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Abstract
Anaerobic digestion (AD) plays a key role in the recovery of renewable energy, in the form of
biogas, and nutrients from waste materials. Pre-treatment of AD substrates has the potential to
improve process performance in terms of increased methane yield and solids reduction, but pretreatments are not yet widely implemented into full-scale AD systems. The aims of this thesis were
to identify conditions that determine when pre-treatment has a positive impact on an AD system and
ways to improve the practical utility of pre-treatment impact assessment. Key steps towards meeting
these aims were to determine and critically analyse effects of pre-treatments on AD, and current
evaluation schemes at three levels: AD substrate level – Direct effects on the substrate’s chemical
and physical characteristics and its biodegradability/bioavailability; Local AD system level –
Effects of pre-treatment on the AD process and its outputs, required inputs and (local) upstream and
downstream processes. System boundaries are “at the gate” of the AD plant and the system analysis
may consider energy and/or financial parameters; Expanded AD System level – Includes indirect
effects of pre-treatment, with system boundaries including external processes. The system analysis
may address environmental and/or economic effects.
Different substrate traits represent different types and degrees of limitations to optimal AD
performance that can be met by different pre-treatment mechanisms. Most importantly, potential
mechanical problems must be handled by dilution and/or homogenisation and unwanted
components, as generally found in source-sorted food waste from households (FW), must be
separated. These traits may hinder the actual operation of AD and the potential for recovery of
nutrients, which is often the motivation for biological waste treatment. When these practical barriers
are overcome, pre-treatment focus may be directed towards maximizing the conversion of organic
material to biogas, which is potentially limited by the rate and/or extent of hydrolysis.
Lignocellulosic structures and aerobically stabilised biological sludge represent significant barriers
to hydrolysis, which can be overcome by pre-treatment-induced solubilisation. Other particulates
are merely hydrolysis-limited by their size, which can be reduced by specific pre-treatments.
Finally, substrates may contain non-biodegradable organic compounds, which need to be
chemically transformed in order to be converted to biogas. The substrates considered for AD
incorporate these traits in varying degrees and even among substrates of the same category, such as
plant material and excess sludge from wastewater treatment (WWT), the potential effect of pretreatments may vary considerably.
Overcoming the substrate barriers via pre-treatment may potentially improve the AD system by
enhancing operational stability, increasing methane yields and solids reduction under similar
operating conditions to those without pre-treatment or by increasing methane productivity by
allowing reductions in hydraulic retention time without changing the methane yield. However, the
required inputs as well as the associated effects on related sub-processes must also be considered.
The ultimate usefulness of a pre-treatment in a specific system is determined by the mass- and
energy balance and the associated financial or environmental costs/values of inputs and outputs.
The accuracy and applicability of pre-treatment impact assessment is challenged by method
limitations and lack of transparency. A common measure of the pre-treatment effects is COD
solubilisation, but the interpretation is complicated by the application of different measurement
approaches. In addition, solubilisation of COD as a result of pre-treatment does not necessarily
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translate into increases in operational methane yields. This is due to potential formation of
refractory compounds and the fact that hydrolysis is not necessarily rate limiting for all particulates.
Pre-treatments’ effects on biodegradability and degradation rates can be better assessed by BMP
tests (biochemical methane potential), provided that the test conditions are appropriate and the tests’
limitations are properly considered. However, extrapolation of BMP results to continuous processes
is complicated by the batch mode of the tests. On the other hand, results from continuous trials
allow assessments of methane yields in practical systems and the digestate’s physico-chemical
properties, but are inevitably tied to the specific process conditions tested. Thus, results from
multiple experimental conditions, possibly strengthened by computer simulations, are necessary for
generalisations of pre-treatment effects on AD process performance.
Pre-treatments have the potential to considerably improve AD systems, but their implementation
must to be guided by the actual improvement potential of the specific substrate and valued in their
specific context with respect to process design and framework conditions.
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Sammanfattning
Anaerob behandling/rötning spelar en viktig roll för återvinning av förnybar energi, i form av
biogas, och näringsämnen från avfallsmaterial. Förbehandling av biogassubstrat har potential att
förbättra rötningsprocessers prestanda i form av ökat metanutbyte och nedbrytning av organiskt
material, men förbehandlingar är ännu inte införda på bred front i fullskaliga biogassystem. Syftet
med denna avhandling var att identifiera förhållanden som avgör när förbehandling har en positiv
inverkan på ett biogassystem och hur den praktiska nyttan av förbehandlingsstudier kan förbättras.
Viktiga steg mot att uppfylla dessa mål var att bestämma och kritiskt analysera effekterna av
förbehandlingar på biogasprocessen samt utvärderingsmetoder på tre nivåer: Substratnivå - Direkta
effekter på substratets kemiska och fysiska egenskaper och dess nedbrytbarhet/biotillgänglighet;
Lokal systemnivå - Effekter av förbehandling på biogasprocessen och dess produkter, energiinsats
och (lokala) uppströms och nedströms processer. Systemgränsen är "vid grinden" av
biogasanläggningen och systemanalysen kan fokusera på energi och/eller ekonomiska aspekter;
Utvidgad systemnivå - Inkluderar indirekta effekter av förbehandling med systemgränser som
inkluderar externa processer. Systemanalysen kan fokusera på miljö- och/eller ekonomiska effekter.
Olika substrategenskaper representerar olika typer och grader av begränsningar för optimal
nedbrytning i biogasprocessen som kan motverkas av olika förbehandlingsmekanismer. Först och
främst måste potentiella mekaniska problem hanteras genom utspädning och/eller homogenisering
och oönskade komponenter, som i allmänhet finns i källsorterat matavfall från hushåll, måste
separeras. Dessa egenskaper kan störa driften av biogasprocessen och potentialen för återvinning av
näringsämnen, vilket ofta är motivet för biologisk behandling av avfall. När dessa praktiska hinder
har övervunnits kan förbehandlingsinsatserna fokusers på att maximera omvandlingen av organiskt
material till biogas, som potentiellt är begränsad av hastigheten och/eller graden av hydrolys.
Lignocellulosa-strukturer och aerobt stabiliserat biologiskt slam representerar betydande hinder för
hydrolys som kan övervinnas genom förbehandlingsinducerad solubilisering. Hydrolysen kan också
begränsas av partiklarnas storlek, som kan reduceras genom specifika förbehandlingar. Slutligen
kan substraten innehålla organiska föreningar som inte är (anaerobt) biologiskt nedbrytbara, som
måste ombildas kemiskt för att kunna omvandlas till biogas. Biogassubstrat har dessa egenskaper i
varierande grad och även bland substrat av samma kategori, såsom växtmaterial och överskottsslam
från avloppsreningsverk (WWT), kan den potentiella effekten av förbehandlingar variera avsevärt.
Biogassystemet kan potentiellt förbättras när substratbegränsningar övervinns med hjälp av
förbehandling, genom förbättrad processtabilitet, ökat metanutbyte och minskad mängd torrsubstans
i rötresten under liknande driftsförhållanden som de utan förbehandling eller genom att öka
metanproduktiviteten genom att möjliggöra rötning vid kortare hydraulisk uppehållstid utan att
ändra metanutbytet. Dock måste de nödvändiga insatserna i form av energi samt effekter på
relaterade processer också övervägas. Den slutliga nyttan av en förbehandling i ett specifikt system
avgörs av mass- och energibalansen och de ekonomiska eller miljömässiga kostnaderna/värdena av
energiinsatser och rötningsprodukter.
Utvärdering av förbehandlingseffekter och dess relevans utmanas av metodbegränsningar och brist
på transparens. Ett vanligt mått på förbehandlingseffekter är COD-solubilisering, men tolkningen av
dessa resultat försvåras av att olika mätningsmetoder tillämpas. Dessutom medför solubilisering av
COD till följd av förbehandling inte nödvändigtvis ett ökat metanutbyte. Detta är på grund av att det
potentiellt också bildas svårnedbrytbara föreningar och det faktum att hydrolys inte nödvändigtvis
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är hastighetsbegränsande för alla partiklar. Förbehandlingseffekter på biologisk nedbrytbarhet och
nedbrytningshastigheter bör hellre utvärderas med BMP-tester (biokemisk metanpotential), under
förutsättning att testförhållandena är lämpliga och att testets begränsningar tas med i beräkningarna.
Dock försvåras extrapolering av BMP-resultat till kontinuerliga processerförhållanden av att det är
ett satsvist test. Däremot kan resultat från kontinuerliga försök ge bedömningar av metanutbyten i
praktiska system liksom biogödselns fysikalisk-kemiska egenskaper, men resultaten är
oundvikligen knutna till de specifika processförhållanden som testats. Därför är resultat från flera
experimentella förhållanden, eventuellt kompletterade med datorsimuleringar, nödvändiga för
generaliseringar av förbehandlingseffekter på biogasprocessens prestanda.
Förbehandlingar har potential att avsevärt förbättra biogassystem, men varje implementering måste
motiveras av det specifika substratets faktiska förbättringspotential och värderas i dess specifika
sammanhang med avseende på processdesign och omgivningsförhållanden.
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About the papers
This thesis is based on the following appended papers (A-D):
Paper A: The effects of substrate pre-treatment on anaerobic digestion systems: A review.
Carlsson, M., Lagerkvist, A., Morgan-Sagastume, F. (2012) Waste Management 32, pp 1634-1650
This paper reports the findings from a review of the literature concerning various relevant substrates
for anaerobic digestion (AD) and pre-treatment methods. The aim was to facilitate assessment of
the potential scope for improving AD systems by pre-treating substrates, and guide subsequent
research. The review is focused on limitations imposed by various substrates, the possibilities for
overcoming obstacles using specific pre-treatments, the challenges involved in evaluating such
limitations and opportunities, and the applicability of various system boundaries.
The review was published in 2012. In order to update the information, subsequently published
studies were searched to identify developments concerning the considered substrates, some of
which are cited in the thesis.
Author’s contribution: Main responsibility for reviewing the literature and writing the paper with
input from the co-authors.
Paper B: Impact of physical pre-treatment of source-sorted organic fraction of municipal solid
waste on greenhouse-gas emissions and the economy in a Swedish anaerobic digestion system.
Carlsson, M., Holmström, D., Bohn, I., Bisaillon, M., Morgan-Sagastume, F., Lagerkvist, A. (2015)
Waste Management 38, pp 117-125
In the study reported in this paper samples of slurry and refuse from physical pre-treatment of
source-sorted food waste (FW) were collected to assess effects of the pre-treatment efficiency on
the performance of a Swedish AD system processing FW. The systems analysis was performed in
terms of both global warming potential (GWP) and financial aspects using the modelling tool
ORWARE.
Author’s contribution: Shared responsibility for planning the project. Main responsibility for
planning and performing the experimental work. Main responsibility for writing the paper with
input from the co-authors. The systems analysis was mainly performed by David Holmström.
Paper C: Importance of food waste pre-treatment efficiency for Global Warming Potential in
Life Cycle Assessment of anaerobic digestion systems.
Carlsson, M., Naroznova, I., Møller, J., Scheutz, C., Lagerkvist, A. (2015) Resources, Conservation
and Recycling 102, pp 58-66
The objective of the study reported in this paper was to investigate how food waste (FW) pretreatment efficiency affects the environmental performance of waste management systems, with
respect to Global Warming Potential (GWP). The modelling tool EASETECH was used to perform
consequential LCA, focusing on the impact of changes in mass distribution within framework
conditions that were varied with respect to biogas utilization and energy system, representing
different geographical regions and/or time-frames.
Author’s contribution: Shared responsibility for planning the project. Main responsibility for
writing the paper with input from the co-authors. The LCA was mainly performed by Irina
Naroznova who also wrote the part describing this method.
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Paper D: Thermal pre-treatment vs reduced oxidation as means to improve energy balances of
wastewater treatment systems considering excess sludge degradability
Carlsson, M., Henningsson, G., Lagerkvist, A., Tykesson, E., Morgan-Sagastume, F. (2015)
MANUSCRIPT
Since sludge is the most widely studied substrate, an in-depth study was performed focussing on the
aspects that are less investigated in the scientific literature: incorporating the sludge properties,
WWT line and different utilisation of biogas. The objective of this study was to assess how the
configuration of a wastewater treatment (WWT) process for biological nutrient removal and the
associated sludge quantity and quality affects the need for pre-treatment. In addition, the influence
of pre-treatment on material- and energy- balances of the WWT system was evaluated and
compared to that of a “best case” minimized oxidation system. More specifically, properties of the
sludge used in AD and the types of energy inputs and outputs were investigated. Samples of sludge
at various processing stages were collected from several full-scale aerobic treatment plants, and
characterized, then selected samples were thermally pre-treated.
Author’s contribution: Main responsibility for planning the project and the experimental work.
Main responsibility for writing the paper with input from the co-authors. Gunilla Henningsson
performed most of the experimental work.

In addition, the following unappended reports (in Swedish, and available for download at
www.sgc.se), have been used as cited sources of information:
Handbok metanpotential (Biochemical methane potential handbook, in Swedish).
Carlsson, M., Schnürer, A. (2011) Rapport SGC 237
Summarises knowledge from the literature and experience from a Swedish group of active
practitioners of biochemical methane potential (BMP) tests. Important factors for obtaining reliable
results from such tests, and important considerations concerning the interpretation and presentation
of results to ensure comparability, are discussed.
Förbehandling av matavfall för biogasproduktion – Utvärdering av förbehandling med
skruvpress (Pre-treatment of food waste for biogas production – evaluation of pre-treatment with
screw press, in Swedish).
Carlsson, M., Bohn I., Eriksson, Y., Holmström, D. (2011) Rapport SGC 216
The aim of the reported study was to evaluate the efficiency of a physical FW pre-treatment based
on screw-press and suggest optimization strategies. Mass- and energy-balances were performed.
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1 Introduction
Growing concerns about global warming and resource depletion have sharply increased interest in
renewable resources. Concurrently, the focus of waste and wastewater management has shifted
towards recovery of energy and materials, in which anaerobic digestion (AD) plays a key role. AD
has long been used for stabilising waste organic materials, such as sewage sludge and manure, but
increasingly major objectives of its application are to recover nutrients and to produce biogas,
which is a renewable and versatile energy source that can be used for heat and electricity production
or as vehicle fuel. Furthermore, AD substrates have broadened to include several types of industrial
and agricultural waste and even dedicated crops.
The substrates available for AD have widely varying properties, representing different types and
degrees of limitations to optimal AD performance, which could potentially be overcome by
appropriate pre-treatments. Methods to improve AD have been the focus of a large number of
scientific studies during the last 40 years (e.g., Haug et al., 1978; Hendriks and Zeeman, 2009;
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, pre-treatments are not widely
implemented into full-scale systems and limitations in the current evaluation of their effects hinder
exploitation of the findings. A major complication is a lack of common/standardised protocols for
evaluating pre-treatment efficiency (Kianmehr et al., 2010) and setting system boundaries.
Frequently, specific substrates and options for utilising biogas and digestate are considered, and
even if overall system parameters are addressed the boundaries vary, limiting the results’
applicability to other scenarios (e.g. Fdz-Polanco et al., 2008; Pickworth et al., 2006).
1.1 Objectives
The ultimate aims of this thesis were to identify conditions that determine when pre-treatment has a
positive impact on an AD system and ways to improve the practical utility of pre-treatment impact
assessment. Key steps towards meeting these aims were to determine and critically analyse effects
of pre-treatments on AD, and current evaluation schemes at multiple levels and in multiple contexts.
1.1.1 Specific research questions
To guide efforts to meet the objectives stated above, the following research questions were
formulated.
Q1: What substrate traits determine needs for pre-treatment?
Q2: What AD systems have most potential for improvement by pre-treatment?
Q2A: What factors determine when thermal pre-treatment of sludge is useful?
Q2B: What factors and conditions are important for source-sorted food waste from
households (FW) pre-treatment?
Q3: How could pre-treatment impact assessment methods be potentially improved, and what are the
associated challenges?
1

1.2 Approach and scope
In order to describe and analyse the basic traits of AD in relation to pre-treatment in a structured
manner, three levels of pre-treatments’ impacts were defined, ranging from micro to macro scale
(Fig. 1):
AD substrate level – Direct effects on the substrate’s chemical and physical characteristics and its
biodegradability/bioavailability.
Local AD system level – Effects of pre-treatment on the AD process and its outputs, required
inputs and (local) upstream and downstream processes. System boundaries are “at the gate” of the
AD plant and the system analysis may consider energy and/or financial parameters.
Expanded AD System level – Includes indirect effects of pre-treatment, with system boundaries
including external processes. The system analysis may address environmental and/or economic
effects.

Figure 1. Schematic diagram illustrating the three defined levels of pre-treatment effects, with associated system
boundaries and flows of both material and energy.

The systems considered were largely based on conventional wet AD processes, with substrates and
pre-treatment methods deemed most relevant from a Swedish perspective. The two main focal
substrates were excess sludge from wastewater treatment (WWT) plants and source-sorted food
waste from households (FW). Sludge is the most intensively studied substrate in relation to pretreatment and its management provides a good example of AD’s role as part of a larger system that
2

influences, and is influenced by, AD’s performance. In addition, thermal pre-treatment of sludge is
often included in analyses of combined heat and power (CHP) systems. However, the possibility of
integrating it into the Swedish system, oriented towards producing biogas for use as vehicle fuel,
has received less attention and thus warranted investigation. FW was chosen because it is a very
important substrate in Sweden and stakeholders have expressed a need to increase understanding of
the possibilities and limits associated with FW pre-treatment. A third group of substrates, materials
containing significant levels of lignocellulosic fibres, are also highly relevant in a pre-treatment
perspective. Such substrates are only briefly considered in this thesis, but most aspects related to
assessment approaches are relevant for all types of substrates. Pre-treatments may involve diverse
inputs, including not only various types of energy carriers (particularly thermal or electrical), but
also various chemicals or potentially microorganisms. This thesis focuses on methods involving
direct energy inputs, although many of the results and much of the discussion also apply to other
methods. A more comprehensive study of the entire range of available substrates and pre-treatments
is included in the appended literature review (Paper A).
1.2.1 Scope of the papers
The presented work is based on comprehensive background information obtained from a literature
review (Paper A) about AD substrates, pre-treatment mechanisms, their effects, associated problems
and potential for improvement. Based on the retrieved information, some of the aspects deemed to
warrant most attention, within the Swedish context outlined above, were chosen for more in-depth
studies. The substrates, pre-treatment methods, uses of products, types of energy inputs, foci of
evaluation and system boundaries covered in Papers B-D are summarised in Table 1.
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Table 1. Scope of the studies reported in Papers B, C and D in terms of substrate, pre-treatment energy input, product
utilization, system boundaries, foci of evaluation, and assessment level.
Paper B

Paper C

Paper D

Substrate

Food waste

Food waste

Sludge

Pre-treatment energy

Electrical

Electrical

Thermal

Reject utilization

CHP

CHP

na

Digestate utilization

Land use

Land use/CHP

nc

Biogas utilization

VF

VF/CHP

VF/CHP

System boundaries

Swedish
long-term

Varying

WWTP (including CHP)

Focus

Energy, economy, CO2

CO2

Energy

AD substrate level

Chemical analyses
BMP
Modelling

Modelling

Chemical analyses
Solubilisation
BMP

Local AD system level

Mass/
Energy balance

Mass balance

Mass/
Energy balance

Expanded AD system level

LCA-model (ORWARE)
Energy system models
(NOVA,
MARKAL-NORDIC)

LCA-model (EASETECH)

nc

Assessment approach:

na=not applicable; nc=not considered; CHP=Combined Heat and Power; VF=Vehicle fuel

1.2.2 Structure of the thesis
Chapters 2-4 each describe and discuss one of the pre-treatment impact levels and associated
assessment approaches. Each level is exemplified by one or two case-studies based on results from
the experimental and analytical work presented in Papers B-D and the chapter addressing it
concludes with a discussion regarding associated potentials and challenges.
Chapter 5-6 present answers to the research questions based on the work presented in the thesis.
The conclusions are used to identify AD systems with most potential for improvement by
incorporating pre-treatment, to suggest ways for enhancing the practical utility of pre-treatment
evaluations, and highlighting aspects that require more research.
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2 Pre-treatment impacts at an AD substrate level
Substrate-level impact assessment refers to evaluation of the changes in substrate characteristics
induced by a specific pre-treatment that are relevant for the performance of subsequent AD
processes (Fig. 2).

Rejected fraction
(loss of material)
Figure 2. System boundaries for substrate-level pre-treatment impact assessment.

2.1 Substrate-dependent AD limitations and improvements
Substrate traits relevant for AD process performance include mechanical properties and nutrient
contents. However, the trait often deemed most relevant for the potential AD performance is the
methane potential, i.e. the potentially achievable methane yield from a substrate under optimal
conditions, which may be either calculated or empirically determined, as illustrated in Fig. 3. More
specifically:
(i) Potential methane yield calculations are based on the stoichiometry of methane production
according to Symons and Buswell (1933), in conjunction with analytical information about
the substrate’s elemental composition, relative proportions of biochemical components, or
chemical oxygen demand (COD).
(ii) The methane potential may be determined experimentally by the biochemical methane
potential (BMP) test; a batch digestion test (Owen et al., 1979) often used to approximate a
substrate’s anaerobic biodegradability (BDAn), which is further discussed in Section 2.2.2.
The experimentally determined BMP will normally be a fraction of the calculated value,
depending on the biodegradability and bioavailability of the organic material, and the
proportion used for microbial metabolism.

5

Figure 3. Assessment of a substrate’s anaerobic digestibility, in terms of potential methane yield. The calculated
potential is based on the substrate’s elemental composition (C/H/O/N), relative proportions of classes of components
(fat/protein/carbohydrate), or chemical oxygen demand (COD). The assessment ignores the utilisation of organic
material for microbial metabolism and the possibility that some of the compounds included may not be anaerobically
biodegradable or available for degradation. The experimental potential is the value obtained using the biochemical
methane potential (BMP) batch digestion test, which indicates the substrate’s convertibility to methane under
standardized, substrate-limited conditions. The operational yield, the methane yield obtained from the substrate in a real
continuous digestion process, depends on the specific process conditions including the hydraulic retention time (HRT).

The direct effects on a substrate that a pre-treatment may have are various, but they are all aimed at
overcoming one or more substrate-related barriers to optimal AD performance. Optimal AD
performance on a substrate level is characterised by extensive substrate conversion to methane and
a digestate suitable for use. This depends on the presence of contaminants, the mechanical
properties of the substrate and its convertibility to methane. The extent of degradation may be
limited by the presence of material that is not anaerobically biodegradable, such as lignin and
plastics, or not bioavailable due to incorporation into recalcitrant structures. In addition, the
performance of a continuous AD process with a given retention time depends on the kinetics of the
rate-limiting step, which in the AD of particulate organic materials is often the initial hydrolytic
step (Vavilin et al., 2008; Pavlostathis and Giraldo-Gomez, 1991).
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The substrate-related barriers to optimal AD performance are thus (Papers A and B):





Mechanical issues hindering efficient feeding, mixing and mass transfer
Presence of substances that cannot be degraded and/or will contaminate the digestate
Limited availability of degradable matter through its incorporation in recalcitrant structures,
which limits the extent to which the material can be degraded
Presence of slowly degradable substrate structures/large particles that will not be completely
converted in a continuous process with limited retention time

These substrate-related barriers may be altered when a substrate is disintegrated, solubilised and/or
chemically transformed due to mechanical or physico-chemical effects of a pre-treatment. The pretreatments that have been used for improving AD performance are based on various principles and
can thus be sub-divided into various categories. The main principle-based categories, as recognized
in Paper A, are: thermal, freeze/thaw, ultrasonic, other mechanical, chemical, wet oxidation (WO),
microwave (MW) and pulsed electric field (PEF)/electroporation (EP) treatments. The mechanisms
whereby these pre-treatments may overcome the AD performance barriers are (Paper A):





Homogenisation/dilution (which improves the substrate’s mechanical properties for wet
AD)
Separation of unwanted material
Enhancement of recalcitrant fractions’ biodegradability and/or bioavailability
Particle size reduction/Solubilisation of slowly degradable matter

Potential negative effects associated with the pre-treatments are:



Removal of degradable organic matter by separation or oxidation
Formation of refractory and/or inhibitory compounds

Figure 4 illustrates overall effects on the substrate’s methane potential (calculated and
experimental) and operational yield of the four main substrate modifications: (a) Particle size
reduction/solubilisation of biodegradable/bioavailable matter, (b) Enhancement of the
biodegradability and/or bioavailability of recalcitrant fractions, (c) Removal of organic matter and
(d) Formation of refractory compounds. In reality, analytically determined effects will result from
combinations of all four modifications, and distinguishing their effects may be extremely difficult.
The calculated methane potential, as illustrated in Fig. 4, is only affected if organic material is
removed by the pre-treatment, resulting in a net decrease in the amount of organic material
available for methane production. Loss of organic material is associated with pre-treatment methods
for separating contaminants in FW, as elaborated in section 2.2. It may also reportedly occur in wet
oxidation pre-treatment (Lissens et al., 2004; Strong et al., 2010) and high temperature thermal pretreatment (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 not originally biodegradable. Nevertheless, the formation of
refractory compounds during pre-treatment can counteract positive effects on biodegradability,
potentially decreasing both the experimental potential and operational methane yield. This effect 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.
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Figure 4. Possible effects on calculated methane potential, experimental methane potential and operational methane
yield (as explained in Fig. 3) of the following substrate modifications induced by pre-treatments: (a) Particle size
reduction/solubilisation of biodegradable/bioavailable matter, (b) Enhancement of bioavailability of degradability of
some fractions, (c) Removal of organic matter and (d) Formation of refractory compounds. The arrows indicate
potential increases or decreases in methane yield compared to the baseline (grey bars) due to the specific substrate
modification.

Most of the diverse substrates that have been considered for AD can be divided into the following
five categories: (a) organic fractions of municipal solid waste, or food waste (FW), (b) organic
waste from the food industry, (c) energy crops/crop residues, (d) manure, and (e) wastewater
treatment (WWT) residues. In these types of substrate two main components have been identified
that limit bioavailability and/or biodegradability: microbial cells/flocs of cells, such as those found
in biological excess sludge from WWT residues; and lignocellulosic material, mainly found in
energy crops/crop residues and manure (Paper A). In addition, FW is not initially suitable for wet
AD, and may contain impurities that can cause mechanical disturbance and decrease the quality of
the digestate (Paper B). The barriers related to sludge and FW are further detailed in the casestudies in sections 2.2 and 2.3, respectively.
Lignocellulosic fibres are plant-derived materials composed of cellulose, hemicelluloses and lignin
incorporated (in various proportions) in large recalcitrant particles. These structures impair the
efficiency of wet AD by causing mechanical problems and limiting bioavailability, hydrolytic rates
and degradability due to their size and complexity and the content of lignin. The pre-treatment
effects on lignocellulosic biomass have been shown to depend on the composition and, more
specifically, the lignin content of the treated material (Fernandes et al., 2009; Uellendahl et al.,
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2008). The composition of plant material depends on numerous factors, such as the plant species
and time of harvest (Heiermann et al., 2009). The most frequently studied pre-treatments have been
chemical, often in combination with elevated temperature, although thermal, other mechanical and
WO pre-treatments have also been studied, and to a lesser extent MW pre-treatment (Paper A).
Solubilisation is a reported effect of all pre-treatment methods applied to lignocellulosic biomass,
and more specifically solubilisation of hemicelluloses and lignin, which 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 may be enhanced by increases in
available surface area and the formation of biodegradable compounds from lignin (Hendriks and
Zeeman, 2009). Enhancement of biodegradability is a reported effect of most pre-treatments, but in
some cases no effect or even negative effects on this variable have been recorded (Lissens et al.,
2004). Detrimental effects of pre-treating lignocellulosic biomass include the formation of
refractory compounds (reportedly caused by high temperature thermal, MW and all types of
chemical pre-treatments) and the loss of organic material, reportedly caused by WO and chemical
(alkali) pre-treatments (Hendriks and Zeeman, 2009; Lissens et al., 2004) (Paper A).
2.2 Assessment of pre-treatment impacts at a substrate level
The effects of pre-treatment on substrate characteristics have been described using various methods
and expressions; the most common being related to substrate solubilisation and biochemical
methane potential (as determined by BMP tests).
2.2.1 Substrate solubilisation
Substrate solubilisation is a commonly used indicator of pre-treatment effects that has been
expressed and analysed in various ways in numerous published studies. Furthermore, the definitions
of soluble material or fractions have varied substantially, and are not always specified (Weemaes
and Verstraete, 1998). However, soluble material is generally separated by filtration (using filters of
various pore sizes) from either total samples or supernatants after centrifugation (Appels et al.,
2010; Braguglia et al., 2012; 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 supernatants after centrifugation (Bougrier et al., 2006; Zhang et al., 2009). The filtered fraction
has sometimes been further characterised and differentiated, for instance Kianmehr et al. (2010)
separated colloidal from “true soluble” organic material in filtrates they examined by flocculation
with subsequent membrane filtration.
Evaluations of substrate solubilisation are most commonly based on measurements of its COD.
Several expressions have been used to describe it (Table 2), but generally the soluble COD after
pre-treatment is related to the raw substrate’s total, particulate or soluble COD, or its “maximum
hydrolysable” COD. In addition to COD, evaluations of substrate solubilisation have been based on
measurements of total solids (TS), volatile solids (VS), or organic composition, e.g. contents of
proteins, carbohydrates and lipids (Bougrier et al., 2008; Elbeshbishy et al., 2011; Salsabil et al.,
2010).
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Table 2. COD-based variables used to describe substrate solubilisation, or degree of disintegration, in the literature.
Variable

COD
solubilisation

Degree of
disintegration

Definition

References

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; Pérez-Elvira 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=(CODs-CODs0)/(CODmax-CODs0)

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

DDCOD=(CODs-CODs0)/CODmax

(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 of particulate fraction, measured or calculated by subtracting soluble from total COD of raw substrate
CODt = total COD of substrate, mostly measured in raw substrate and assumed to be unchanged after pre-treatment
CODmax = maximum soluble COD of raw substrate, determined either by adding a chemical (NaOH or H 2SO4) or calculated based on the substrate’s
composition

2.2.2 Biochemical methane potential (BMP)
The BMP test is the commonly used method to assess the experimental methane potential, i.e. the
BDAn of AD substrates. It has been frequently used in this context for evaluating the suitability of
substrates for AD (Carlsson and Schnürer, 2011) and assessing effects of implemented pretreatments (Bougrier et al., 2006). However, the biological nature of the test and the batch dynamics
pose challenges for its proper implementation and interpretation of results. Furthermore, despite
several recent efforts to improve understanding of BMP tests and standardise the protocols
(Angelidaki et al., 2009; Appels et al., 2011; Jensen et al., 2011; Raposo et al., 2011; VDI, 2006),
there are still major inconsistencies in their application and interpretation (Carlsson and Schnürer,
2011). Thus, rigorous assessment of the methodology and its applicability in specific situations is
essential.
The BMP test procedures are generally versions, with various modifications, of those described by
Owen et al. (1979), in which a substrate’s anaerobic biodegradability is determined by monitoring
cumulative methane production from an anaerobically incubated sample seeded with an active
anaerobic culture (inoculum). Several important factors for obtaining 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). To enable complete
biodegradation within experimental timeframes the inoculum used must contain a broad spectrum
of microorganisms, which may be difficult to verify. The most common traditional approach for
characterising inoculum, 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. Numerous factors are known to influence the inoculum’s activity,
including origin/source, concentration, pre-incubation, acclimation/adaptation and storage (Carlsson
and Schnürer, 2011). There must also be sufficient densities of microorganisms in the inoculum
relative to the substrate concentration, i.e. the ISR. The optimal ISR may depend on substrate10

specific characteristics, but in order to standardise the procedures it should be sufficiently high for
all substrates. Many researchers, and the German standard VDI 4630 (VDI, 2006), agree that an
ISR of 2, on a VS basis, is appropriate. Under these conditions, the degradation is likely to be
substrate-limited and thus reflect substrate properties rather than microbial limitations. However,
since VS is not a direct or absolute measure of microbial densities, ISR is not a direct or absolute
measure of microbial load (Carlsson and Schnürer, 2011; Raposo et al., 2011; VDI, 2006).
Outcomes of a BMP test may also be influenced by methodological issues, such as sampling
procedures and the reactor size (Nizami et al., 2012), substrate concentration, buffers and nutrients
in the dilution medium, and headspace flush gas (Carlsson and Schnürer, 2011).
A BMP test provides information on not only the experimental methane potential (which can be
converted into a BDAn value), but also the rate of substrate conversion. The experimental methane
potential is normally expressed as accumulated methane volume produced per unit TS, VS or COD
fed. This variable is highly influenced by the duration of the test (Stuckey and McCarty, 1984) and
several pre-defined test durations have been suggested, e.g. 30, 21 and 50 days by Owen et al.
(1979), the VDI 4630 protocol (VDI, 2006) and Hansen et al. (2004), respectively. However,
regardless of the selected test period, the results may not accurately reflect the true biodegradability,
since slowly-degraded substrates or substrate-fractions may not be completely converted. A
Swedish group of active practitioners of BMP tests have suggested that the “BMP” and thus BDAn
can only be determined when methane production has nearly ceased, for which time requirements
vary widely among substrates (Carlsson and Schnürer, 2011). Furthermore, the experimental
methane potential is only an approximate indicator of true biodegradability since some of the
biodegradable organic material is converted (in substrate-dependent degrees) into microbial mass
(Stuckey and McCarty, 1984). Experimental data have also demonstrated that the ISR can influence
not only the rate, but also the extent of the anaerobic degradation in a BMP test, contrary to
theoretical expectations (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, however, the first-order hydrolysis rate coefficient of
the specific substrate may be determined (Jensen et al., 2011).
The effect of the substrate pre-treatment can be evaluated from changes in the experimental
methane potential (BDAn) and/or rate coefficient in the BMP test.
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2.3 Case study – Mechanical pre-treatment of source-sorted food waste
FW is a heterogenic feedstock with a TS content of 30-40%, which generally includes contaminants
such as plastic, metals and grit. Various pre-treatment methods have been applied to FW, including
mechanical, thermal and chemical pre-treatments and, to a lesser extent, MW, PEF, freeze/thaw and
WO pre-treatments (Paper A). Nonetheless, the biodegradability of the raw material is generally
high and the most critical barriers to AD of food waste are associated with the heterogeneous nature
of the raw substrate and the presence of impurities. Thus, physical pre-treatment is often needed to
obtain a homogenous slurry suitable for wet AD and to ensure the quality of the digestate by
removing unwanted material. Such physical pre-treatment sequences generally include dilution and
homogenisation steps as well as one or more separation steps. Inevitably, a reject fraction is left
after separation, containing the unwanted materials, but also some fraction of biologically
degradable material, representing a loss of substrate for AD. In Sweden, source separation of FW is
a well-established practice and several methods for physical pre-treatments of FW are available.
The performance of these methods has been examined in numerous investigations and attempts
have been made to establish correlations between pre-treatment methods and performance
indicators (Bernstad et al., 2013; Carlsson et al., 2010; Fransson et al., 2013; Hansen et al., 2007).
Typical performance indicators are the mass distribution between outputs (slurry and refuse),
quality of the slurry, dilution level, energy input and maintenance costs. A need for improving the
separation efficiency of pre-treatment methods to minimize losses of digestible material and
nutrients has been identified (Bernstad et al., 2013). On the other hand, increases in separation
efficiency are associated with increasing risks of compromising the quality of the slurry and
possible increases in required inputs of energy and manpower. Generally, some techniques, such as
screw pressing, are associated with good selectivity of separation, resulting in a highly degradable
slurry with small levels of contaminants, but direction of relatively large fractions of the incoming
waste into the refuse (Bernstad et al., 2013; Hansen et al., 2007). Other techniques that result in
smaller reject fractions are often associated with less selective separation and the risk of impurities
entering the AD process.
The mechanisms involved in FW physical pre-treatment are homogenization (particle size reduction
and possibly solubilisation), dilution and mass-transfer. Size reduction and solubilisation may affect
the degradation rate and extent of the biodegradable material, while homogenization together with
dilution with water or a liquid substrate makes the material pumpable. The dilution level will also
affect the mass transfer of substrate components to either the slurry or reject, which is often
considered the most crucial factor in this type of pre-treatment. The transfer efficiency in the
separation step(s) affects the quantity as well as the quality of the slurry, which constitutes the
actual substrate for AD. According to a Swedish study, the amount of reject generated by pretreatment may range from around 5 to 45 % of incoming material (Bernstad et al., 2013). However,
the quantities of reject and slurry are only relevant in combination with details regarding their
quality, i.e. information about the nature and relative proportions of components that have been
transferred to them. Descriptions of heterogeneous FW are often based on its composition of
material fractions that can be distinguished by ocular sorting analyses, such as those described in
Paper C. After pre-treatment, the distribution of these fractions can no longer be identified, but the
initial composition can be used for theoretical calculations of the potentials and limitations of the
pre-treatment efficiency. Calculations based on the waste described in Paper C in combination with
assumed transfer efficiencies (Table 3) and knowledge of the composition of each of the fractions
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reveal that the lower limit of TS diverted to reject in the focal plant, without contaminating the
slurry, is 10% of incoming TS (Paper C).
Table 3. Refuse amounts, and mass transfer coefficients (derived from shares of initial TS recovered in the slurry)
obtained from pre-treatment of the FW, and resulting methane potential of the slurry relative to the initial amount of
FW, under scenarios described in Paper C. Values based on a simplified approach assuming all non-degradable
contaminants are removed. Fractions assumed to be biodegradable are highlighted in grey.
Scenario:
Refuse amount
(% of TS)
Mass transfer of material
fraction to slurry (%)
Vegetable food waste
Animal food waste
Kitchen towels
Yard waste. flowers
Dirty paper
Dirty cardboard
Paper and cardboard
containers
Animal excrements and
bedding
Soft plastics
Hard plastics
Clear glass
Al foil and containers
Other metal
Stones
Ceramics
Cat litter
Textiles
Other combustibles
Methane potential
(Nm3/ton FW)

80 ref

70

90

20

30

10

97
97
80
75
80
50

85
85
70
65
70
44

100
100
100
100
100
100

50

44

100

75

65

100

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

143

126

161

Each of the material fractions listed in Table 3 is composed of diverse (bio)chemical compounds
with varying properties that influence their propensity to transfer to specific pre-treatment outputs,
depending on the separation mechanism. Thus, different waste components, such as nutrients, fibres
and inorganic compounds, are distributed differently between slurry and reject (Bernstad et al.,
2013; T L Hansen et al., 2007) and their distribution will affect the methane potential, nutrient
composition and contaminants of the slurry. In the study reported in Paper B, the FW was
characterized based on its biochemical constituents, such as proteins, lignocellulosic fibres, sugars
and fats, and the mass transfer in the pre-treatment was also described based on these constituents.
The composition and methane potentials of slurry and refuse from two Swedish pre-treatment
facilities, designated A and B, are illustrated in Fig. 5. In both cases the refuse contained, in
addition to plastics and other contaminants, more fibres than the slurry, whereas the slurry
contained more soluble/liquid components such as fats and sugars (Paper B). The difference in
distribution of different VS components as well as methane potentials of the slurry and refuse
fractions from plant B indicated good separation selectivity achieved in this plant, which was based
on pulping and screw pressing with a loss to reject of around 20-30% (Paper B, Carlsson et
13

al.,2010). The methane potentials of the refuse and slurry fractions from plant A were quite similar,
even though the composition differed.

Figure 5. Composition and methane potentials of slurry and refuse fractions retrieved from two food waste pretreatment facilities, designated A and B (Paper B).

Substantial amounts of digestible material, and hence up to 45% of the incoming methane potential,
may be lost in the refuse fraction. In a pre-treatment with high selectivity, the most degradable
material with highest methane potential is diverted to the slurry, and the losses may be around 1625% of the methane potential. Very low reported losses to refuse of around 5% of the incoming
material (Bernstad et al., 2013) are probably associated with significant contamination of the slurry
since contaminants may represent around 10 % of the TS in the incoming FW.
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2.4 Case study – Thermal pre-treatment of excess sludge from WWT plants
Excess sludge from biological WWT processes is abundant, presents substantial disposal problems
and is generally considered poorly degradable (Parkin and Owen, 1986). Thus, there have been
more intense efforts to improve its degradability by pre-treatment than for any other substrate
category. The main types of pre-treatment applied have been thermal and ultrasonic, although all
types have been tested on this substrate (Paper A), and thermal treatment was early recognised as
having potential to improve sludge AD (Haug et al., 1978; Gossett and Belser, 1982). Several
comparisons of multiple pre-treatments have shown they have complex effects on excess sludge,
depending on both the mechanisms and energy inputs involved (Paper A). In addition, the pretreatment effects are highly dependent on the initial biodegradability of the sludge, which in turn
depends on the process that generated it, particularly the retention time of particles (solids retention
time, SRT) in the preceding aerobic treatment process (Fig. 6), for the following reasons:
Wastewater contains organic material in particulate and soluble form, of which particulates are
often partly separated before the biological treatment and removed as primary sludge. In the aerobic
biological WWT process, the degradable fractions of the remaining particles are hydrolysed, to
varying degrees, into soluble compounds and the soluble organic material in the wastewater can
either be oxidized into CO2 or converted into particulate form by adsorption, assimilation and/or
storage-related processes. These particulates can then be further degraded and thus stabilized in the
aerobic process. The excess sludge removed from the biological process is thus a mixture of nondegradable influent particles (Xi), active biomass (Xb), stabilised biomass or endogenous residue
(Xp) (Gossett and Belser, 1982) and, in some cases some remaining influent degradable particles
(Xs). The biodegradability of excess sludge is strongly correlated to the SRT, i.e. the time that the
particles are retained in the biological process, and thus being aerobically degraded. There are two
main consequences of prolonging sludge retention on its degradability: more Xp is formed from
degraded Xb and less excess sludge is produced, so more of the total biomass is composed of Xi.

Figure 6. Calculated and experimental methane potential and operational methane yield (in continuous AD at 15 days
HRT) from biological excess sludge samples recorded in lab-scale AS trials, with synthetic wastewater without
incoming particles and varied SRT (5 d, 15 d and 30 d), by Gossett and Belser (1982) and from full-scale plants with
indicated configurations (HRAS=1.5 d SRT, LRAS=extended aeration, MBBR=moving bed biofilm reactor) from the
study presented in Paper D.

The mechanisms and kinetics of anaerobic degradation of excess sludge have been extensively
studied (Appels et al., 2008 and references therein). However, most pre-treatment studies do not
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thoroughly describe initial characteristics of the focal sludge, or acknowledge the importance of the
initial biodegradability for the pre-treatment effects. Thus, the diversity of pre-treatment effects
presented in different scientific studies is probably partly due to the variations in sludge
characteristics, especially initial biodegradability. The correlation between sludge solubilisation and
enhancement of its anaerobic biodegradability (BDAn) has also been shown to depend on the initial
BDAn (Bougrier et al., 2008).
In order to assess the BDAn and effects of thermal pre-treatment on sludge from diverse types of
WWT systems, excess sludge samples were collected from selected Swedish full-scale plants in the
study reported in Paper D. Biodegradability assessments of the samples indicated that high rate and
moving bed bioreactor (MBBR) configurations generally yield excess sludge with high BD An and
BDA. In addition, degradation rates in BMP tests were significantly higher for these sludge samples
than for those originating from processes with extended aeration (Paper D). Furthermore, thermal
pre-treatment of excess sludge from a high rate activated sludge process (~1.5 d SRT) had no
significant effect on its degradation despite substantial solubilisation, in sharp contrast to the sludge
from the extended aeration process (Table 4).
Table 4. Results from BMP trials, BDA and BDAn of different sludge samples and, for three samples subjected to thermal
pre-treatment, the resulting effect on solubilisation and biodegradability (Paper D). Samples were collected from four
different wastewater treatment plants (A, B, C and D, respectively) and from different sub-processes of the plants.
Activated sludge (AS) samples from WWTP A and C were collected on two separate occasions (S1 and S2 respectively).
Process types are divided into High-rate Activated Sludge (HAS), Low-rate Activated Sludge (LAS) and Moving Bed
Biofilm Reactor for the whole treatment line (MBBR) and for only nitrogen removal (MBBR_N).
Untreated samples

Pre-treatment effect

BMP

BMP

BDA

BDAN

Solubilisation

Biodegradability

Sludge sample

(Nl CH4/
g CODfed)

(Nl CH4/
g VSfed)

(gBOD7/
gCODfed)

(gCODCH4/
gCODfed)

%
COD

%
Protein

%
BDA

%
BDAN

A_HAS1_S1

0.22

0.37

0.42

0.64

-

-

-

-

A_HAS1_S2

0.23

0.38

0.44

0.65

+41

+55

-18

-2

A_HAS2_S1

0.18

0.30

0.28

0.51

-

-

-

-

A_HAS2_S2

0.22

0.37

0.31

0.62

+41

+51

+4

-6

A_MBBR_N_
S1
B_MBBR_S1

0.22

0.33

0.37

0.62

-

-

-

-

0.22

0.36

0.35

0.63

-

-

-

-

C_LAS_S1

0.16

0.24

0.13

0.45

-

-

-

-

C_LAS_S2

0.17

0.25

0.13

0.48

+35

+43

+145

+31

D_LAS_S1

0.13

0.19

0.18

0.36

-

-

-

-

-: Pre-treatment not applied

The initial BDAn of sludge ranged from around 40% to 65%, based on calculated methane potential
from COD measurements, due to variations in the biological process. Solubilisation induced by
thermal pre-treatment does not seem to be affected by initial degradability, but hydrolysis is not
necessarily rate-limiting for the solids that are solubilised.
2.5 Potentials and challenges at the AD substrate level
Substrate-level assessments by chemical analyses, biological tests and modelling tools can be used
for predicting and describing potential and actual pre-treatment effects on AD substrates. The
potential for improvement may be estimated by the difference between experimental and calculated
methane potential, and the limitations of FW pre-treatment separation efficiency can be established
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from the composition and relative proportions of fractions in the raw material. Comparison of
substrate characteristics before and after pre-treatment may reveal how different pre-treatment
conditions affect the same substrate or how substrates of different characteristics are influenced by a
specific pre-treatment.
However, pre-treatment effects on substrates are complex and not always easy to distinguish; even
identifying appropriate assessment methods and interpreting the results robustly can be far from
straightforward. COD solubilisation is generally used for evaluating pre-treatment efficiency, but
there is no universally accepted definition of what is soluble or how solubilisation should be
expressed. In addition, COD solubilisation poorly characterizes solubilisation of specific substrate
components that may ultimately impact AD performance, since the particles that are solubilized do
not necessarily represent a hydrolytic barrier. Furthermore, solubilisation may be accompanied by
formation of refractory compounds which cannot be distinguished from compounds with
contrasting properties simply by COD analysis.
Implementation and interpretation challenges are also associated with BMP tests for evaluating
impacts on biodegradability and hydrolysis rates, due to the biological nature of the tests and batch
dynamics as well as inconsistencies in their application and interpretation (Carlsson and Schnürer,
2011). The two main problems in this context concern the test duration and organic loading. If a
BMP test is conducted for a pre-defined time, as often suggested (Owen et al., 1979; VDI, 2006;
Hansen et al., 2004), the substrate may not be completely degraded. Furthermore, in the defined
time, the yield of methane from pre-treated samples may be higher than the yield measured from
corresponding untreated samples, although ultimately the yield from both sets of samples would be
the same. In such cases, enhancement of degradation rates may be confused with enhancement of
biodegradability. In contrast, if the test mixtures are highly loaded with respect to substrate
concentration or ISR, the pre-treatment could cause inhibition of methanogens due to volatile fatty
acid (VFA) accumulation. This could result in apparent reductions in both biodegradability and
digestion rates.
Furthermore, predicting effects of substrate-level pre-treatments on methane yield is complicated by
the complex relationships between substrate characteristics and specific AD process parameters. In
addition to the possible formation of inhibitory compounds, increases in solubilised COD resulting
from pre-treatment, if not inhibitory per se, may increase the methanogens’ organic loading and
overload the AD system (Izumi et al., 2010). Thus, the hydrolysis step can “protect” the
methanogenic step from overload under specific process conditions. The changes in substrate
characteristics will also affect environmental conditions in the digester, and thus potentially the
microflora. For example, the ammonia concentration in the anaerobic digester will be significantly
higher than otherwise if sewage sludge is dewatered and thermally pre-treated. This may have
important consequences as high concentrations of ammonia inhibit acetogenic methanogenesis and
favour syntrophic acetate oxidation, which is a very slow degradation process requiring long
retention times (Schnürer and Nordberg, 2008). Modelling tools can be used to simulate the results
of a continuous AD process based on substrate characteristics. For example, Phothilangka et al.
(2008) used anaerobic digestion model no 1 (ADM1) to model effects of thermal pre-treatment of
excess sludge after some necessary adjustments, including introduction of the Xp variable
representing the target fraction of excess sludge. However, to cover all effects on the AD process
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and associated mass and energy balances the assessment boundaries need to be broadened to (at
least) the local AD system level.
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3 Pre-treatment impacts at a local AD system level
To implement pre-treatments rationally in specific AD systems their overall impact on the local AD
system, including the AD reactor and associated upstream and downstream processes (Fig. 7) must
be considered. This is because the resulting changes in the AD process performance will change the
quantity and quality of outputs from the AD process, which will affect the associated upstream and
downstream processes, at the cost of energy inputs for the pre-treatment. Evaluations at this level
may focus either on inputs and outputs of mass and energy or local economic aspects.

Figure 7. Schematic diagram of a local AD system including potential inputs and outputs (ellipses; dotted lines indicates
outputs that require further treatment) and upstream and downstream processes (rectangles).

3.1 Assessment of pre-treatment impacts at a local system level
In order to assess pre-treatment effects on a local AD system level, the concept of process
performance needs to be well-defined as well as how changes in process performance may
influence upstream and downstream processes and the associated mass and energy balances.
3.1.1 Performance of the AD process
The operational performance of an AD process is related to substrate characteristics and process
conditions, particularly the hydraulic retention time (HRT), organic loading rate (OLR) and
environmental conditions in the digester. The performance is often expressed in terms of 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 (relative to
incoming amounts) and methane productivity (m3 CH4/m3 reactor, day). The operational methane
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yield from a continuous process will normally be a fraction of the experimental methane potential,
the size of which depends on the specific process conditions, i.e. hydraulic retention time (HRT)
and environmental conditions in the digester (Fig. 3).
The substrate modifications induced by pre-treatments may affect the operational methane yield in
several ways. Homogenization/dilution and separation of unwanted material enhance operational
stability and affect the mass transfer. Increases in the degradation rate and/or BDAn may enhance
AD by increasing methane yields and solids reduction under similar operating conditions to those
without pre-treatment or by increasing methane productivity by allowing reductions in HRT without
changing the methane yield.
The approaches commonly used to quantify effects of substrate pre-treatment on AD process
performance include extrapolation from BMP curves (Bougrier et al., 2006) and laboratory- or
pilot-scale continuous AD experiments with appropriate monitoring and analyses (Barr et al., 2008;
Nah et al., 2000; Apul and Sanin, 2010). However, not only the quantities, but also the qualities of
the outputs will be affected by the pre-treatment. Specifically, changes in the substrate’s degree of
degradation and its overall characteristics will also affect the physical and chemical properties of
the digestate. Notably, reductions in mean particle size generally impair dewaterability, while
increases in particle size and/or the release of bound and intracellular water generally improve it
(Bougrier et al., 2006; Chu et al., 2001; Neyens and Baeyens, 2003; Pilli et al., 2014). The
composition of the liquid fraction of the digestate will also change due to the production of
refractory or inhibitory compounds by pre-treatment and release of additional nutrients resulting
from enhanced degradation. Finally, many pre-treatments may also reduce populations of
pathogens, thereby hygienising the material (Carballa et al., 2009; Müller, 2001, Paper A).
Most pre-treatment studies consider the additional biogas produced or reductions in the digestate’s
solids contents induced by the pre-treatments. However, in order to assess the performance of a
local AD system, these results must be put into context, including the required inputs as well as the
other associated effects on individual sub-processes, which are not considered as often (Paper A).
3.1.2 Mass and energy balance
A thorough assessment of the mass and energy balance is crucial for determining the usefulness of a
pre-treatment in a specific system, regardless of whether the aim is to increase the net generation of
valuable energy carriers, reduce the amount of digestate for disposal or some other goal. From a
thermodynamic perspective, the organic matter in the substrate represents chemically stored energy.
However, the general approach is to describe the mass flow of organic matter in terms of TS, VS or
COD (total or particulate) in the substrate and digestate in combination with the inputs of electrical
and thermal energy and the output of biogas/methane (as volumetric flow or energy equivalents)
and/or electrical and thermal energy from biogas CHP systems.
In the energy analysis, the excess energy produced as a result of the pre-treatment can then be
weighed against the extra energy required to apply the pre-treatment. Such energy balance analysis
has been used for identifying means to improve energy efficiency of AD processes, 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 can also be used to calculate the
excess energy output required from the digester to balance a specific pre-treatment energy input,
and hence assess the probability of a positive energy balance before experimental explorations.
20

Different types of energy carriers are not always distinguished in energy balances. However,
differences in the market values of thermal and electrical energy, and their associated environmental
burdens, should be considered when evaluating possible pre-treatments. While thermal pretreatments require thermal energy, ultrasound, other mechanical, freeze/thaw, PEF and MW pretreatments require electrical energy, and WO requires both types of energy (Müller, 2000; Wett et
al., 2010). An attractive feature of thermal pre-treatments is that they offer opportunities for energy
recovery through steam reuse and heat exchangers, and efficient reuse of heat energy is often
essential for a positive energy balance.
When biogas is used for CHP generation, the most valuable, and sometimes only useful, energy
carrier output is the electrical energy. In such cases, the energy balance is generally solely based on
the electrical energy output and the waste heat from CHP plants can be used for pre-treatment,
without impairing the energy balance. Since the heating is generally performed by direct steam
injection, only the high-grade waste heat is potentially used, representing around 25 % of the energy
contained in the biogas, to produce steam at around 64 % efficiency (Pérez-Elvira and Fdz-Polanco,
2012).
The mass balances of organic matter and nutrients strongly influence both the quantity and quality
of digestate. High solids reduction is associated with low solid contents in the digestate, but also
high degrees of nutrient mineralisation. Changes in the liquid fraction of the digestate may also be
important for the AD system. Refractory or inhibitory compounds produced by pre-treatment,
together with additionally released nutrients resulting from enhanced degradation, will remain in the
digestate. In AD of WWTP residues, these will be recirculated to the WWTP, increasing energy and
chemical demands for treatment as well as possibly impairing effluent quality (Barjenbruch and
Kopplow, 2003; Bougrier et al., 2007; Gossett et al., 1982). If the digestate is used as a fertilizer,
effects of the digestate’s properties on the fertilizer value must also be considered, and the potential
hygienisation of the material may also be important. The dewatering properties of the digestate may
influence required energy and chemical inputs for the dewatering process.
Results of energy and mass balance analyses provide rational foundations for deciding whether a
pre-treatment is useful or not in a specific system.
Generally, on a local level the considered options could be weighed based on local costs and
incomes. However, other aspects related to political decisions and policies may also be crucial.
3.1.3 Local economic aspects
In specific systems, values of components of the mass and energy balances may vary, depending on
local conditions. Important factors are the prices of heat and electricity, income from biogas and
cost of sludge disposal. Dewatering and disposal of digestate are considered two of the main
economic factors in WWTP operations, jointly accounting for up to 50 % of the total operating
costs (Appels et al., 2008; Mikkelsen and Keiding, 2002). Therefore, decreasing the amount of
solids and improving dewaterability of the digestate are factors of major importance for WWTP
economy.
Two other important factors are the investment and operating costs of the pre-treatment equipment,
for which there may be a trade-off. For example, selecting very efficient heat exchangers will
reduce operating costs of thermal pre-treatment but increase investment costs.
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3.2 Case study – Wastewater treatment plant with thermal pre-treatment
As already mentioned, pre-treatment of WWT excess sludge has been widely studied and may
enhance the substrate degradability and/or hydrolysis rates (Paper A). However, it is important to
consider the pre-treatment of sludge within the context of the WWT plant, since the WW treatment
line can be considered as an upstream as well as a downstream process to the sludge AD. This is
because excess sludge properties depend on the configuration of the biological WWT processes and
the reject water from digested sludge dewatering is returned to the WWT process (Fig. 8).

Figure 8. Schematic diagram of a WWT and AD system with pre-treatment and potential energy integration.

It has long been known that activated sludge treatments with short SRT yield excess sludge with
relatively high degradability (Gossett and Belser, 1982). However, interest in this phenomenon has
increased recently as energy and resource efficiency is becoming increasingly important (Ge et al.,
2013). It has been suggested that a change in operation focused on minimising the oxidation in the
treatment line by significantly reducing SRT may possibly make WWT plants self-sufficient in
energy (Garrido et al., 2013). On the other hand, sludge pre-treatment is most beneficial when the
excess sludge is stabilised by oxidation. Thus, these contrasting strategies for improving the energy
balance of WWT systems warrant careful comparison, with consideration of potential energy
integration options.
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Such a comparison was performed in the study reported in Paper D, by applying the thermodynamic
approach suggested by Nowak (2003) to calculate the energy required for biological carbon and
nitrogen removal in WWT plants integrated in three studied systems illustrated in Fig. 9:
Reference (Ref) system: Biological carbon and nitrogen removal focusing on
maximizing treatment efficiency, without considering energy recovery.
Pre-treatment (PT) system: Keeping WWT set-up of the Ref system but adding
thermal pre-treatment of excess sludge to maximize the methane yield from sludge.
Low oxidation (LoOx) system: Changing WWT set-up to minimize oxygen inputs
by implementation of high rate (short SRT) carbon removal and autotrophic nitrogen
removal.

Figure 9. Schematic diagrams of the compared systems with mass flows of COD and N, and required oxygen inputs
(OU), in grams per population equivalent per day (g/PE,d) (Paper D).

Energy and COD mass balance results are illustrated in Figs. 9 and 10, and Table 5.
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Table 5. Comparison of WWT systems in terms of oxygen demand (for C removal, and N removal), methane
production (as COD per unit COD removed and per unit COD fed to AD) and COD left as digestate. CODrem refers to
the total COD removal over the total WWT system (COD influent-COD effluent), which is 105 g COD/PE,d
(population equivalent.day). 40% PS refers to the systems with 40% of incoming COD removed in primary separation
and no PS refers to the systems without primary separation.

TotalO2 demand
OUc
OUN
Methane COD

Ref
40%
PS
0.57
0.36
0.20
0.35

0.79
0.59
0.20
0.13

PT
40% PS no
PS
0.57
0.79
0.36
0.59
0.21
0.20
0.39
0.21

LoOx
40%
PS
0.42
0.31
0.12
0.41

Methane COD

0.55

0.32

0.61

0.51

0.59

0.48

COD left in
digestate

0.29

0.28

0.25

0.20

0.29

0.28

no PS

Units
no PS
0.58
0.47
0.12
0.26

gO2/gCODrem
gO2/gCODrem
gO2/gCODrem
gCOD/gCODrem
gCOD/sludge
CODfed to AD
gO2/gCODrem

Figure 10. Energy balances of the three compared WWT systems. (A) Required inputs (negative values) and outputs
(positive values) of energy carriers in each WWT system in Scenario 1 with and without primary separation (40% COD
efficiency). Black bars represent electricity inputs for aeration, grey bars represent methane outputs from AD and
striped bars represent steam inputs for thermal pre-treatment of biological excess sludge. (B) Net electricity (black bars)
and pre-treatment steam requirements (striped bars) of each WWT system in Scenario 2 with and without primary
separation (40% COD efficiency). Negative, zero and positive values respectively indicate requirements for additional
inputs to the system, self-sufficiency and generation of excess energy carriers by the system. See text for descriptions of
Scenarios 1 and 2.
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In the Ref system, about two thirds of the total sludge COD for AD came from primary sludge and
the rest from biological excess sludge with poor degradability. In the PT system, the quantity of
sludge going to AD was the same, but the degradability of the excess sludge was higher due to the
pre-treatment. In the LoOx system, the excess sludge production was 30% higher than in the other
systems, due to the lower oxidation and most of the sludge has similar BDAn as pre-treated sludge
due to the low degree of stabilisation (Fig. 10). Both improvement strategies resulted in higher
yields of methane from both the COD removed from the wastewater and COD treated in AD (Table
4). The LoOx system performed slightly better, based on total COD removal and had significantly
lower oxygen requirements for both carbon and nitrogen removal, whereas the PT system
performed best based solely on AD and left the least COD as digestate. The primary separation was
an important factor for attaining high methane yields from the total COD removed, and without
primary separation in the Ref system this yield was reduced by 62% (Table 4). The corresponding
PT and LoOx systems also had lower methane yields, but the increases in yields, relative to the Ref
system, were higher. Thus, a system with less efficient primary separation has higher potential for
improvement.
In the energy analysis, two scenarios of biogas utilisation were considered: Scenario 1 based on
biogas delivered to an upgrading plant with subsequent use as vehicle fuel or as other natural gas
equivalents outside the plant, and Scenario 2 based on CHP production at the plant and electricity
delivered to the grid (Fig. 8). In Scenario 1, all the produced methane is a useful energy output of
the system and the heat and electricity needed internally are generated elsewhere, whereas in
Scenario 2 only the net electricity generated is considered a useful energy output and the heat and
electricity needed internally are provided by the biogas via the CHP plant. Thus, in Scenario 1,
three energy carriers (steam, electricity and methane) are considered (Fig. 10A) and although net
energy use or generation values could be calculated, it is more beneficial to analyse the influence of
each carrier’s use or generation in terms of economic value or, in an expanded system,
environmental impacts such as global warming potential. In scenario 2, net electricity production
and steam input requirements for pre-treatment can be calculated (Fig. 10B). The results show that
in the PT system with high primary separation there is significant surplus electricity, and no
additional input requirement for thermal pre-treatment. In contrast, in the PT system with no
primary separation the electricity produced from biogas cannot meet requirements for aeration and
additional steam is required for pre-treatment.
The most obvious advantage of thermal pre-treatment of biological excess sludge is in a system
with extended aeration in the wastewater treatment line and biogas CHP production, if there is no
potential external use of the heat (although the potential economic advantages of establishing
enterprises to exploit the available heat could also be considered). In such cases it is possible to
increase net electricity generation and reduce digestate COD without incurring any input energy
“costs”. In a system where all biogas produced can be used, the inputs and outputs of different
energy carriers need to be valued based on their economic and environmental effects in each
specific case. Minimizing the oxidation of organic material and oxygen requirements for nitrogen
removal in the wastewater treatment line offers potential for simultaneous energy savings and
recovery, and in such systems pre-treatment of sludge makes less sense from an energy perspective.
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3.3 Potentials and challenges at the local AD system level
Local AD system-level effects of pre-treatments may be revealed by various types of practical tests
and calculated mass and energy balances based on the results. The acquired information can be used
to assess the feasibility of pre-treatments from an energy perspective. All of the energy inputs and
outputs considered, as well as specific mass balance effects, can be weighed according to their
economic value in the specific system. However, assessment at this level is associated with
challenges related to the generalisation of test results and the inability to account for environmental
impacts.
The impact of pre-treatment on process performance is often based on extrapolation from BMP
curves. Batch tests do not simulate the operation of real systems, as emphasised for instance by
Owen et al. (1979), but they may be useful for identifying important variables and optimizing
planned continuous tests. Several variables can be investigated and the more promising conditions
screened for more detailed studies. Thus, the tests are suitable for fine-tuning pre-treatment settings
or choosing the most appropriate pre-treatment for a particular substrate before undertaking more
time-consuming continuous tests. Continuous laboratory- and pilot-scale tests provide information
about actual process performance including composition of the digestate. However, performance
data from a specific AD process are inevitably tied to the configuration and operating conditions
chosen. In most continuous studies specific sets of operational settings have been tested, with HRTs
ranging from 8 days (Tiehm et al., 2001) to 20 days (Bougrier et al., 2007), thus possibly reflecting
different aspects of process performance (Paper A).
Information regarding energy requirements for specific pre-treatments is not always easy to obtain.
In laboratory studies practical aspects such as energy recovery are not normally considered, and
commercial information regarding energy inputs may be difficult to acquire and standardize, as
noted by Cano et al. (2015). Thermal pre-treatment evaluations are often discussed within the
context of CHP production and energy integration is presumed. These energy balances are often not
sufficiently transparent for application to other AD systems. A significant fraction of the heat
generated in CHP production is often needed to produce the required steam and in a system where
biogas is used for vehicle fuel, this would probably not correspond to a positive energy balance.
However, there are differences in both the value of different energy carriers (such as electricity,
heat and bio-methane) and the environmental impacts associated with their use and generation.
Analysis of the local AD system can account for costs and incomes associated with the specific
system, but in order to include environmental costs as well as financial costs in a wider context,
more comprehensive systems analysis is needed, including aspects of the surrounding systems. This
also enables the inclusion of impacts related to use of digestate and reject from FW pre-treatment.

26

4 Pre-treatment impacts at an expanded AD system level
The environmental impacts and financial costs of AD systems are related to processes outside the
local AD system, such as generation of district heating energy, electricity, vehicle fuel and fertilizer,
which is included in the expanded AD system. Thus, in addition to the mass and energy balances of
the local AD system, an analysis of the broader system in which it is incorporated should include
consideration of how the inputs are generated, the associated emissions, uses of the outputs and
what they are replacing. The focus may be on financial costs or particular environmental impact
factors, such as global warming potential (GWP), eutrophication, abiotic resource depletion and
acidification (Carballa et al., 2011).

Figure 11. Schematic diagram of an expanded AD system.

4.1 Assessment of pre-treatment impacts at an expanded AD system level
The expanded AD system includes the local AD system and all other important technical systems.
To describe the complex interactions involved it is essential to use appropriate tools and to analyse
the impacts within appropriate and well-defined system boundaries.
4.1.1 Consequential life cycle assessment approach
The most commonly used tool for assessing environmental impacts is Life cycle assessment (LCA),
a standardised approach (ISO 2006a, b) for describing environmental impacts of products and
systems throughout their life cycle (Ekvall et al., 2007). LCA has been commonly used to evaluate
different options for collecting and treating waste and sludge, and to establish relationships between
AD performance parameters and associated environmental and/or economic impacts (Bernstad et
al., 2011; Börjesson and Berglund, 2007; Mills et al., 2014). However, to date only a few LCA
studies of AD systems involving pre-treatment have been published (Paper B, Paper C, Carballa et
al., 2011, Bernstad and la Cour Jansen, 2012a, Gianico et al., 2015).
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The optimal approach for pre-treatment assessment is a variant called consequential LCA, which
focuses on environmental consequences of changes in the system. The actual technologies affected
by changes in the system, i.e. the “marginal technologies”, need to be identified and used in such an
assessment (Weidema et al., 1999). It also requires the definition of a functional unit, i.e. object of
the specific study, for example treatment of a specified amount of substrate or production of a
specified amount of biogas. Furthermore, system boundaries, processes involved, emissions and
resource information (inventory data), impact categories and the allocation method need to be
established. For this, system expansion is generally used, which means that the AD system is
credited for changes in a compensatory system, which covers conventional production of the
functions provided by the outputs from the local AD system (Fig. 11) (Paper B). Assumptions and
simplifications must be made in all LCAs (Bernstad & la Cour Jansen, 2012b) and their importance
should be tested using sensitivity analyses.
The complexity of the evaluated systems often necessitates use of computer-based models, such as
EASEWASTE (Christensen et al., 2007) and ORWARE (Eriksson et al., 2005), which have been
used for LCA of municipal solid waste management.
4.1.2 Framework conditions/System boundaries
Every waste management system is associated with specific framework conditions, i.e. the relevant
technology level, political/economic incentives, infrastructure, energy system(s) and other
surrounding systems. In the framework of an AD process the biogas utilization scheme is critical
and depends on national incentives, e.g. it is primarily oriented towards vehicle fuel production in
Sweden and CHP production in Denmark. Another key factor is the energy system, with respect to
sources of electricity and heat supply (Bernstad et al., 2011; Fruergaard et al., 2009; Mathiesen et
al., 2009). It should be noted that the frameworks are not static, but dynamic and may change with
time.
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4.2 Case study – The waste and energy system with pre-treatment
Generally, few LCAs of FW management systems have considered pre-treatments with respect to
input energy, loss of organic material and nutrients for AD and/or further treatment of the refuse
(Bernstad and la Cour Jansen, 2012b). However, it is important to investigate the environmental
impacts of variations in their efficiency and the possible consequences for AD systems. Therefore,
the work underlying this thesis included a case study focused on these aspects under Swedish
conditions using the ORWARE model (Paper B) and a broader study using the EASETECH model
(Paper C).
The Swedish case study performed with ORWARE suggested that although slightly more energy is
used when more TS is digested as slurry, it is beneficial in terms of GWP and economic parameters,
as long as the slurry quality can be maintained. However, the outcome was highly sensitive to
assumptions about the associated marginal electricity, which is a complex marginal technology, as
defined by Mathiesen et al. (2009), according to simulation-based energy systems analysis (Paper
B). Conflicting conclusions were reached in a Danish case study, using a different approach for
modelling marginal energy, with different assumed use of the biogas (Naroznova et al., 2013).
Therefore, a study was undertaken to investigate how FW pre-treatment efficiency impacts the
environmental performance of waste management, in terms of global warming potential (GWP),
within framework conditions that were varied with respect to biogas utilization and energy system
to represent cases covering different geographical regions and/or time-frames (Table 6). The main
results are illustrated in Fig. 12.
Table 6: Selected framework conditions for the scenarios based on biogas utilisation, marginal electricity source and
access to district heating
Biogas utilization

Marginal electricity: coal
District heating: yes
Marginal electricity: coal
District heating: no
Marginal electricity: natural gas
District heating: yes
Marginal electricity : wind power
District heating: yes

Vehicle
fuel

CHP

A1

B1

A2

B2

A3

B3

A4

B4

A reference scenario was defined, where 80% of the FW TS was diverted to refuse, and two
scenarios were considered, designated 70% and 90%, in which 10% more and less TS, respectively,
was diverted to refuse than in the reference scenario. The refuse contains more biodegradable
matter in the 70% scenario than in the reference scenario, whereas in the 90% scenario the refuse
does not contain any biodegradable matter, as all of it enters the slurry (Table 3). The resulting net
changes in GWP savings are most pronounced in framework A1, where the biogas is used for
vehicle fuel and the electricity from refuse replaces marginal coal. In this framework, the GWP
savings from refuse incineration far exceed the corresponding benefits from replacing diesel and
mineral fertilizer. In the other two frameworks, where biogas is used as vehicle fuel and marginal
electricity is fossil fuel-based (A2-coal/no district heating and A3-natural gas), changes in savings
are less important, but still decrease when less refuse is produced. Savings increase when less refuse
is produced only in the final vehicle fuel framework (A4), where the marginal electricity considered
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Figure 12. Changes in GWP savings, expressed as savings in the reference scenario minus savings in the scenarios with
more (90%) or less (70%) TS going to slurry, respectively. As savings are represented by negative values, a positive
value for a net change indicates that the alternative scenario is better than the reference (baseline, zero) scenario.
Circled numbers are the net savings. Illustrative results from Paper C.
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is generated from carbon-lean wind power. In all three of these frameworks (A2-4), the savings
attributed to biogas utilization remain the same as in framework A1, whereas the savings from
reject utilization are smaller due to changes in assumptions regarding heat and electricity
substitution (Fig. 12).
In frameworks B1-4, only the changes in savings attributed to biogas use differ from those in
frameworks A1-4. When biogas is used for CHP production, the same energy carriers are
substituted in biogas and refuse utilization, which reduces effects of the framework conditions on
the net results. The net changes of GWP savings due to 10% more or less TS being diverted to
refuse are quite small, but the contributions from refuse and biogas utilization are large and
counteractive (Fig. 12).
In summary, changes in pre-treatment efficiencies can have relatively large effects on the GWP
savings associated with specific sub-processes of the FW management system, but the net impact is
generally weaker as the effects are counteractive. This is especially true when biogas and refuse are
substituting the same energy carriers, conversion efficiencies are high and slurry quality is
sufficiently good to enable use of digestate on land. However, changes in assumptions about
methane potential and energy conversion efficiencies may flip the balance. So, in most cases where
electricity and heat from incineration can be used, the variations in GWP due to changes in pretreatment efficiency are generally small. Thus, the selection of a pre-treatment system could be
largely based on other environmental, economic and practicality factors, with little risk of seriously
compromising GWP savings. It should also be noted that generally in FW systems, the motive for
biological treatment is that it enables the use of the nutrients in the substrate, since incineration of
mixed waste is an energetically viable option. It may therefore be more important to focus on robust
pre-treatment methods that ensure the production of high quality digestate than to ensure that losses
of organic material are very low, at least from an environmental point of view.
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4.3 Potentials and challenges at the expanded AD system level
Assessment of expanded system-level pre-treatment effects allows analysts to account for
environmental costs of use and generation of different energy carriers, and consider a local AD
system in integrated contexts of more comprehensive technical systems, such as local, regional or
national waste and energy systems. Such assessment is sensitive to assumptions regarding technical
aspects and framework conditions. However, if the LCA is transparent it can be useful for
identifying the most important aspects of the system (in terms of selected parameters or objectives)
and thus which systems could potentially be improved by specific pre-treatments.
LCA studies reveal that even if energy balances and nutrient recovery rates remain the same,
changes in environmental impact due to pre-treatment may significantly differ under different
assumptions and frameworks. When biogas is used as vehicle fuel and refuse is incinerated, benefits
of replacing carbon-intense electricity from refuse incineration may outweigh GWP avoidance from
replacing fossil fuels and mineral fertilizers (Fig. 12). In such cases, LCA results may seem to
conflict with Swedish policies promoting use of biogas as a vehicle fuel rather than for electricity
production. However, in this scenario there is a large difference between the environmental impacts
of average mix and marginal electricity, and the results are sensitive to both the assumptions and the
approach for modelling marginal energy, which must be guided by the focal concerns and
timeframe of the study.
A complicating factor of expanded system assessment is that deciding the appropriate marginal
energy sources and costs to use in LCA is far from straightforward. A dynamic tool may provide
better predictions and simulations of “real” scenarios based on market changes, but the results may
be difficult to compare to outcomes of other studies because of the lack of transparency and rarity
of this approach.
Under assumptions stated and scenarios considered in Paper B, changes in electricity consumption
in the AD pre-treatment have minor effects on the plant and system’s financial parameters, but
substantial effects on GHG emissions. Thus, if associated process improvements are accompanied
by a higher input of electrical energy, there is a risk of sub-optimising the system with respect to
GHG emissions. Trade-offs between different environmental aspects or between environmental and
economic aspects need to be addressed with specific tools or based on policies and regulations. The
LCA approach can also be applied in “backwards” calculations to estimate the minimum pretreatment effect required to obtain an environmental improvement.
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5 Conclusions
The energetic, environmental and/or economic efficiency of an anaerobic digestion (AD) system
may be improved by incorporation of pre-treatment under specific circumstances, determined by
substrate traits and system conditions.
Different substrate traits represent different types and degrees of limitations to optimal AD
performance that can be met by different pre-treatment mechanisms. Most importantly, potential
mechanical problems must be handled by dilution and/or homogenisation and unwanted
components, as generally found in source-sorted food waste from households (FW), must be
separated. These traits may hinder the actual operation of AD and the potential for recovery of
nutrients, which is often the motivation for biological waste treatment. When these practical barriers
are overcome, pre-treatment focus may be directed towards maximizing the conversion of organic
material to biogas, which is potentially limited by the rate and/or extent of hydrolysis.
Lignocellulosic structures and aerobically stabilised biological sludge represent significant barriers
to hydrolysis, which can be overcome by pre-treatment-induced solubilisation. Some particulates
are merely hydrolysis-limited by their size, which can be reduced by specific pre-treatments.
Finally, substrates may contain non-biodegradable organic compounds, which need to be
chemically transformed in order to be converted to biogas. The substrates considered for AD
incorporate these traits in varying degrees and even among substrates of the same category, such as
plant material and excess sludge from wastewater treatment (WWT), the potential effect of pretreatments may vary considerably.
Overcoming the substrate barriers via pre-treatment may potentially improve the AD system by
enhancing operational stability, increasing methane yields and solids reduction under similar
operating conditions to those without pre-treatment or by increasing methane productivity by
allowing reductions in hydraulic retention time without changing the methane yield. However, the
required inputs as well as the associated effects on related sub-processes must also be considered.
The ultimate usefulness of a pre-treatment in a specific system is determined by the mass- and
energy balance and the associated financial or environmental costs/values of inputs and outputs.
Specifically;




Thermal pre-treatment of excess sludge may significantly improve WWT systems.
Conditions that render pre-treatment useful include: low initial degradability of sludge,
CHP production from biogas with high value of electricity and low value of the waste heat
and high cost for solids disposal.
Pre-treatment is a necessary part of AD systems treating FW. Improved efficiency of pretreatment in such systems, characterized by decreased losses of digestible material, always
leads to increased biogas production, but not necessarily overall improvement of the
system. Systems with most potential for improvement are characterised by high value of
AD products in relation to outputs from utilization of the rejected fraction. In most systems
it may be more important to focus on robust pre-treatment methods that ensure the
production of high quality digestate, than to ensure that losses of organic material are very
low.
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The accuracy and applicability of pre-treatment impact assessment is challenged by method
limitations and lack of transparency. A common measure of the pre-treatment effects is COD
solubilisation, but the interpretation is complicated by the application of different measurement
approaches. In addition, solubilisation of COD as a result of pre-treatment does not necessarily
translate into increases in operational methane yields. This is due to potential formation of
refractory compounds and the fact that hydrolysis is not necessarily rate limiting for all particulates.
Pre-treatments’ effects on biodegradability and degradation rates can be better assessed by BMP
tests, provided that the test conditions are appropriate and the tests’ limitations are properly
considered. However, extrapolation of BMP results to continuous processes is complicated by the
batch mode of the tests. On the other hand, results from continuous trials allow assessments of
methane yields in practical systems and the digestate’s physico-chemical properties, but are
inevitably tied to the specific process conditions tested. Thus, results from multiple experimental
conditions, possibly strengthened by computer simulations, are necessary for generalisations of pretreatment effects on AD process performance.
The assessment of pre-treatment impact on the AD system is complicated by multiple types of
inputs/outputs including different energy carriers and nutrients that have to be properly valued in
their specific context. Biogas utilization for CHP allows for energy integration of pre-treatment and
straightforward energy balance considerations. When biogas is used as vehicle fuel, the impacts
expand across the energy system, and thus the appropriate system barriers need to be identified and
used.
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6 Outlook and recommendations
Pre-treatment effects expand from micro to macro scale and they are all important to consider.
Many studies have a narrow focus considering only the substrate-level impacts, which may serve as
valuable input to more comprehensive investigations provided the presented data is relevant. On the
other hand, more comprehensive studies may fail to properly consider the substrate-level effects and
are sensitive to assumptions.
On all levels of pre-treatment assessment, transparency of all aspects, including substrate
characteristics, methods used and assumed process and framework conditions, is essential for robust
determination of needs for pre-treatments, their effects, and the potential applicability of the results
to other systems. Though the final assessment of the usefulness of pre-treatment implementation in
a specific system needs to be determined on a case-basis, “backward” energy balance calculations
may be useful for investigating the feasibility of considered options. Such calculations can provide
important indications, for example of the maximum energy input that can be compensated by a
potential increase in biogas production or the increase required to compensate for a known specific
energy input. The LCA approach can also be used for “backward” investigations of the minimum
pre-treatment effect required to obtain an environmental improvement under specific assumptions.
It would be useful to incorporate LCA in initial R&D phases of methods development. Since
rigorous substrate-level assessment is an important input for an expanded AD system assessment,
such an LCA study should be performed collaboratively by AD and LCA experts. Otherwise, key
contextual elements, and hence conclusions, may be erroneous.
Specifically, WWT systems with thermal pre-treatment and biogas used as vehicle fuel should be
investigated using an LCA approach, and ideally compared to other energy improvement
approaches, including potential changes in digestate uses induced by hygienising effects.
Pre-treatments have the potential to considerably improve AD systems, but their implementation
must to be guided by the actual improvement potential of the specific substrate and valued in their
specific context with respect to process design and framework conditions.
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7 Abbreviations
AD

Anaerobic digestion

BMP

Biochemical methane potential

BOD

Biological oxygen demand

CHP

Combined heat and power

COD

Chemical oxygen demand

CODs

Chemical oxygen demand in the soluble phase

EP

Electroporation (pre-treatment)

FW

Source sorted food waste

GWP

Global warming potential

HRT

Hydraulic retention time

ISR

Inoculum to substrate ratio

LCA

Life cycle assessment

MW

Microwave (pre-treatment)

OLR

Organic loading rate

PEF

Pulsed electric field (PEF)

SRT

Solids retention time

TS

Total solids (% of wet weight)

VF

Vehicle fuel

VFA

Volatile fatty acids

VS

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

WO

Wet oxidation (pre-treatment)

WWT

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

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
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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
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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.
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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

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.,
2009

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

na

+
0

(>100 °C)

0/+

+

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

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

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

+

na

+
na

na

Freeze/thaw
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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
Loss of organic
material
References

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

Organic waste
from
households

Energy crops/
plant
residues

Waste from
food
industry

na
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

0/+

0/+
+

na

na

/0/+

na

0

+
+

na

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

na

+

+
+

na

na

na

na
na

na

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

na

+

+
0

+

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

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

na

+

+
na

+

na

0/+

+
na

na

na

0/+

+
na

na

na

/+

0/+
na

+
0

na

na

0

na

na

+

na
na

na

na

na

na

na

na
na

na
na

na
na

na

na

na

na

na

na
na

na

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

na

/0/+

0/+
+

+

Luste et al.,
2009

na

/+

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

/0/+

na
+
+

na

/0/+

/+

Ma et al.,
2011

+
+

na

na

+
+

na

Hamzawi et al.,
1998

/+

na
+

na

na

na

+
+

na

na

na
na

na

na

na

na
na

na

na

na

na
na

na

Carlsson
et al.,
2008

na

+

0
na

na

/0/+

na

na

na
na

na

na

na

na
na

na

na

na

na
na

(continued on next page)

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

+

+
0

na

Ma et al., 2011

Lissens
et al., 2004

na

na

+

+
na

na

+

0/+

+
0

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

Pre-treatment
effect

0
+
0

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

+
na

+

na

Elbeshbishy et al.,
2011

(<100 °C)

Thermal

+

Ultrasonic

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/+

Other
mechanical

na

/0/+

+
0

na

Microwave

0/+

+
+

0

(>100 °C)

na

na

na
na

na

Ozone/
oxidative

/+

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

na

+
+

0

Alkaline

Chemical (+/ thermal)

/0/+
na

+

+
na

na

Electric
Pulses

Uellendahl
et al., 2007

+

+

+
+

na

Wet
oxidation

na

na

na
na

na

Freeze/thaw

/+ = negative and positive effect have both been

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

na

+

/+

na

Acid

+ = 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.

Manure

Table 2 (continued)
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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
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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.

M. Carlsson et al. / Waste Management 32 (2012) 1634–1650

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).
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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
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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).
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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

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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a b s t r a c t
Several methods for physical pre-treatments of source sorted organic fraction of municipal solid waste
(SSOFMSW) before for anaerobic digestion (AD) are available, with the common feature that they generate
a homogeneous slurry for AD and a dry refuse fraction for incineration. The selection of efﬁcient methods
relies on improved understanding of how the pre-treatment impacts on the separation and on the slurry’s
AD. The aim of this study was to evaluate the impact of the performance of physical pre-treatment of
SSOFMSW on greenhouse-gas (GHG) emissions and on the economy of an AD system including a biogas
plant with supplementary systems for heat and power production in Sweden. Based on the performance
of selected Swedish facilities, as well as chemical analyses and BMP tests of slurry and refuse, the computer-based evaluation tool ORWARE was improved as to accurately describe mass ﬂows through the
physical pre-treatment and anaerobic degradation. The environmental and economic performance of
the evaluated system was inﬂuenced by the TS concentration in the slurry, as well as the distribution of
incoming solids between slurry and refuse. The focus to improve the efﬁciency of these systems should
primarily be directed towards minimising the water addition in the pre-treatment provided that this
slurry can still be efﬁciently digested. Second, the amount of refuse should be minimised, while keeping
a good quality of the slurry. Electricity use/generation has high impact on GHG emissions and the results
of the study are sensitive to assumptions of marginal electricity and of electricity use in the pre-treatment.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Waste management policies and practices in Sweden are prioritized following the waste hierarchy of the European Union’s Directive 2008/98/EC: prevention, preparation for reuse, recycling, other
recovery, notably of energy, and disposal. In this context, the Swedish National Environmental Quality Objectives (Ministry of the
Environment, 2013) are currently directed towards separate collection of food waste from households and restaurants, with the speciﬁc goal to collect 50% and to treat 40% of the collected waste with
recovery of both energy and nutrients by 2018.
Anaerobic digestion (AD) is known to play a key role in the
recovery of energy and nutrients from organic wastes, especially
⇑ Corresponding author at: Waste Science & Technology, Luleå University of
Technology, Luleå, Sweden. Tel.: +46 46 182155; fax: +46 46 133201.
E-mail address: my.carlsson@anoxkaldnes.com (M. Carlsson).
http://dx.doi.org/10.1016/j.wasman.2015.01.010
0956-053X/Ó 2015 Elsevier Ltd. All rights reserved.

in the case of the source-sorted organic fraction of municipal solid
waste (SSOFMSW), which has high anaerobic biodegradability
(Zhang et al., 2007). Nevertheless, the heterogeneous nature of
SSOFMSW with the common occurrence of non-degradable components makes physical pre-treatment, including separation and
homogenisation, necessary before AD. In Sweden, the SSOFMSW
is often pre-treated as to obtain a homogeneous slurry that can
be anaerobically treated in continuously stirred tank reactors
(CSTR). Impurities and large particles end up in a dry refuse fraction, which is normally incinerated.
Several methods for physical pre-treatments of SSOFMSW are
available and their performance have been the subject of numerous investigations (Bernstad et al., 2013; Carlsson et al., 2010;
Fransson et al., 2013; Hansen et al., 2007). Important physical
pre-treatment performance indicators include SSOFMSW dilution
level, the mass distribution between slurry and refuse, quality of
slurry, energy input and maintenance costs. Efforts have been

118

M. Carlsson et al. / Waste Management 38 (2015) 117–125

made to establish correlations between pre-treatment methods
and performance indicators. In general, some techniques, such as
screw presses, are associated with a good selectivity of separation
resulting in a highly degradable slurry with little contaminants, but
directing a larger fraction of the incoming waste into the refuse
(Bernstad et al., 2013; Hansen et al., 2007). Nevertheless, other
techniques that result in less refuse are often associated with less
selective separation and the risk of impurities entering the AD process. Thus, improved SSOFMSW management relies on a better
understanding of how the physical pre-treatment impacts on the
separation and the slurry’s AD so that efﬁcient methods can be
selected (Bernstad et al., 2013).
The improvement in SSOFMSW management from a more
holistic perspective, however, depends not only on the relation
between efﬁciency of physical pre-treatment and biomethane
yields from the slurry, but also on the overall environmental and
economic performance of the pre-treatment-AD system as a whole.
Generally, the environmental impacts and ﬁnancial costs of waste
management are related to processes outside the waste management system, such as generation of district heating, electricity,
vehicle fuel and fertilizer (Eriksson et al., 2005), and they must
therefore be analysed in well-deﬁned systems that are more comprehensive than the pre-treatment-biogas process chain. Life cycle
assessment (LCA) has been commonly used to study different
options for collection and treatment of SSOFMSW and to establish
the relationship between performance parameters of SSOFMSW
AD and associated environmental and/or economic impacts. For
example, different techniques for separate collection of household
food waste with subsequent AD of the organic fraction were compared by Bernstad and la Cour Jansen (2012) using the ISO LCA
approach (ISO 2006a,b), focusing on the impact categories of eutrophication potential (EP), acidiﬁcation potential (AP), global warming potential (GWP) and primary energy use (PEU). A sensitivity
analysis revealed that the losses of organic material in the refuse
from the physical pre-treatment had a large impact on the results.
The complexity of the evaluated systems often necessitates the use
of computer-based models, of which for instance EASEWASTE
(Christensen et al., 2007) and ORWARE (Eriksson et al., 2005) have
been used for LCA in municipal solid waste management. ORWARE
has also been used in a comparative economic evaluation of different waste treatment options, in which case AD of food waste was
found to be potentially economically competitive (Eriksson et al.,
2014). Notwithstanding this, the composition of SSOFMSW as
deﬁned in the ORWARE model and its fate in pre-treatment and
AD may require further development to achieve a better process
description (Sonesson and Jönsson, 1996).
The aim of this study was to evaluate the impact of the performance of physical pre-treatment of SSOFMSW on the environmental impact categories of energy use and GWP, here expressed as
greenhouse-gas (GHG) emissions and on the economy of an AD
system including a biogas plant with supplementary systems for
heat and power production in Sweden. Emphasis was given to analysing the system from a holistic approach as to provide insights
into the process performance useful for biogas plant stakeholders.
A new approach is presented for simulating process performance
with an improved version of ORWARE by characterising the different components of SSOFMSW and describing mass ﬂows through
the physical pre-treatment and anaerobic degradation.
2. Method
2.1. Overall approach
The study includes both experimental work to evaluate
inﬂuence of pre-treatment on SSOFMSW mass transfer, and an
environmental and economic systems analysis, where obtained

data is used as input. Based on four selected Swedish facilities with
physical pre-treatment processes treating SSOFMSW (Table 1),
performance data were ﬁrst used for preliminary assessment of
mass balances of the treatment processes with ORWARE. Due to
lack of complete data for describing the feedstock and its fate in
AD in ORWARE, the need for further characterisation was identiﬁed. Samples of slurry and refuse were collected and analysed
for components relevant for the modelling of pre-treatment and
AD. In addition, BMP tests were conducted on the samples to validate the outcomes of AD modelling. The model was then modiﬁed
and the updated model was used to evaluate pre-treatment performance based on system scenarios relevant for Swedish conditions.
2.2. Experimental procedures
2.2.1. Collection of refuse and slurry
Composite slurry samples were collected from three facilities
(A–C) and refuse samples from two facilities (A and B), respectively. Composite samples of 15 kg were obtained by mixing equal
proportions of 3–4 grab samples collected during a working day.
Samples were either transported to the laboratory within one hour
or within 24 h after transportation in a refrigerated truck. Upon
arrival to the laboratory, the samples were stored at 4 °C until
preparation, which took place within 24 h.
2.2.2. BMP tests
Sub-samples of slurry for BMP-tests were taken out without
further treatment. Refuse samples were subjected to manual sorting where larger pieces of glass, stone, bones and metal were
removed. The amount of removed particles was 5.9% of the wet
weight in A and 2.5% of wet weight in B. Larger particles were
cut down to a particle size of about <20 mm. Sorted sub-samples
of refuse for BMP-tests were then taken out without further
treatment.
BMP tests were performed and reported following the protocol
suggested by Angelidaki et al. (2009) with the exception that no
nutrient/buffer media was used and pure nitrogen gas was used
as ﬂushing gas. The inoculum was digestate collected from a codigestion plant treating SSOFMSW, manure and industrial waste
(facility B). The inoculum to substrate ratio was 2:1 on a VS basis
and the loaded substrate concentration was 2.2 g VS/L after dilution with tap water. Controls were prepared containing only inoculum and tap water and the activity of the inoculum was tested
with microgranular cellulose (Sigma–Aldrich C6413). 300 ml of
substrate/inoculum/water mixture was added to 1000 ml gas tight
test bottles, and the head space purged with N2 after which the
bottles were sealed and incubated at 37 °C. Controls and tests were
performed with ﬁve replicates. The methane concentration was
measured by gas chromatography as described by Angelidaki
et al. (2009). The gas chromatograph used was a Perkin Elmer Clarus 480 with a packed column (2.5 m, 3.2 mm, Porapak, 50–80
mesh), with helium as the carrier gas and equipped with a thermal
conductivity detector. The injector temperature was 80 °C, column
temperature 60 °C and detector temperature 150 °C. Samples of
0.2 ml were collected regularly from the headspace of the BMP bottles with a gas tight syringe and the peak areas of the over-pressurised samples were related to those of a 0.2 ml sample of a standard
gas mixture (75% CH4, 15% CO2 and 10% N2) collected at atmospheric pressure. The total volume of methane in the headspace
at the time of sampling was then calculated based on the molar
concentrations measured and the ideal gas law. Gas production
from the inoculum was subtracted from the total gas production
in the test bottles. BMP was expressed as the cumulative amount
of methane produced in STP conditions (0 °C, 1 atm) after a plateau
in methane production was reached relative to the amount of VS
introduced.
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Table 1
Different Swedish facilities with physical pre-treatment of organic wastes used in the preliminary assessment of ORWARE.
Facility

Technology

Wastes treated

TS in slurry (%)

Dilution medium

A
B
C
D

Shredding + mixing + sieve + density separation
Pulper + density separation + screw press
Shredding + screw press
Milling + screw press

SSOFMSW
SSOFMSW
SSOFMSW and packaged waste
SSOFMSW and packaged waste

8
13
14
20–30

Liquid fraction of dewatered digestate + water
Water
Liquid waste + water
Liquid waste + water

Upstream system

2.2.3. Analytical procedures
Sub-samples of slurry for analysis of visible contaminants
(method BGK II:10 1998:4; (BGK, 2002)) were taken out without
further treatment. Chemical analyses were performed on slurry
sub-samples and sorted refuse sub-samples. For NH4–N analyses
(method SS-EN ISO 11732:2005; (SIS, 2005)), slurry samples were
directly ﬁltered through micro glass ﬁbre paper of 1.6 lm pore size
and the refuse samples were diluted with 2 parts distilled water
before ﬁltration. For all other chemical analyses, samples of refuse
and slurry were diluted with up to 2 parts distilled water to facilitate homogenisation, which was done with a Blendtec Xpress
Blender ES3. The homogenised samples were frozen until analysis:
total and volatile solids (TS, VS method SS 028113-1; (SIS, 1981)),
Kjeldahl Nitrogen (N-kJ method SS-EN 25663, 1 ed.; (SIS, 1984)),
fat (method SS 028211-1; (SIS, 1994)), acid detergent ﬁbre (ADF
method AOAC 973. 18, mod; (AOAC, 1996)) and neutral detergent
ﬁbre (NDF method ISO/CD 16472; (ISO, 2006a–c)). ADF represents
the sum of cellulose and lignin while NDF includes also hemicellulose. No correction for losses of VFAs in the TS analysis was made,
since the VFA concentrations were negligible (results not shown).
Protein was calculated as (N(kJ) – NH4–N) ⁄ 6.25, where 6.25 is a
conversion factor based on a mean nitrogen content of proteins
of 16%, which can approximate the composition of a mixed human
diet (Heidelbaugh et al., 1975).
2.3. Systems analysis of environmental and economic impacts with
ORWARE
In the ORWARE model the waste is followed from the sources,
via collection and transport, to treatment plants and further to utilisation of products from waste treatment and disposal at landﬁlls.
2.3.1. Scope deﬁnition
The study was performed with a consequential approach and
the functional unit for the analysis was ‘‘treatment of 1 tonne
SSOFMSW with pre-treatment and AD’’. A reference case was used
regarding the pre-treatment/AD of SSOFMSW and with this as a
basis for comparison, different scenarios were studied in which
the efﬁciency and energy consumption at the pre-treatment facility were varied. For each scenario, the change compared to the reference case was analysed. The impact categories studied were
energy use/generation, GHG emissions and costs/revenues on a
systems level associated with the changes from the reference case
in the different scenarios. A core system with pre-treatment/AD of
SSOFMSW and its associated processes was considered (Fig. 1). The
functions delivered by this system include electricity, district heating, vehicle transport and nutrients to crops and by system expansion, a compensatory system comprising conventional production
of these functions is included in the analysis when the core system
is changed (Fig. 1). The system includes direct emissions associated
with pre-treatment, AD, reject treatment, production of vehicle
fuel and bio-manure as well as transports. In additions, indirect
emissions associated with changed production of electricity and
district heating and substitution of diesel, gasoline and mineral
fertilizer. The time-frame of the study was set to 100 years

material and energy

Core system
SSOFMSW

pre-treatment, AD of slurry,
incineration of refuse,
handling of digestate and
biogas

Functions provided
Electricity, district heating,
vehicle transport, nutrients
to crops

Compensatory system

Upstream system
material and energy

Fig. 1. Systems considered in the ORWARE model. The compensatory system
comprises conventional production of the functions delivered by the core system.

considering global warming potential and to the lifetime of a treatment plant for the economic analysis. The ORWARE model and its
use are further described in e.g., Eriksson et al. (2002, 2003, 2014)
and Eriksson and Bisaillon (2011).
2.3.2. Scenarios and inventory data
In the reference case, the incoming material is pre-treated and
the refuse from pre-treatment is incinerated at waste incineration
plants with combined heat and power (CHP) production with 99%
energy efﬁciency (based on lower heating value and the use of ﬂue
gas condensation, of which 14% electricity and 86% heat. The slurry
is hygienised at 70 °C for 1 h prior to AD in a CSTR. The produced
biogas is upgraded to vehicle gas, of which 50% is used in commercial vehicles and 50% in passenger cars. Digestate is spread as biomanure on farmland. Scenarios with varied efﬁciency and energy
consumption at the pre-treatment facility are presented in Table 2.
The waste types subjected to investigation are described in a socalled feedstock vector, which is used in ORWARE to describe the
composition of SSOFMSW, as ﬁrst developed in 1996 and described
by Sonesson and Jönsson (1996). This feedstock had been speciﬁed
based on a combination of literature characterisations of food
waste and of generic characteristics of different food types.
ORWARE models anaerobic digestion based on the composition
of the organic material with respect to fat, protein, cellulose, hemicellulose, lignin and easily degradable carbohydrates (sugar and
Table 2
Details of the separation efﬁciency, dilution level of slurry and electricity consumption in the different scenarios studied.
Scenario

TS-concentration El. consumption
Share of
in slurry (%)
(kW h/ton of
incoming
SSOFMSW)
TS to AD
(slurry) (%)

Reference
70%
90%
Higher TS concentration
Increased el. consumption
Decreased el. consumption

80
70
90
80
80
80

12
12
12
20
12
12

16
16
16
16
31
8
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starch). In addition, the ability of lignin to hinder the degradation
of cellulose and hemicellulose is taken into account. The methane
production from the biogas process is calculated based on the
methane potentials and the degradation rates for the different
components in combination with the hydraulic retention time
(HRT) of the digester (Dalemo, 1996). For this work, the feedstock
vector for SSOFMSW was further characterised based on the plants
studied. BMP results were used to match the modiﬁcations so the
modelling describes the actual AD performance.
The GHG emission reduction of avoided fossil fuel use in vehicles amounts to 282 kg CO2-eq./MW h, based on emissions data
speciﬁed by Jerksjö and Martinsson (2010) and Öman et al.
(2011). The district heating system was studied with a separate
model, the NOVA model, which is based on statistics from Swedish
District Heating Association and is linked to the ORWARE-model.
District heating systems are diverse and the marginal fuel can be
different in different regions. However, the NOVA-model calculates
the mean marginal fuel in Swedish district heating systems, which
is further described in Haraldsson and Holmström (2013). GHG
emissions from changes in electricity consumption were assumed
to be equivalent to 760 kg CO2-eq./MW h, which was based on
the long-term marginal effect in the northern Europe mix, using
the MARKAL–NORDIC model (Sköldberg and Unger, 2008). In a
sensitivity analysis, this value was decreased to 535 kg CO2-eq./
MW h, which corresponds to the level that is reached if the price
of CO2 permits is increased to 30–40 euro/ton by 2030 (EC,
2014). The direct emissions and costs associated with spreading
bio-manure on farmland are calculated in the model based on
transport and spreading. The replaced amount of fertilizer was calculated by the N, P and K contents and the impact on GHG emissions reduction was based on avoided emissions when mineral
fertilizer production is avoided corresponding to the amount of
N, P and K based on data speciﬁed in Davis and Haglund (1999),
Lantz (2012) and Lantz et al. (2009).
Changes in amounts of waste treated in the system were
assumed not to lead to expansion/decrease of capacity. Therefore,
only variable costs were included when evaluating changes in costs
compared to the reference case. The price of vehicle gas at the tank
station was based on the local cost of petrol and diesel, including
energy and carbon dioxide taxes, which was equivalent to
140 euro/MW h. The fertilizer price was based on the market prices
of N, P and K in fertilizers.
The costs and revenues from the overall system analysis do not
identify or distribute costs between different actors in the waste
management system. In reality, different actors are involved, such
as the biogas plant owner who normally performs both pre-treatment and anaerobic digestion. Therefore, the economic results
were also illustrated from a plant owner’s perspective. To do this,
however, the following data were adjusted compared to the overall
systems evaluation:
 Capital costs were included in cost of pre-treatment, anaerobic
digestion, upgrading and distribution.

 The cost of heating was included in the cost of digestion instead
of valued as the cost of alternative district heating production.
The price of district heating was set to 590 SEK (64 euro)/MW h.
 The cost of refuse treatment (incineration) was calculated based
on a gate fee of 55 euro per tonne and the cost of transport of
30 km.
 Two levels were used for the vehicle gas price (delivered to the
tank station) based on average and minimum Swedish prices
2013:
– 920 SEK (100 euro)/MW h (average price).
– 690 SEK (75 euro)/MW h (minimum price).
 The cost of handling bio-manure included only transport to
farmers and not the cost of spreading or storage.
Furthermore, it should be noted that plant owners also receive a
gate fee for the food waste. Since the amount of received food waste
does not change in the analysis, this gate fee has been excluded.
3. Results and discussion
3.1. Composition and methane potentials of waste fractions
The characterised pre-treated SSOFMSW slurries contained different TS contents ranging from 9% to 19.5% (Table 3), although
their VS contents varied more narrowly between 85% and 92% TS.
In terms of VS composition, the slurries had a much larger fraction
of fat and a lower fraction of ﬁbres (NDF) compared to the refuse,
while protein was more evenly distributed between the two. The
‘‘other VS’’ fraction consisted mainly of sugar and starch, plastics
and a small fraction of volatile compounds that still remained after
TS analysis. This fraction was also higher in the slurry than in the
refuse (see Fig. 2).
The methane potentials were around 550 N m3 CH4/ton VS for
all slurries (Fig. 3) and also for the refuse from plant A. The refuse
from plant B had signiﬁcantly lower methane potential, 450 N m3
CH4/ton. The methane was produced within 15 days.
The difference in distribution of different VS components as
well as methane potentials of the slurry and refuse fractions from

Fig. 2. Distribution of different VS components in the collected fractions of
SSOFMSW after physical pre-treatment at different facilities.

Table 3
Characteristics of fractions of SSOFMSW after physical pre-treatment at different facilities.
Plant

A

Fraction

Slurry

Refuse

Slurry

Refuse

Slurry

9.0%
84.6%
556
0.1%

33.1%
91.5%
545
n.a

11.8%
90.8%
568
0.1%

44.6%
91.3%
445
n.a.

19.5%
92.3%
555
0.2%

TS
VS
BMP
Visible contaminants
n.a. = not applicable.

%
% of TS
Nl CH4/kg VS
% of TS

B

C
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Fig. 3. Methane production curves from BMP trials performed on the different waste fractions. The left diagram presents the measured methane production from the test,
control (inoculum only) and reference (cellulose) bottles as average of ﬁve replicates with standard deviation bars. From these results the curve to the right is derived by
correction for the methane produced by inoculum and normalisation with respect to amount of VS added.

plant B indicated good separation selectivity achieved in this plant.
Therefore, the characteristics of these fractions from plant B were
used for describing the fate of SSOFMSW in pre-treatment in
ORWARE. Furthermore, since plant B uses water for process dilution instead of digestate and liquid waste as in plants A and C,
respectively, plant B was used as a basis for modelling the reference case plant.
SSOFMSW is heterogeneous and can vary signiﬁcantly over the
year; therefore, adequate sampling and sample preparation procedures are needed for achieving reliable analytical results that properly characterise it. An adequate but elaborate sampling procedure
has been proposed by La Cour Jansen et al. (2004). However, generally more or less simpliﬁed methods are used due to limitation
in resources and time (Bernstad et al., 2013; Eriksson et al.,
2005). In this study, a simpliﬁed method was used and samples
were taken during one day. As such, theses samples represented
a snapshot of the speciﬁc plant at the time of sampling. However,
comparison to results from the other plants, as well as from other
studies (Bernstad et al., 2013; Carlsson et al., 2010) indicates that
this is a good representative for Swedish SSOFMSW and was here
considered a suitable basis for model modiﬁcations.

(Table 4) and to the calculation model describing the fate
SSOFMSW in AD. These ORWARE modiﬁcations were meant to provide ORWARE results that agreed more closely with the measured
BMP in the slurry and refuse fractions. After the modiﬁcations in
ORWARE, the calculated methane potential in SSOFMSW was
557 N m3 CH4/ton VS according to the new vector and calculation
model, which was not only in accordance with the BMPs measured
in this study, but also with the range of BMPs presented in literature (Bernstad et al., 2013). This methane potential gives a snapshot of the state of the slurry at the time of sampling and was
used as a basis for the systems analysis.
Distribution of the different components in the slurry and
refuse fractions are presented in Fig. 4 for the reference case
(80% of incoming TS in slurry) and the scenarios with 90% and
70% of incoming TS in the slurry used in the systems analysis
(Table 2). In the 90% scenario, plastics were assumed to still be efﬁciently separated by the pre-treatment and thus 100% of the
incoming plastics are found in the refuse in all scenarios. Furthermore, due to the selectivity of separation, the refuse from the 90%
scenario contained no protein, sugar or starch, and very little fat,
whereas the refuse from the 70% scenario contained substantial
fractions of all components.
The usefulness of adjusting the model with new, more accurate
data with respect to the waste fraction compositions is that anaerobic digestion and incineration can be accurately modelled based
on the different characteristics of the slurry and the refuse. Nevertheless, if the characteristics of the slurry and refuse and associated

3.2. ORWARE model modiﬁcations
In accordance with the analytical data and considerations based
on recent literature and ocular sorting analyses, modiﬁcations
were made to the ORWARE feedstock vector describing SSOFMSW

Table 4
Composition of food waste and methane potential according to original ORWARE feedstock vector (Sonesson and Jönsson, 1996) and new vector with modiﬁed methane potential
calculation.
Original ORWARE feedstock vector Modiﬁed feedstock vector Basis for modiﬁcation
TS
VS
Plastic
Lignin
Sugar and starch
Fat
Protein
Cellulose and hemicellulose
Methane potential

% of TS
% of TS
% of TS
% of TS
% of TS
% of TS
% of TS
(kW h/kg VS)

35%
81%
–
4%
22%
18%
12%
23%
5.60

35%
91%
2%
2%
24%
15%
18%
30%
5.46

Analytical data
Analytical data
Ocular sorting analyses
Analytical data combined with model dataa
Remaining VS after subtracting all other organic fractions
Analytical data
Analytical data
Analytical data and assumed lignin content
Changes in calculation model as to ﬁt BMP test results

a
No reliable data for the content of lignin in food waste including paper bags could be found and this was not analysed in this study. The largest part of the lignin was
assumed to come from the paper bags. According to the ORWARE-vector, the lignin content in paper bags is 7%, so the lignin was assumed to amount to 7% of the measured
ﬁbre content (ADF). As a consequence the lignin content in food waste was changed from 4% to 2.3% of TS. The low concentration is in accordance with the paper content in
the food waste (12% of TS according to the sorting analysis).
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Fig. 4. Distribution of different components between the slurry (light section of bars) and the refuse (dark section of bars) waste fractions after physical pre-treatment
considering different percentages of the original waste diverted into slurry (70, 80 and 90%). P = plastic, L = lignin, S + S = sugar & starch, F = fat, Pr = protein and
C + H = cellulose & hemicellulose.

Fig. 5. Results from system analysis of the impact on GHG emissions and systems economy of changing the TS distribution in the slurry from 80% to 70% and 90% (black and
grey bars, respectively) and of increasing the TS concentration in the slurry from 12% to 20% (striped bars). Bars represent the change compared to the reference scenario
where 80% of incoming TS ends up in slurry with 12% TS concentration.

BMPs vary signiﬁcantly among plants, as for example between
plants A and B (Table 3), plant speciﬁc data should be used to
adjust the model.
3.3. Systems analysis
The overall changes in GHG emissions and systems costs when
changing the distribution of TS between slurry and refuse and
increasing the TS-concentration in the slurry (Table 2) are presented in Fig. 5. The changes in energy use and generation in terms
of electricity, heat and vehicle gas are presented in Table 5 and the

Table 5
Change in energy use and generation in the system analysis of different case scenarios
compared to reference case.
70%

90%

Higher TS conc

(kW h/ton SSOFMSW)
Use
Electricity for digestion
Heat for digestion/hygienisation
Electricity for gas treatment
Total use
Generation
Electricity from refuse incineration
Heat from refuse incineration
Vehicle gas
Total generation

3
8
7
18

+3
+8
+7
18

8
26
0
34

+6
+131
140
3

8
136
+140
4

0
0
0
0

costs from a plant owner’s perspective in the different cases are
presented in Table 6.
3.3.1. Change in distribution of TS between slurry and refuse
At a constant TS concentration in the slurry (12%), an increase in
the share of slurry TS used as AD substrate results in increased
amounts of slurry and decreased amounts of refuse. The opposite
is the case when the quantity of TS used as AD substrate was
decreased. Furthermore, the characteristics of the fractions differ
in the different cases, which impacts the speciﬁc generation of biogas from AD and of heat and electricity from incineration (Fig. 4).
The net effect of TS distribution on energy balance is rather
small (Table 5) since increase or decrease in biogas generation
due to change in quantity of TS digested is compensated by a corresponding change in energy generated from incineration of refuse.
Overall, the energy use is slightly higher when more TS is digested,
due to more heat and electricity needed for operation. Correspondingly, the energy use decreases when less TS is digested. However,
the different types of energy have different impacts on GHG emissions (Fig. 5). Replacement of fossil fuels as triggered by the
increase in slurry solids to 90% reduces GHG emissions to a larger
extent per unit of energy than what is emitted from alternative
heat generation. On the other hand, emissions from alternative
electricity generation are higher than for heat production, so even
though the change in electricity generation from incineration of
refuse is small, the impact on GHG emissions is rather important.
As a net result, a 10% increase in amount of TS ending up in the
slurry results in decreased GHG emissions of 9 kg CO2-eq./ton
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Table 6
Costs for plant owners for the different components of the biogas system, the total system without income for gas and with two different levels of income from vehicle gas per ton
of treated SSOFMSW.
Costs for plant owner (euro per ton SSOFMSW)
Reference

70%

90%

Higher TS concentration

Increased el. consumption

Decreased el. consumption

Pre-treatment
Anaerobic digestion
Upgrading
Gas distribution (CBG, 50 km)
Bio-fertilizer
Refuse treatment
Total cost

43
40
9
25
19
9
145

43
37
8
22
16
16
143

44
42
10
28
21
5
149

42
32
9
25
10
9
127

44
40
9
25
19
9
146

43
40
9
25
19
9
144

Vehicle gas – 102 euro per MW h
Total cost

113
32

99
44

128
21

113
14

113
33

113
31

Vehicle gas – 77 euro per MW h
Total cost

85
60

74
69

96
53

85
42

85
61

85
59

SSOFMSW; on the contrary, a 10% decrease in slurry TS results in
an increase in GHG emissions of 7 kg CO2-eq./ton (Fig. 5). The
results can be compared to the GHG emission for MSW management in Swedish cities, where a combination of material recycling,
incineration and anaerobic digestion is used for MSW treatment.
These amounted to 390–460 kg CO2-eq./ton MSW in the studies
by Eriksson et al. (2002) and Bisaillon et al. (2014).
When the amount of slurry increases, the costs for digestion
process, production of heat, upgrading of gas and transport of bio
manure increases, but the cost for incineration of refuse decreases
(Fig. 5). As a result of a higher load to the AD, the revenues from
vehicle gas and from bio manure increase, while revenues from
electricity decrease. In total, the system cost decreases with almost
11 euro/ton SSOFMSW when 10% more TS is digested. With a corresponding decrease, the costs increase with almost 12 euro/ton
SSOFMSW.
The highest cost for plant owners to treat food waste (Table 6) is
reached in the case with the larger production of slurry per ton of
food waste, due to the higher costs for operation and upgrading of
the larger volume of biogas produced. However, when the income
from vehicle fuel is considered, this income compensates for the
higher production cost and the net cost is again highest for the scenario with only 70% of TS being digested.
The quality of the slurry was assumed to be maintained with a
high degree of TS separation; however, in reality, there is a risk that
plastics and other components will end up in the slurry to a higher
degree when the quantity of TS in the refuse is smaller. This could
cause mechanical problems in the digester and would also result in
a poorer quality of digestate. The latter would threaten the possibility to recycle nutrients, which is one of the main driving forces
for anaerobic digestion of SSOFMSW. The 90% scenario may not
always be realistic but the results illustrate that an increase in
slurry is beneﬁcial as long as its quality can be maintained.
3.3.2. Higher TS concentration in the slurry
In the case of increased concentration of TS in the slurry from
12% to 20%, less water is added in the pre-treatment process and
the volume of the slurry decreases, whereas the gas production is
the same as in the reference case. A smaller volume of slurry leads
to lower energy use in the digestion process (Table 5) as well as
decreased need for fuel for transporting the digestate to agricultural land (Fig. 5). In total this leads to decreased GHG emissions
of 13 kg CO2-eq./ton SSOFMSW compared to the reference case.
The smaller amount of slurry as caused by increased TS concentration results in decreased costs for the pre-treatment, digestion
and transport of digestate (Fig. 5). In total, the cost is reduced with
17 euro/ton food waste treated. The higher TS concentration also
results in the lowest treatment cost per ton of food waste for plant

owners (Table 6) due to the lower cost for operation of the digestion plant and handling of the digestate, while the amount of gas
produced is the same as in the reference case.
The study has been done under the assumptions that a slurry of
20% TS-concentration can be digested without practical effects on
AD plant operation. In reality, a higher TS would have effects on
pumping and mixing, possibly leading to higher energy demand
or even causing mechanical problems and/or decreased mass
transfer. By co-digestion with substrates with lower TS, such as
liquid manure, these problems could be counteracted and the
higher TS concentration would thus enable to treat more co-substrate if the organic loading rate is not limiting.
3.3.3. Electricity consumption in the system and sensitivity to GHG
emission factor
An increased use of electricity in the pre-treatment plant may
be required to change the distribution of TS between slurry and
refuse or the TS concentration in the slurry; therefore, the effects
of increased energy consumption on the system analysis was evaluated. An increase in electricity consumption in the pre-treatment
from 16 kW h to 31 kW h/ton SSOFMSW results in an increase in
GHG emission of 11 kg CO2-eq./ton SSOFMSW. Hence, if the electricity input to the pre-treatment has to be doubled for 90% of TS
to be included in the slurry, the avoided GHG emissions are counteracted (Fig. 6, result for 760 kg CO2-eq./MW h). Even though the
electricity input to the pre-treatment facility is a small fraction of
the total energy ﬂow in the system, the electricity consumption
has a high impact on the GHG emissions when assuming an impact
of 760 kg CO2-eq./MW h.

Fig. 6. Results from system analysis of the impact on GHG emissions for the
different scenarios and with two different GHG emission factors. Bars represent the
change compared to the reference scenario where 80% of incoming TS ends up in
slurry with 12% TS concentration.
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Since the use of electricity contributes considerably to the GHGemission, a sensitivity analysis was performed, comparing the
model outcome based on GHG emissions of 760 kg CO2-eq./
MW h with the outcome using 535 kg CO2-eq./MW h (Fig. 6). The
higher level corresponds to keeping the current price level of
around 5 euro/ton CO2, which is likely if new and stricter measures
on reducing CO2 in Europe are not introduced. The lower level is
representative for a development where the price for tradable
emission permit for CO2 are increased to around 30–40 euro/ton
CO2 up to 2030 (EC, 2014). In the cases with decreased or increased
amount of slurry, the sensitivity analysis shows that the lower
value for GHG emission from electricity gives a larger effect on
the GHG emission of the system when the amount of slurry is
changed. The reason for this is that the positive climate effect from
the produced electricity when the refuse is incinerated in the heat
and power plant decreases and thus the total GHG emission when
less slurry is produced increases. In the case where more slurry is
produced, the GHG emission from electricity used for upgrading
the produced gas decreases which decreases the total GHG emissions of this scenario even further (Fig. 6). In the case of lower
GHG emission factor for electricity, the net result of 90% of TS being
digested would still be avoidance of GHG emissions, even if this
was achieved by doubling the electricity input to the pre-treatment (Fig. 6). For the case with increased TS-content in the slurry,
the positive climate effect decreases when the lower value for GHG
emission from electricity is used, since the positive impact of the
lower electricity consumption for digestion decreases.
Difference in electricity consumption in the pre-treatment plant
has very little effect on the costs for plant owners, since it only
increases or decreases the cost with 1 euro/ton SSOFMSW from
the reference scenario which is 145 euro/ton SSOFMSW (Table 6).

4. Conclusions
The new approach for simulating process performance in
ORWARE with description of mass ﬂows based on actual composition and methane potential analyses takes into account the speciﬁcity of pre-treatment to divert more easily digestible material
towards the slurry. Thus, anaerobic digestion and incineration
can be accurately modelled based on the different characteristics
of the slurry and the refuse in a well-deﬁned case.
The TS concentration in the slurry, as well as the distribution of
incoming solids between slurry and refuse will impact the environmental and economic performance of a SSOFMSW treatment system that includes pre-treatment, AD, and a compensatory system
for providing for energy and nutrients. Speciﬁcally, an increased
TS concentration in the slurry has a large potential for reducing
GHG emissions and decreasing costs by maintaining the same biogas production with less input of energy for operation and transport. A net decrease in GHG emissions and costs is also achieved
when more TS from the SSOFMSW is diverted to the slurry by
the pre-treatment, even though the net energy generation
decreases when more material is treated in the biogas plant as
opposed to being incinerated. All in all, the largest impacts on
GHG emissions are due to emissions in compensatory systems,
where replacing fossil fuels with biogas is beneﬁcial. In addition,
electricity use/generation has high impact on GHG emissions and
the results of the study are sensitive to assumptions of marginal
electricity and of electricity use in the pre-treatment.
From the perspective of biogas stakeholders, the income from
vehicle gas is not enough to cover the costs for pre-treatment/AD
of SSOFMSW and a gate-fee is necessary for a balanced economy.
Improvement of the pre-treatment is thus of importance and the
focus to improve the efﬁciency of these systems should primarily
be directed towards minimising the water addition in the

pre-treatment provided that this slurry can still be efﬁciently
digested. Second, the amount of refuse should be minimised, while
keeping a good quality of the slurry. Changes in electricity consumption in the pre-treatment have small effect on plant and systems economy, but a rather large effect on GHG emissions. Thus, if
the improvements are accompanied by a higher input of electrical
energy, there is a risk of sub-optimising the system with respect to
GHG emissions.
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a b s t r a c t
A need for improvement of food waste (FW) pre-treatment methods has been recognized, but few life
cycle assessments (LCA) of FW management systems have considered the pre-treatment with respect to
input energy, loss of organic material and nutrients for anaerobic digestion (AD) and/or further treatment
of the refuse. The objective of this study was to investigate how FW pre-treatment efﬁciency impacts the
environmental performance of waste management, with respect to global warming potential (GWP). The
modeling tool EASETECH was used to perform consequential LCA focusing on the impact of changes in
mass distribution within framework conditions that were varied with respect to biogas utilization and
energy system, representing different geographical regions and/or different time-frames. The variations
of the GWP due to changes in pre-treatment efﬁciency were generally small, especially when biogas and
refuse were substituting the same energy carriers, when energy conversion efﬁciencies were high and
slurry quality good enough to enable digestate use on land. In these cases other environmental aspects,
economy and practicality could be guiding when selecting pre-treatment system without large risk of
sub-optimization with regards to GWP. However, the methane potential of the slurry is important for
the net LCA results and must be included in the sensitivity analysis. Furthermore, when biogas is used
as vehicle fuel the importance of pre-treatment is sensitive to assumptions and approach of modelling
marginal energy which must be decided based on the focus and timeframe of the study in question.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
European waste management is guided by the waste hierarchy, ranking materials recovery higher than energy recovery. This
encourages anaerobic digestion (AD) of food waste, which allows
for both energy recovery through biogas production and recovery
of nutrients through digestate utilization. In the EU, separate collection of the source separated organic fraction of municipal solid
waste (henceforth referred to as food waste (FW)) is encouraged
and in Scandinavia this practice is currently being implemented.
This brings challenges of choosing best practice in the collection,
treatment and recovery chain as to optimize the environmental
performance. Life cycle assessment (LCA) is an important support
tool for decision making in this context.
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Sweden. Fax: +46 46 133201.
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0921-3449/© 2015 Elsevier B.V. All rights reserved.

FW is a heterogenic feedstock with a total solids (TS) content
of 30–40%, and it generally contains contaminants such as plastic, metals and grits. Prior to AD in a conventional wet process,
it must therefore, undergo pre-treatment to produce a digestible
slurry, separating unwanted components in a refuse fraction, which
also contains some part of the digestible material, depending on
the selectivity of the pre-treatment. The performance of such pretreatment methods can be characterized by the mass distribution
between the outputs (slurry and refuse), quality of slurry, dilution
level, energy input and maintenance costs. A need for improvement of pre-treatment methods to minimize losses of digestible
material and nutrients has been recognized (Bernstad et al., 2013).
Nonetheless, improved separation efﬁciency is associated with a
risk of compromising the quality of the slurry as well as possible
increase in required inputs of energy and manpower.
In general, few life cycle assessments (LCA) of food waste management systems have considered the pre-treatment with respect
to input energy, loss of organic material and nutrients for AD
and/or further treatment of the refuse (Bernstad and la Cour Jansen,
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2012). It is, however, of importance to investigate the environmental impacts of different efﬁciencies and the possible consequences
on the AD system. Previous LCA studies investigating the environmental impacts of FW pre-treatment efﬁciency have come to
different results regarding the impact of losses of organic material
to refuse (Carlsson et al., 2015; Naroznova et al., 2013). These studies were performed as case-studies with special focus on Swedish
and Danish conditions, respectively, and were performed using
different approaches for modelling marginal heat and electricity.
Assumptions of electricity margin, methane yield, and incineration efﬁciency were identiﬁed as important factors for the result.
In addition, methodological issues associated with describing mass
ﬂows and methane potentials of the FW through pre-treatment
were observed.
Each waste management system is associated with its speciﬁc
framework conditions with respect to technology level, political/economic incentives, infrastructure, energy system and other
surrounding systems. For biogas production, the biogas utilization scheme is fundamental (Bernstad et al., 2011; Fruergaard and
Astrup, 2011) and is different depending on national incentives,
e.g., vehicle fuel production is dominating in Sweden and combined heat and power (CHP) production in Denmark. Moreover, the
energy system with respect to source of electricity and heat supply is commonly emphasized as important (Bernstad et al., 2011;
Fruergaard et al., 2009; Mathiesen et al., 2009), and the frameworks
are in this respect not static but will change over time. Clavreul et al.
(2012), outlines the effects of the varying framework conditions on
LCA results as scenario/system boundary uncertainty, which should
be accounted for by the overall uncertainty assessment. Therefore,
generic assessments based on LCA should be used cautiously. However, with its ability to implement a holistic perspective, LCA can
provide an understanding of a waste management system in its
framework that helps identifying critical aspects and improvement
potentials to support decision making.
The objective of this study was to investigate how FW pretreatment efﬁciency impacts the environmental performance of
waste management based on wet AD, with respect to global warming potential (GWP). Other impact categories were omitted in
order to reduce the complexity and maximize the transparency of
the study. The impact of changes in mass distribution was analysed within framework conditions that were varied with respect
to biogas utilization and energy system, representing different
geographical regions and/or different time-frames. Additionally,
issues related to the modelling of the main organic waste management variables including waste composition, biochemical methane
potential and waste pre-treatment were further investigated.

2. Method
2.1. Scope
The study was performed using consequential LCA, which
means that changes in impact potentials induced by changes in the
system were modeled. System expansion was used to credit the
waste system for changes in production taking place outside the
waste system, e.g., by substitution of energy production and use of
inorganic fertilizers. The actual technologies affected by changes in
the system, i.e., the marginal technologies, were used to model the
waste management system (Weidema et al., 1999). The life cycle
impact assessment was carried out based on the ILCD2011 recommended methodology (European Commission, 2011), and midpoint
impact for global warming (global warming potential, GWP) with
100-year time horizon was evaluated.
The investigation was based on the functional unit deﬁned as
“pre-treatment of 1 ton FW intended for biogas production; includ-
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Table 1
Scenarios of varying efﬁciency in pre-treatment of FW.

Share of TS (total
solids) in the initial
waste transferred
to the slurry (%)
Slurry
concentration (%
TS)
Slurry qualitya

80 ref

70

90

90 dirty

80 high TS

80

70

90

90

80

10

10

10

10

15

Good

Good

Good

Bad

Good

a

Good quality means the digestate can be used on land, bad quality means digestate is incinerated.

ing AD of the treated biomass, use of biogas, as well as utilization of
the pre-treatment and digester residual materials”. Waste collection and transportation to the AD plant were not included as this
was assumed to be the same in all scenarios. The pre-treatment
included pulping with addition of water and subsequent separation
with a screw-press into two streams; slurry for biogas production and refuse. This is a method commonly applied for the FW
pre-treatment in Scandinavia (Bernstad et al., 2013; Hansen et al.,
2007). Five different efﬁciency scenarios in terms of distribution
of organic material between slurry and refuse were considered as
detailed later in the paper. Depending on generated slurry quality,
two options for utilization of the digester residue – digestate – were
distinguished; application on land and incineration. The assumption on quality level was, however, not veriﬁed practically. For both
digestate utilization options, digestate transportation to a distance
of 30 km was included. For slurry digestion, a typical Swedish biogas plant was modeled (detailed further in the paper). Two different
biogas utilization options were considered: (A) upgrading of biogas and use as a vehicle fuel and (B) biogas use for combined heat
and power (CHP) production. Upgraded biogas was assumed to be
used in city busses and substitute diesel. When biogas is used for
CHP, use of district heat and electricity marginals is avoided. For
the refuse treatment incineration was considered. Avoided use of
marginal energy and mineral fertilizers by the refuse and digestate
utilization were included. Short-term marginal was identiﬁed, i.e.,
no long-term effects on the existing energy system or capacities. To
strengthen the study, variation in energy system regarding district
heating and electricity marginals between different geographical
regions in Europe and/or time-frames (today and future over 20
years) have been simulated.
The modelling was performed using DTU Environment’s LCA
model EASETECH (Clavreul et al., 2014) and included use of both
default processes available in the model database, e.g., waste incineration and fertilizer application and some developed purposefully
for this project, e.g., anaerobic digestion and biogas upgrading. The
process inventories cover technology level and practices in Scandinavia and are detailed further in the sections below.
2.2. Scenarios
Five scenarios were deﬁned according to transfer of TS (total
solids) from initial waste to slurry, resulting TS percentage in the
slurry, and quality of the slurry deﬁned as the suitability for use on
farmland (Table 1). The reference case is reﬂected in scenario 80 ref
and corresponds to high efﬁciency and performance level achieved
today. Following Carlsson et al. (2015); 80% of TS was recovered in
the slurry, TS content in the slurry was 10% and the slurry contained
low amounts of contaminants, allowing the digestate to be applied
on land (corresponding to the “good” slurry quality). For the less
efﬁcient pre-treatment – scenario 70–10% more of initial waste
TS was refused assuming the slurry composition did not change
and the quality was still “good”. For improved pre-treatment efﬁ-
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Table 2
Different framework conditions for the scenarios based on biogas utilization,
marginal electricity source and access to district heating.
Biogas utilization

Marginal electricity: coal
District heating: yes
Marginal electricity: coal
District heating: no
Marginal electricity: natural gas
District heating: yes
Marginal electricity: wind power
District heating: yes
a

Vehicle fuel

CHPa

A1

B1

A2

B2

A3

B3

A4

B4

Combined Heat and Power production.

ciency – scenarios 90 and 90 dirty – 10% more initial waste TS was
recovered in the slurry, which is considered the highest achievable
efﬁciency based on experience. Increased efﬁciency is accompanied
by a risk of decreased selectivity and, therefore, two scenarios of
material ﬂows were considered. For scenario 90, total TS recovered
in the slurry was assumed to consist of biodegradable material fractions only (food, yard and ﬁbre waste) which also means a “good”
quality of the slurry. For the 90 dirty, the extra TS recovered in the
slurry was represented by both biodegradable and non-degradable
materials. In this case, the generated slurry contained a higher
degree of contaminants and the quality was assigned as “bad”,
the digestate was assumed non-suitable for land application and
after corresponding pre-treatment was incinerated. Incineration of
digestate counteracts the aim to move up the biological treatment
in the waste hierarchy, but it may be necessary in cases where the
quality of the digestate is low and if incineration is preceded or combined with a nutrient recovery method, it could provide a viable
alternative to direct use on land. Nutrient recovery of incineration
ashes was, however, not considered in this study.
For the ﬁfth scenario – 80 high TS, a case with higher TS concentration of the slurry (15% TS), corresponding to less water
addition during digestion, was modeled. In a systems perspective,
this means less energy consumption of the slurry digestion and
digestate transportation processes, which was shown to have a high
impact in a previous study (Carlsson et al., 2015).
The ﬁve different scenarios of varying pre-treatment efﬁciencies
were simulated in eight different framework conditions (A1–4 and
B1–4) deﬁned as presented in Table 2.
The two most common biogas utilization options in Scandinavian countries are represented in the frameworks; upgrading of
biogas and use as a vehicle fuel in A1–4 and combined heat and
power (CHP) production in B1–4. A1 and B1 represent reference
frameworks reﬂecting the present situation with energy system
including district heating and carbon intense electricity marginal
deﬁned as coal CHP. The district heating model corresponds to an
average district heating in Denmark and was modeled as in Møller
et al., (2013). Coal based CHP is generally accepted as the short-term
electricity marginal in Scandinavian countries (Mathiesen et al.,
2009) and is also commonly used in waste management LCA (Ekvall
et al., 2007; Fruergaard et al., 2009). In modelling, the inventory
based on European Reference Life Cycle Data System (ELCD), available among EASETECH default processes, was used.
Frameworks A2 and B2 reﬂect the two biogas options placed
in an energy system without district heating, which is the case
in south-west European countries (Fruergaard et al., 2009). In the
modeling, the change was reﬂected by zero heat recovery from biogas when used for CHP production, reject incineration and digestate
incineration (scenario 90 dirty). Considering the reference electricity recovery being set quite high, it was kept at the same level in this
case. To simplify the system, no other changes due to a new geo-

graphical location, e.g., waste composition, technology level and
fertilization practices, were considered.
Different framework conditions with respect to electricity
marginal are reﬂected in the last four frameworks. In A3 and B3, an
electricity marginal based on natural gas CHP was applied, which
can be considered as another fossil fuel based electricity marginal
active longer than coal CHP (Ekvall et al., 2007). The process projection to 2025 based on Bauer et al. (2008) was used. In A4 and
B4, an electricity marginal based on wind power was applied, representing a carbon-lean future (Mathiesen et al., 2009). An ELCD
based inventory of wind power available among EASETECH default
processes was used, corresponding to present-day wind power
production. In the modelling, electricity marginal changes were
applied to electricity substitution implied by biogas use for CHP,
reject incineration and digestate incineration (scenario 90 dirty);
as well as electricity used in the processes of waste pre-treatment,
biogas production, biogas upgrading and drying of digestate (scenario 90 dirty). Other potential effects related to timeframe change
were omitted.
2.3. Modeling
2.3.1. Composition of FW
In the EASETECH model, waste composition is deﬁned by the relative distribution of material fractions such as animal food waste,
vegetable food waste, paper waste etc. The chemical composition,
including TS, volatile solids (VS), energy, nutrients, fossil and biogenic carbon, and heavy metals of each of these material fractions
is deﬁned in a matrix and the model keeps track of each variable as
well as the mass balance throughout the waste system.
The composition of the initial FW (in terms of relative distribution of material fractions) used in this study was set according to a
food waste treatment plant in Sweden as illustrated in Table 3. To
combine that with the chemical composition data of each material
fraction available in the EASETECH model, the best corresponding
fractions existing in the EASETECH database were selected to represent ones used in the original data setup. Additionally, some of the
material fractions used in the original data setup were subdivided
according to their contents assuming relative distributions as in the
average household waste composition available in the database.
2.3.2. Pre-treatment
Modelling of the FW pre-treatment process is aimed to describe
initial waste distribution between the pre-treatment outputs slurry
and refuse. It is, however, challenged by the fact that different
waste components, such as macronutrients, ﬁbres and inorganic
compounds, are distributed differently between slurry and refuse
(Bernstad et al., 2013; Hansen et al., 2007). In a system perspective,
the distribution will affect methane production as well as fate of
nutrients, contaminants and fossil carbon and is therefore signiﬁcant for GWP accounting.
In practice, modelling of the pre-treatment depends on the
modelling tool and data available and thus differs between studies (Carlsson et al., 2015; Naroznova et al., 2013). As reﬂected in
Naroznova et al. (2013), modeling in EASETECH is mass-balance
based and requires transfer coefﬁcients for each material fraction
to be speciﬁed. Transfer coefﬁcients describing the distribution of
each material fraction with a screw press with 62% total TS recovered in the slurry were earlier presented in COWI AS, (2012). The
transfer coefﬁcients used in this study are shown in Table 4. For the
reference transfer case (scenario 80 ref), the transfer coefﬁcients
from COWI AS, (2012) were modiﬁed so that the desired TS distribution was achieved, i.e., 80% total TS recovered in the slurry. For
the changed efﬁciency cases – scenarios 70, 90 clean and 90 dirty
– the transfer coefﬁcients were further adjusted according to the
respective scenario assumptions. It can be noticed that 100% recov-
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Table 3
Composition of initial FW including impurities based on ocular sorting analysis at a Swedish reference plant and adjusted to the material fractions distinguished in EASETECH.

Biowaste

Fail sorting

Composition setup according toSwedish reference plant

% wet weight

Composition adjusted to the EASETECH model

% wet weight

Food waste, both avoidable and unavoidable

71.6

Other: kitchen tissue, paper napkins, ﬂowers
from pots and vases
Paper bags used for collecting the food waste
Yard waste
Papers and cardboard: newspapers,
copy-paper, paper and cardboard containers

9.1

Vegetable food waste
Animal food waste
Kitchen towels
Yard waste. Flowers
Dirty paper
Yard waste, ﬂowers
Dirty cardboard
Dirty paper
Paper and cardboard containers
Soft plastics
Hard plastics
Clear glass
Al foil and containers
Other metal
Stones
Ceramics
Cat litter
Textiles
Diapers
Animal excements and bedding
Other combustibles

54.45
17.12
4.38
4.73
11.21
1.30
0.15
0.30
0.55
0.80
0.20
0.10
0.03
0.07
0.15
0.10
0.25
2.18
0.00
0.93
0.99

11.2
1.3
1.0

Soft plastic
Hard plastic
Glass
Metal

0.8
0.2
0.1
0.1

Other inert: china,
ceramics, stones, sand
from cat tray
Combustibles

0.5

4.1

Table 4
Mass transfer coefﬁcients used in this study, share of initial TS recovered in slurry.
The fractions assumed to be biodegradable are highlighted in grey.
Material fraction

80 ref(%)

70(%)

90(%)

90 dirty(%)

Vegetable food waste
Animal food waste
Kitchen towels
Yard waste. ﬂowers
Dirty paper
Dirty cardboard
Paper and cardboard containers
Soft plastics
Hard plastics
Clear glass
Al foil and containers
Other metal
Stones
Ceramics
Cat litter
Textiles
Animal excrements and bedding
Other combustibles

97
97
80
75
80
50
50
0
0
0
0
0
0
0
0
0
75
0

85
85
70
65
70
44
44
0
0
0
0
0
0
0
0
0
65
0

100
100
100
100
100
100
100
0
0
0
0
0
0
0
0
0
100
0

98
98
89
87
89
73
73
47
47
47
47
47
47
47
47
47
87
47

ery of organic material is required to meet the 90% total TS share
in the slurry without impurities. It was assumed that changed pretreatment efﬁciency was not associated with changed electricity
input of the pre-treatment.
2.3.3. BMP and anaerobic digestion
In EASETECH, waste biochemical methane potential (BMP) is
expressed by anaerobically degradable carbon (C bio and) content, and default values for the individual material fractions are
provided. In this study, the biomass intended for the biogas production was the slurry and the composition was set according to
the mass transfer coefﬁcients presented in Table 4. The default BMP
value calculated from the composition was 373 ml CH4 /g VS which
was signiﬁcantly lower than similar biomass BMP determined in
laboratory batches (Carlsson et al., 2015; Davidsson et al., 2007).
The original C bio and values were therefor adjusted to give a
higher BMP value in the result, estimated at 514 ml CH4 /g VS. The
importance of the change for the GWP results was evaluated in the
sensitivity analysis.
The inventory for the anaerobic digestion process was built
based on Carlsson et al. (2015), including mesophilic conditions,
retention time of 28 days, production yield of 76% of the methane
potential assumed, i.e., in the reference scenario the abovemen-

tioned value;, methane content in biogas of 65% and methane
leaking from the digester of 1.5%. Electricity consumption of the
digester was 10 kWh/ton slurry and heat consumption was calculated as a sum of heat needed for maintaining the digester at
mesophilic conditions (20 kWh/ton FW) and heat for waste sanitation, calculated as energy demand to heat the biomass from 8 to
70 ◦ C assuming TS heat capacity of 3 J/(g × K) and heat recovery of
65% (Läckeby, 2014). In modelling, the internal heat demand was
expressed as reduced production of useful heat in scenarios with
biogas CHP (B1–4), reﬂecting the most common practices of the biogas plants with biogas engines (Al Seadi et al., 2008). In accordance
with Carlsson et al., (2010), an external heat source was included to
the scenarios with biogas upgrading (A1–4). The inventory corresponded to a wood-chip based heat boiler based on Tufvesson et al.,
(2013), corresponding to both a common practice in Sweden and
also the way the biogas plant considered in the study is operating.
2.3.4. Biogas utilization
In the scenarios where, biogas was upgraded to vehicle gas, it
was assumed that the gas was used in city busses substituting diesel
fuel. The emission proﬁle for a biogas bus was based on Sundqvist
et al., (2002) and for the diesel bus an inventory based on the TEMA
model, for a 15–18 ton city bus with EURO5 emission requirements
and diesel consumption of 9.4 MJ/km, was used. 10% higher fuel
consumption for the biogas bus was assumed.
In the scenarios with CPH production, biogas combusted in a
gas engine with 39% electricity recovery and 46% heat recovery was
considered, corresponding to a generic biogas plant case available
in EASETECH.
2.3.5. Incineration of refuse
For incineration of the refuse a generic waste incinerator in
Denmark with net electricity of 22% and heat recovery of 73% (based
on the lower heating value of the waste) was assumed. The process
inventory as available in EASETECH database used. Treatment of the
incineration residues (bottom ashes), ﬂy ash utilization and recovery of ferrous metals was included following the original EASETECH
processes.
2.3.6. Digestate transport
Digestate transportation of 30 km with 14–20 ton EURO5 truck
was considered for all scenarios and modeled with the original
EASETECH transportation process.
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2.3.7. Digestate application on land and substitution of mineral
fertilizers
For the digestate application on land, the original EASETECH
inventories describing digestate application on loam soils were
used. Air emissions of CO2 , N2 O and NH3 , NO3 runoff as well as
heavy metal load to the soil were considered. For N2 O, which is a
strong GWP compound, an emission factor corresponding to 1.4%
of total N content in the digestate was used. Mineral fertilizer substitution rates were in line with Bernstad and la Cour Jansen (2011);
70% substitution for nitrogen and 100% for phosphorus and potassium.
2.3.8. Digestate incineration
For the scenarios 90 dirty (where the digestate cannot be used on
land), digestate dewatering to 25% TS content and drying to pellets
with 75% TS content was considered. The treatment was assumed
to take place at the biogas plant, meaning the ready pellets are further transported. Electricity and heat consumption of the processes
was set to 0.3 and 3.1 kWh per ton digestate pellets, respectively,
adapted from Kratzeisen et al. (2010). For the electricity demand
the marginal electricity of each framework was used. The heat consumption was modelled as reduced useful heat production from
biogas CHP (B1–4) and use of heat from the wood-chip based boiler
(A1–4). Assumptions for energy recovery from the pellets were the
same as those used for incineration of refuse.
3. Results
Results regarding methane, digestate, and refuse amounts generated per ton FW in each scenario are presented. It can be notices
that the methane production and digestate amounts are larger in
the scenarios with less refuse produced (wet weight basis). In the
scenario 90 dirty, the digestate amount is larger than in the scenario 90 while, the methane production is lower, which is due to
non-degradable material diverted to the slurry in the scenario 90
dirty. It could be also noted that in scenarios 90 and 90 dirty the
refuse amount (TS basis) is the same while the wet weight is different; more wet weight refuse in the scenario 90 dirty was found
to be so due to water content in textile waste which is not refused
in the scenario 90.
The LCA results generated in this study are presented in Fig. 1
as “net” changes in GWP savings expressed as savings in the reference scenario (80 ref) minus savings in the scenarios representing
the efﬁciency change (scenarios 70, 90, 90 dirty and 80 high TS). As
savings are represented by negative values, a positive value for a net
change means that the other scenario is better than the reference
scenario and vice versa. The net GWP savings (savings are denoted
by negative values) of the reference scenario in the eight different frameworks were -248 (A1), -554 (B1), -204 (A2), -442 (B2),
-260 (A3), -271 (B3), -263 (A4) and -82 (B4) kg CO2 -eq/ton FW (not
shown in the ﬁgure). On the bars in the ﬁgure, the net differences
are split into sub-processes deﬁned as below. Moreover, scenario
ranking is implemented (1–4). The ranking was established based
on the net differences within each framework, and “1” was given
to the most favourable efﬁciency change scenario, i.e., the impact
savings compared to the reference are the most increasing or least
decreasing.
Sub-processes were deﬁned as follows:
• “Biogas production” includes impact load associated with electricity and heat (from external sources) used in pre-treatment
and AD, as well as direct emissions of methane from AD.
• “Biogas utilization” includes impact load associated with electricity consumption in biogas upgrading, direct emissions of
methane from the process and from biogas combustion in a vehi-

cle engine or CHP plant as well as impact savings from use of
diesel in the scenarios with biogas upgrading, and marginal electricity and heat in the scenarios with biogas use for CHP. When
CHP heat is used internally for AD and drying of digestate, this is
represented by less impact savings from heat generated by CHP.
• “Reject utilization” includes direct emissions from incineration
(which occurs when the raw material contains fossil carbon),
emissions associated with chemicals used in incineration and
impact savings due to avoided use of marginal heat and electricity. In frameworks with no district heating, the savings due to
heat generation are zero.
• “Digestate utilization” includes impact loads from the transport
and digestate use on land and impact savings due to avoided use
of mineral fertilizer. In the scenario where digestate is incinerated, impact loads from the incineration (fossil carbon), impacts
associated with use of electricity and heat (from external sources)
and impact savings due to avoided use of marginal heat and electricity are considered. In frameworks with no district heating, the
savings due to heat generation are zero.
3.1. Scenarios of more or less refuse; 70 and 90
The scenarios 70 and 90 represent a change from the reference of 10% more or less TS diverted to refuse, respectively. In the
70 scenario, the refuse contains more biodegradable matter compared to the reference whereas in the 90 scenario the refuse does
not contain any biodegradable matter as all of the biodegradable
matter (100%) is found in the slurry. The resulting net changes in
GWP savings are most pronounced in framework A1, where the
biogas is used for vehicle fuel and the electricity from refuse is
replacing marginal coal. In this framework, the GWP savings from
refuse incineration exceed by far the corresponding beneﬁts from
replacing diesel and mineral fertilizer. In the other two frameworks
where biogas is used as vehicle fuel and electricity margin is fossilbased (A2-coal/no district heating and A3-natural gas), changes in
savings are less important, but still decrease when less refuse is
produced; i.e., scenario 90 (see Table 5). Only in the ﬁnal vehicle
fuel framework (A4), where the marginal electricity considered is
carbon-lean wind power, savings increase when less refuse is produced. In all three frameworks (A2–4), the savings attributed to
biogas utilization in each scenario remain the same as in framework A, whereas the savings from reject utilization are smaller
due to changed assumptions of heat and electricity substitution
(Fig. 1).
In framework B1–4, only the changes in savings attributed to
biogas use differ from A1–4. When biogas is used for CHP production, the same energy carriers are substituted in biogas and refuse
utilization, which makes the net results less affected by the framework conditions. The net changes of GWP savings due to 10% more
or less TS diverted to refuse are quite small whereas the individual contributions from refuse and biogas utilization are large and
counteracting one-another (Fig. 1).
3.2. Scenario with decreased quality of slurry; 90 dirty
The 90 dirty scenario represents an improved separation efﬁciency case, where a share of the extra TS diverted to slurry
compared to the reference scenario is non-degradable. The slurry
quality is deﬁned as too contaminated to be put on land and instead
it is incinerated.
In frameworks with biogas CHP, the heat from CHP is used for
drying the digestate with resulting decreased savings in frameworks B1, B3 and B4. The reductions in savings are substantial in
frameworks B3 and B4, with less carbon-intense electricity margin,
since the heat represents a major part of the substituted GWP. In
framework B2, the heat is not used in any scenario, so there is no

M. Carlsson et al. / Resources, Conservation and Recycling 102 (2015) 58–66

63

Fig. 1. Changes in GWP savings (CO2 -eq/ton FW) expressed as savings in the reference scenario minus savings in the other scenarios. As savings are represented by negative
values, a positive value for a net change means that the other scenario is better than the reference scenario (which is the baseline; zero). The scenarios are ranked 1–4 within
each framework, where 1 represents the most favourable case (i.e., the impact savings compared to the reference are the most increasing or least decreasing).

“cost” for the drying of digestate and, hence, the savings increase
slightly compared to reference scenario. In frameworks where biogas is used as vehicle fuel, a wood chip boiler is used for drying the
digestate, which has a very low impact on GWP (under the assumption that wood chips are not a limited resource). In framework A1,
net savings increase substantially with the 90 dirty scenario due to

the large savings from digestate incineration, which by far exceed
savings due to digestate utilization in 80 ref and a similar trend, of
smaller magnitude, is seen in A3, whereas in A4, there are practically no net savings. In A2, where beneﬁts of digestate incineration
is smaller since the heat is not used, but the “cost” for dewatering
is as high as in A1, savings decrease. If district heating is available,
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Table 5
Methane, digestate and refuse amounts generated in each scenario.

80 Ref
70s
90
90 Dirty
80 High TS

Methane

Digestate

m3/ton FW
109
96
122
115
109

kg wet weight/ton FW
2430
2124
2740
2768
1867

Refuse
kg TS/ton FW
112
98
128
141
112

kg wet weight/ton FW
123
233
49
63
123

kg TS/ton FW
84
123
45
45
84

works, the net impact on the changed savings compared to 80 ref
was most signiﬁcant for scenario 90dirty, ending up less favourable
compared to the reference in all frameworks, whereas there was
almost no impact for 80 high TS. Lower methane potential leaves
more energy in the digestate, and thus, in the 90 dirty scenario,
which is the only scenario where this energy is used, the net GWP at
modiﬁed BMP decreases. Scenarios 70 and 90 were most affected in
framework B1, where the savings compared to the reference actually ﬂipped and larger amounts of refuse corresponded to increased
GWP savings.
Since, waste composition and BMP can vary substantially
between different places and time, average composition may be
useful instead of modelling each speciﬁc case, but this average must
be based on reliable background data and the importance of the
assumption must be included in the sensitivity analysis.
5. Discussion

Fig. 2. Difference in net GWP savings due to modiﬁed BMP, expressed as% of net
GWP estimated with original BMP value. Positive values mean increased and negative values mean decreased net GWP savings due to modiﬁed (increased) assumed
BMP.

a bio-based (wood chip) boiler leads to higher GWP savings than
using heat from biogas CHP.
3.3. Scenario of more concentrated slurry; 80 high TS
Since, the input energy for AD operation and transport are quite
low, the net change in GWP savings related to slurry concentration is also low in all frameworks and not largely affected by the
assumptions.
4. Sensitivity analysis
In this study, a 38% higher methane potential of the slurry than
originally given by the EASETECH model was estimated (as speciﬁed in Section 2.3.3), corresponding to a value in the high end
of the potential range (Davidsson et al., 2007). This resulted in a
higher methane production, whereas refuse energy content did not
change. The sensitivity of the LCA results to this change in methane
potential with respect to total GWP differed within a range of −90 to
+32% depending on frameworks and scenarios (Fig 2). In all frame-

In the frameworks where biogas is used as vehicle fuel, the
changed savings in scenarios 70 and 90 are highly inﬂuenced by
the energy system considered. When the marginal electricity is
fossil-based, larger amounts of refuse leads to increased GWP savings. This would suggest that “less efﬁcient” pre-treatment is more
environmentally sound, which would counteract the incentives
of efﬁcient source sorting and pre-treatment. However, the main
incentive for treating organic wastes with AD rather than incineration is the possibility to recycle nutrients, which has a small
impact on GWP savings in relation to substitution of fossil energy
carriers (Fig. 1). To fully evaluate the impact related to loss of nutrients in FW pre-treatment, other environmental impacts than GWP
should be considered, which was not within the scope of this study.
Another important aspect is that in Sweden, the average electricity mix is carbon-lean and much of the climate-directed focus has
been directed towards the vehicle ﬂeet, for which a goal has been
set of being fossil-free by 2030 (Swedish Government, 2012). However, when fossil-intense marginal electricity is considered, using
the waste as a source of electrical energy is more beneﬁcial than
producing vehicle fuel, which was also suggested by Bernstad et al.
(2011). In a system where there is a large difference between average mix and marginal technologies, consequential LCA may thus
give results that seem contradictory to policy making. The results
are sensitive to assumptions which must be carefully considered to
reﬂect the focus and timeframe of the study.
The marginal energy may be modeled with varying complexity
and there is a risk that the positive impact of refuse incineration
may be overestimated by the short-term electricity marginal used
in this study. In a Swedish case study performed by Carlsson et al.
(2015), LCA of FW pre-treatment prior to AD with subsequent biogas upgrade to vehicle fuel within framework conditions similar to
framework A1 and A3 in this study was conducted, and the ranking
of the scenarios with higher and lower pre-treatment efﬁciencies
was opposite. The main difference compared to this study was
that electricity and heat marginals were identiﬁed with dynamic
models, MARKAL NORDIC (for electricity) and NOVA (for heat). The
marginal technologies identiﬁed were complex which in turn burdened transparency of the assessment presented. In frameworks
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with CHP, where the same energy carriers are substituted in biogas
and refuse utilization, the net impact of changed refuse amount
is small. In these cases, net results are less sensitive to assumptions of electricity and heat margins and more sensitive to the
assumed energy conversion efﬁciencies in the treatment processes
(AD, CHP and incineration). In this study, energy conversions in
CHP and incineration were assumed based on present-day high
performing methods. Conversion efﬁciency in AD depends on the
methane potential of the slurry which was shown by the sensitivity
analysis to have large impact on results. This was also elucidated
by Naroznova et al. (2013), comparing the environmental performance of two pre-treatment methods with different separation
efﬁciencies, within framework conditions similar to those of framework B1 in this study. The overall results from that study indicated
that that the avoidance of GWP due to increased biogas production
when more slurry is produced, are outweighed by the lost savings
due to reject incineration, which is in line with conclusions of the
A1–A3 framework cases of this study and opposite for the B1 framework case. The different ranking compared to framework B1 of this
study can be explained by a considerably lower methane potential
assumed for the slurry. It is thus of importance to carefully consider the methane potential in LCA of AD systems and to include
this variable in the sensitivity analysis.
Even though the ranking may vary, the magnitude of the
lost/increased savings are relatively small in all frameworks with
“good” slurry quality (80 ref, 70, 90 and 80 high TS) and where
the biogas and refuse are substituting the same energy carriers
(cases with biogas being used for CHP). In these cases other aspects
than GWP should be considered when choosing pre-treatment. For
example, if nutrient recovery/resource depletion is valued high, one
might aim for highly efﬁcient pre-treatment, as long as there is no
risk of contaminating the slurry. If the robustness of the treatment
is prioritized, and if there is a risk of contaminating the slurry, one
might settle for a less efﬁcient pre-treatment.
Water addition in the pre-treatment, which has previously been
shown to have large impact (Carlsson et al., 2015), had a small
impact on net change in GWP savings in this study. This relates
to assumptions regarding input energy for AD operation and transport. If slurry is to be transported from a pre-treatment facility to
an AD facility, this aspect may be of greater importance, depending
on transport distance.
Electricity use in pre-treatment is included in the sub-process
“biogas production”, which is of minor importance in all frameworks and scenarios. A change in electricity input potentially
associated with changed efﬁciency would not signiﬁcantly affect
the results.

6. Conclusions
This study shows that variations of the GWP due to changes
in pre-treatment efﬁciency are generally small. So, in most cases
where electricity and heat from incineration can be put to use, other
environmental aspects, economy and practicality could be guiding
when selecting pre-treatment system without large risk of suboptimization with regards to GWP.
The impact on GWP savings induced by changed pre-treatment
efﬁciencies can be relatively large for individual sub-processes of
the waste management system treating FW. The net impact is on
the other hand generally less important since, savings counteract
one another, especially when biogas and refuse are substituting the
same energy carriers.
When biogas is used as vehicle fuel and refuse is incinerated,
beneﬁts of replacing carbon-intense electricity from refuse incineration may outweigh GWP avoidance from replacing fossil fuels and
mineral fertilizers. The main methodological issue of the modelling
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of pre-treatment and AD of FW in EASETECH is how the initial waste
is distributed in the pre-treatment process. This can be modeled
by implementing mass transfer coefﬁcients for individual material
fractions used to deﬁne the initial waste. The BMP value of the slurry
is important for the net LCA results.
Incineration of digestate can under some circumstances lead
to GWP savings and would be in line with the waste hierarchy if
implemented in combination with nutrient recovery.
With the waste composition modeled as in the present paper,
10% of incoming TS is the lower theoretical limit of refuse amount
without contaminating the slurry.
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Abstract
This study assessed how the configuration of a wastewater treatment (WWT) process for biological
nitrogen removal and the associated sludge quantity and quality affects the affect the mass and
energy balances of the WWT system. A conventional treatment line with and without sludge pretreatment was evaluated in relation to the performance of a “best case” reduced oxidation system.
Sludge samples from full-scale treatment processes were characterized and the influence of thermal
pre-treatment on fluxes of COD and energy was evaluated and compared to a reduced oxidation
system. The potential improvement of AD by pre-treatment depends on the sludge biodegradability
determined by the extent of stabilization in the WWT process. Furthermore, how pre-treatment
impacts the overall energy efficiency of a WWT system depends not only on its effects on AD but
also on potential use and value of the associated energy carriers, i.e. biogas, steam/heat and/or
electricity. Therefore, the need of pre-treatment should be assessed with a holistic system approach
considering WWT process configuration as well as influence of use/generation of each energy
carrier based on economic value and/or environmental impacts.
Keywords: Anaerobic digestion, Biogas, Sludge, Pre-treatment, Energy balance

1 Introduction
Municipal wastewater treatment (WWT) systems have traditionally been designed and operated to
remove different levels of organic C, N and P from wastewaters in order to protect receiving water
bodies. Nowadays, the approach to waste and residuals management is changing and requirements
for more stringent treatment are being combined with needs to operate with optimal resource
management. This approach includes minimizing the use of resources for treatment and maximizing
the recovery of inherent wastewater resources, such as renewable carbon, energy and minerals. In
regards to energy resource management, WWT systems aim at minimizing the use of energy while
recovering as much of the chemically bound energy in the wastewater as possible, thus becoming
energy neutral or even positive (Garrido et al., 2013; Jenicek et al., 2013).
Improved energy resource management in WWT systems relies on understanding and exploiting the
relations among its interconnected unit operations, and it can be influenced by several factors.
Generally, the main energy input of an aerobic WWT system is the aeration energy required for the
biological oxidation of wastewater, and the main energy output is the methane produced from
sludge anaerobic digestion (AD). Energy recovery from wastewater via sludge AD is a wellestablished approach, and efficient production and use of biogas is considered one of the most
critical factors to reach energy autarchy (Jenicek et al., 2013). Nevertheless, different WWT process
configurations or designs may affect energy resource management differently, and trade-offs may
1

appear among C, N and P treatment efficiencies, minimized oxygen consumption and maximized
biogas production.
Several process configurations have been suggested for improving AD and/or minimizing oxygen
requirements, while complying with treatment demands. Sludge pre-treatment at the downstream of
the wastewater treatment line has been extensively investigated as a means to improve AD by
increasing the extent and/or rate of biodegradation of biological excess sludge, which is generally
considered poorly degradable. A number of pre-treatment methods have been developed, of which
thermal hydrolysis at 160-170°C has been the most applied at full scale (Carlsson et al., 2012).
Excess sludge properties are influenced by the WWT process configuration, in which sludge
particles are not only produced and/or separated, but also partially aerobically stabilized. It has long
been known that activated sludge treatments with short solids retention time (SRT) yield excess
sludge with relatively high degradability (Gossett and Belser, 1982). However, interest in this
phenomenon has increased recently as energy and resource efficiency is becoming increasingly
important (Ge et al., 2013). It has been suggested that a change in operation focused on minimising
the oxidation in the treatment line by significantly reducing SRT, in combination with autotrophic
nitrogen removal, may possibly make WWT plants self-sufficient in energy (Garrido et al., 2013).
Autotrophic processes for N removal with reduced oxygen demand and eliminated need for C
source addition have been successfully implemented for the removal of N from reject water, and are
under development for N treatment in the main WWT line (Lotti et al., 2014; Siegrist et al., 2008;
Veuillet et al., 2014). On the other hand, sludge pre-treatment is most beneficial when the excess
sludge is stabilised by oxidation. Thus, these contrasting strategies for improving the energy
balance of WWT systems warrant careful comparison.
The influence of traditional WWT process configurations on the characteristics of biological excess
sludge and its anaerobic digestibility has been identified; however, the impacts that WWT
configurations aimed at energy minimization may have on the properties of the different sludge
types produced, determining the need for their pre-treatment, and on AD have not been thoroughly
addressed. Sludge anaerobic biodegradability (BDAn) is traditionally assessed by biochemical
methane potential (BMP) tests, whose time-consuming nature has prompted the quest for other
reliable BDAn indicators. Correlations have been found between BDAn and relatively easily
measurable sludge characteristics, including the ratio between chemical oxygen demand (COD) and
total organic carbon (TOC) (COD/TOC), soluble organic carbon content and biochemical
components (Mottet et al., 2010), and characterization results from sequential extractions coupled
with fluorescence spectroscopy (Jimenez et al., 2014). In particular, BDAn of biological excess
sludge has been predicted based on aerobic degradability (BDA) tests (Burger and Parker, 2013)
considering that the aerobically stabilized fraction of the sludge consists of endogenous residues
(XP) and inert influent particulates (XI), which remains non-degradable under anaerobic conditions
(Gossett and Belser, 1982; Ikumi et al., 2014). For the specific case where sludge pre-treatment is
applicable, pre-treatment effects are often evaluated by quantifying the solubilisation of organic
compounds (Carlsson et al., 2012). However, the correlation between solubilisation and enhanced
sludge BDAn has been shown to depend on the sludge initial BDAn (Bougrier et al., 2008).
Most pre-treatment studies do not thoroughly describe initial characteristics of the focal sludge, or
acknowledge the importance of the initial biodegradability for the pre-treatment effects. Thus, the
diversity of pre-treatment effects presented in different scientific studies is probably partly due to
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the variations in sludge characteristics, especially initial biodegradability. In addition, thermal pretreatment of sludge is often included in analyses of combined heat and power (CHP) systems.
However, the possibility of integrating it into a system such as the Swedish, oriented towards
producing biogas for use as vehicle fuel, has received less attention and thus warrants investigation.
The objective of this study was to assess how the configuration of a WWT process for biological
nitrogen removal and the associated quantities and qualities of the sludge types produced affect the
mass and energy balances of the WWT system. A conventional treatment line with and without
sludge pre-treatment was evaluated in relation to the performance of a “best case” reduced
oxidation system. Special attention was given to the effects of sludge properties on AD performance
and the utilisation of biogas.
2 Materials and methods
2.1 WWT configurations
A model plant with biological C and N removal and AD of mixed primary sludge and biological
excess sludge was considered as WWT reference (Ref system) for mass and energy balances. Two
modification approaches for energy-balance improvement were introduced; one based on thermal
pre-treatment of biological excess sludge before AD (PT system) and one based on a high-rate (1
day sludge age) process configuration for C removal with subsequent sludge separation before
main-stream autotrophic N-removal (LoOx system) (Fig. 3A).
2.2 Characterization of sludge from different WWTS
Sludge properties were investigated based on different sludge samples collected from full-scale
aerobic WWT processes with different configurations. The sludge samples were characterised
based on standard wastewater chemical analyses and degradability tests, and multivariate data
analysis of the analytical results. Selected sludge samples were thermally pre-treated and further
analysed.
2.2.1 Sludge samples
To examine the BDAN of biological excess sludge and its dependence on the wastewater treatment
process, samples were collected from six sampling points at four Swedish WWT plants (A, B, C
and D) with various combinations of treatment processes (Table 1). In order to cover sludge types
with both high and low biodegradability, samples were collected from high rate activated sludge
(AS) processes with short SRT (1-3 d) for C removal, AS processes for aerobic biological C and N
removal with longer SRT (>8 days) and from moving bed biofilm reactor (MBBR) processes for
biological C and N removal (Table 1). The samples were collected from the return AS stream
(A_HAS1, A_HAS2, C_LAS), from the surface of the flocculation (A_MBBR) or by collecting
effluent water and letting it gravity thicken for about 1 hour and then decanting (B_MBBR and
D_LAS).
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7.6
±0.03

4.3
±0.004

4.8
±0.003

A_HAS1_S2

A_HAS2_S1

A_HAS2_S2

9.8
±0.02

10.5
±0.003

3.7
±0.02

C_LAS_S2

D_LAS_S1

3.4
±n

C_LAS_S1

B_MBBR_S1

33.3
±0.06

7.4
±0.005

A_HAS1_S1

A_MBBR_N_
S1

TS*
(g/l)

Sludge sample

COD
**
(g/l)

8.2
±0.05

8.6
±0.03

4.4
±0.23

4.7
±0.01

40.5
±0.30

3.9
±0.18

11.6
±0.29

11.9
±0.04

3.6
±0.22

VS*
(g/l)

5.0
±0.05

5.2
±0.03

2.6
±0.02

2.8
±0.003

26.2
±0.004

2.4
±n

7.5
±0.04

8.1
±0.01

2.4
±0.04

0.2
±0.01

0.9
±0.04

0.8
±0.06

0.2
±0.02

3.1
±0.00

0.4
±0.01

0.3
±0.01

0.6
±0.06

0.5
±0.01

N(Kj)*
(g/l)

0.13
±0.01

0.39
±0.01

0.35
±0.00

0.08
±0.004

0.83
±0.03

0.09
±0.02

0.08
±0.004

0.17
±0.03

0.15
±0.02

P-tot*
(g/l)

1.1
±0.001

5.5
±0.001

5.0
±0.003

1.4
±0.002

15.7
±0.000

1.9
±0.002

1.2
±0.005

3.3
±0.001

2.7
±0.002

TOC*
*
(g/l)

0.6
±0.04

1.6
±0.1

1.5
±0.1

1.4
±0.2

15.0
±0.0

1.5
±0.1

1.3
±0.1

3.8
±0.3

3.5
±0.1

BOD7*
(g/l)

0.66

0.77

0.77

0.70

0.79

0.59

0.61

0.68

0.67

VS/
TS
(g/g)

1.5

1.5

1.5

1.6

1.5

1.7

1.7

1.7

1.6

COD/
VS
(g/g)
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0.09

0.11

0.10

0.09

0.12

0.13

0.11

0.11

0.10

TKN
/VS
(g/g)

0.05

0.05

0.05

0.03

0.03

0.03

0.03

0.03

0.03

P-tot/
VS
(g/g)

3.14

2.16

2.30

2.79

2.58

2.51

3.68

2.58

3.03

COD
/
TOC
(g/g)

0.18

0.13

0.13

0.35

0.37

0.31

0.28

0.44

0.42

BOD/
COD
(g/g)

Water from pre-clarification with chemical addition
Pre-denitrification followed by C removal and nitrification
steps, all in AS.
SRT: 8 d

Water from pre-clarification
Bio-P and nitrification/denitrification with alternating phases
in AS
SRT: Extended, but not measured

Water from clarification after A_HAS1 and 2.
Nitrification in trickling filter and subsequent denitrification in
MBBR with methanol as carbon source
SRT: not applicable
Water from pre-clarification with chemical addition.
Pre-and post- denitrification, C removal and nitrification steps
all in MMBR, with sludge collected after post-denitrification
with methanol as carbon source
SRT: not applicable

Water from pre-clarification with chemical addition
C removal in AS, some pre-denitrification
SRT: 1-3 d

Water from pre-clarification with chemical addition
C removal in AS
SRT: 1-3 d

Process specifics

Table 1. Properties of sludge samples studied and the characteristics of their process of origin. Samples were collected from four different wastewater treatment plants (A, B, C and
D, respectively) and from different sub-processes of the plants. Activated sludge (AS) samples from WWTP A and C were collected on two separate occasions (S1 and S2
respectively). Process types are divided into High-rate Activated Sludge (HAS), Low-rate Activated Sludge (LAS) and Moving Bed Biofilm Reactor for the whole treatment line
(MBBR) and for only nitrogen removal (MBBR_N). Raw data are presented +/- standard deviation of 2 (*) or 3 (**) replicates.

2.2.2 Thermal pre-treatment of sludge
To evaluate the potential enhancement of methane yield, sludge samples from three of the full-scale
WWT processes were collected a second time and subjected to pre-treatment with high temperature
and pressure. The sludge samples were subjected to thermal steam explosive pre-treatment (~6 bar
and 165 °C for 30 min) in a pilot-scale reactor (at power plant of Borås Energi och Miljö AB,
Borås, Sweden), with a reaction chamber of 10 L and an expansion tank for pressure release. The
reactor was heated with 48 bar, 410°C steam provided by the power plant. During the pre-treatment,
the sludge was diluted by a factor of ~2.5 by condensed steam.
2.2.3 Biochemical methane potential (BMP) tests
BMP tests were performed in 250 ml bottles with 100 ml active volume as described in Carlsson et
al. (2015). The inoculum-to-substrate ratio (ISR) was VS:COD = 2:1 and substrate concentrations
were 2-3 g COD/L. The measured BMP was defined as the accumulated methane produced after
35-40 days relative to the amount of COD introduced, in STP conditions (0°C, 1atm).
2.2.4 Analytical procedures and data analysis
Soluble fractions were obtained after filtration through a micro glass fibre paper of 1.6 µm pore
size. Analyses were performed according to the following methods: NH4-N analyses (method SSEN ISO 11732:2005; (SIS, 2005a)), total and volatile solids (TS, VS method SS 028113-1; (SIS,
1981)), Kjeldahl Nitrogen (N-Kj method SS-EN 25663, 1 ed.; (SIS, 1984)), TOC (EN 13137;
(CEN, 2001)), BOD7 (SS-EN 1899-1:1998; (SIS, 1998)), COD (Hach Lange kit LCK 114) and total
phosphorus (P-tot SS-EN ISO 15681-1:2005; (SIS, 2005b)). No correction for losses of VFAs in
the TS analysis was made, since the VFA concentrations were negligible (results not shown).
Protein was calculated as (N(Kj)– NH4-N) * 6.25, where 6.25 is a conversion factor based on a
mean nitrogen content of proteins of 16% (Heidelbaugh et al., 1975).
Solubilisation of COD and proteins (Pr) were defined as (CODs-CODs0)/CODp0 and (Prs-Prs0)/Prp0
according to (Mottet et al., 2009), where CODs0, Prs0 and CODp0, Prp0 are the concentrations of
solubles and particulates, respectively, in the raw sample, and CODs, Prs the concentration of
solubles in the treated sample. BDAn was defined as the ratio between the measured BMP (Nml/g
COD) and the theoretical methane potential of 350 Nml/g COD according to (Mottet et al., 2009).
BDA was defined as the BOD7/COD ratio.
Characterization data were evaluated by multivariate data analysis with the Umetrics software
SIMCA version 13.0.3. Principal component analysis (PCA) was applied to elucidate and visualize
relationships among the variables, and partial least squares (PLS) modelling was applied to attempt
to correlate the characteristics of the sludge samples to the BDAN.
2.3 COD, N and energy balances
2.3.1 Approach
Experimental data were combined with theoretical considerations and practical assumptions to
perform COD, N and energy balances of the three WWT systems. Energy calculations for the Ref,
PT and LoOx systems were based on outputs from a mass balance on COD and nitrogen (N) in
combination with assumptions of energy conversion and oxygen transfer efficiencies as well as
different considerations of potential uses of the energy output of the system (biogas or electricity).
The mass balance of the reference system was based on the benchmark for nutrient removal plants
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performed by Nowak (2003), with the exception that gas production from biological excess sludge
was based on experimental BMP results (C_LAS1, Table 3), and generally observed biogas yields
in continuous mesophilic anaerobic digesters. The process performance of the improved energybalance systems was based on operational data from a high rate C-removal process (WWTP_A),
BMP-results (A_HAS1 and pre-treated C_LAS1), and observed performance of autotrophic Nremoval, as per Garrido et al (2013) and operational experience from the ANITA™Mox process
(Christensson et al., 2013). Essential input data and assumptions are summarized in Table 2.
2.3.2 COD balance process considerations
The aeration energy required for nitrification and oxidation of organic matter was considered as the
main energy inputs to the reference WWT system. The organic matter, expressed as COD, that is
removed in biological treatment is the difference between the influent COD (CODIN) and effluent
COD (CODEFF) of this process. This COD is either oxidised and removed as CO2 or incorporated
into biomass and removed as excess biological sludge, which can be expressed as (Svardal and
Kroiss, 2011):
CODIN-CODEFF=OUC+CODXE

(Eq. 1)

where OUC is the oxygen uptake for degradation of carbon and CODXE is the COD of the associated
excess biological sludge. The ratio of oxygen uptake for C degradation to wastewater COD removal
(OUC/(CODIN-CODEFF) in biological treatment depends on primary separation and SRT and was
derived from Svardal and Kroiss (2011). The COD in the reject water was assumed to be zero for
simplicity sake. The total oxygen demand (OU) of the treatment process is the sum of OUC and the
oxygen needed for nitrification (OUN) minus the oxygen used for COD oxidation in denitrification
(OUDN). OUN and OUDN were based on Svardal and Kroiss (2011).
The efficiency of primary separation was assumed to be 40% of the influent COD. It was assumed,
as in Nowak et al (2003), that efficient denitrification can be sustained at this separation efficiency.
The impact of this assumption was tested by introducing a case with no PS, for which case the OUC
was adjusted based on Svardal and Kroiss (2011) (Table 2).
2.3.3 Energy balance considerations
The energy needed for operation of the anaerobic digester and for pumps and mixers in the WW
treatment line was considered to be rather similar in the different systems analysed and therefore
this energy was not included in the balance calculations. The calculated OU was converted into
electricity input by assuming the specific energy demand for aeration to be 0.5 kWh per kg O2
consumed according to Nowak (2003). The sensitivity of the results to this assumption was
analysed by performing additional calculations with doubled aeration energy requirements (1 kWh
per kg O2). Energy requirements for pre-treatment were assumed to be 160 kWh/ton sludge based
on a steam input of 1 kg per kg TS (Cano et al., 2014).The sludge was assumed to be dewatered
prior to pre-treatment to 16% TS (Pickworth et al., 2006). Energy needed for dewatering was not
considered. Energy input for pre-treatment was evaluated in two scenarios: (i) assuming biogas is
delivered to an upgrading plant for use as vehicle fuel (energy input for upgrading to vehicle gas
and losses in upgrading were not considered) and (ii) assuming biogas is used for combined heat
and power (CHP) with 38% electrical efficiency. The latter allows for energy integration of the pretreatment, meaning that 25% of the energy contained in the biogas (recovered as waste exhaust heat
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from CHP) is used in a boiler to produce steam at 64% efficiency (Pérez-Elvira and Fdz-Polanco,
2012).
Table 2. Considerations for mass and energy balance for the Ref system and improved energy balance systems based on
thermal pre-treatment of biological excess sludge before AD (PT system) and based on a high rate process configuration
for C removal (1 day sludge age) with subsequent sludge separation before main-stream autotrophic N-removal (LoOx
system)
Acronym

Ref

PT

LoOx

Unit

COD influent

CODIN

110

110

110

g/PE/d

N influent

NIN

10

10

10

g/PE/d

OUC

N content in primary sludge

NXPr

40% and
0%*
65% and
60%*
0.03

40% and
0%*
50%, 45%*
and 65%**
0.03

% of influent COD

Oxygen uptake for C removal

40% and
0%*
65% and
60%*
0.03

N content in biological excess sludge

NXE

0.06

0.06

0.06

g/g COD

Removal efficiency in primary clarifier

% of COD removal
g/g COD

100%***

100%***

0%

COD in effluent

CODEFF

7

7

7

g/PE/d

N in effluent

NEFF

2.5

2.5

2.5

g/PE/d

Oxygen uptake for nitrification

OUN

4.3

4.3

-

gO2/g N nitrified

Avoided oxygen uptake from
denitrification
N to reject

OUDN

-2.6

NR

0.04

COD to reject

CODR

0

0

0

g/g CODbiogas

Oxygen uptake for autotrophic Nremoval
BMP of primary sludge

OUAN

1.9

1.9

1.9

gO2/g N removed

260

260

260

NL/kgCOD
NL/kgCOD

Nitrification efficiency

-2.6
#

0.04

#

0.05

gO2/g N removed
#

g/g CODbiogas

BMP of biological excess sludge

160

Energy input for pre-treatment

-

116

220 and
160**
-

TS in sludge for pre-treatment

-

16.5%

-

Methane yield primary sludge

90%

90%

90%

% of BMP

Methane yield boil excess sludge

70%

80% and
70%**
0.5 / 1¥

% of BMP

Specific energy demand for aeration

80%
¥

¥

0.5 / 1

0.5 / 1

kWh/ton sludge

kWh/kg O2
consumed
*Sensitivity analysis with no primary sedimentation, **Autotrophic N removal step, ***No NH 4-N in effluent, #Calculated based on ratio
primary/excess sludge and degradability of sludge, ¥Sensitivity analysis with doubled aeration energy demand

3 Results and discussion
3.1 Characteristics of the excess sludge from different process configurations
Results from biodegradability assessments indicate that the high-rate and MBBR configurations
produced excess sludge with high BDAn and BDA (Table 3). In addition, the anaerobic degradation
rates in the BMP trials were significantly higher for these sludge samples than for those originating
from AS processes with longer SRT (Fig. 1). The BDAn and BDA of B_MBBR_S1 was in the same
range as the sludge samples from high rate AS, even though it originated from the final step of a
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multi-step biological nitrogen removal process, which indicates that the sludge is not significantly
stabilized as it moves downstream in the MBBR plant.
The basic chemical characteristics of the sludge samples (normalized COD, N, P and TOC results)
were all within the expected range based on experience and theoretical considerations, with no
apparent correlations to biodegradability except possibly for the P-content, which was higher in all
the sludge samples with lower biodegradability (Table 3). To further investigate the relationships
among the variables and sludge types, PCA was performed on a data set with duplicate analytical
results of 6 variables deemed relevant: Kjeldahl nitrogen content (N(Kj) expressed in g/gVS),
phosphorus content (P-tot expressed in g/gVS), COD/TOC ratio (g/g), BDA, BDAN and anaerobic
degradation rate (rate_10, expressed as the COD converted to methane per day during the first 10
days of BMP trial). The PCA generated three principal components (PC) and the correlations
according to the first two are illustrated in Fig. 2 A and B. PC1 and PC2 explained 63% and 26% of
the total variance, respectively. A PLS model was generated to understand how the characteristics
of sludge samples may correlate to anaerobic biodegradability, with BDAn as Y-variable. The model
had three principal components, a goodness of fit of R2=0.96 and goodness of prediction of
Q2=0.94. Removing any of the variables did not improve the model.
Sludge samples from processes with extended aeration were grouped to the left in the PCA score
plot and samples from high rate and MBBR processes were grouped to the right. BDAn, degradation
rate (rate_10) and BDA were closely linked and associated with the right-sided cluster, whereas
phosphorous content was linked to the left-sided cluster (Fig. 2 A and B). The influence of
COD/TOC and nitrogen were more related to PC2 which seemed to be linked to the origin of
samples rather than the process type. In the PLS model, BDA was the most important variable to
predict BDAn, followed by P-tot. P-tot had a strong negative correlation to BDAn, whereas N(Kj) and
COD/TOC ratio were less important (Fig. 2C). The results confirm the close relationship between
aerobic and anaerobic biodegradability of biological excess sludge, but also imply that sludge with
high content of phosphorous has low biodegradability and vice versa. However, data analysis does
not express cause-effect relations and phosphorous removal can be accomplished by both chemical
and biological processes, taking place in different parts of the WWTP. The WWTPs studied here
use chemical pre-precipitation (WWTP A), post-precipitation (WWTPs B and D) or Bio-P in
combination with biological nitrogen removal (WWTP C) (Table 1). There are thus several factors
possibly affecting the P-content of the sludge and the reason behind the strong correlation is not
obvious. In a previous study, a positive correlation between COD/TOC ratio, which is a measure of
the oxidation state of the organic carbon, and BDAn was established (Mottet et al., 2010). A low
ratio indicates a higher oxidation state, potentially corresponding to less carbon being converted to
methane (based on stoichiometry). This strong relationship was not established by the model
developed in this study. Out of the analysed variables; BDA seems to be the only factor that had a
strong correlation to BDAn that can be supported by theory. It should be noted that the sludge
samples were taken from full-scale plants of various combinations of treatment processes and thus
there are several factors that can affect the sludge characteristics in addition to the load/main
process type. Due to this, it can be concluded that basic chemical analysis alone may not be
appropriate indicators for predicting BDAn of biological excess sludge samples, and relationships
found by non-cause-effect models should be considered with care.
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Figure 1. BMP results of raw samples of biological excess sludge (A) and a second set-up of three of the samples with
and without prior thermal pre-treatment (B). Plotted data are means of triplicates with error bars representing the
standard deviation. Methane production is corrected for background production from blanks and normalized with
respect to the added substrate COD. The accumulated methane produced at day 33 was considered the BMP, even
though some sludge samples were still producing methane.
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Figure 2. Score plot (A) and loading plot (B) of the first and second principal components of the PCA showing how the
samples and variables relate to each other, respectively, and the importance of variables (VIP) to predict BD AN in the
PLS model (C).

3.2 Effects of pre-treatment on solubilization and biodegradability of different sludge samples
The three sludge samples (two from high rate AS and one from AS with extended aeration) were
highly solubilized by the pre-treatment but the resulting effect on biodegradability differed with the
initial inherent biodegradability of the sludge types (Fig. 1B and Table 3). Neither BD A nor BDAn of
the sludge samples from the high rate processes (A_HAS1_S2 and A_HAS2_S2), with initial high
degradability, were positively affected by the pre-treatment. On the other hand the effect on the
sludge from a process with extended aeration (C_LAS_S2) was a significant increase of BDA and
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BDAn, both reaching similar values as the initial biodegradability of high rate sludge. In addition,
the methane production rate in the BMP test was significantly increased as a result of pre-treating
the extended aeration sludge (C_LAS_S2, Fig. 1B). Since neither the extent nor kinetics of
biodegradation of the high rate sludge samples were affected despite significant solubilization,
hydrolysis/solubilization does not seem to be rate limiting in the BMP tests. Therefore, sludge from
processes with very short sludge age does not need pre-treatment and solubilization is not an
appropriate indicator of pre-treatment effect if the sludge has high initial biodegradability.
The relative increase in biodegradability for extended aeration sludge was larger for BD A than for
BDAn. This may partly be due to the fact that neither BDA nor BDAn, as defined in this study,
represent the ultimate biodegradability since the evaluation tests are limited in time to 7 days and
35-40 days respectively). These two tests do not necessarily represent the same extent of
degradation. After pre-treatment, the degradation kinetics were enhanced and the values of BDA and
BDAn were less sensitive to the duration time of the test.
Table 3. Results from BMP trials, BDA and BDAN of the different sludge samples and, for the three samples subjected
to thermal pre-treatment, the resulting effect on solubilisation and biodegradability.
Untreated samples

Pre-treatment effect

BMP

BMP

BDA

BDAN

(Nl CH4/
g CODfed)

(Nl CH4/
g VSfed)

(gBOD7/
gCODfed)

(gCODCH4/
gCODfed)

A_HAS1_S1

0.22

0.37

0.42

0.64

-

-

-

-

A_HAS1_S2

0.23

0.38

0.44

0.65

+41

+55

-18

-2

A_HAS2_S1

0.18

0.30

0.28

0.51

-

-

-

-

A_HAS2_S2

0.22

0.37

0.31

0.62

+41

+51

+4

-6

A_MBBR_N_
S1
B_MBBR_S1

0.22

0.33

0.37

0.62

-

-

-

-

0.22

0.36

0.35

0.63

-

-

-

-

C_LAS_S1

0.16

0.24

0.13

0.45

-

-

-

-

C_LAS_S2

0.17

0.25

0.13

0.48

+35

+43

+145

+31

D_LAS_S1

0.13

0.19

0.18

0.36

-

-

-

-

Sludge sample

Solubilisation
%
COD

%
Protein

Biodegradability
%
BDA

%
BDAN

-: Pre-treatment not conducted

3.3 Assessment of energy-balance improved WWT systems
3.3.1 COD and N balances
COD and N balance for different systems are presented in Fig. 3 with the main results summarized
in Table 4.
In the Ref system, about two thirds of the total sludge COD for AD came from primary sludge and
the rest from biological excess sludge with poor biodegradability. In the PT system, the quantity of
sludge COD going to AD was the same, but the degradability of the biological excess sludge was
higher due to the pre-treatment. In the LoOx system, the excess sludge production was 30% higher
than in the other systems due to reduced oxidation and most of it with BDAN in the same range as
pre-treated sludge due to reduced stabilisation (Fig. 3).
Both improvement strategies resulted in higher yields of methane from the COD removed from the
wastewater as well as from the COD treated in AD (Table 4). The LoOx system performed slightly
better based on total COD removal and had significantly lower oxygen consumption for both carbon
11

and nitrogen removal, whereas the PT system performed best based on AD alone and left the least
COD as digestate.
The primary separation was an important factor to reach high methane yields from total COD
removed and without primary separation in the Ref system this yield was reduced by 62% (Table
4). The corresponding PT and LoOx systems also had reduced methane yields, but the relative
increase of the yields compared to the Ref system were higher. Thus, a system with less efficient
primary separation has higher potential for improvement.

Figure 3. Schematic diagrams of the compared systems with mass flows of COD and N, and required oxygen inputs
(OU), in grams per population equivalent per day (g/PE,d).
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Table 4. Comparison among WWT systems of oxygen demand (for C and N removal respectively), methane production
(as COD per COD removed and per COD fed to AD respectively) and COD left as digestate. CODrem represents the
total COD removal over the total WWT system (COD influent-COD effluent), which is 105 g COD/PE,d. 40% PS
represents each system with 40% of incoming COD removed in primary separation and no PS represents each system
without primary separation.

TotalO2 demand
OUc
OUN
Methane COD
Methane COD
COD left in digestate

40% PS
0.57
0.36
0.20
0.35
0.55
0.29

Ref
no PS
0.79
0.59
0.20
0.13
0.32
0.28

PT
40% PS
0.57
0.36
0.21
0.39
0.61
0.25

no PS
0.79
0.59
0.20
0.21
0.51
0.20

40% PS
0.42
0.31
0.12
0.41
0.59
0.29

LoOx
no PS
0.58
0.47
0.12
0.26
0.48
0.28

Units
gO2/gCODrem
gO2/gCODrem
gO2/gCODrem
gCOD/gCODrem
gCOD/sludge CODfed
gO2/gCODrem

3.3.2 Energy balances
The energy calculations show that much more energy can be generated as biogas than what is
needed for aeration if efficient primary separation is implemented (Fig. 4A), and that the biogas
produced can be potentially converted into more electricity than that needed for aeration (Fig. 4B).
However, the energy assessment depends on what is considered as useful energy output. In this
study, two scenarios of biogas utilisation were considered; (i) based on biogas delivered to an
upgrading plant with subsequent use as vehicle fuel or as other natural gas equivalent outside the
plant and (ii) based on CHP production at the plant and electricity delivered to the grid (ii). In
Scenario (i), all the produced methane is a useful energy output of the system and the heat and
electricity needed internally are generated elsewhere, whereas in Scenario (ii) only the net
electricity generated is considered a useful energy output and the heat and electricity needed
internally is provided by the biogas via the CHP plant. In Scenario (i), thus, three different energy
carriers (steam, electricity and methane) are considered (Fig. 4A) and even though a net energy
use/generation could be calculated, it makes more sense to analyse the influence of use/generation
of each energy carrier based on economic value or environmental impacts such as global warming
potential. In scenario (ii), a net electricity production and need for steam input for pre-treatment
could be calculated (Fig. 4B), revealing that in the PT system with high primary separation, there
was significant surplus electricity, and no extra input for thermal pre-treatment was necessary. On
the other hand, in the PT system without primary separation, the electricity produced from biogas
could not cover the demand for aeration and additional steam was required for pre-treatment. In the
LoOx system with efficient primary separation the surplus electricity was substantial due to the
combined effects of high biomass production of high biodegradability and low oxygen demand in
the WW treatment line and even with no primary separation enough biogas was produced to cover
the electricity demand for aeration.
The electricity input of the systems is sensitive to the assumed specific energy demand for aeration,
which depends on factors such as oxygen transfer and blower dimensions. A doubling of this
demand would mean that only the LoOx system with 40% primary separation could be selfsufficient with electricity for aeration.
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Figure 4. Energy balances of the three compared WWT systems. (A) Required inputs (negative values) and outputs
(positive values) of energy carriers in each WWT system in Scenario 1 with and without primary separation (40% COD
efficiency). Black bars represent electricity inputs for aeration, grey bars represent methane outputs from AD and
striped bars represent steam inputs for thermal pre-treatment of biological excess sludge. (B) Net electricity (black bars)
and pre-treatment steam requirements (striped bars) of each WWT system in Scenario 2 with and without primary
separation (40% COD efficiency). Negative, zero and positive values respectively indicate requirements for additional
inputs to the system, self-sufficiency and generation of excess energy carriers by the system. See text for descriptions of
Scenarios 1 and 2.

The most obvious advantage of thermal pre-treatment of biological excess sludge can be seen in a
system with extended aeration in the wastewater treatment line and biogas CHP production, with no
potential external use of the heat. In this case it is possible to reach increased net electricity
generation and reduced digestate COD without any “cost” of input energy. In a system where all
biogas produced can be put to use, the inputs and outputs of different energy carriers need to be
valued based on their impacts on economy and environmental factors in each specific case.
Minimizing oxidation of organic material and oxygen requirements for nitrogen removal in the
14

wastewater treatment line offers potential for simultaneous energy savings and recovery and in such
systems, pre-treatment of sludge makes less sense from an energy point of view.
It should be noted that in the eventual implementation of these WWT configurations or systems,
there are many other factors that will affect the ultimate system performance, such as wastewater
composition, temperature, effluent quality demands and sludge dewaterability. Furthermore, there
are still challenges to be overcome before autotrophic nitrogen removal can be widely implemented
in the main WW treatment line. However, these balance calculations provide a theoretical basis
supported by experimental results that can aid in the quest for energy efficient operation of WWT
systems. The optimal solution for each plant depends on site-specific factors such as scale, local
regulations, cost for sludge disposal as well as other economic and environmental considerations.
4 Conclusions
The potential improvement of AD by thermal pre-treatment of excess sludge depends on the
inherent sludge biodegradability determined by the extent of stabilization in the WWT process.
Furthermore, how pre-treatment impacts the overall energy efficiency of a WWT system depends
not only on its effects on AD but also on the potential use and value of the associated energy
carriers, i.e. biogas, steam/heat and/or electricity. Therefore, the need of pre-treatment should be
assessed with a holistic system approach considering WWT process configuration as well as
influence of use/generation of each energy carrier based on economic value and/or environmental
impacts.
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