of increased biodegradability and/or
degradation rate concern the test duration and the organic loading of the test. If the BMP is
conducted for a pre-defined time, as often suggested in literature, the substrate may not be
completely degraded. In the defined time, the methane yield from the pre-treated sample may be
higher than the yield measured from the untreated sample, even though the samples would
ultimately end up at the same yield. In this case, there is a risk that kinetics enhancement can be
confused for biodegradability enhancement. In contrast, if the test is highly loaded with respect to
substrate concentration or ISR, the pre-treatment could cause inhibitions of methanogens due to
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VFA accumulation. This could result in apparent decrease of biodegradability as well as decreased
digestion rate.
Within the area of BMP used for assessing pre-treatment effects on AD, potential for development
includes improved understanding of BMP applicability and limitations for pre-treatment evaluation
and even possible BMP test adjustment to specific scenarios.

4.3 Process and systems considerations
The improvement that a pre-treatment may have on AD is generally evaluated by choosing a system
for evaluation and conducting a mass and energy balance, and then comparing the results to those
from the same system without pre-treatment. Performance of a continuous AD process depends not
only on substrate characteristics, but also on important operational factors such as organic loading
rate (OLR), hydraulic retention time (HRT) and temperature; therefore, performance data from a
specific AD process are inevitably tied to the configuration and operating conditions of that process.
In addition, the processes involved in the AD system may vary considerably (Fig. 5). The extent of a
system’s boundaries influences the type of information that different systems provide. If the
boundaries are wide, the system includes several sub-processes and the results may be very case
specific and thus difficult to apply to other systems. A system with narrow boundaries, and thus
involving few processes, requires knowledge about how the output results will affect the
downstream processes. Besides the choice of appropriate systems boundaries, challenges of
systematic evaluation relate to presenting all inflows and outflows in a manner that make them
comparable to other systems.
Figure 7 and the following bullets present and discuss evaluation systems of different boundaries and
specificity based on what has been used as well as what would be useful (Paper A);
(a) The pre-treatment process: The effect of a pre-treatment is in this case evaluated on
substrate level which may be useful either to evaluate how different pre-treatment
conditions affect the same substrate (Apul and Sanin, 2010) or, alternatively, how substrates
of different characteristics are influenced by the same pre-treatment (Bougrier et al., 2008).
These evaluations are challenged by the complex correlation between pre-treatment effects
on substrate characteristics and AD process performance and furthermore by different
measurement approaches, as for COD solubilisation. It may be of interest to extrapolate data
regarding biodegradability or other analytical variables to predict the impact on the AD
process with the aid of modelling tools.
(b) The pre-treatment and AD processes: The effect of the pre-treatment on the AD process is in
this case evaluated without including any downstream processes. In the energy analysis of
the pre-treatment and AD system, the excess energy produced as a result of the pretreatment should be weighed against the extra energy required to perform the pretreatment. Analysis of the energy balance conducted in such manner has been used for
identifying means to improve energy efficiency, for example by increasing the substrate TS
concentration (Onyeche et al., 2002) or pre-treating only part of the substrate stream (PérezElvira et al., 2010). The energy balance could also be used to calculate the excess energy
output required from the digester to balance a specific pre-treatment energy input and, in
this way, the probability of a positive energy balance can be assessed prior to experimental
set-up. One of the challenges involved in the AD systems analysis is comparing inputs of
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different nature, possible inputs being thermal energy, electrical energy or chemicals. Pretreatments using energy as input have been compared using the specific energy input
expressed as kJ/kg TS (Kopplow et al., 2004). However, thermal energy and electrical energy
are often valued differently in the market and therefore a pre-treatment may only be
evaluated keeping this in mind. While thermal pre-treatments require thermal energy, which
can potentially be partially recovered, ultrasound, other mechanical, freeze/thaw, PEF and
MW pre-treatments requires electrical energy, and WO requires both types of energy
(Müller, 2000; Wett et al., 2010). A positive energy balance of systems with thermal pretreatment often relies upon efficient reuse of heat energy.
(c) Specific scenarios - Thermal pre-treatment with cogeneration: Many publications present
results from case-specific studies, where specific utilisation of biogas and digestate, as well as
local conditions regarding resources and costs are considered (Apul and Sanin, 2010;
Pickworth et al., 2006). In this case, the results may be difficult to apply to other scenarios,
but specific circumstances and economic, environmental and operational consequences can
be included in the evaluation. From the results presented in literature, two frequently
occurring cases have been identified, for which specific aspects are considered which are
often of major importance for the sustainability of the pre-treatment. One of these is the
systems with thermal pre-treatment where biogas is converted by cogeneration to electric
and thermal energy. The results from this energy analysis would not be applicable to a
system where biogas is upgraded and used as transportation fuel or injected to the natural
gas grid. Implementation of thermal pre-treatment into these systems requires significantly
enhanced methane production as well as efficient heat recovery in order for the energy
balance to be positive.
(d) Specific scenarios – The WWTP system with dewatering of digestate: The other specific
scenario represents the system where digestate is dewatered and costs for transport and
disposal of solids are considered, which mainly applies to WWTP systems. Not only energy
inputs and outputs, but also costs associated with dewatering and disposal of digestate as
well as treatment of reject water are generally of importance in this system (Apul and Sanin,
2010; Kim et al., 2010; Müller, 2001). Dewatering and disposal of digestate is considered as
one of the main economical factors in the WWTP operation, representing up to 50 % of the
total operating costs (Appels et al., 2008; Mikkelsen and Keiding, 2002). Therefore,
decreasing the amount of solids, as well as improving dewaterability of the digestate are
factors of major importance for WWTP economy. In addition, environmental aspects may be
considered regarding deteriorated quality of the effluent water of the WWTP as well as
operational aspects such as foaming and odour (Barjenbruch and Kopplow, 2003; Dwyer et
al., 2008; Gossett et al., 1982; Muller et al., 2009).
Potential for development within systems evaluation include improved understanding of the
relationship between substrate composition and process performance and improved understanding
of system effects where case-specific conditions can be considered. A sensitivity analysis with respect
to which specific conditions may render pre-treatment beneficial or non-beneficial should be
performed.
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a)

b)

c)

d)

Figure 7. Different systems for evaluating the pre-treatment of substrates for AD; a) the pretreatment process, b) the pre-treatment and AD processes, c) thermal pre-treatment and AD system
including co-generation and, d) the pre-treatment and AD process including dewatering of digestate.
Inputs for all systems are the raw substrate as well as the energy and chemicals needed for pretreatment, while outputs are a) the pre-treated substrate, b) digestate and biogas, c) digestate, the
electrical energy generated as well as the part of the thermal energy generated that is left after
system-internal use and, d) dewatered solids, reject water and biogas, respectively. Streams are
specified with respect to flux and physic-chemical characteristics.
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5 Conclusions
The substrate inherent limitations to conversion of organic material to methane include content of
non-biodegradable organic compounds, incorporation of biodegradable matter into recalcitrant
structures and large particle size. WAS and lignocellulosic material are specific substrates that
express significant substrate inherent limitations, especially WAS from WWTPs with long sludge age
and lignocellulosic material with high lignin content.
Improved AD performance relies on increasing operational methane yield as to approximate as much
as possible the actual potential methane yield of the substrate at the highest possible digestion rate.
This could potentially be achieved by the application of a pre-treatment, via the mechanisms of
particle size reduction/solubilisation of biodegradable/bioavailable matter and/or
conversion/exposure of non-biodegradable/non-bioavailable matter as to make it available or
degradable. Pre-treatment mechanisms that could potentially counteract these effects are the
removal of organic matter and/or the formation of refractory compounds. Pre-treatment by
electroporation has the potential to affect substrates and, in some cases improve AD process
performance. However, the effect of a specific pre-treatment may differ depending on the type of
substrate upon which it is applied.
The assessment of pre-treatment effects may be performed on different levels, representing impacts
from micro to macro scale. On a substrate level, COD solubilisation is commonly measured, but the
interpretation is aggravated by the application of different measurement approaches. In addition,
solubilisation of COD as a result of pre-treatment does not necessarily translate into increased
operational methane yield, and vice versa, the increased operational yield is not necessarily caused
by increased COD solubilisation. On an AD process performance level, BMP tests have been used to
assess both increased biodegradability and increased rate of degradation. Both applications rely on
appropriate set-up as well as understanding of the limitations of the test. Substrate pre-treatment
affects the quality of the outputs as well as the downstream processes of an AD process. A
systematic approach is therefore necessary to understand how the introduction of a pre-treatment
process as well as the changes in process performance with respect to qualities and quantities of
outputs affect the balances of the system with respect to assessment bases such as energy, CO2 or
economics.
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5.1 Future development needs
Several areas that would gain from further development can be identified within the area of
substrate pre-treatment. These include improved understanding of substrate characteristics with
improved descriptors, such as improved understanding of COD composition, and of BMP applicability
and limitations. In addition, improved understanding of the relationship between substrate
composition and process performance would be helpful to improve the understanding of different
pre-treatment effects.
Improved understanding of system effects where case-specific conditions can be considered is
necessary for the full-scale implementation of pre-treatments to a larger extent. The application of
tools for systems analysis to systems including pre-treatment should be further evaluated and a
sensitivity analysis with respect to which specific conditions may render pre-treatments beneficial or
non-beneficial should be performed.
The practical applicability of electroporation pre-treatment for different substrates needs further
development and the energy efficiency of the pre-treatment should be evaluated considering
upscaling effects.
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Abbreviations
AD

Anaerobic digestion

BMP

Biochemical methane potential

COD

Chemical oxygen demand

CODs

Chemical oxygen demand in the soluble phase

EP

Electroporation (pre-treatment method with short electric pulses)

HRT

Hydraulic retention time

ISR

Inoculum to substrate ratio

OFMSW

Organic fraction of municipal solid waste

OLR

Organic loading rate

PEF

Pulsed electric fields (pre-treatment method with short electric pulses)

TS

Total solids (% of wet weight)

VS

Volatile solids (% of total solids or % of wet weight)

WAS

Waste activated sludge

WWTP

Wastewater treatment plant
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a b s t r a c t
Focus is placed on substrate pre-treatment in anaerobic digestion (AD) as a means of increasing biogas
yields using today’s diversiﬁed substrate sources. Current pre-treatment methods to improve AD are
being examined with regard to their effects on different substrate types, highlighting approaches and
associated challenges in evaluating substrate pre-treatment in AD systems and its inﬂuence on the overall system of evaluation. WWTP residues represent the substrate type that is most frequently assessed in
pre-treatment studies, followed by energy crops/harvesting residues, organic fraction of municipal solid
waste, organic waste from food industry and manure. The pre-treatment effects are complex and generally linked to substrate characteristics and pre-treatment mechanisms. Overall, substrates containing lignin or bacterial cells appear to be the most amendable to pre-treatment for enhancing AD. Approaches
used to evaluate AD enhancement in different systems is further reviewed and challenges and opportunities for improved evaluations are identiﬁed.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Anaerobic digestion (AD), long used for stabilising organic matter such as sewage sludge and manure, has increasingly been applied in the production of biogas, and the AD substrates have
nowadays broadened to include several types of waste and dedicated crops. Biogas production via AD has been continuously
developed since the energy crises of the 1970s and commercial
AD systems of the 1980s (Ecke and Lagerkvist, 1997). More recent
concerns about global warming have stimulated further AD application and the improvement of AD processes in order to maximise
biogas production, which represents a renewable and versatile energy source that can be used for heat and electricity production,
and as transportation fuel.
Considerable efforts to improve biogas production via AD have
focused on understanding the associated microbial processes in
order to optimise environmental conditions, reactor design and
the substrates used (Ahring, 2003; Angelidaki and Sanders, 2004;
Appels et al., 2008; Vavilin et al., 2008, 2001; Veeken et al.,
2000). Substrate manipulation poses improvement opportunities
as well as challenges for AD since the substrates available for AD
have different properties, representing different types and levels
of limitations to achieve optimal AD performance. Substratefocused AD optimisation has ranged from ﬁnding suitable substrates and combining substrates (Buendía et al., 2009; Hamzawi
⇑ Corresponding author at: Waste Science and Technology, Luleå University of
Technology, Luleå, Sweden. Tel.: +46 46 182155; fax: +46 46 133201.
E-mail address: my.carlsson@anoxkaldnes.com (M. Carlsson).

et al., 1998; Seppälä et al., 2008) to adding complementary nutrients (Hinken et al., 2008) and/or pre-treating the substrates to
make them more amendable for AD.
Pre-treatment methods to improve AD have been the focus of a
large number of scientiﬁc studies over the last 30 years (Hendriks
and Zeeman, 2009; Neyens and Baeyens, 2003; Pilli et al., 2011;
Weemaes and Verstraete, 1998; Haug et al., 1978; Stuckey and
McCarty, 1984) and AD improvement in terms of increased methane yield and solids reduction are well established advantages of
such pre-treatments. Nevertheless, the relative applicability of different pre-treatments has not been assessed with respect to their
effects on different substrates and the pre-treatment impacts
on the overall AD system. One of the reasons for this is the lack
of common/standardised protocols for the evaluation of pretreatment efﬁciency (Kianmehr et al., 2010). Furthermore, in the
cases where energy or ﬁnancial aspects are considered, system
boundaries vary and the focus is on speciﬁc substrates and speciﬁc
utilisation options of biogas, as well as of digestate, which makes
the results difﬁcult to apply to other scenarios (Fdz-Polanco
et al., 2008; Pickworth et al., 2006).
In order to support the assessment of the potential for improving AD systems by applying substrate pre-treatment, the literature
has been reviewed considering multiple substrate scenarios, thereby evaluating how different substrate-inherent limitations can be
overcome by speciﬁc pre-treatments. The challenges involved in
evaluation are emphasised and the applicability of different system
boundaries is discussed. The aspects considered are mainly energetic, but also to some degree environmental and economic.
Several reviews have been published with thorough descriptions

0956-053X/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.wasman.2012.04.016

Please cite this article in press as: Carlsson, M., et al. The effects of substrate pre-treatment on anaerobic digestion systems: A review. Waste Management
(2012), http://dx.doi.org/10.1016/j.wasman.2012.04.016

2

M. Carlsson et al. / Waste Management xxx (2012) xxx–xxx

of pre-treatment technologies and their operating mechanisms
(Hendriks and Zeeman, 2009; Pilli et al., 2011; Elliott and
Mahmood, 2007; Carrère et al., 2010; Bordeleau and Droste,
2010), so these aspects are only covered when relevant for the
context. More speciﬁcally, pre-hydrolysis or two-phase digestion,
sometimes referred to as biological pre-treatment, will not be
included as a pre-treatment in this paper as it may be considered
to be a speciﬁc process conﬁguration of AD. The objective is not
to compare the quantitative effects of pre-treatments, but rather
to establish (i) what pre-treatment techniques are available and
are mostly used and for what substrates they have been predominantly applied, (ii) how different substrates are affected by pretreatments and how this may potentially inﬂuence the AD process
and (iii) how an AD process can be evaluated with respect to the
impacts that a pre-treatment might have.
2. Improving anaerobic digestion (AD) with substrate pretreatment
AD performance is assessed by relating the output of a digestion
system to either the input or to the volumetric digester capacity.
Commonly, the performance in AD is expressed as the methane
yield, i.e. the volumetric methane production under standard conditions per unit of material fed, which can be expressed as total
solids (TS), volatile solids (VS), chemical oxygen demand (COD)
or wet weight. Alternatively, TS or VS reduction (% of incoming
TS or VS reduced), and methane productivity (m3 CH4/m3 reactor,
day) are used. In this sense, improved AD performance relies on
increasing operational methane yield in order to arrive as close
as possible to the actual potential methane yield of the substrate
at the highest feasible digestion rate.
2.1. Substrate types and AD
Suboptimal AD performance is inﬂuenced by a combination of
different factors, but most importantly by substrate characteristics
and microbial kinetics of substrate degradation. The performance
of the overall AD process depends on the kinetics of the rate-limiting step, which in AD of particulate organic materials is often the
initial step of hydrolysis (Vavilin et al., 2008; Pavlostathis and
Giraldo-Gomez, 1991). Hydrolysis kinetics of particulate organic
material during AD and its dependence on different factors have
been addressed in numerous studies (Angelidaki and Sanders,
2004; Veeken et al., 2000; Pavlostathis and Giraldo-Gomez, 1991;
Gavala et al., 2003; Jash and Ghosh, 1996; Veeken and Hamelers,
1999; Dinamarca et al., 2003). Hydrolytic enzymatic activity is
inﬂuenced by environmental factors such as pH and temperature,
but the rate and extent of hydrolysis of a speciﬁc substrate is also
linked to the substrate chemical composition, i.e. substrate biodegradability, and the availability of biodegradable compounds for
enzymatic activity, i.e. substrate bioavailability, as well as the actual surface per unit mass of substrate (Jash and Ghosh, 1996;
Vavilin et al., 1996). On the one hand, complex organic materials
can range from practically non-biodegradable compounds under
anaerobic conditions, such as lignin and keratin, to more readily
biodegradable compounds, such as starch and most proteins (Onifade et al., 1998; Salminen et al., 2003; Klimiuk et al., 2010; Lissens
et al., 2004). On the other hand, some biodegradable compounds
may be less bioavailable since they are incorporated into complex,
hardly biodegradable structures, such as lignocellulose or microbial cell walls. In addition, substrates composed of large particles
will be slowly degraded due to the actual limited surface area
(Vavilin et al., 1996). In literature, the term biodegradability is often used to express the amount of material that can be biologically
converted into methane by AD, thus including the concept of

bioavailability. In accordance with the literature, the term biodegradability is further used in this sense in this review, unless indicated otherwise.
From the many different substrates that have been considered
for AD, the majority can be divided into the following ﬁve categories: (a) organic fraction of municipal solid waste (OFMSW), (b) organic waste from the food industry, (c) energy crops or agricultural
harvesting residues, (d) manure, and (e) waste water treatment
plant (WWTP) residues. These different substrates represent different types and levels of hydrolysis limitations to optimal AD performance; however, two main components can be identiﬁed among
substrate categories that cause low bioavailability and/or biodegradability: microbial cells/ﬂocs (Weemaes and Verstraete, 1998)
such as those found in waste activated sludge (WAS) from WWTPs
and lignocellulosic material from plants and vegetables found in
energy crops and harvesting residues, in manure and to some extent in household waste (Wang et al., 1994). Among these substrate categories, WWTP residues are the most widely studied in
the literature on pre-treatment applications for enhancing AD, followed by substrates composed by lignocellulosic material. A summary of the application of different pre-treatment technologies to
different substrate categories in the literature reviewed is presented in Fig. 1.
2.2. Pre-treatment effects on substrate characteristics
The main effects that pre-treatments have on different substrates, as reported in literature, can be identiﬁed as (i) particle-size
reduction, (ii) solubilisation, (iii) biodegradability enhancement,
(iv) formation of refractory compounds and (v) loss of organic
material. Methods and expressions used for quantifying these effects differ among publications and the most common methods
and deﬁnitions are presented and brieﬂy discussed in this section.
Due to the lack of standard characterisations, pre-treatment effects
on substrate properties are difﬁcult to compare quantitatively and
only a qualitative comparison on the effects on substrate characteristics has been attempted in this review.
Particle-size reduction has been the most commonly used factor
to describe the increase in substrate surface area resulting from a
pre-treatment (Hendriks and Zeeman, 2009; Bougrier et al.,
2006; Izumi et al., 2010). Nevertheless, its measurement is challenged by difﬁculties in quantifying the shape of particles, and
any effects in increased inner surface as in increased particle
porosity without overall particle size modiﬁcation remains unaccounted for by this factor (Palmowski and Müller, 2003; Müller,
2003). Therefore, particle-size reduction assessments may misrepresent the pre-treatment effect on the actual surface area for some
substrates, such as ﬁbrous materials subjected to shear forces,
which may become damaged, increasing their surface area without
decreasing their particle size (Hartmann et al., 2000). Also, particle-size reduction may only characterise the distribution among
particles remaining after pre-treatment without accounting for
the solubilised material (Kianmehr et al., 2010).
Solubilisation has been expressed and analysed in various ways
in the literature, where the deﬁnition of soluble material or fraction varies or is not always speciﬁed (Weemaes and Verstraete,
1998). Soluble material is generally separated by ﬁltration using
different ﬁlter pore sizes either from total samples or from supernatant after centrifugation (Kianmehr et al., 2010; Elbeshbishy
et al., 2011; Salsabil et al., 2010; Appels et al., 2010; Braguglia
et al., 2010; Naddeo et al., 2009; Mottet et al., 2009). In addition,
soluble material has been measured directly in the supernatant
after centrifugation (Bougrier et al., 2006; Zhang et al., 2009).
The ﬁltered fraction has been further characterised and differentiated, for instance Kianmehr et al. (2010) separated colloidal from
‘‘true soluble’’ organic material in the ﬁltrate by ﬂocculation with
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Fig. 1. Pre-treatments and substrates in the reviewed literature. Substrate pre-treatments applied to different substrate categories in lab-, pilot- and full-scale studies as well
as discussed in reviews (112 papers from 1978-2011). The pie-chart illustrates the number of times each substrate-type occurs in combination with a pre-treatment; the total
number of occurrences is larger than the number of articles since several articles discuss more than one pre-treatment type. The bar-charts illustrate the distribution among
the different pre-treatments for each substrate-type. The literature was selected so as to cover as many different types of substrates, pre-treated with as many processes and/
or technologies as possible.

Table 1
Quantiﬁcations of solubilisation based on COD appearing in literature.
Variable

Deﬁnition

COD solubilisation

SCOD = (CODs

References
CODs0)/CODp0

SCOD = (CODs CODs0)/CODt
SCOD = CODs/CODt

Degree of disintegration

SCOD = (CODs CODs0)/CODs
SCOD = (CODs CODs0)/VS
DDCOD = (CODs CODs0)/(CODmax
DDCOD = (CODs CODs0)/CODmax

CODs0)

Bougrier et al., 2006; Elbeshbishy et al., 2011; Salsabil et al., 2010; Mottet et al., 2009;
Bougrier et al., 2008; Bougrier et al., 2005; Graja et al., 2005
Appels et al., 2010; Marin et al., 2010
Kianmehr et al., 2010; Jin et al., 2009; Pérez-Elvira et al., 2009; Valo et al., 2004;
Eskicioglu et al., 2007; Kim et al., 2010; Wett et al., 2010; Jackowiak et al., 2011
Ma et al., 2011
Apul and Sanin, 2010
Müller, 2003; Naddeo et al., 2009; Müller, 2000; Bougrier et al., 2005
Braguglia et al., 2006

CODs = COD measured in supernatant or ﬁltrate of pre-treated substrate.
CODs0 = COD measured in supernatant or ﬁltrate of raw substrate.
CODp0 = COD measured on particulate fraction or calculated subtracting soluble from total COD of raw substrate.
CODt = total COD of substrate, mostly measured in raw substrate and assumed unchanged after pre-treatment.
CODmax = maximum soluble COD of raw substrate, determined either by adding a chemical (NaOH or H2SO4 in different concentrations) or calculated based on composition.

subsequent membrane ﬁltration (Kianmehr et al., 2010). Substrate
solubilisation is most commonly evaluated based on the substrate
COD measurements, for which multiple expressions have been
used (Table 1). Generally, the soluble COD after pre-treatment is
compared to different combinations of the raw substrate COD
characterised as total, particulate or soluble COD or it is compared
to the ‘‘maximum hydrolysable’’ COD of the substrate. In addition
to COD, substrate solubilisation is described based on TS and VS or
on organic composition measurements including proteins,

carbohydrates and lipids (Elbeshbishy et al., 2011; Salsabil et al.,
2010; Bougrier et al., 2008).
Substrate biodegradability, as deﬁned in Section 2.1, may
change when a substrate is disintegrated, solubilised and/or chemically transformed due to mechanical or physico-chemical effects
induced by a pre-treatment. Increased biodegradability results
from the exposure of biodegradable matter previously unavailable
to microorganisms and from the alteration of the composition of
hardly degradable compounds. Biodegradability is commonly
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evaluated through BMP tests with or without modiﬁcations of the
version described by Owen et al. (1979) and expressed as accumulated methane volume produced per unit of TS, VS or COD fed
(Bougrier et al., 2006; Zhang et al., 2007). The measured value of
absolute biodegradability as well as biodegradability enhancement
in relation to that of raw substrate in such BMP tests is inﬂuenced
by inoculum quality (Bougrier et al., 2006), and testing time (Stuckey and McCarty, 1984). In addition, BMP is only an approximate
indicator of the actual extent of biodegradability since part of the
biodegradable organic material is converted into cells (Stuckey
and McCarty, 1984).
Many studies explore the correlation between the more rapidly
analysed variables of particle-size reduction and solubilisation and
the enhancement in biodegradability, which needs more time and
analytical procedures. The correlations in the literature are ambiguous; in some cases the analysed biodegradability enhancement of
the substrate is strongly correlated to the solubilisation or particlesize reduction (Wang et al., 1999), in others the correlation is lacking or even negative (Climent et al., 2007; Strong et al., 2010). The
effects that a pre-treatment may have on a substrate depend on the
substrate type and characteristics and if the solubilised material is
inherently easily biodegradable, the effect on biodegradability
enhancement may be limited (Lissens et al., 2004). Unaffected or
decreased biodegradability after pre-treatment may also result
from two detrimental effects that the pre-treatment may have on
substrate characteristics, i.e., formation of refractory/toxic compounds (Stuckey and McCarty, 1984; Carrère et al., 2009) and removal of organic material (Hendriks and Zeeman, 2009; Stuckey
and McCarty, 1984), both of which counteract any positive effects
on biodegradability enhancement. Inhibitors may be formed
through pre-treatment of lignocellulosic biomass, resulting in the
formation of furfural, hydrolymethylfurfural (HMF) and soluble
phenolic compounds (Hendriks and Zeeman, 2009; Pilli et al.,
2011), or from Maillard reactions of substrates containing proteins
and carbohydrates, resulting in the formation of melanoidines (Jin
et al., 2009; Müller, 2000). Removal of organic material results in a
net decrease of organic material available for methane production
and consequently possible decreased biodegradability (Hendriks
and Zeeman, 2009; Stuckey and McCarty, 1984).
2.3. Pre-treatment methods and processes available
Substrate pre-treatment for enhancing AD has been extensively
studied in the scientiﬁc literature, as reﬂected by more than 800
scientiﬁc papers retrieved with search engines using the keywords
anaerobic digestion AND pre-treatment OR pretreatment.
Although a large number of publications have been consulted in
this work, the literature cited was selected so as to cover as many
different types of substrates, pre-treated with as many processes
and/or technologies as possible. In the cases of substrates and
pre-treatments for which a larger number of publications exists
(e.g., WAS and thermal pre-treatment), effort has been made to
select the most representative and relevant studies and not all
studies available are cited in this review. In contrast, for those substrates and pre-treatments for which few studies exist, most of
them were considered. Therefore, the relative number of publications of the most frequently studied substrates and pre-treatments
may be underestimated with respect to the less frequently studied
cases (Fig. 1).
The pre-treatments that have been used for improving AD performance rely on different principles and can thus be sub-divided
into different categories. For this review, the pre-treatments have
been sub-divided into the following categories based on a combination of pre-treatment occurrence and principles of operation,
i.e., thermal, freeze/thaw, ultrasonic, other mechanical, chemical,
wet oxidation, microwave and pulsed electric ﬁeld treatments.

During thermal treatment substrate is subjected to low temperatures (<100 °C) or high temperatures (>100 °C) and high enough
pressures to prevent evaporation (Kepp et al., 2000). High temperature heating is often performed by steam injection and in the speciﬁc case of the so-called ‘‘steam explosion’’, the pressure is quickly
released in a ﬂash tank (Pérez-Elvira et al., 2008). Thermal treatment was early recognised as being a method with potential to improve AD (Haug et al., 1978; Gossett and Belser, 1982) and it is
currently under full-scale operation at some AD plants in different
countries (Pickworth et al., 2006; Kepp et al., 2000; Barr et al.,
2008). Thermal pre-treatment has been applied to all categories
of substrates (Fig. 1). Freeze/thaw relies on freezing the material
from between 10 and 80 °C with subsequent thawing and it
has been applied mostly to WWTP residues (Wang et al., 1999;
Montusiewicz et al., 2010) and to a much lesser extent than other
thermal pre-treatments (Fig. 1).
Among mechanical pre-treatments, ultrasonic treatment has
been the subject of a large number of scientiﬁc studies and reviews, e.g. (Pilli et al., 2011; Bougrier et al., 2006; Khanal et al.,
2007; Pérez-Elvira et al., 2010). Many of these publications focus
on the pre-treatment of WWTP residues (Bougrier et al., 2005;
Feng et al., 2009), but some studies have also been performed on
waste from the food industry (Luste et al., 2009; Palmowski
et al., 2006) and manure (Elbeshbishy et al., 2011) (Fig. 1). Other
mechanical pre-treatments include high pressure treatment, centrifugation, grinding and extrusion. These have been of interest largely for treating materials of large particle size such as energy
crops/harvesting residues (Palmowski and Müller, 2003; Nizami
et al., 2009) and organic waste from households (Izumi et al.,
2010; Ma et al., 2011), but they have also been applied to some extent to WWTP residues (Climent et al., 2007; Nah et al., 2000)
(Fig. 1).
Chemical treatments include mainly oxidative treatments and
the addition of acids or alkalis and they have been applied to all
categories of substrates (Fig. 1). Chemical treatment may be performed in combination with increased temperatures, in which it
is referred to as a thermo-chemical method (Carrère et al., 2009;
Fernandes et al., 2009) and here considered to fall in the chemical
treatment category. Wet oxidation (WO) is a thermal pre-treatment under high pressure with the addition of oxygen, and it is traditionally used for the pre-treatment of lignocellulosic biomass
prior to bioethanol fermentation (Uellendahl et al., 2008).
Some recent publications have focused on the novel techniques
of microwave irradiation (MW), which has been applied to all categories of substrates and on pulsed electric ﬁelds (PEF), and has
been investigated for WWTP residues (Choi et al., 2006) and manure (Fig. 1). These correspond to new innovative attempts of rendering pre-treatment more efﬁcient and are at a rather early
stage of development.
2.4. Effects of pre-treatments on different substrate categories
The effects of a pre-treatment on a speciﬁc substrate depend
not only on the pre-treatment mechanism but also on the speciﬁc
characteristics of the substrate upon which the pre-treatment is
applied. Table 2 summarises qualitatively the effects that have
been reported as a result of different pre-treatments on different
substrate categories.
2.5. Pre-treatment effects on WWTP residues
WWTP residues have been the most widely studied substrate
category in relation to different pre-treatments. Speciﬁcally, WAS
has been widely tested (Bougrier et al., 2006; Bougrier et al.,
2008; Braguglia et al., 2008; Eskicioglu et al., 2007) and so have
to a lesser extent primary sludge (Haug et al., 1978; Wilson and
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WWTP residues Particle size
reduction
Solubilisation
Formation of
refractory
compounds
Biodegradability
enhancement
Loss of organic
material
References

Pre-treatment
effect

Thermal

Kianmehr
et al., 2010;
Bougrier
et al., 2006;
Salsabil
et al., 2010;
Braguglia
et al., 2010;
Zhang et al.,
2009;
Müller,
2000;
Carballa
et al., 2009;
Chu et al.,
2009

Müller,
2000; Nah
et al., 2000;
Kopplow
et al., 2004;
Barjenbruch
and
Kopplow,
2003;
Dohányos
et al., 2004;
Wett et al.,
2010

Climent et al.,
2007; Eskicioglu
et al., 2007; PinoJelcic et al., 2006;
Eskicioglu et al.,
2007; Toreci
et al., 2009;
Eskicioglu et al.,
2006; Tang et al.,
2010; Toreci
et al., 2009;
Dogan and Sanin,
2009; Eskicioglu
et al., 2007

Hamzawi et al.,
1998; Haug et al.,
1978; Stuckey and
McCarty, 1984;
Pickworth et al.,
2006; Bougrier
et al., 2006;
Salsabil et al.,
2010; Mottet
et al., 2009;
Bougrier et al.,
2008; Climent
et al., 2007;
Strong et al.,
2010; Müller,
2000; Wilson and
Novak, 2009;
Donoso-Bravo
et al., 2010; Valo
et al., 2004;
Kopplow et al.,
2004; Bougrier
et al., 2007;
Takashima, 2008;
Barjenbruch and
Kopplow, 2003;
Carballa et al.,
2009; Graja et al.,
2005;
Phothilangka
et al., 2008;
Dohányos et al.,
2004; Wett et al.,
2010; DonosoBravo et al., 2010;
Nges and Liu,
2009

Salsabil et al.,
2010; Appels
et al., 2010;
Climent et al.,
2007; Müller,
2000; Eskicioglu
et al., 2007;
Kopplow et al.,
2004; Pino-Jelcic
et al., 2006;
Beszédes et al.,
2011;
Barjenbruch and
Kopplow, 2003;
Zhang et al., 2010;
Eskicioglu et al.,
2006; Ferrer et al.,
2008

Pilli et al. 2011;
Bougrier et al.,
2006; Salsabil
et al., 2010;
Braguglia et al.,
2010; Naddeo
et al., 2009; Wang
et al., 1999;
Climent et al.,
2007; Müller,
2000; Wang et al.,
1999; Khanal
et al., 2007; PérezElvira et al., 2010;
Bougrier et al.,
2005; Feng et al.,
2009; Xie et al.,
2007; Onyeche
et al., 2002; PérezElvira et al., 2009;
Chu et al., 2001;
Apul and Sanin,
2010; Tiehm et al.,
2001; Erden and
Filibeli, 2009;
Muller et al.,
2009; Kim et al.,
2010; Grönroos
et al., 2005; Liu
et al., 2009;
Dåverhög et al.,
2008; LaﬁtteTrouqué and
Forster, 2002;
Zhang et al., 2010;
Tiehm et al., 1997;
Donoso-Bravo
et al., 2010;
Braguglia et al.,

0/+
na

+
na

0/+

+
+

0/+

na

0/+

+
na

+

+

+
0

na

Ozone/
oxidative

/+

Hamzawi et al.,
1998; Stuckey and
McCarty, 1984;
Bordeleau and
Droste, 2010;
Vlyssides and
Karlis, 2004; Valo
et al., 2004; Kim
et al., 2010;
Carballa et al.,
2009; Zhang et al.,
2010; Dogan and
Sanin, 2009; JihGaw et al., 1997

+
+

na

Alkaline

Chemical (+/ thermal)

+

/+

Other
mechanical

na

+
+

Microwave

0/+

+
0

(>100 °C)

na

+

0/+
na

(<100 °C)

+

Ultrasonic

Table 2
Overview of the effects induced by different pre-treatments on different substrate categories as described in the literature.

na

na

na
na

na

Acid

+

+
na

na

Wet
oxidation

Wang et al.,
1999;
Montusiewicz
et al., 2010

+

na

+
na

na

Freeze/thaw

(continued on next page)

Choi et al., Strong
et al., 2010
2006;
Kopplow
et al.,
2004; Lee
and
Rittmann,
2010;
Zhang
et al.,
2009;
Rittmann
et al.,
2008;
Salerno
et al.,
2009

na

+

+
na

na

Electric
Pulses
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reduction
Solubilisation
Formation of
refractory
compounds
Biodegradability
enhancement
Loss of organic
material
References

Particle size
reduction
Solubilisation
Formation of
refractory
compounds
Biodegradability
enhancement
Loss of organic
material
References

Particle size
reduction
Solubilisation
Formation of
refractory
compounds
Biodegradability
enhancement

Energy crops/
plant
residues

Waste from
food
industry

Pre-treatment
effect

Organic waste
from
households

Table 2 (continued)
Thermal

na
na

na

na

0/+
na

+
0

/0/+

0

+

/+

na
na

na

na

na

na

na

na
na

na
na

na

na

na
na

(<100 °C)

na

2009

Ultrasonic

na

0

+
+

na

0/+

0/+
+

na

+

+
na

na

Jackowiak et al.,
Seppälä et al.,
2011
2008; Hendriks
and Zeeman,
2009; Bauer et al.,
2009

na

+

+
+

na

na

na
na

na

Hendriks
and Zeeman,
2009;
Palmowski
and Müller,
2003;
Nizami et al.,
2009

na

+

+
0

+

na

na
Marin et al., 2010 Izumi et al.,
2010; Ma
et al., 2011;
Hansen
et al., 2007;
Hansen
et al., 2003;
Davidsson
et al., 2007

+

+
na

+

Other
mechanical

Hamzawi et al.,
1998; Ma et al.,
2011; Schieder
et al., 2000

0/+

+
na

na

Microwave

na

0/+

+
na

na

(>100 °C)

na

na
na

na

/0/+

0/+
+

+

/+

+
na

+

Seppälä
et al.,
2008;
Hendriks
and
Zeeman,
2009;
Fernandes
et al., 2009
Seppälä et al.,
2008; Hendriks
and Zeeman,
2009; Nizami
et al., 2009;
Fernandes et al.,
2009; Zheng et al.,
2009; Neves et al.,
2006

/0/+

Hendriks
and Zeeman,
2009;
Carrère
et al., 2010

+
+

na

na

/0/+

/+

Ma et al.,
2011

+
+

na

na

+
+

na

Hamzawi et al.,
1998

/+

na
+

na

Acid

na

na

+
+

na

na

na
na

na

Alkaline

Chemical (+/ thermal)
Ozone/
oxidative

na

na
na

na

na

na

na
na

na

Carlsson
et al.,
2008

na

+

0
na

na

Electric
Pulses

/0/+

na

na
na

na

Hendriks
and
Zeeman,
2009;
Lissens
et al., 2004;
Uellendahl
et al., 2008;
Wang
et al., 2009

+

+
0

na

na

na
na

na

na

na

na
na

na

na
Ma et al., 2011

+

+

+
na

na

Freeze/thaw

Lissens
et al., 2004

0/+

+
0

na

Wet
oxidation
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0
+
0

0
na
Carrère et al.,
2009; Raﬁque
et al., 2010;
Bonmatí et al.,
2001

+
na

+

na

Elbeshbishy et al.,
2011

Hartmann
et al., 2000

Jin et al., 2009

Carrère et al.,
2009; Raﬁque
et al., 2010;
GonzálezFernández et al.,
2008;
Mladenovska
et al., 2006

+
na

0

na
na

0/+

na

/0/+

+
0

na

na

0/+

+
+

0

Beszédes et al.,
2011

Salminen et al.,
2003; Hejnfelt
and Angelidaki,
2009; Cuetos
et al., 2010

Salminen et al.,
2003; Luste et al.,
2009; Hejnfelt
and Angelidaki,
2009

Luste et al., 2009;
Palmowski et al.,
2006

+

na

na

na

na

na

na

na
na

na

na

/+

Carrère et al.,
2009; Jin et al.,
2009; Raﬁque
et al., 2010;
GonzálezFernández et al.,
2008

na

+
+

0

Salminen et al.,
2003; Luste et al.,
2009; Hejnfelt
and Angelidaki,
2009; Battimelli
et al., 2009

na

/0/+
na

+

+
na

na

na

Uellendahl
et al., 2007

+

+

+
+

na

na

na

na

na
na

na

na

/+ = negative and positive effect have both been

Salerno
Jin et al.,
et al.,
2009;
González- 2009
Fernández
et al., 2008

na

+

/+

na

Luste et al.,
2009

na

+ = has been shown to have positive effect, 0 = has been shown to have no effect, = has been shown to have negative effect, /0 = negative and no effect have both been shown,
shown, 0/+ = positive and no effect have both been shown, /0/+ = negative, positive and no effect have all been shown, na = no information available.
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Novak, 2009) and mixed sludge (PS + WAS in different proportions)
(Montusiewicz et al., 2010; Xie et al., 2007). WAS corresponds to
excess sludge removed from the biological wastewater treatment
process and it is composed mainly of microbial ﬂocs, i.e., microorganisms and extracellular polymeric substances (EPS), and inorganic matter. WAS has been identiﬁed as a substrate with
relatively low biodegradability (Parkin and Owen, 1986), which explains the interest in evaluating WAS pre-treatments. Primary
sludge is composed of natural ﬁbres, fats and other solids removed
from wastewater by settling in the primary clariﬁer of a wastewater treatment plant, and in contrast to WAS, it displays relatively
high biodegradability (Parkin and Owen, 1986). The pre-treatment
of WWTP residues has been dominated by thermal (Bougrier et al.,
2008; Donoso-Bravo et al., 2010) and ultrasonic (Bougrier et al.,
2005; Onyeche et al., 2002; Pérez-Elvira et al., 2009) treatments
(Fig. 1). All the other pre-treatment categories have also been applied to WWTP residues and, among these, chemical pre-treatment
(Bougrier et al., 2006; Vlyssides and Karlis, 2004) has been the
most commonly applied (Fig. 1).
Solubilisation of WWTP residues, which is mainly caused by
microbial cell disruption and EPS solubilisation, has been observed
as an effect of all pre-treatment methods. Particle-size reduction
results from destruction of ﬂoc structure (Chu et al., 2001) by ultrasonic, other mechanical, low temperature thermal and in some
cases high temperature thermal and chemical (ozone) pre-treatments. Nevertheless, thermal pre-treatment has also been reported
to increase particle size by particle agglomeration, suggested as
being caused by the creation of chemical bonds due to the high
temperature (Bougrier et al., 2006). Biodegradability enhancement
has been reported as an effect of most pre-treatments, but by different mechanisms, and not in all cases. Detrimental effects such as
the formation of refractory substances have been reported from
high temperature pre-treatments (Wilson and Novak, 2009) and
a loss of organic material has been observed from WO (Strong
et al., 2010), from high temperature thermal (Valo et al., 2004)
and from freeze/thaw (Montusiewicz et al., 2010) pre-treatments
(Table 2).
Several studies have focused on comparing the effects and
mechanisms of different pre-treatment methods on WWTP
residues; the results show a complexity in induced effects due to
different treatment mechanisms, energy inputs, as well as substrate characteristics. The pre-treatment mechanism has been
claimed to be more important in inﬂuencing the nature and extent
of the pre-treatment effect on WWTP residues than the ultimate
energy input (Salsabil et al., 2010). Kopplow et al. (2004) showed
that, for comparable energy inputs, the COD solubilisation efﬁciency was the highest for thermal (121 °C), followed by that for
mechanical (high pressure homogenisation), and much less for
PEF pre-treatment of WAS. When MW and conventional thermal
pre-treatments were compared at the same temperature, and thus
at similar energy inputs, MW pre-treatment resulted in higher COD
solubilisation from both WAS and PS at 65 °C (Pino-Jelcic et al.,
2006), and in increased biodegradability enhancement of WAS in
the 50–96 °C temperature range (Eskicioglu et al., 2007), compared
to conventionally heated samples. Within the same pre-treatment
category, however, effects are often increased with energy input, at
least up to a certain extent. It has been suggested that at lower energy inputs (<1000 kJ/kg TS), the energy of ultrasonic pre-treatment of WAS reduces ﬂoc size, whereas increased input will
break ﬂocs or cells, causing the release of extracellular or intracellular organic matter (Bougrier et al., 2006; Bougrier et al., 2005;
Feng et al., 2009; Chu et al., 2001). According to Weemaes and
Verstraete (1998), 100% cell disintegration can be reached with
ultrasound if the input power is high enough. Low temperature
thermal pre-treatment of WAS (80–90 °C) has been shown to solubilise proteins and carbohydrates, indicating that both cells, rich in

proteins, and EPS, rich in carbohydrates, are solubilised (Appels
et al., 2010); solubilisation has been reported to increase linearly
with temperature up to 200 °C (Bougrier et al., 2008). However,
formation of recalcitrant or even toxic COD may occur at temperatures above 165 °C (Wilson and Novak, 2009; Dwyer et al., 2008)
and Dwyer et al. (2008) claimed that the COD that is solubilised between 140 and 165 °C is not degradable.
The correlations among the different pre-treatment effects are
complex and ﬁndings in literature are ambiguous although some
of the differences can be explained by different pre-treatment
mechanisms. An extensive study by Bougrier et al. (2006), indicated that particle-size reduction was the main effect of ultrasonic
pre-treatment (6250 and 9350 kJ/kg TS) of WAS, whereas solids
solubilisation resulted mainly from thermal (170 and 190 °C)
and, to a lesser extent, ozone (0.1 and 0.16 g O3/g TS) pre-treatments (Fig. 2). Particle size decreased after ultrasonic treatment,
but increased after thermal and remained unchanged after ozone
pre-treatment (Fig. 2). Biodegradability was equally enhanced by
thermal and ultrasonic pre-treatments, and much less so by
ozonation (Bougrier et al., 2006). Linear relationships between biodegradability and the solubilisation of COD, protein and carbohydrate caused by ultrasonic pre-treatment of WAS were found by
Wang et al. (1999); on the contrary, Climent et al. (2007) obtained
different results when pre-treating WAS by high and low temperature thermal, ultrasonic and microwave pre-treatments. All these
pre-treatments increased solubilisation of VS, but only in the case
of low temperature (70 °C) thermal treatment this resulted in increased biodegradability (Climent et al., 2007). The application of
WO (220 °C, 20 bar O2) to mixed WAS and PS (2:1) resulted in high
COD solubilisation, but some of the solubilised organics were completely oxidised to CO2, resulting in a reduced amount of organic
compounds available for AD, and hence a limited positive effect
on biodegradability (Strong et al., 2010). Similarly, freeze/thaw
has been observed to increase soluble COD from mixed sludge
accompanied by a reduction in total COD (Montusiewicz et al.,
2010) and high temperature thermal (170 °C) pre-treatment of
WAS may also cause partial loss of organic material (Valo et al.,
2004).
Besides the pre-treatment mechanism and the energy input,
the pre-treatment effect is also dependent on the characteristics
of the sludge, i.e., whether it is PS, WAS or mixed sludge. For

Fig. 2. Qualitative pre-treatment effects on WAS. Relative qualitative effects on
WAS from three different types of pre-treatment, based on results presented by
Bougrier et al. (2006). The arrows indicate impact on biodegradability, which was
equally enhanced by thermal and ultrasonic pre-treatments and much less by
ozonation.
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example, the effect of pre-treatment on WAS has been shown to
depend on the initial biodegradability of the sludge, which in turn
depends on the sludge age of the waste water treatment process
(Fig. 3). The pre-treatment is generally more efﬁcient in enhancing
biodegradability when applied to sludge with low initial biodegradability, generally corresponding to a long sludge age (Bougrier
et al., 2008; Gossett and Belser, 1982; Bougrier et al., 2007; Bolzonella et al., 2005) even though this might not be reﬂected on increased solubilisation (Kianmehr et al., 2010). Regarding WAS
from industrial WWTPs, pulp and paper WAS has been indicated
to display very low biodegradability, and for such WAS pre-treatment may signiﬁcantly increase biodegradability (Elliott and Mahmood, 2007).

150 °C

160%

175 °C
190 °C

140%
120%
100%
80%
60%
40%
20%
0%

2.5.1. Pre-treatment effects on energy crops/plant residues
Energy crops and plant residues are often referred to in the literature simply as ‘‘lignocellulosic biomass’’ since this material is
mainly composed of cellulose, hemicelluloses and lignin in different proportions. From these three components, lignin is the most
recalcitrant because it is water insoluble and resistant to microbial
degradation and oxidation (Nizami et al., 2009). This category of
substrate has been considered as a substrate not only for AD, but
also for bioethanol production, for which case pre-treatment has
been widely studied. Carrère et al. (2011), Hendriks and Zeeman
(2009) and Taherzadeh and Karimi (2008) reviewed pre-treatment
methods applied to lignocellulosic biomass for both improved AD
performance and bioethanol production. For AD applications, the
most frequently studied pre-treatments have been chemical, often
in combination with elevated temperature. Thermal, other
mechanical and WO pre-treatments have also been studied and
to a lesser extent MW pre-treatment (Fig. 1).
Solubilisation has been a reported effect from all pre-treatment
methods applied to lignocellulosic biomass in which the solubilisation of hemicelluloses and lignin results in the exposure of cellulose (Hendriks and Zeeman, 2009). The surface area can also be
increased by particle size reduction, which has only been reported
as an effect of mechanical pre-treatment (Hendriks and Zeeman,
2009; Palmowski and Müller, 2003). Biodegradability enhancement may result from both the increase in available surface area
and the formation of biodegradable compounds from lignin (Hendriks and Zeeman, 2009). Biodegradability enhancement has been
reported as being an effect from most pre-treatments; however,
in some cases no effect or even negative effects have been reported
(Lissens et al., 2004). Detrimental effects from pre-treatment of
lignocellulosic biomass include the formation of refractory compounds, reported to be caused by high temperature thermal as well
as microwave and all types of chemical pre-treatments, and the
loss of organic material, reported as an effect of WO and chemical
(alkali) pre-treatments (Hendriks and Zeeman, 2009; Lissens et al.,
2004) (Table 2).
The effects induced by pre-treatment on energy crops/plant residues are diverse and depend on the mechanism of the treatment
applied. Thermal effects on lignocellulosic biomass occur at
temperatures above 150–180 °C when ﬁrst hemicelluloses and
then lignin start to solubilise. Thermal treatment effects can be enhanced by acid or alkali addition (Hendriks and Zeeman, 2009).
Both chemical and thermal pre-treatments, however, have been
shown to form toxic products from lignin (Carrère et al., 2011;
Ward et al., 2008), mainly in the form of phenolic compounds
which start to form at 160 °C under thermal pre-treatment (Hendriks and Zeeman, 2009). The problem of these inhibitors is claimed
to be less pronounced in AD systems than in bioethanol fermentation, since the microorganisms in the AD system may adapt to
many of these compounds (Pilli et al., 2011). In contrast to these
toxic compounds, lignin may also be chemically transformed to
biodegradable compounds, which has been achieved by WO
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Fig. 3. Pre-treatment effect on WAS of different biodegradability. Biogas volume
enhancement (% increase compared to that from raw substrate) after thermal pretreatment of WAS as a function of initial biodegradability (%) at different pretreatment temperatures. Data from Bougrier et al. (2008).

pre-treatment. Oxidative pre-treatments are however non-selective and may result in loss of organic material for AD (Hendriks
and Zeeman, 2009; Lissens et al., 2004). Mechanical pre-treatment
mainly reduces particle size while inhibitors are not produced
(Hendriks and Zeeman, 2009). Palmowski and Müller (2003) treated various substrates, including hay, by cutting and stirring ball
mill respectively, which resulted in particle size reduction as well
as COD solubilisation, accompanied by increased biodegradability,
most importantly from substrates with high ﬁbre content.
The pre-treatment effects on energy crops/plant residues have
been shown to depend on the composition and, more speciﬁcally,
on the lignin content of the treated material (Fernandes et al.,
2009; Uellendahl et al., 2008). The composition of plant material
depends, in addition to plant species, on the time of harvest (Heiermann et al., 2009). The correlation between pre-treatment effects
was reviewed by Carrère et al (2011), concluding that biodegradability could be highly enhanced by increased surface area as well
as by solubilisation and alteration of lignin (Pilli et al., 2011).
2.5.2. Pre-treatment effects on organic household waste
Organic waste from households (Organic Fraction of Municipal
Solid Waste – OFMSW) is a complex substrate, the biodegradability
of which is generally high but largely dependent on the upstream
processing where unwanted fractions are removed and the
remaining material is homogenised. Upstream processing often includes mechanical pre-treatment for a reduction of particle size
(Hansen et al., 2007; Hansen et al., 2003). Besides mechanical processing, thermal and chemical pre-treatments have also been frequently studied with OFMSW. Few studies have focused on
OFMSW pre-treatment with microwave, PEF, freeze/thaw and
WO pre-treatments (Fig. 1).
Particle-size reduction of OFMSW is induced only by mechanical pre-treatments, whereas solubilisation may result from all
pre-treatment types applied. Biodegradability enhancement has
been reported as an effect by all pre-treatments, even though in
some cases this effect has been lacking or even negative. The addition of acid may cause formation of refractory compounds (Table
2).
Depending on the pre-treatment mechanism and waste composition, pre-treatments have efﬁciently both solubilised and decreased particle size of OFMSW to different degrees. In a
comparative study, kitchen waste was subjected to ﬁve different
pre-treatments: chemical (acid to pH 2), thermal (120 °C, 1 bar),
thermo-chemical (120 °C, pH 2), mechanical (pressure 10 bar)
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and freeze-thaw ( 80 °C) pre-treatment. All pre-treatments resulted in COD solubilisation, with thermo-chemical resulting in
the highest and mechanical in the lowest form. However, the different mechanisms of solubilisation resulted in different degrees
of enhanced biodegradability; mechanical resulted in the highest
while the solubilisation caused by acid addition was probably
accompanied by the formation of inhibitory/refractory compounds
which deteriorated biodegradability (Ma et al., 2011). Microwave
pre-treatment (175 °C) of model kitchen waste efﬁciently solubilised proteins and sugars, but depending on heating-rate, biodegradability enhancement did not always follow solubilisation
(Marin et al., 2010). The application of WO had an insigniﬁcant effect on biodegradability of food waste, due most likely to the already high biodegradability of the waste (Lissens et al., 2004).
2.5.3. Pre-treatment effects on waste from food industry
Organic wastes from the food industry reported in the literature
regarding pre-treatment are mainly slaughterhouse waste (Salminen et al., 2003; Luste et al., 2009; Hejnfelt and Angelidaki, 2009;
Cuetos et al., 2010; Battimelli et al., 2009) or waste from the dairy
industry (Palmowski et al., 2006; Beszédes et al., 2011). The main
pre-treatments applied have been thermal and chemical, followed
by ultrasonic and microwave pre-treatments (Fig. 1).
Particle-size reduction of waste from the food industry is
induced only by chemical and ultrasonic pre-treatments, while solubilisation results from all pre-treatment types applied. The effects
on biodegradability vary depending on raw substrate characteristics and range from a decrease in to enhancement for most pretreatments applied (Table 2).
Effects from the pre-treatment of waste from the food industry
are varying and highly dependent on both the pre-treatment
mechanism and the substrate composition. Many fractions of
slaughterhouse waste have high initial biodegradability, which
may lead to no pre-treatment effect which has been observed with
thermal (70 and 133 °C) and chemical (alkali) pre-treatments
(Hejnfelt and Angelidaki, 2009; Battimelli et al., 2009). In contrast,
Luste et al (2009) found a signiﬁcant increase in soluble COD from
chemical (acid and alkali) as well as ultrasonic and low temperature thermal (70 °C) pre-treatment of different substrates from
the meat processing industry. In this study, both acid and alkali
addition efﬁciently solubilised carbohydrate and protein-rich

materials, but were less efﬁcient at solubilising fats for which
ultrasound was the most effective pre-treatment. These solubilisations lead to enhanced biodegradability in a few cases, but for most
combinations of pre-treatment and substrate the biodegradability
was decreased due to inhibitory products formation (Luste et al.,
2009). Formation of toxic compounds was also reported from the
high temperature thermal pre-treatment (133 °C, >3 bar) of
slaughterhouse waste (Cuetos et al., 2010).
One by-product from slaughterhouse with very special characteristics is feathers, mainly consisting of keratin, which are only
degraded by conventional AD if previously pre-treated. To improve
the biodegradability of feathers, Salminen et al. (2003) applied
thermal (70 and 120 °C) and chemical (alkaline) pre-treatments,
resulting in a slight increase in soluble COD and biodegradability
for high temperature and somewhat higher for chemical, the latter
accompanied by formation of toxic compounds (Salminen et al.,
2003).
Waste from dairy processing includes streams of varying initial
biodegradability. The application of ultrasonic pre-treatment to
sludge from anaerobic digestion with low biodegradability on the
one hand, and the more soluble process water on the other increased biodegradability for both types of streams in one study;
the former by breaking down microorganisms’ cell structures, the
latter by a reduction in particle size of fat globules (Palmowski
et al., 2006).
2.5.4. Pre-treatment effects on manure
Manure consists mainly of lignocellulosic ﬁbres that have not
been digested by the animals. Predominantly, studies of thermal
and chemical pre-treatments have been reported, with microwave,
mechanical, ultrasonic and PEF pre-treatments occurring in single
studies (Fig. 1).
The effects induced by pre-treatments on manure are similar to
those induced on ﬁbrous plant material, i.e., mainly the solubilisation of hemicelluloses and lignin, caused by all pre-treatments
applied except mechanical. Particle-size reduction has been caused
by ultrasonic and other mechanical pre-treatments. Enhanced
biodegradability could be achieved by all pre-treatments, except
low temperature thermal and microwave pre-treatments. Moreover, detrimental effects have been reported, such as the formation
of refractory compounds from high temperature thermal and

Fig. 4. Systems for evaluation of pre-treatment of substrates for AD. (a) The pre-treatment process as evaluation system, (b) the pre-treatment and AD processes as evaluation
system, (c) thermal pre-treatment and AD system including co-generation as evaluation system and, (d) the pre-treatment and AD process including dewatering of digestate
as evaluation system. Inputs for all systems are the raw substrate as well as the energy and chemicals needed for pre-treatment, while outputs are (a) the pre-treated
substrate, (b) digestate and biogas, (c) digestate, the electrical energy generated as well as the part of the thermal energy generated that is left after system-internal use and,
(d) dewatered solids, reject water and biogas. Streams are speciﬁed with respect to ﬂux and characteristics.
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chemical and WO pre-treatments and the loss of organic material
from some WO pre-treatment applications (Table 2).
Several studies have focused on optimising the pre-treatment
effects on manure with respect to pre-treatment conditions with
somewhat contradictory results. In one study, COD solubilisation
increased with temperature as did biodegradability enhancement
starting at temperatures above 135 °C. The effect could be further
increased by the addition of alkali to pH 10, while biodegradability
deteriorated at pH 12, suggesting that inhibitory compounds had
been formed (Carrère et al., 2009). In another study, the results
indicated that increasing the temperature above 100 °C did not further improve biodegradability and that with the addition of alkali
to pH 14, the same effect could be achieved at the lower temperature of 70 °C (Raﬁque et al., 2010). Lower energy inputs have also
been suggested as being most efﬁcient with regards to ultrasonic
pre-treatment of pig manure, resulting in both solubilisation and
particle size reduction, accompanied by enhanced biodegradability. The latter was most enhanced by a speciﬁc energy input of
500 kJ/kg TS, while increased energy input actually decreased the
effect. It was further concluded that this substrate was more
amendable to ultrasonic treatment than WAS, since similar COD
solubilisation could be achieved at lower speciﬁc energy inputs
(Elbeshbishy et al., 2011).
Manure seems to be amendable to pre-treatment, but as for all
substrates, the characteristics of the raw substrate affect the outcome of pre-treatment. The characteristics depend, among other
things, on the kind of manure, cow manure generally being more
recalcitrant than pig manure. WO pre-treatment of different types
and fractions of manure has been shown to decrease the biodegradability of pig manure due to a loss of organic material in the
form of lipids, proteins and VFA, as well as the formation of inhibitory compounds (Uellendahl et al., 2007). When pre-treatment
was applied to cow manure, containing less easily degradable compounds, the COD solubilisation resulted in increased biodegradability and the best results were achieved when treating manure
ﬁbres from the outlet of a biogas reactor, with no signs of inhibition (Uellendahl et al., 2007).

2000; Apul and Sanin, 2010). Performance of a continuous AD process depends not only on substrate characteristics, but also on
important operational factors such as organic loading rate (OLR),
hydraulic retention time (HRT) and temperature: therefore, the results from such approaches are inevitably tied to the conﬁguration
and operating conditions chosen. Most continuous studies have
tested one speciﬁc set of operational settings, with the HRTs ranging from 8 days (Tiehm et al., 2001) to 20 days (Bougrier et al.,
2007), thus possibly reﬂecting different aspects of process performance. Other studies include a wider range of settings which provides information of the impact on the methane yield at constant
operating conditions on the one hand, and the possibility of
increasing productivity by decreasing the HRT while keeping the
yield on the other hand. For instance, the semi-continuous experiments on raw and ultrasonic pre-treated WAS performed by Apul
and Sanin (2010) evaluated the impact on performance both at
normal and more extreme conditions, the results indicating the
possibilities of either signiﬁcantly increased methane yield at normal operating conditions or signiﬁcantly increased productivity
(Apul and Sanin, 2010). Similar results on increased productivity
have been found for different pre-treatments of kitchen waste
(Ma et al., 2011), MW pre-treatment (175 °C) of WAS Eskicioglu
et al., 2007; Toreci et al., 2009 as well as PEF pre-treatment of
WAS (Lee and Rittmann, 2010). In the latter case, operation was
stable down to 5 days HRT, while at 2 days, there was overload
and wash-out of methanogens (Lee and Rittmann, 2010). Increased
productivity in this sense results from increased digestion rate
which has been evaluated by the initial methane production rate
in BMP tests, the results then extrapolated to continuous AD (Climent et al., 2007). Bougrier et al. (2006) observed WAS degradation
in BMP tests accelerate to different degrees resulting from ozone,
ultrasonic and thermal pre-treatments, which was assumed to
potentially improve AD productivity. However, the hydrolysis rate
has been shown to depend on feed/inoculum ratio of the BMP test
(Braguglia et al., 2006; Tomei et al., 2008) as well as inoculum
quality (Bougrier et al., 2006) and these results should be considered as being qualitative rather than quantitative.

2.6. Effect of the substrate modiﬁcation on the AD system

2.6.2. Other effects
In addition to improved methane yields and productivity, the
overall AD system needs to be considered since the changes in
the substrate degree of degradation and its overall characteristics
will also affect the physical and chemical properties of the digestate. The particle size distribution affects the dewatering properties of the digestate; reduced particle-size has been suggested to
deteriorate dewaterability, whereas increased particle size has
the reverse effect (Neyens and Baeyens, 2003; Bougrier et al.,
2006; Chu et al., 2001). The effects of pre-treatment on dewatering
properties of the digestate, mainly from AD of WWTP residues,
have been widely studied. Decreased dewaterability would counteract the positive effect of increased degradation when aiming
at minimising sludge volumes for disposal. Among pre-treatments,
ultrasonic generally decreases dewaterability (Pérez-Elvira et al.,
2010; Erden and Filibeli, 2009; Muller et al., 2009), whereas thermal pre-treatment may have both positive and negative impacts
on dewatering properties (Neyens and Baeyens, 2003; Takashima,
2008; Barjenbruch and Kopplow, 2003).
Changes in the liquid part of the digestate may also be of importance for the AD system. Refractory or inhibitory compounds produced by pre-treatment as well as additionally mineralised
compounds resulting from enhanced degradation will remain in
the digestate and, in the case of AD of WWTP residues, will be
recirculated to the WWTP, increasing energy and chemical demand
for treatment, as well as possibly deteriorating efﬂuent quality
(Kopplow et al., 2004; Bougrier et al., 2007; Takashima, 2008; Barjenbruch and Kopplow, 2003; Gossett et al., 1982; Kim et al., 2010).

2.6.1. Effects on methane yield and productivity
The substrate modiﬁcations resulting from pre-treatment have
the potential to inﬂuence the AD process performance by affecting
the rate and extent of degradation, both of which are directly correlated to the methane yield, VS reduction and/or productivity.
Degradation rate is increased by solubilisation or particle size
reduction of organic matter that would have been slowly hydrolysed, while the extent of degradation is increased by the release or
exposure of organic material that was originally inaccessible to
microorganisms or the transformation of material that was originally not biodegradable. Nevertheless, the formation of refractory
compounds as a result of pre-treatment can counteract the positive
effects on biodegradability (Bougrier et al., 2007). In addition, the
increase in solubilised COD from pre-treatment, if not inhibitory
in itself, can increase the organic loading to the methanogens
and overload the AD system (Izumi et al., 2010). Furthermore,
the effect on AD process performance may be limited if the substrate treated is inherently easily degradable (Lissens et al., 2004)
and organic material removed during pre-treatment may result
in a net decrease in methane yield or productivity (Strong et al.,
2010).
The approaches commonly used to quantify the effects of
substrate pre-treatment on AD process performance include the
extrapolation from BMP curves (Bougrier et al., 2006) and continuous pilot or full scale laboratory experiments on AD with appropriate monitoring and analyses (Barr et al., 2008; Nah et al.,
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Additional reported effects are (i) decreased risk of foaming in
the digester (Barjenbruch and Kopplow, 2003; Müller, 2001), (ii)
achieved hygienisation of the material (Müller, 2001; Carballa
et al., 2009) and (iii) odour generation, where both positive and
negative impacts have been reported (Appels et al., 2008; Muller
et al., 2009; Müller, 2001).

to presenting all inﬂows and outﬂows in a manner that make them
comparable to other systems. In the following sub-sections, systems of different boundaries and speciﬁcity will be presented
and discussed, based on what has been used, as well as what
may be useful and illustrated by examples from literature.
3.1. The pre-treatment process as evaluation system

2.6.3. Considerations of scale and applicability
An energy balance based on energy inputs of lab-scale equipment may be very far from full scale implementation. For instance,
calculated energy inputs of mixing and heating of a biogas reactor
based on power consumptions of laboratory equipment, resulted in
a negative energy balance of the digester (Salsabil et al., 2010),
which is generally not the case for a full scale anaerobic digester,
where energy inputs normally correspond to 20–40% of the energy
content in the biogas produced (Berglund and Börjesson, 2006). For
pre-treatments, it has been observed that laboratory scale ultrasonic devices may be far from optimised regarding the energy conversion efﬁciencies, meaning that a large part of the input electrical
energy is lost to heat and not used in the disintegration of organic
material (Pérez-Elvira et al., 2010). Results from Pérez-Elvira et al.
(2009) show that only 19% of the theoretical power input to a labscale device is actually used for disintegration and according to
data from suppliers, full-scale devices consume 73–93% less energy
(Pérez-Elvira et al., 2009). The energy balance would in this case be
positive for full-scale plants even though the balance using labscale data is negative and lab-scale data may, therefore, not always
be useful to make calculations regarding full-scale energy balance
(Pérez-Elvira et al., 2009). Other studies, however, claim that the
energy input from ultrasonic laboratory devices is comparable to
that of full scale devices (Apul and Sanin, 2010) and in many cases
the potential for scaling up is not taken into account (Nizami et al.,
2009). Technical/mechanical considerations for full-scale applicability include consistency of substrate, which affects pumpability
and digester mixing (Hartmann et al., 2000; Pérez-Elvira et al.,
2008) and technical problems such as clogging by coarse or ﬁbrous
particles should be considered (Müller, 2001).
Some publications result from studies performed completely or
partially in full-scale. The substrate is in all cases WWPT residues
and predominantly the method applied is thermal pre-treatment
(Kepp et al., 2000; Pérez-Elvira et al., 2008; Graja et al., 2005; Phothilangka et al., 2008), while in a few full-scale studies ultrasonic
pre-treatment (Xie et al., 2007), chemical pre-treatment with
ozone (Chu et al., 2009), mechanical pre-treatment with lysatecentrifuge (Dohányos et al., 2004) and PEF pre-treatments (Zhang
et al., 2009; Rittmann et al., 2008) are applied.
3. Evaluating the impacts of substrate pre-treatment on AD
improvement
The improvement that a pre-treatment may have on AD is generally evaluated by choosing a system for evaluation and conducting a mass/energy balance, comparing the results to those from the
same system without pre-treatment. The outputs are not general,
but relative to the system conditions and due to the use of varying
accounting systems and boundaries and to the fact that many studies focus on speciﬁc raw materials and speciﬁc utilisation options
for biogas, energy balance analyses of biogas systems often lack a
basis for comparison (Pöschl et al., 2010). The system boundaries
inﬂuence what information different systems provide. If the
boundaries are wide, the system includes several sub-processes
and the results may be very case speciﬁc and therefore difﬁcult
to apply to other systems. A system with narrow boundaries, and
thus involving few processes, require knowledge about how the
output results will affect the following processes. Challenges relate

Many studies focus only on how pre-treatments affect the substrate with reference to the effects presented in Table 2. In this system the inputs are the raw substrate as well as the energy and/or
chemicals needed for pre-treatment, while the sole output is the
pre-treated substrate (Fig. 4a). These streams are speciﬁed with
respect to ﬂux and characteristics and output substrate characteristics are related to input substrate characteristics. The applicability of this system involves challenges as well as possibilities. The
system is normally used either to evaluate how different pre-treatment conditions affects the same substrate (Apul and Sanin, 2010)
or, alternatively, how substrates of different characteristics are
inﬂuenced by the same pre-treatment (Bougrier et al., 2008). Nevertheless, the correlation between pre-treatment effects and AD
process performance is complex and further aggravated by different measurement approaches, as for COD solubilisation (Table 1).
It has therefore been suggested that continuous tests should be
performed to conﬁrm and quantify the effect on AD for speciﬁc
operational settings or speciﬁc substrate characteristics (Carrère
et al., 2011). However, since continuous AD experiments are
time-consuming and elaborate, it is also of interest to extrapolate
data regarding biodegradability or other analytical variables to
predict the impact on the AD process with the aid of modelling
tools (Kianmehr et al., 2010). For instance, impacts of high temperature thermal pre-treatment effects on subsequent AD of different
WAS samples have been explained by a modiﬁed version of the
IWA Anaerobic Digestion Model No. 1 (ADM1) Phothilangka et al.
(2008).
3.2. The pre-treatment and AD processes as evaluation system
The evaluation of substrate pre-treatment on AD performance
has also been conducted in systems that include not only the speciﬁc pre-treatment process, but also the AD process of choice
(Toreci et al., 2009; Ma et al., 2011). This system has been used
to perform mass and energy balances and therefore evaluate pretreatment effects (Seppälä et al., 2008; Uellendahl et al., 2008). In
this system, the inputs are similar to those of the pre-treatment
system, but the outputs correspond to digestate and biogas
(Fig. 4b). Fluxes and stream characteristics are compared to those
of the same system without pre-treatment. The biogas should be
considered as a resource that has multiple uses (Pöschl et al.,
2010) and although all types of energy are weighed equally in this
balance, considerations about the cost and value of the different
energy types need to be kept in mind.
In the energy analysis of the pre-treatment and AD system, the
excess energy produced as a result of the pre-treatment should be
weighed against the extra energy required to perform the pre-treatment. The energy input considered is often only the additional energy from the pre-treatment process (Pilli et al., 2011) and this
approach may be sufﬁcient as long as other energy requirements
for AD are not signiﬁcantly affected by pre-treatment. Analysis of
the energy balance conducted in such manner has been used for
identifying means to improve energy efﬁciency, for example by
increasing the substrate TS concentration (Onyeche et al., 2002)
or pre-treating only part of the substrate stream (Pérez-Elvira
et al., 2010). The energy balance could also be used to calculate
the excess energy output required from the digester to balance a
speciﬁc pre-treatment energy input and, in this way, the probability
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of a positive energy balance can be assessed prior to the experimental set-up.
One of the challenges involved in the AD systems analysis is
comparing inputs of different nature, possible inputs being thermal
energy, electrical energy or chemicals. Pre-treatments using energy
as input have been compared using the speciﬁc energy input expressed as kJ/kg TS (Kopplow et al., 2004). However, thermal energy and electrical energy are often valued differently in the
market and therefore pre-treatment may be compared only by
keeping this in mind. While thermal pre-treatments require low
cost thermal energy, which can potentially be partially recovered,
ultrasound, other mechanical, freeze/thaw, PEF and MW pre-treatments require more expensive electrical energy, and WO requires
both types of energy (Müller, 2000; Wett et al., 2010). A positive
energy balance of systems with thermal pre-treatment relies upon
the efﬁcient reuse of heat energy. In systems including chemical
pre-treatment, the input chemicals may be converted to energy demand for chemical production (Bordeleau and Droste, 2010), but
more commonly, a direct consideration of increased operational
costs are made for chemical addition (Lin et al., 2009). Energy demands for all types of pre-treatments may also include additional
pumping and mixing (Bordeleau and Droste, 2010).
3.3. Speciﬁc AD processes as evaluation systems
Many publications where systems approaches are applied present results from case-speciﬁc studies, where the speciﬁc use of biogas and digestate, as well as local conditions regarding resources
and costs are considered (Pickworth et al., 2006; Apul and Sanin,
2010). In this case, the results may be difﬁcult to apply to other
scenarios, but speciﬁc circumstances and economic, environmental
and operational consequences can be included in the evaluation.
From the results presented in literature, two frequently occurring cases have been identiﬁed, for which speciﬁc aspects are considered that are often of major importance for the sustainability of
the pre-treatment. These are; (i) systems with thermal pre-treatment where biogas is converted by cogeneration to electric and
thermal energy and (ii), systems where digestate is dewatered
and costs for transport and disposal of solids are considered, which
mainly applies to WWTP systems.
3.3.1. Thermal pre-treatment with and without cogeneration
Systems with thermal pre-treatment are of interest, since thermal energy can be recovered and in many AD applications biogas
can be co-generated to electricity and heat. In this scenario, however, electricity is the main energy of interest and heat is often considered as a waste stream (Pickworth et al., 2006). Fig. 4c displays
an overview of the system with pre-treatment, AD and biogas cogeneration. Inputs to the system are as for other systems, namely
the raw substrate and the thermal energy and possible chemicals
needed to perform the processes, whereas outputs are digestate,
the generated electrical energy as well as the remaining generated
thermal energy after system-internal use. Fluxes and stream characteristics are compared to those of the same system without pretreatment.
Energy considerations when evaluating the output from these
systems are generally limited to the electrical energy output while
the thermal energy output can be utilised internally without a negative impact on the (electrical) energy balance (Pickworth et al.,
2006; Pérez-Elvira et al., 2008). For a gas engine with 37% electrical
efﬁciency (Pérez-Elvira et al., 2008), this would mean that about
60% of the total methane production after pre-treatment may be
used for pre-treatment, while the energy balance is considered as
positive (Pickworth et al., 2006). The results from this energy analysis would not be applicable to a system where biogas is upgraded
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and used as transportation fuel or injected to the natural gas grid.
The implementation of thermal pre-treatment into these systems
requires signiﬁcantly enhanced methane production as well as efﬁcient heat recovery in order for the energy balance to be positive.
3.3.2. The WWTP system with dewatering of digestate
WWTP systems are complex systems of interdependent processes; the biological wastewater treatment process affects the
characteristics of the raw sludge for digestion, and AD process performance affects the quality and quantity of digestate and reject
water from dewatering that is recycled back to the waste water
treatment process, affecting energy and chemical demands for
treatment as well as possibly the quality of treated efﬂuent. The
dewatered solids need to be transported and disposed, which
generally involves substantial costs that are subjected to local variations. Fig. 4d displays an overview of the system with pre-treatment, AD and digestate dewatering. Inputs to the system are as
for other systems, namely the raw substrate and the energy and
chemicals needed to perform the processes, whereas outputs are
biogas, reject water and dewatered solids. Fluxes and stream
characteristics are compared to those of the same system without
pre-treatment. Not only energy inputs and outputs, but also costs
associated with dewatering and the disposal of digestate as well
as treatment of reject water are generally of importance in this system (Apul and Sanin, 2010; Kim et al., 2010; Müller, 2001). Dewatering and disposal of digestate is considered to be one of the main
economical factors in the WWTP operation, representing up to 50%
of the total operating costs (Appels et al., 2008; Mikkelsen and
Keiding, 2002). Therefore, decreasing the amount of solids, as well
as improving dewaterability of the digestate are factors of major
importance for the WWTP economy. In addition, environmental
aspects may be considered regarding the deteriorated quality of
the efﬂuent water of the WWTP as well as operational aspects such
as foaming and odour (Dwyer et al., 2008; Muller et al., 2009; Barjenbruch and Kopplow, 2003; Gossett et al., 1982).
4. Conclusions

(i) The substrate type most frequently studied for pre-treatment is
WWTP residues with the predominantly applied methods
being thermal and ultrasonic pre-treatments. In the cases of
the less frequently studied substrates, chemical and thermal
pre-treatments have been the methods predominantly applied
to energy crops/harvesting residues, organic waste from food
industry and manure, whereas mechanical and thermal pretreatments have been mostly applied to OFMSW.
(ii) Overall, pre-treatments tend to enhance the biodegradability of
most substrates; however, some pre-treatments have side
effects that counteract their positive effects, as for example,
WO that may lead to the mineralization of organic matter or
high-temperature thermal pre-treatments that may lead to
the generation of recalcitrant compounds. The pre-treatment
effects are intertwined with substrate characteristics and pretreatment mechanisms. In this sense, some substrates inherently highly biodegradable (e.g., primary sludge in WWTP residues) may not need pre-treatment, whereas other substrates,
such as those containing lignin or bacterial cells, are more
amendable to pre-treatment for enhancing AD. Overall, matching pre-treatment techniques to substrate characteristics and
types remains a challenge.
(iii)Pre-treatment has the potential to enhance AD by increasing
methane yields under similar operating conditions as those
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without pre-treatment or by increasing methane productivity
by allowing a decreased HRT with an unchanged methane
yield. Nevertheless, other impacts on the AD system and its
surroundings need to be considered, such as energy consumption and efﬂuent/residue generation; a positive impact on biogas generation not always translates into a positive energy
balance and/or a lack of side effects. Therefore, assessing the
potential improvement in methane production should consider
mass and energy balances and side effects on the overall system, and not only on the pretreatment or AD process. As for
example the pre-treatment of residues from WWTPs the efﬂuent from the pre-treatment/AD directly impacts the WWTP
performance and solids disposal. Systematic studies addressing
technical, energy and economic effects of pre-treatments on
different substrates considering wider system boundaries are
still necessary since current studies tend to address only one
or few of these aspects.
(iv) Most pre-treatment methods have been studied on a lab- or
pilot-plant scale, while full-scale experience is limited. The link
between micro- and macro-scale applicability of the pre-treatment to speciﬁc substrates is limited or non-existent, especially with respect to the pre-treatment effects on the whole
anaerobic system. To date, the scaling up of results or testing
at large scale has been limited and/or generally challenged by
shortcomings in the evaluation method chosen to predict performance enhancement and/or by restricted system boundaries chosen for the assessment.
(v) The challenges in evaluating the effect of pre-treatment on AD
enhancement tend to relate to aspects associated with substrate solubilisation, and the appropriate use of BMP-tests
and system boundaries. Substrate solubilisation, a commonly
used indicator of pre-treatment effect, has been inconsistently
used; COD solubilisation is generally used, but it poorly characterises the solubilisation of speciﬁc substrate components that
may ultimately impact AD performance. The commonly used
BMP batch tests, although valuable for establishing methane
production under speciﬁc conditions, may fail to fully predict
full-scale, continuous AD performance due to the dependency
of BMP tests on inoculum type, on the ratio of substrate to
inoculum used, and on the batch nature of the test. Finally,
the overall impact of the pre-treatment depends on the conﬁguration of the AD process and, therefore, a black-box-based
approach for evaluating pre-treatment effects on AD may limit
the extrapolation of results to different AD systems. For example, thermal pre-treatment in AD systems tend to consider the
co-generation of heat and electricity as the default biogas
application in a black-box approach of process analysis. However, biogas is a fuel with multiple uses and when considered
as an output from the AD process, the speciﬁc application of
biogas as fuel, for instance, may determine the cost efﬁciency
of the pre-treatment.
(vi) The evaluation of AD performance with respect to pre-treatment methods beneﬁts from analyses conducted that are based
on speciﬁc comparative scenarios in which AD performance is
assessed with respect to the overall system in which it is
placed. The characterization of AD performance relies on
descriptive and even predictive variables, for which further
development is required. This includes an improved understanding of substrate characteristics with improved descriptors, such as a better understanding of COD composition, and
of BMP applicability and limitations and even of BMP test
adjustment to speciﬁc scenarios.
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EXECUTIVE SUMMARY
Operational costs of anaerobic digestion (AD) strongly depend on the performance of the biological
process. The goal is to attain a high methane yield, preferably at a low HRT. Mechanical, chemical
and thermal pretreatment methods of the feedstock can be applied to speed up the process and
enhance the methane yield. Such methods, however, have not gained wide acceptance due to high
operation costs and/or low efficiency.
To overcome problems of suboptimal process performance, Electroporation (EP) is a promising
technique that can be performed in one unit operation. EP supplies short and intense electric pulses
at high voltage. The treatment causes the formation of pores in cell membranes of organisms.
Depending on the intensity of the pulses, transient or permanent pores are formed.
The disintegration of cell material is likely to promote the performance of AD, i.e. it enhances the
degradation kinetics and increases the mass specific methane yield.
The effect of EP on the organic fraction of municipal solid waste was tested using BMP tests
followed by continuous experiments. BMP tests indicated a 40 % increase of the total biogas
potential and in the continuous tests electroporation resulted in a yield increase of 20-40 %. The
continuous reactors and the experimental results are displayed in figures 1-2.
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The conclusion is that electroporation has a clear potential of enhancing the methane yield from
organic waste and should be useful when there is a need to increase methane yield or decrease the
treatment time. A typical range for the ratio of input energy to increased yield is 2-8 %, some results
are even better. The usefulness of this depends on digester design and operation.
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INTRODUCTION

Anaerobic degradation of biogenic waste is widely regarded as a promising contributor to a
sustainable energy system. Most of the biogenic residuals are plant cells, and, as large deposits of
coal and oil indicate, are not prone to degrade completely or fast under anaerobic conditions.
1.1
Background
Operational costs of anaerobic digestion (AD) strongly depend on the performance of the biological
process. The goal is to attain a high methane yield, preferably at a low HRT. Mechanical, chemical
and thermal pretreatment methods of the feedstock can be applied to speed up the process and
enhance the methane yield. Such methods, however, have not gained wide acceptance due to high
operation costs and/or low efficiency. Among the problems are:
-

High retention times
Poor use of the methane formation potential
Expensive hygienisation of treated material

To overcome problems of suboptimal process performance, Electroporation (EP) is a promising
technique that can be performed in one unit operation. EP supplies short and intense electric pulses
at high voltage. The treatment causes the formation of pores in cell membranes of organisms.
Depending on the intensity of the pulses, transient or permanent pores are formed.

A

B

C

D

Figure 1 The impact of electroporation on (A) apples, (B) sugar beets, (C) Carrots, and (D) sewage
microorganisms. Images shown curtesy of KEA-TEC GmbH, Germany. Elektroporated
samples to the right or above (C).
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The electric field strength needed depends on the structure of the treated material. For plants it has
been reported that an optimal strength lies in the range between 0.2 – 2 kV cm-1 (Bazhal et al. 2003,
Lebovka et al. 2002, Schultheiss et al. 2003, Fincan et al. 2004). Besides the field intensity, the
frequenzy and the geometry of the pulses are also presumed to impact on the treatment result.

1.2

Research objectives

The effect of EP on the organic fraction of municipal solid waste was tested. The frequenzy, the
number of pulses, the field strength was varied. Biochemical Methane Potential (BMP) tests
followed by continuous bench scale experiments was used to evaluate the impact of the
pretreatment. Based on the biogas generation, the ratio of energy gain to energy consumption was
calculated.
2

METHODS AND MATERIALS

Substrate
The waste used in the tests was source separated food waste delivered to the Gryta waste
management facility at Västerås, Sweden. The initial total solids concentration (TS) was about 27
%, it was adjusted to about half of that by mixing with water. The C/N-ratio of the waste was
16,0±0,7.
The material was ground in a food blender before treatment. The methane potential of the material
as calculated by the stoichiometric equation of Symons and Buswell (1933) was 553±12 l (kg TS)-1
at a methane content of about 57 Vol.-%. BMP-assays (Barlaz et al. 1990, Chen et al. 1995,
Ecke et al. 1998) of the untreated material (during 14 weeks) shown a methane formation potential
of the substrate of about 340 l of CH4/kg of TS.
Equipment for electroporation
The equipment used is shown in figure 2. It can treat batches of about 1 litre with up to 40 kV cm-1
at 12.5 Hz. The achievable field strength with the standard reactor used is up to 24 kV cm-1. The
equipment was built by KEA-TEC GmbH, Germany, in 2006, and is the only one of its kind. The
energy released at each pulse is calculated as:
E = 0,5 × C × U2

(Eq. 1)

Where C and U are the capacitance and the loading charge respectively. For this electoporation
equipment (Figure 2), C=84 nF and the electrical potential difference is up to 40 kV. E g at a field
strength of 24 kV cm-1 the energy released equals about 67 J per pulse.
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Figure 2 The electroporation reactor at LTU, Sweden.
Equipment for BMP assays
BMP assays were performed on waste treated with various intensities. The treated waste was added
to gas tight bottles and inoculated with fresh sludge from a reactor treating industrial and household
waste. The test bottles were incubated at 37 ÛC during 14 weeks. During the test period gas samples
were regularly taken from the bottles and the methane production was monitored.

Figure 3 BMP Bottles with butyl rubber stoppers.
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Equipment for continuous digestion experiments
Continuous digestion experiments have been performed in the laboratory of AnoxKaldnes company
in Lund, Sweden. Parallel reactors with a volume 5 l each have been run with relatively low organic
loading with treated and untreated samples respectively. The reactors (figure 4) are totally mixed
one step digesters, placed in a 37 ÛC water bath, with manual loading and discharge and online gas
production measurement.

Figure 4 Continuous biogas reactors at the laboratory of AnoxKaldnes.
Analytical methods
Generic standard methods were used for most analyses. COD was determined by a simplified
fotometric test using Spectroquant NOVA 60 from Merck. Before analysis, particles were separated
by centrifugation using an Eppendorf Centriguge 5804 running at 5000 rpm during 10 minutes and
subsequently the samples were filtered using a 0,45-ȝm-syringe filter. Statistic evaluations were
done using multivariate data analysis software from Umetrics Ltd (MODDE).
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RESULTS AND DISCUSSION

A summary of results from the initial batch experiments is given in table 1. The field strength had
the most apparent impact whereas the impact of the number of pulses and the frequency used had a
less pronounced impact. Looking at the field strength and the frequency in combination, a quite
strong impact of both factors can be observed (figure 5).
Table 1

Qualitative factor impact on response variables på responsvariablerna: (0) ingen
signifikant inverkan, (+) positiv signifikant inverkan.
Response variable

Factor
Frequency No of pulses Field strength

Conductivity

0

0

+

COD

0

0

+

Methane formation rate

+

+

0

Methane formation

+

0

+

350

300
Methane formation
(l /(kg TS)
250
12,5
7

200
12
1,5

18
Field strength (kV/ cm)

Frequency (Hz)

24

Figure 5 Methane formation as a function of the field strength and the frequency of the electrical
pulses.
BMP tests indicated up to a 50 % increase of the total biogas potential at a field strength of 24
-1
kV*cm-1 and a frequency of 12.5 Hz. The largest amount of energy used was 500 J (kg TS) per
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-1

pulse, i e 250 kJ (kg TS) at 500 pulses. This corresponds to the heating value of <7 l of CH4 per kg
of TS. In comparison, the methane formation increased from 222 to 338 l per kg of TS (during the
14 weeks). So the energy demand for the treatment corresponded to <6% of the energy gain,
although in a less noble energy form.
In the continuous tests electroporation resulted in a yield increase of 20-40 %. The results from the
continuous tests are displayed in figure 6.
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Figure 6

Results from continuous experiments with municipal solid waste. Untreated substrate
and substrate treated with 400 pulses.

A typical range for the ratio of input energy and increased yield is 2-8 %, some results are even
better. However the design and operating conditions of the individual reactors will determine if
this potential improvement may be realized.

4

CONCLUSIONS

Electroporation has a clear potential of enhancing the methane yield from organic waste and should
be useful when there is a need to increase methane yield or decrease the treatment time.
Especially influential is the field strength, but also the frequency of pulses is important.
The observed range for the ratio of input energy and increased yield is 2-8 %, some results are even
better. The usability of this depends on digester design and operation.
The available data is very limited, repeated experiments with different substrates and retention
times in continuous digestion tests are needed to optimize the pre-treatment.
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Sammanfattning
Effekten av förbehandling genom elektroporation har testats genom rötning av behandlat material i kontinuerliga reaktorer. Tre olika substrat har undersökts; sockerbetor, källsorterat matavfall
och slam från avloppsrening med nitrifiering. Behandlingen har genomförts med fältstyrkor på
cirka 24kV/cm. Vid tidigare satsvisa försök med betor och avfall har en förbättrad gasbildningspotential på uppemot cirka 40 % observerats. De kontinuerliga försöken visade även de att en
tydlig förbättring av gasproduktionen resulterade för sockerbetor och avfall medan responsen för
undersökt slam var sämre. Både nedbrytningshastighet och total nedbrytbarhet påverkas för avfall och betor. På grund av problem med utrustningen har endast en begränsad försöksperiod
kunnat utvärderas, därför återstår att optimera behandlingen med avseende på elförbrukning per
bildad mängd gas. Andra tänkbara substrat bör också undersökas. Behandlingens hygieniserande
effekt har undersökts vid ett tillfälle utan att tydliga effekter har observerats. Detta kan ha orsakats av ovan nämnda utrustningsproblem. Beträffande hygienisering och behandling av slam kan
behandling med högre fältstyrka behöva användas. Ett annat alternativ kan vara behandling med
så kallade urladdningar. Sammantaget kan det konstateras att elektroporation har en tydlig potential att förbättra gasutbytet från olika material och att det kan vara ett ekonomiskt intressant alternativ till andra förbehandlingar. Det är därför motiverat att gå vidare med optimeringsförsök
och test av fler substrat.
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1 Bakgrund
Genom ett flertal nationella och internationella miljöpolitiska dokument stipuleras att framtidens energiförsörjning skall baseras på förnybara och koldioxidneutrala resurser. Ett aktuellt
exempel är rapporten från Kommissionen mot oljeberoendet (2006). Bland förnybara energibärare pekas biogas ut som ett lovande alternativ, vilket i synnerhet gäller när biogas används som
fordonsbränsle (Der Spiegel 2006). Efterfrågan på biogas är i dag större än tillgången, vilket
leder till förhöjda priser (DN 2005a, DN 2005b) och att biogasfordon blir stående eller måste
drivas med bensin (DN 2006b, DN 2006a).
Biogas genereras när organiskt material bryts ner genom anaeroba biologiska processer, så kallad
rötning. Den organiska råvaran kan vara avfall eller restprodukter av olika slag men även energiväxter som vallgrödor eller sockerbetor. Just de senare är ur ekonomisk synvinkel mycket attraktiva, eftersom flera sockerfabriker har lagts ned på grund av EU:s sockerreform. Rötresten kan
med fördel återanvändas som jordförbättringsmedel.
Trots politiska åtgärder och ekonomiska incitament bromsas utbyggnaden av biogasproduktionen
främst på grund av tre tekniska hinder:
• lång uppehållstid i rötkammare
• lågt utnyttjande av metanbildningspotentialen
• kostsam hygienisering
Förbehandling och hygienisering
Inom samtliga tillämpningsområden för anaerob biologisk behandling är det önskvärt att hitta
metoder för att maximera metanutbytet samt snabba på nedbrytningsförloppet för att minska
reaktorvolymer alternativt öka kapaciteten i befintliga volymer. Mekanisk, kemisk eller termisk
förbehandling (Ecke 1997) har använts för att bland annat minska partikelstorleken och på det
sättet såväl påskynda som öka nedbrytningen. Metoderna är dock kostsamma och/eller effektiviteten är för låg.
Det ställs allt högre krav på patogenavdödning vid produktion av biogas samt omhändertagande
av rötrest (SP 2004). Inom avfallsbehandlingen har ett tiotal olika hygieniseringsmetoder utvecklats (Inger et al. 1997, Vinnerås 2002). Det vanligaste är dock att materialet desinficeras genom
uppvärmning till minst 70 °C under fastlagd tid. Under dessa betingelser anses patogenavdödningen vara både robust och effektiv. Ur ekonomisk synpunkt är denna behandling dock tveksam
framför allt för material med högt vatteninnehåll. För att värma vatten från mesofil temperaturnivå (35 °C) till 70 °C krävs ~146 MJ ton-1 motsvarande 41 kWh ton-1.
En möjlig teknik för att åtgärda de ovan nämnda problemen är elektroporation.
Elektroporation
Elektroporation skapar porer i organismers cellmembran genom korta elektriska spänningspulser. Beroende på pulsernas intensitet bildas tillfälliga eller permanenta porer. För att leda pulserna mellan elektroderna genom materialet krävs ett elektriskt ledande medium som till exempel
vatten. Elektroporation har framför allt utvecklats för två tillämpningar:
(a) inom medicinen för att föra in molekyler (DNA, läkemedel) i celler genom tillfälliga
porer
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(b) inom livsmedelsindustrin (figur 1A, 1B och 1C) för att permanent förstöra grönsakernas
och frukternas cellmembran och därigenom underlätta extraktion, som till exempel för
sockerbetor (figur 1B)

A

B

C

D

Figur 1 Elektroporationens effekt på (A) äpplen, (B) sockerbetor och (C) morötter samt (D) mikroorganismer i avloppsvatten. Bilderna visas med godkännande av KEA-TEC GmbH, Tyskland. Elektroporerade prov till vänster eller överst (C).

Det elektriska fältets optimala styrka beror på tillämpningen samt de behandlade cellernas vävnad, storlek och geometri. För t.ex. växter rapporteras att den optimala styrkan ligger inom intervallet 0.2-2 kV cm-1(Bazhal et al. 2003, Lebovka et al. 2002, Schultheiss et al. 2003, Fincan et al.
2004). Förutom fältets intensitet inverkar troligen även fältets frekvens och pulsernas geometri.
Inom livsmedelsindustrin har tekniken utvecklats till en mogen process som drivs i full skala.
För extraktion av sockerbetor är den specifika energiåtgången <10 MJ ton-1 motsvarande
<2.8 kWh ton-1. Sedan några år tillbaka är tekniken på frammarsch även inom andra områden
som ogräsbekämpning (Fogelberg 2000), sönderdelning av kompositmaterial (Bluhm et al. 2000)
och desinficering genom avdödning av patogener (figur 1D) (Schoenbach et al. 2000). För att
uppnå dricksvattenkvalitet uppskattas den specifika energiåtgången till 100-400 MJ ton-1 motsvarande 28-111 kWh ton-1 (Schoenbach et al. 2000). På grund av lägre standarder borde energiåtgången för hygienisering av avfall vara lägre (<12 kWh ton-1), vilket kan jämföras med
~41 kWh ton-1 för termisk hygienisering.
Elektroporation är en lovande men hittills lite utnyttjad metod för att åtgärda de ovan beskrivna
problemen med biogasproduktion.
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2 Syfte
Syftet med projektet var att bedöma elektroporationens potential att kostnadseffektivt forcera
utvinningen av biogas från såväl avfall som energiväxter (sockerbetor).

3 Mål
I projektet skulle elektroporationens effekt som förbehandlingssteg till biogasproduktion i kontinuerlig försöksreaktordrift kvantifieras. Målet var att
• öka metanutbytet med 10 % (m3 metan per ton torrsubstans accept)
• minska den hydrauliska uppehållstiden med 30 % (dygn)
• nå fullständig avdödning av indikatororganismen E. Coli
Tidigare har biogasproduktionen från mesofil satsvis (BMP) testats men skalades nu upp till kontinuerlig drift för att kvantifiera elektroporationens effekt på energiutvinning. Sockerbetor respektive avfall behandlas genom elektroporation enligt tidigare fastställda optimala faktorinställningen. De två elektroporerade materialen men även respektive obehandlade referensprover behandlas i totalomblandade, kontinuerliga 5-l-reaktorer vid mesofil temperaturnivå (37±1 °C)
(Olsson & Welander 2004, Carlsson 2005). När stabil drift uppnåddes, kvantifierades den massspecifika biogasproduktionen samt den processtekniska uppehållstiden.

4 Material och metoder
Substrat
Avfallet som användes i försöket var källsorterat matavfall som skickades från Gryta avfallsanläggning. TS-halten justerades till 10-15 % före EP-behandling och materialet finfördelades i
hushållsmixer innan det matades in i försöksreaktorerna. BMP-försök har visat att metanpotentialen hos avfallet ligger runt 340 ml CH4/g TSin.
Sockerbetor levererades från Syngenta utan blast. Före EP-behandling skalades och mixades
sockerbetorna, TS-halten justerades till 10-13 %. Enligt tidigare utförda BMP-försök är metanpotentialen i sockerbetor 240-300 ml CH4/g TSin.
Förtjockat överskottsslam från aktivslamanläggningen hämtades på Öresundsverket i Helsingborg. TS-halten i slammet låg mellan 2-4 %. Enligt tidigare utförda BMP-försök är metanpotentialen i slam 200 ml CH4/g TSin.
Utrustning för elektroporation
Den använda elektroporationsutrustningen visas i Figur 2. I den kan batcher om cirka 1 liter behandlas med upp till 40 kV cm-1 i 10 Hz. Anläggningen är byggd av KEA-TEC GmbH, Tyskland
och är den enda existerande anläggningen i sitt slag. Den levererades till LTU 2006.
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Figur 2 Elektroporationsanläggningen i forskningslaboratoriet vid Luleå Tekniska Universitet.

Utrustning för kontinuerliga rötningsförsök
De kontinuerliga rötförsöken har utförts på AnoxKaldnes laboratorium i Lund. Parallella reaktorer, med volymen 5 l vardera, har belastats relativt lågt med obehandlade och elektroporerade
prover av avfall från Gryta, sockerbetor från Syngenta respektive bioslam från Öresundsverket
(alltså totalt sex reaktorer). Laboratorierötkamrarna (figur 3) är försedda med omrörare, in- och
utmatningsanordning, gasuttag, uppvärmning och temperaturmätning. Temperaturen har under
hela försöksperioden varit 37 °C.

Figur 3 Kontinuerliga biogasreaktorer på AnoxKaldnes laboratorium i Lund.
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Analysmetoder
Tabell 1 Metoder och standarder för utförda analyser.

Analys

Metod/standard

TS

SS 028113-1

VS

SS 028113-1

Gassammansättning

GC-TCD

pH

SS 028122-2

COD

Lange LCK 114

Konduktivitet

WTW Cond 340i

5 Resultat
Resultaten under hösten var blandade. EP-behandlat avfall och slam gav inte högre metanutbyte
än obehandlat material. Elektroporerade sockerbetor gav dock cirka 10 % högre metanutbyte än
referensreaktorn.
I början på december slutade elektroporationsanläggningen helt att fungera och vid undersökning
visade det sig att utrustningen inte fungerat som den ska på hela hösten. Större delen av de elektriska pulserna har gått direkt till jorden i stället för genom materialet.
Utrustningen reparerades i början av januari och försöken återupptogs. Figur 4-6 redovisar resultaten från denna sista försöksperiod. På grund av den begränsade försöksperioden kunde uppehållstiden inte optimeras. Uppehållstiden var för avfall och sockerbetor 50 dygn och för slam
25 dygn.
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Figur 4 Resultat från kontinuerliga försök med avfall från Gryta. Obehandlat avfall och avfall behandlat
med 400 pulser. Resultat från perioden efter reparationen i januari.

Figur 4 visar den ackumulerade metanproduktionen från den ackumulerade inmatade TSmängden av källsorterat matavfall från Gryta. Linjernas lutning approximerar medelutbytet under perioden. Under de första dagarna är utbytet i de båda reaktorerna rätt så likvärdigt, men under de sista fyra dagarna är utbytet från elektroporerat substrat betydligt högre. Anledningen kan
vara att reaktorerna hade gått på sparlåga under en längre period innan matningen åter startade
och att det tog ett par dagar innan processen stabiliserades. Medelutbytet från elektroporerat substrat under hela perioden är 21 % högre än från obehandlat. Under de fyra sista försöksdagarna är
ökningen 41 %. Motsvarande kurvor från försöksperioden innan reparationen gav ingen signifikant skillnad mellan EP-behandlat och obehandlat avfall.
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Figur 5 Resultat från kontinuerliga försök med sockerbetor. Obehandlade sockerbetor och sockerbetor
behandlade med 400 pulser. Resultat från perioden efter reparationen i januari.

Figur 5 visar den ackumulerade metanproduktionen från den ackumulerade inmatade TSmängden av sockerbetor. Linjernas lutning approximerar medelutbytet under perioden. Elektroporerade sockerbetor ger 12 % högre metanutbyte än obehandlade sockerbetor. För sockerbetorna uppnåddes en tioprocentig ökning redan under hösten, innan reparationen. Enligt uppgift gick
större delen av pulserna inte genom materialet under denna period. Detta tyder på att ett litet antal pulser räcker för att påverka de stora växtcellerna. Detta stämmer också överens med uppgifter från tillverkaren av utrustningen.
Sockerbetor är inte lämpligt att behandla som ensamt substrat på grund av brist på näringsämnen
och alkalinitet. pH låg under försöket på gränsen för vad mikroorganismerna klarar av och belastningen hölls därför låg och uppehållstiden var lång (50 d). Det är troligt att en större effekt
hade kunnat påvisas vid högre belastningar och kortare uppehållstider. För att genomföra detta
krävs att materialet samrötas med exempelvis gödsel.
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Figur 6 Resultat från kontinuerliga försök med slam. Obehandlat slam och slam behandlat med 400
pulser. Resultat från perioden efter reparationen i januari.

Figur 6 visar den ackumulerade metanproduktionen från den ackumulerade inmatade TSmängden av slam. Linjernas lutning approximerar medelutbytet under perioden. EP-behandlat
slam gav inte ett ökat metanutbyte under försöket. Utbytet blev dessutom sämre under slutet av
försöksperioden och båda reaktorerna skummade en hel del.
Det återstår att testa om ökad effekt kan uppnås med högre fältstyrkor.
Enligt uppgift från tillverkaren av elektroporationsutrustningen passar så kallad urladdningsbehandling bättre för slam på grund av att cellerna är små och cellväggarna svåra att penetrera. I en
koreansk studie har lovande resultat påvisats med 2,5 gånger ökad gasproduktion från slam som
behandlats med urladdningar (Choi et al. 2006).
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Karakterisering av substrat
I Tabell 2 redovisas löst COD och konduktivitet i obehandlade och elektroporerade substrat.

Tabell 2 Karakterisering av obehandlat och elektroporerat substrat.

Datum

Substrat

Max U
kV

Current
mA

Freq
Hz

Antal pulser

COD
mg/l

Kond.
mS/cm

0

0

0

0

86 750

2,66

42-48

20

5,33

200

83 750

2,6

0

0

0

0

77 500

1,36

43-48

20

5,33

200

101 000

1,97

0

0

0

0

67 200

0,761

45-48

20

5,33

200

116 800

1,398

0

0

0

0

58 000

8,62

45-48

20

5,33

200

57 000

8,7

0

0

0

0

38 100

12,2

45-48

20

5,33

400

38 300

12,6

45-48

20

5,33

600

35 800

12,1

0

0

0

0

1 324

4,2

45-48

20

5,33

400

1 854

4,7

45-48

20

5,33

600

1 890

4,7

0

0

0

0

0,796

45-48

20

5,33

400

1,564

0

0

0

0

1 412

45-48

10

5,33

400

1 908

0

0

0

0

69 400

45-48

10

5,33

400

131 200

0

0

0

0

53 200

12,2

45-48

10

5,33

400

56 400

12,44

Avfall
2007-09-17
Sockerbetor

2007-10-10 Sockerbetor

2007-10-12 Avfall

Avfall

2007-10-31
Slam

Sockerbetor

Slam

2008-01-24 Sockerbetor

Avfall

Den använda energimängden motsvarar 15-60 kJ per behandlad sats, eller runt 100-600 kJ/kgTS.
Om man räknar på det lägre värmevärdet för CH4 (35,9 kJ/l) motsvarar detta för avfallet runt
10 MJ/kg TS beräknat från utbytet av de kontinuerliga försöken (280 l CH4/kg TS avfall). Vilket
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innebär att en ökad nedbrytning, motsvarande 1-6 %, av utbytet krävs för att balansera energitillsatsen, obeaktat energikvalitet. De kontinuerliga försöken pekar för avfallet mot en förbättrad
nedbrytning motsvarande 20-40 %, det vill säga minst tre gånger energitillsatsen, eller som bäst
fyrtio gånger mer energi i gastillskottet än i använd elström. Här har dock ingen optimering utförts med avseende på uppehållstid och antal pulser. Eftersom effekten av elektroporationsbehandlingen är störst i början återstår det att finna en optimal dos. Samtidigt är effekten troligen
störst vid lägre uppehållstider, vilket tarvar en annan optimering. I slutänden kan den viktigaste
effekten vara att uppehållstiden kan reduceras och mer material kan behandlas i samma reaktorvolym. För betorna är det uppenbart att ett mindre energitillskott behövs för att öka gasutbytet,
men sockerbetorna är ett alltför ensartat substrat och de behöver troligen kombineras med annat
för att en optimal nedbrytning skall kunna ske.
Hygienisering
Försök för att påvisa patogenavdödning i slam respektive avfall genomfördes under hösten. Resultaten visade ingen reduktion av antalet E-coli efter 400 respektive 600 pulser. Det har inte
funnits utrymme för att upprepa försöket efter reparationen. Med den nya reaktorn skulle test
med högre fältstyrka kunna genomföras.
Även när det gäller hygienisering skulle urladdningsteknik kunna vara ett alternativ eftersom det
handlar om att förstöra små celler.

6 Diskussion
I sockerbetsproverna ökar halten av löst COD samt konduktivitet med uppemot 100 %. Vid kortare uppehållstider och högre belastningar, då hydrolysen verkligen begränsar metanproduktionen, bör effekten på gasutbytet bli avsevärt större än de 10 % som påvisades i försöket. För detta
krävs dock ett lämpligt samrötningssubstrat. Effekten var lika stor före som efter reparationen,
vilket indikerar att sockerbetor kan behandlas med betydligt lägre doser än de som använts i försöket.
Löst COD i slammet ökar med 35-40 % både före och efter reparation. Detta tyder på att det är
den maximala effekten av elektroporation och det verkar inte vara tillräckligt för att öka metanutbytet. Troligtvis behövs mer kraftfulla metoder för att hydrolysera slammet. Ett exempel på
detta är så kallad urladdningsbehandling som enligt tillverkaren kan åstadkommas genom en
enklare ombyggnad av den befintliga elektroporationsanläggningen.
I avfallsproverna har ingen signifikant ökning av löst COD eller konduktivitet kunnat uppmätas.
Efter reparationen av utrustningen har dock ett ökat metanutbyte från elektroporerat substrat
uppmätts i det kontinuerliga försöket. Testperioden är relativt kort, så det är svårt att kvantifiera
effekten. Resultaten visar dock, precis som tidigare försök, på en betydande potential.

7 Slutsatser
Sammantaget kan det konstateras att elektroporation har en tydlig potential att förbättra gasutbytet från olika material och att det kan vara ett ekonomiskt intressant alternativ till andra förbehandlingar. Det är motiverat att gå vidare med optimeringsförsök och test av fler substrat.
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