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Biogas Research Center

BRC is a center of excellence in biogas research funded by the Swedish Energy Agency,
Linkoping University and a number of external organizations with one-third each. BRC has a
very broad interdisciplinary approach, bringing together biogas-related skills from several
areas to create interaction on many levels

- between industry, academia and society
- between different perspectives
- between different disciplines and areas of expertise.
BRC’s vision is:
Resource-efficient biogas solutions are implemented in many new applications

and contribute to a more sustainable energy supply, improved
environmental conditions, and good business opportunities.

BRC contributes to the vision by advancing knowledge and technical development, as well as
by facilitating development, innovation and business. Resource efficiency is central,
improving existing processes and systems as well as establishing biogas solutions in new
sectors and enabling use of new substrates.

For BRC phase 1, the first two year period from 2012-2014, the research projects were
organized in accordance with

Table 1, showing important challenges for biogas producers and other stakeholders, and
how these challenges were tackled in eight research projects. Five of the projects had an
exploratory nature, meaning that they were broader, more future oriented and, for
example, evaluated several different technology paths (EP1-EP5). Three projects focused
more on technology and process development (DP6-DP8)

Table 1. Challenges, exploratory (EP) and technology and process development (DP) projects for BRC phase 1,
2012-2014.

Challenges More gas from New feedstock New sectors Co-operation for Relevant societal
existing systems improved conditions
performance
Explorative EP1 - Improvement |EP2 - Systematic EP3 - Biogas in |EP4 - Collaboration | EPS5 -
projects of the biogas assessment of new industries |for improved Municipalities as

production process

feedstock for an
expanded biogas
production

economic and
environmental
performance

system builders in
energy systems

Technology and

DP6 - Increased

DP7 - Enzymatic

DP8 - Systems and

process methane production |increase of sludge technology for
development and process stability |digestibility effective use of
projects in biogas reactors biofertilizers

This is a report from the EP1 project — Improvement of the biogas production process.
Please, observe that there are reports and/or scientific papers for the other projects as well.

During phase 1 of BRC, the following organizations participated in the center: Linképing
University, Biototal AB, InZymes Biotech AB, Kemira OYJ, Lantbrukarnas Riksférbund,
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Lantmannen, Linkdpings kommun, Nordvastra Skanes Renhallnings AB, Scandinavian Biogas
Fuels AB, Svensk Biogas i Linkdping AB, and Tekniska Verken i Linkdping AB.

- The work presented in this report has been financed by the Swedish Energy Agency
and the participating organizations.
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Summary

There are several ways to improve biogas production in anaerobic digestion processes and a
number of strategies may be chosen. Increased organic loading in existing plants will in most
cases demand the introduction of new substrate types. However, to substantially increase
the Swedish biogas production new, large-scale biogas plants digesting new substrate types
need to be established.

Better utilization of existing digester volumes can be linked to:

e Increase of organic loading rates and/or reduced hydraulic retention time
- Optimizing the anaerobic microbial degradation by identifying rate-limitations,
its causes and possible remedies such as:
o Nutrient and trace element balances
o Needs and availability of trace element
o Process design aiming at an increase of the active biomass (e.g.
recirculation of reactor material, two stage processes)

o Process inhibition (enzymatically regulated product inhibition and toxicity)
o Improved pre-treatment to increase degradation rates and VS-reduction

- Mixing and rheology

- Better monitoring and control

- Co-digestion with more high-potential substrates

The present report reviews a number of fields that are linked to improvements in the biogas
production process as based on the bullets above.

A well-working, active biomass is a prerequisite for efficient biogas production processes,
why factors affecting microbial growth are crucial to obtain stable processes at the highest
possible organic load/lowest possible hydraulic retention time.

The microorganisms need nutrients, i.e. carbon, nitrogen, phosphorus, calcium, potassium,
magnesium and iron as well as trace elements such as cobalt, nickel, manganese,
molybdenum, selenium and tungsten for growth. The need of nutrients and trace elements
varies with the substrate digested, the organic loading rate, the process design (e.g. the
reactor configuration, the degree of recirculation etc). In addition, the complexity of the
chemical reactions controlling the bioavailability of the trace metals is wide, why optimal
addition strategies for trace elements needs to be developed.

Substrates as food wastes, sewage sludge, cattle manure, certain energy crops and algae are
good bases to obtain processes with good nutrient- and trace element balances. These kinds
of substrates can often be implemented for “mono-substrate” digestion, while substrates
dominated by carbohydrates or fats needs to be co-digested or digested in processes
modified by e.g. nutrient- and trace element additions, sludge recirculation, etc. Protein-rich
substrates often include enough nutrients, but can give other process problems (see below).

Iron, cobalt and nickel are the nutrients/trace elements given most attention so far.
However, molybdenum, selenium and tungsten have also, among others, been shown
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effective in different AD applications. The effects have, however, mainly been shown on
turnover of VFAs and hydrogen (resulting in increased methane formation), while just a few
studies have addressed their direct effect on rates of hydrolysis, protein-, fat- and
carbohydrate degradation. Selenium- and cobalt-containing enzymes are known to be
involved in amino acid degradation, while selenium and tungsten are needed in fat- and long
chain fatty acid degradation. Enzymes active in hydrolysis of cellulose have been shown to
be positively affected by cobalt, cupper, manganese, magnesium and calcium. This implies
that trace element levels and availability will directly affect the hydrolysis rates as well as
rates and degradation pathways for digestion of amino acids, long chain fatty acids and
carbohydrates. However, their effect on hydrolysis seems neglected, why studies are needed
to map the metals present in active sites and co-factors of enzymes mediating these primary
reactions in AD. Further investigations are then needed to elucidate the importance of the
identified metals on the different degradation steps of AD aiming at increased degradation
rates of polymeric and complex substrates. It should also be noted that the degradation
routes for amino acid degradation in AD-processes, factors governing their metabolic
pathways, and how ATP is gained in the different pathways seem unknown. The different
routes may result in different degradation efficiencies, why a deeper knowledge within this
field is called for.

Trace metals added to biogas reactors have positive effects on the process only if they are
present in chemical species suitable for microbial uptake. Interaction of biogenic sulfide with
trace metals has been identified as the main regulator of trace metal speciation during AD.
Fe, Co and Ni instantaneously form strong sulfide precipitates in biogas reactors but at the
same time show very different chemical speciation features. The soluble fraction of Co
widely exceeded the levels theoretically possible in equilibrium with inorganic sulfide. The
high level of soluble Co is likely due to association with dissolved organic compounds of
microbial origin. Fe and Ni speciation demonstrated a different pattern dominated by low
solubility products of inorganic metal sulfide minerals, where their solubility was controlled
mainly by the interactions with different dissolved sulfide and organic ligands. To our
knowledge, the information about chemical speciation of other trace metals (Se, Mo, and W
among others) and its effects on the bioavailability in anaerobic digestion environments is
rare. Providing information on the metal requirements by processes linked to their
bioavailability in biogas reactors is identified as a key knowledge needed for maximizing the
effect of metals added to biogas reactors. Further research is also needed for development
and design of proper metal additive solutions for application in full scale biogas plants. A
practical approach is to supplement trace metals in specific chemical forms, which are either
suitable for direct bio-uptake or will hamper undesirable and bio-uptake-limiting reactions
(e.g. mineral precipitation).

Recirculation of reactor material as a way to enrich and maintain an active microbial biomass
(and, thus, an increase in the substrate turnover rate) in tank reactors has been tested for
digestion of fat within BRCs project DP6. The methane yield increased from 70 to 90% of the
theoretical potential at a fat-loading rate of 1.5 g VS/L and day. The same strategy has been
successful during digestion of fiber sludge from the pulp and paper industry, i.e. the
recirculation has been crucial in establishment of low hydraulic retention times. Also
degradation of sewage sludge (SS) would likely be improved by recirculation as the retention
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time of the solid SS is prolonged in such a system. However, this remains to be tested. The
recirculation concept also needs to be evaluated in larger scale reactors to form a base to
include extra costs and energy consumption vs. the benefits from increased yields.

To divide the anaerobic digestion process into two phases, where the hydrolytic/acidogenic
and the syntrophic/methanogenic stages of anaerobic digestion are separated, might be a
way to enhance degradation of lignocellulosic materials as the hydrolysis of these
compounds may be inhibited by the release of soluble sugars. It should be noted that the
natural AD of ruminates is phase-separated and improvements in AD can likely be achieved
using these natural systems as a starting point. Also the degradation of aromatic and
chlorinated species is likely enhanced by phase separation. One way to obtain such systems
is to combine a leached bed for hydrolysis of insoluble material with a methanogenic reactor
treating the leachate. Plug flow reactors might be another possibility as well as membrane
reactors, which physically separates the hydrolyzing and methanogenic phases.

Inhibition caused by toxic levels of ammonia (protein- and ammonia rich substrates), fat-rich
substrates and long chain fatty acids (LCFAs), aromatic compounds, salts etc. have been
reported in many cases and some remedies are suggested. Ammonia can be stripped off as a
measure to overcome too high levels. Another option is to adjust pH of the reactor liquid by
addition of acid shifting the ammonia-ammonium balance in the system towards less free
ammonia. A decrease in alkalinity by acid addition might also affect the availability of trace
elements as solubility of trace metal mineral phases is generally higher at lower pH. LCFA
degradation has been shown to benefit from periodic additions of fat and is, thus, an
effective strategy to minimize inhibition by the release of the LCFA. Adsorption to zeolites
has also been shown to abate the inhibition by LCFA. The best way to avoid inhibition is,
however, to keep the processes nutritionally well balanced and using concepts suitable for
the actual substrate mix digested (i.e. sludge recirculation, phase separation etc.) in order to
obtain the highest possible degradation rate for problematic compounds, thus, avoiding
accumulation of inhibitory components such as LCFA and aromatics. High ammonia and salt
levels can often be regulated by the substrate mix.

The hydrolysis is often reported as rate limiting in digestion of complex polymers in balanced
anaerobic digestion systems, while the methanogensis is regarded as rate-limiting for more
easily degraded substrates. As mentioned above the effect on methane formation rates by
the addition of trace elements have been shown in numerous studies, while their effect on
the hydrolysis and acidogenic AD steps are much less studied. Thus, the effects of the trace
elements on the early steps in the AD-chain need to be investigated further.

To obtain high-rate hydrolysis, effective and energy efficient pre-treatment methods are
crucial for a large number of substrates. The rate of hydrolysis is to a large extent dependent
on the properties of the organic compounds in the substrate e.g. carbohydrates, proteins,
fat or lignocellulosic material as well as particle size and pre-treatment methods applied. The
establishment and colonization by sessile microorganisms and biofilms is highly important
for efficient and high rate hydrolysis. Microbial formation of organic compounds and the
availability of surfaces are factors influencing these key processes, which in turn are tightly
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coupled to the growth conditions for the hydrolyzing microorganisms. This is an area
recently brought up as an issue for detailed research.

Mixing is mostly needed for effective high-rate biogas production, but too extensive mixing
can destroy the syntrohpic interactions necessarily taking place during AD. However, the
efficiency of the mixing system design in relation to colonization, presences of dead zones,
changes in viscosity/rheology, etc. seem unclear and this area thus calls for further
attention.

In high-loaded efficient processes a monitoring program following parameters e.g. organic
loading rate, gas-production, VS-reduction, pH and VFA-levels is needed. This can be
achieved through sampling and analysis off line, but there are of course benefits with on-line
monitoring. A number of different methods have been suggested and tested, and some
titration- and spectroscopic methods are applied, but none seems commonly in use. The
reasons for the low interest to apply these methods may be the need for expertise on
calibration, validation and multivariate analysis of most on-line methods, high maintenance
demands (cost and time), and | functional problems related to fouling, gas bubbles, sensor
location, disturbing particles etc.

New substrates with the highest potential for use in existing or new biogas plants seem to be
forestry-based biomass, certain energy crops and macro-algae. Both the energy crops and
the macro-algae can be chosen to give nutritionally well balanced AD-processes, while AD on
forestry biomass demands nutrient supplements. For both the energy crops and the macro-
algae sustainable cultivation systems need to be developed. Crop rotation systems should be
employed to minimize tillage as well as fertilization- and pesticide utilization at highest
possible TS-yields. System analyses aiming at sustainability and economy of TS and methane
yields per ha including needs of nutrient supplements should therefore be performed.

In all three cases (forestry biomass, energy crops and algae) pre-treatment methods to
create high internal surface areas are needed. However, the pre-treatment methods chosen
need to be highly energy- and resource efficient to obtain sustainable systems (a positive
energy balance). New plants will for profitability likely need to be large with highly
developed infrastructure for substrates supply and distribution of the produced
biogas/electricity nearby. Process concepts aiming at highest possible loading rates at
shortest possible retention time will be needed, which likely are met by including both
phase-separated process systems and systems for sludge recirculation.

It should also be noted that the lignin in substrates from forestry biomass needs to be used
for production of e.g. polymeric materials or as a fuel to obtain reasonable energy balances
for AD of lignocellulose. Pre-treatment methods obtaining separation of lignin is therefore
needed. A substantial research and development is in progress within this field.

The possibilities for AD within the pulp and paper industry are interesting, especially if
specific effluents within the pulp- and paper production units are selected and the raw
material for the pulp and paper production is chosen considering the biogas yields of the
residues.
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Preface

The aim of work behind the present report was to examine possible improvements of existing biogas
production units in Sweden in order to support the further development of process-related issues
within the Biogas Research Center (BRC) hosted by Linképing University. This activity formed one of
the exploratory projects within the BRC and is the outcome from a strong interaction among the
representatives of the BRC partner companies and scientists at Linkdping University. The partner
company representatives and the scientists formed a very active working group which strongly
cooperated in a set of workshops to initialize the project and follow ups during the process of
compilation of the report. Thus, the report very much rely on and is supported by the demands
within the biogas-producing actors in Sweden and a review of the past and ongoing international
research for identification of possibilities to improve the biogas production in current systems as well
as when it comes to future options. Not the least has the knowledge from in house research and
development among the biogas-producing companies together with their experience of practical
applications of such results been instrumental. Thus, as the group of main responsible researchers
working with the report at Linkdping University, we express our great gratitude to all contributors.

The outcome has been used as a support to identify new possible core projects within BRC phase 2 in
close cooperation between academy, the industry and other organizations involved.

The members of the working group included: Irene Bohn (NSR, Helsingborg), Jan Moestedt and Erik
Nordell (Tekniska Verken i Linkdping AB), Jorgen Ejlertsson (Scandinavian Biogas Fuels, Linkdping),
Mats Soderstrom and Jonas Ammenberg (IEl, LiU) and Martin Karlsson (IFM, LiU).

Linkoping 14-11-02

Annika Bjorn, Anna Karlsson, Sepehr Shakeri Yekta and Bo H. Svensson
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1 Introduction

Anaerobic digestion (AD) of organic matter to biogas has developed from a method for
treatment of waste mainly within the sewage area, to a process aiming at production of
methane as an energy carrier. This is a trend, which has emerged in Sweden and
internationally during the last 15 years leading to a refocus of the economics to now include
commercial profit aspects. This has initiated efforts to maximize the methane production at
currently operating and planned biogas plants and a considerable research and development
to optimize AD has been done by academia and in the industrial sector, not the least among
members of the Biogas Research Center (BRC).

Factors affecting the economy of a biogas plant are linked to substrate issues related to
supply, price, needed transports, digestibility and pre-treatment needs. The substrate mix
mainly governs the choice of process design, including possible organic loading rate (OLR)
and hydraulic retention time (HRT) and downstream measures (sludge treatment,
fertilization value etc.).

The aim of explorative project EP1 is to identify ways to enhance the biogas production in
existing plants and to investigate possible future implementations for new biogas production
units. The results will be used to support the identification of new possible core projects
within BRC in close cooperation between academy, the industry and other organizations.

The approach to reach these goals has included possible bottlenecks and process problems
related to degradation of fats, proteins and carbohydrates (mainly lignocellulose substrates),
pre-treatment, nutrient deficiencies, rheology of reactor liquids (causes and effects), mixing,
possible and less-investigated “new”/non-established substrates as well as established but
“problematic” substrates (i.e. substrates with inherent risk for process disturbances or giving
lower yields than expected etc.), monitoring and control.

Many of the factors above are to various extents affected by political directives and drivers,
permissions and legislations. This is not dealt with in depth in this report. However, an
overview is given in Appendix 1 (in Swedish).

2 Research Strategy and Focus

Steps — activities - outcome

The project was initiated with a workshop, in which EP1-project participants contributed
with their experiences of challenges and improvements to reach higher methane yields in
their biogas reactors. Prior the workshop, the participants were asked to deliver a short
abstract and prepare for oral presentations and discussions. A gross list of specific problems,
bottlenecks and improvement potentials related to nutritional status, trace element
speciation, mixing, pre-treatments, post digestion, pollution, reactor design, process control,
the use of process waste fractions and of new substrates was the main outcome at the
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workshop. Examples from this list are sedimentation of “heavy gritt” in buffer tanks and
reactors, contamination by plastics, and fast shifts in viscosity. Among the improvements
listed were: additions of nutrients/trace elements, allowing for increased organic loads of N-
rich substrates at stable conditions, rebuilding of receiving tanks, feeding loop and mixing
systems, post-digestion for increased biogas yields and reduced methane slip.

A specific seminar discussing a suitable method for categorization and prioritization of
identified process problems, bottle-necks and optimization procedures was conducted. This
resulted in a framework modified after Feizaghaei et al. (2014) for collection, classification,
and assessment of potentials for improvement of the biogas process as presented in table 1.

Table 1. Overview of the framework for collection and assessment of potential improvement of biogas
production processes.

Steps Activities Outcome/Results

Gross list

Data from previous reactor screenings
State-of-the-art

Synthesis

1: Collection Workshop with BRC EP1-project
members

Questionnaire to biogas producers
Literature review

Conferences, Seminars, Workshops

2: Classification Categorization scheme Experience of process improvements for
increased methane yield

Specific process problems

Bottlenecks for process optimization

New ideas for improvements

3: Improvement
assessment

Substrate availability/New substrates;
Nutrient status/Trace element
speciation/Nutrient dosage; Microflora
dynamics & pathways; Pretreatment; Reactor
design; Mixing/Rheology; Process control;
Pollutants; Post-treatment; Laws &
Regulations

Improvement potentials

4: Results and
analysis

Workshop with biogas plants
construction group

First draft of EP1-report
Workshop with BRC-members
Second draft of EP1-report

Compilation and concluding remarks
Core-projects

Feedback

Final report from EP1

Project charters for BRC phase 2

Conclusive discussion

Apart from the knowledge within the EP1 participant group, we have drawn on experiences
and, to some extent, results from an earlier extensive survey performed at WES. 15 full-scale
biogas plants were sampled at 2-4 occasions over a period of three years and analyses of
microbial composition and activity, nutrient status, trace metals speciation and rheology
have been made. The initial results from this survey show a large difference in process
performance, microbial composition, organic matter characteristics, as well as chemistry and
speciation of trace metals when comparing plants treating sewage sludge and co-digestion
plants respectively (Shakeri Yekta et al. 2012a, Sundberg et al. 2013, Shakeri Yekta et al.
2014a; Bjorn et al., 2012b). A questionnaire focusing on process changes, improvements and
challenges was prepared and distributed to the operators of the 15 plants as a follow up of
the earlier investigations. We have received replies from 10 of the 15 plants. The survey
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response indicated mainly process disturbances linked to the digestion of household waste
and mixing which are discussed further in Chapter 3.7 and Chapter O respectively.

Additional seminars, national workshops and attendance at the World Congress of
Anaerobic Digestion (AD13) and Green Gas Research Outlook (GGROS) also provided input
and state-of-the art knowledge for the project. A second workshop with the BRC project
participants was conducted to discuss the first draft of the present report focusing on
conclusions and potential core-projects for the BRC phase two. A synthesis of the discussions
from the workshop identified additional challenges to be solved in order to explore the
Swedish biogas production potential e.g. needs for prioritizing of optimization measures, for
investigations of enzymes and trace elements important for the optimization of the
hydrolysis step, use of energy crops, plastic sorting techniques, and separation of heavy
metals.

Prioritized research areas

The collection, classification and assessment resulted in a number of main priorities:

e New/non-established substrates such as lignocellulose materials and biomass from the sea
e Pre-treatment and digestion methods linked to the substrate characteristics

o Needs of nutrients (deficiency vs. inhibition) and availability of trace metals

e Rheology of reactor liquids and mixing systems linked to the biogas production process

e Monitoring methods to control high-loaded biogas processes

These areas will be addressed in the following sections linked to process problems,
bottlenecks and optimization opportunities. Figure 1 presents an overview of topics
identified as important.
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Figure 1. Overview of the identified important areas for future research. Economy, energy balances and
legislations/regulation will affect the system on all levels. Abbreviations: CSTR - completely stirred tank reactor;
EPS - extracellular polymeric substances; HRT - hydraulic retention time; LCFA -long chain fatty acids; OLR -
organic loading rate; SMP - soluble microbial products; VFA - volatile fatty acids; UASB - upflow anaerobic
sludge blanket.

3 AD of organic material / Substrate utilization

During an efficient biogas production, a maximized reduction of volatile solids (VS) and
methane production should ideally be obtained at the highest possible organic load. This
means an optimization of the utilization of both the organic material and the reactor volume
available. To achieve these goals key process parameters such as pH and concentrations of
fermentation products (mainly addressed by following the volatile fatty acids VFAs) need to
be maintained within appropriate ranges. The pH of the biogas process is mainly governed
by carbonate/bicarbonate buffering, which, in turn, to a great extent is affected by the
release, formation and consumption of ammonia and VFAs, and the release of sulfide
formed from sulfate and sulfite (Anderson and Yang 1992). Thus, the nitrogen and sulfur
contents of the substrate can be important factors to obtain the buffering capacity required
to maintain a stable pH at varying substrate composition and VFA concentrations but at the
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same time avoiding process disturbances due to interactions of high concentrations of
ammonium and sulfide.

Nutrients and trace elements

The anaerobic digestion process is dependent on the growth of microorganisms. Thus, there
is @ necessity to supply nutrients in sufficient amounts and at right proportions to sustain an
optimal growth of the bacteria and archaea to obtain an efficient biogas production from a
given substrate. The carbohydrates and lipids of an organic substrate mostly provides
carbon, oxygen and hydrogen, while nitrogen and sulfur are supplied via proteins and
phosphorus from e.g. nucleic acids phospholipids. Together with these elements, most
organic substrates provide potassium, sodium, magnesium, calcium and iron and to some
extent trace metals (micro-nutrients). The trace elements are often found in the active sites
of enzymes essential for AD. The proportions and availability of the nutrients in a given
substrate will to a certain extent be reflected in the microbial community and also
determine the growth rate. In other words, the nutrient balance will govern the degree of
degradation of the substrate and therefore the biogas production efficiency at a given
hydraulic retention time and organic loading rate. This means that a limitation of any of the
nutrients will lead to a limitation of the biogas production efficiency. Several of the enzyme
systems needed for the anaerobic utilization of organic matter for biogas production have
demands for specific trace elements, e.g. the methanogens need Ni and Co to a greater
extent than bacteria while e.g. W and Se are required by the latter e.g. during fat and long
fatty acid degradation (c.f. Gustavsson et al. 2013).

From the above it is clear that optimization of biogas production from any substrate should
be based on an analysis of the nutrient composition to investigate the need for
complements. Such needs may be taken care of by co-digestion of a combination of
substrates leading to the right proportions and amounts of nutrients. As is discussed in detail
below special concern should also be given to the presence and bioavailability of the trace
metals.

The Swedish biogas potential

Linné et al. in 2008 wrote a report on the Swedish biogas potential from domestic residues,
which was used for a categorization by Dahlgren et al. (2013). The main substrate categories
(the theoretical methane potential in GWh/year is given in parenthesis) were: 1) food waste
from households, restaurants, grocery stores etc. (1300 GWh), 2) industrial residues,
including meat and dairy industry, breweries, bakeries etc. (2000 GWh) 3) sewage sludge
(700 GWh), 4) agricultural residues except straw (800 GWh), 5) straw (1300 GWh), 6)
manure (4200 GWh), 7) energy crops (7200 GWh, assuming cultivation on 10% of the
Swedish arable land). The list should be complemented with the annual production of forest
biomass residues (“GROT”) amounting to 60 TWh. It should also be noted that the annual
growth of the Swedish forest corresponds to 400 TWh, hence giving a substantially larger
bio-energy and lignin potential then what is listed above.
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Below we have chosen to give an overview of established but problematic substrates as well
as of new/unestablished substrates. Protein- and fat-rich substrates, household waste,
lignocellulosic substrate (energy crops and wood) and substrates from the sea are discussed.
A rough estimation shows that household/restaurant waste, sewage sludge and cattle
manure are substrates characterized by good nutrient balances while imbalanced processes
are likely obtained if industrial residues (often with high contents of proteins and/or fats) or
agricultural residues/energy crops (often mainly carbohydrates/lignocellulose) as well as
swine and poultry manure (high ammonia content) are digested as single substrates. Most of
the above substrates are, however, well established and knowledge on how to obtain good
nutrient balances in high loaded, efficient processes exist, but are not always applied on site.
Among new and/or non-established substrates with high availability/potential energy crops,
forest residues and algae still needs to be investigated from a nutritional aspect to be fully
explored.

Related to the Swedish biogas potential, discussions with actors within the biogas business
gives a picture of a lot of high cost projects within the municipalities, where money are
invested in unsuitable equipment and processes. This problem needs to be abated to obtain
a resource effective and profitable biogas production. The uncertainty within the legislation
linked to CO,-taxes on biogas and other drivers within the area is off course also negative for
the development for increase biogas production in Sweden.

The anaerobic degradation chain

The anaerobic degradation chain can be divided into a number of stages: 1) the hydrolysis of
complex polymers, 2) fermentation of amino acids and sugars, 3) oxidation of long chain
fatty acids and alcohols, 4) oxidation of intermediary fermentation compounds (mainly
VFAs), 5) homoacetogenesis and 6) methanogenesis (Pavlostathis and Giraldo-Gomez et al.
1991).

The first step, hydrolysis, is often reported as rate limiting in digestion of complex polymers
for balanced anaerobic digestion systems, while the methanogensis is regarded as rate-
limiting for more easily degraded substrates (Vavilin et al. 2010). It should however be noted
that there are large variations in reported values for the rates within each of the above
steps. These variations depend on differences in microflora composition and microbial
activity of the different steps (reviewed by Ma et al. 2013) caused by type of substrate,
particle size, available surface area, type of digestion system applied etc. However, these
differences are likely to some extent also related to the lack of standard procedures for
determination and expression of biokinetic coefficients (Pavlostathis and Giraldo-Gomez et
al. 1991 and Donoso-Bravo and Mairet 2012). To improve an AD-process, the rate-limitation,
its causes and possible remedies should ideally be identified. Rate-limitations of the AD are,
apart from slow hydrolysis, often found to be due to nutrient deficiencies, lack of syntrophic
interaction (due to e.g. too strong shear stress) and inhibitory substances (metals, ammonia,
fermentation products and other organic compounds). These items are discussed in the
sections below.
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Hydrolysis

The hydrolysis of particulate organic matter in AD to a large extent seems to be dependent
on the properties of its organic components (e.g. carbohydrates, proteins, fat or
lignocellulosic material). Furthermore, the presence of external microbial products as a part
of the organic material (sessile microorganisms and biofilms) is of importance, since the
hydrolysis is mainly performed on available surfaces of the macromolecules (Jensen et al.
2009 and reviewed by Song et al. 2005). This is highlighted by Vavilin et al. (1996), who
showed that modeling of the hydrolysis needs to be divided into: 1) the colonization of the
biomass and 2) the enzymatic hydrolysis of colonized surfaces in order to fit experimental
data.

Fat- and protein-rich materials

Substrates with high protein and fat contents often originate from the food industry
(slaughter houses and food-processing industries). These residues are desirable substrates
for biogas production as they have high methane potentials (up to 500-600 dm3/kg VS;
Salminen and Rintala 2002; Hejnfelt and Angelidaki 2009). However, they are often
associated with process disturbances. The amounts of ammonia and sulfide in a reactor
liguid depend on the substrate composition, e.g. processes in which protein-rich material or
manure from swine and poultry are used tend to yield high ammonia levels (Pechan et al.
1987; Poggi-Varaldo et al. 1997; Hansen et al. 1998). In addition to raising the pH, and
affecting the buffering capacity (NH,-groups are set free as NH,"/NHj3),high NH,"/NH; levels
have been shown to have a negative impact on AD with NH; likely giving the toxic effects
(Koster and Lettinga 1984; Gallert et al. 1998; Hansen et al. 1998). The amount of NH3
present is dependent on the total N-NH," levels in combination with pH and temperature,
i.e. the higher the pH and/or temperature, the more NHs. Acclimatization to high ammonia
levels is possible and has been shown (van Velsen 1979). This includes a change in the
pathway for acetate conversion to methane by applying mainly syntrophic acetate oxidation
to CO;, and H, coupled to hydrogenotrophic methane formation (Schniirer et al. 1994,
Schniirer and Nordberg 2012).

High-strength lipid wastes such as fat, oil and grease (FOG or grease trap wastes, GWT), may
be problematic during AD, since these substrates can give rise to a row of operational
challenges: inhibition of the methanogenic archaea, substrate- and product transport
limitations, sludge floatation, foaming, blockage of pipes and pumps and clogging of gas
collectors and gas transport systems (see review by Long et al. 2012). Sludge floatation
seems mainly to be a problem when applying upflow anaerobic sludge (UASB) techniques,
where the floatation lead to losses of the active bed. For completely stirred tank reactors
(CSTRs) foaming is often reported to cause problems. LCFA produced in FOG hydrolysis, are
claimed to limit the anaerobic digestion process by inhibiting the activity of syntrophic
acetogens and methanogenic archaea (Hwu et al. 1998, Pereira et al. 2005, Palatsi et al.
2010).
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3.1.1 Protein degradation

Proteins are polymers of amino acids linked together by peptide bonds and their hydrolysis
is mediated by extracellular proteases giving rise to polypeptides and free amino acids.
Structural proteins present in bacterial cell walls, hair, nails, and feathers etc. are harder to
hydrolyze and therefore needs pre-treatment before digestion (cf. Salminen et al. 2003).
Most protein degraders in anaerobic digesters seem to be gram-positive Clostrida which are
active both in the hydrolysis and in the subsequent amino acid degradation (reviewed by
Ramsay and Pullammanappallil 2001)

Examples pf protein rich materials are slaughter house- and some other food industry waste.
However, in Sweden most/all of these are already used for biogas production. New sources
of protein rich materials so far not explored may be found in algae, fishery/fish industry
wastes and certain energy crops.

Aldin et al. (2011) showed that reduced particle size increased the rate of protein
degradation. An increase of the specific surface area from 0.01 to 0.192 mz/g of casein
increased the rate of methane production from 6 to 14 mL per g COD per day due to
increased hydrolysis rates. Tommaso et al. (2003) performed a test with a lab-scale
horizontal-flow anaerobic immobilized biomass reactor (HAIB), showing that the presence of
carbohydrates or carbohydrates and lipids decreased the rate of protein hydrolysis of bovine
serum albumin (BSA). No explanation to this observation was given, but it might be linked to
thermodynamics as starch is a more favorable substrate. A more stable AD process was
obtained with the mixed substrate (starch, glucose, BSA and lipids) then with BSA only
(Tommaso et al. 2003). Elbeshbishy and Nakhla (2012) showed in batch tests that a ratio of
20:80 of BSA and starch gave the highest methane yield and the highest methane production
rate. Substrate mixes of 100:0, 80:20, 50:50, 20:80 and 0:100% BSA:starch at an organic load
of 5 g COD/L were investigated. The C/N ratio was about 13 in the 20:80 case and VFA
analysis showed that BSA gave propionate as main VFA, while degradation of starch
generated mainly butyrate. Again, no explanation to the results were given, but might, as
above, be linked to thermodynamics.

The amino acids produced from the hydrolysis are a structurally diverse group and their
degradation is therefore performed by a number of different routes/enzymes. They can be
categorized as 1) non-polar: glycine, alanine, valine, leucine, isoleucine, proline and
methionine, 2) polar uncharged: serine, threonine, cysteine, asparagine, glutamine, 3) polar
charged: aspartate, glutamate, lysine, histidine and argenine and 4) aromatic: phenyl
alanine, tyrosine and tryptophane. The degradation of amino acid can be performed in
Stickland reactions, where a pair of amino acids are degraded, one of them acting as an
electron acceptor and the other as an electron donor and or in single amino acids
degradation. The latter is performed in syntrophy with hydrogen-utilizing organisms. The
Stickland degradation normally provides the degrading organism with 0.5 ATP per
transformed amino acid and are faster than the single amino acid degradation. Ramsay and
Pullammaappallil (2001) showed about 40% of the amino acid degradation in a laboratory
scale CSTR treating artificial wastewater was degraded trough Stickland degradation. That
not more of the degradation is routed through Stickland seems surprising and more efficient
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amino acid degradation might be obtained if this was the case. However, digestion of
peptone as the only source of energy and carbon Orlygsson et al. 1994, 1995) were not able
to observe any Stickland reactions, while low hydrogen partial pressures was needed to
maintain balanced degradation of the amino acids. In additions have the amino acids been
shown to be more or less easy degradable. Park et al. (2014) showed that glycine, lysine, a-
alanine, histidine and arginine were degraded within three days in batch incubations while
degradation of B-alanine took five days and cysteine, leucine and methionine was only
degraded to 50-60% within the incubation period (25 days). The degradation of each amino
acid was studied separately and, thus, no Stickland reactions could take place. This fact was
argued to be the main reason for the poor degradation rates for cysteine, leucine and
methionine. Many details in the anaerobic degradation of individual amino acids and its links
to ATP-formation seems however unclear. Many studies on amino acid degradation have
been performed especially with members from the Clostridium genus and B12-dependent
aminomutases and selenium-containing oxidoreductases active in amino acid degradation
have been found (reviewed by Fonknechten et al. 2010). Fonknechten et al. (2010)
sequenced the genome of Clostridium sticklandii and the results indicate earlier unknown
possibilities for chemiosmotic ATP-generation linked to amino acid degradation. The authors
also found a “new” selenoprotein active in the degradation of proline.

As mentioned above the degradation of proteins will release NH;'/NHs-into the AD-liquid in
concentrations depending on the protein content of the substrate. Protons are consumed
during the amino acid degradation resulting in an increase in alkalinity and pH of processes
with protein-rich substrates. Reactors with high ammonia levels have been reported to run
in an “inhibited steady state” (Hansen et al. 1998; Angelidaki et al. 1993), since such
processes are characterized as stable, but with low methane yields combined with high VFA-
levels in the effluents. Although stable, these processes are undesirable, as the methane
potential of the substrate is partially wasted by the high levels of fermentation products e.g.
organic acids in the effluent. This means suboptimal utilization of the substrate and, thus, a
suboptimal economic production of biogas. Furthermore, the organic matter of the effluent
is likely unstable and odorous giving rise to undesired down-stream problems.

There are, however, means to overcome process problems related to anaerobic degradation
of substrates with high protein and/or fat content. Adaptation of the microflora has been
shown successful to some extent. Cuetos et al. (2008) studied the digestion of solid
slaughterhouse waste alone and together with municipal solid waste (MSW). A first set-up
with OLRs of 1.7 and 3.7 kg VS m™ day™ for the single substrate and co-digestion processes,
respectively, failed. In a second experiment, lower OLRs were applied and the HRT was
increased from 25 to 50 days, which resulted in a stable process. The authors were then able
to slowly increase the OLR and decrease the HRT to the original settings aimed at. Also
Salminen and Rintala (2002), Edstrom et al. (2003) and Palatsi et al. (2011) have shown
reversible inhibition effects during digestion of protein-rich slaughterhouse wastes.

Ammonia stripping by addition of CaO, NaOH, or KOH to the substrate can reduce ammonia
levels in AD (Zhang and Jahng; 2010). However, the stripping only applies on substrates that
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already contain ammonium/ammonia (i.e. manure) and, thus, likely have minor effects on
protein-rich materials, where the nitrogen is bound in the organic material.

Another way to increase the tolerance to protein-rich wastes might be to adjust the pH of
the reactor liquid by addition of acid, and, thus, shift the ammonia-ammonium balance of
the system and reduce the levels of free ammonia. The process pH also affects the
carbonate and sulfide systems in the reactor liquid, i.e. an increase in pH also increases the
levels of COs* and S%in the reactor liquid, and these species might negatively affect the
availability of trace metals that are essential for bacterial growth (Callander and Barford
1983b). Hence, in processes, where substrates generating high N-NH," levels and a pH at
about 8, addition of acid may improve the process performance in several ways (Karlsson
and Ejletsson 2012).

Protein rich material is also known to cause foaming, see further information in chapter
5.1.3.

Conclusions on Protein degradation

e Reports on problems with hydrolysis efficiency of protein rich materials seems scarce
indicating that this is not a main problem in AD (structural proteins not considered).
e Protein degradation increases the NH," and NH; levels in the reactor liquid, which above
certain levels can affect the AD negatively.
e  Co-digestion with other substrates or slow adjustment of the microflora to high
ammonia levels in most cases solve the problem.
e Ammonia stripping and pH-adjustments have also been suggested as remedies of
ammonia inhibition.
e There seems to still be knowledge-gaps in how the amino acid degradation is performed in
biogas producing systems.
e Se and Co seems to be important trace elements in degradation of amino acids as enzymes
containing these metals have been shown active in their degradation

Priorities on Protein degradation

e Investigate anaerobic digestion of protein-rich algae.
e What are the degradation routes for amino acid degradation? How is energy/ATP
generated?

3.1.2 Lipid digestion

Lipids, which mostly are referred to as fat, oils and/or greases (FOG) in the AD context, are
mainly glycerol esters with three long chain fatty acids (LCFA) forming trigycerides. FOG are
parts of many waste streams of domestic sewage and industrial effluents including food-
processing, wool-scouring and food oil production (Alves et al. 2009, Long et al. 2012) Today

20



Biogas Research Center

there are relatively small amounts of fats (used frying fat etc.) available for AD in Sweden.
Most of the FOG is regenerated and used again. New sources for energy rich lipid substrates
are as for proteins to be found in algae, certain energy crops (oilseeds like rapeseed) and
possibly residues from the fish industry. The lipid contents in used substrates varies from
<0.1g L™ for domestic wastewaters to 10-25 g L™ in wastewaters from wool and edible oil
preparation, while dairy industry wastewaters are reported within a range of 1.5-4.7 g L'
(Alves et al. 2009). There are two resent important reviews available on this topic: Sousa et
al. (2009), which mainly addresses the use of high-rate biogas reactors of UASB concept and
Long et al. (2012) that mainly deals with the challenges of co-digesting lipids with sewage
sludge. It should be noted, that AD of lipids is also common during digestion of e.g.
slaughterhouse-, fish-rinsing- and household wastes, as such or together with specific lipid
fractions and sometimes also in combination with manure (cf. Sundberg et al. 2013).

The co-digestion of FOG by supplementing sewage sludge biogas reactors has been
investigated since long (Long et al. 2012). Especially CSTRs during laboratory conditions show
a high potential by up to 200% more biogas produced from an ordinary sewage AD set up. In
some cases more biogas even seems to be produced from the sewage sludge fraction. This
leads to less sludge at a quality which is more easily dewatered than the control material. It
should be noted that these reactors were run at long HRTs. The laboratory CSTRs mainly
showed a linear increase in methane production of 400 ml methane per gram FOG VS at
loadings of FOG up to approximately 40% of VS based on the sludge load (cf. Long et al.
2012).

In the case of granular sludge systems approached e.g. by the group of Alvez above a
introduction of sludge floatation as a part of the reactor design improved the conditions
substantially and are now further investigated in a pilot scale set up (Alvez et al. 2009). This
secures a maximal contact between the active biomass and the LCFA. The reactor design is
noted as an inverted anaerobic sludge bed (IASB).

The digestion of FOG involves fermentative bacteria hydrolyzing lipids into glycerol and
LCFA. Over 90% of the methane potential from lipids is maintained in LCFA after hydrolysis
(Sousa et al. 2009)) and they are converted to acetate and H, by syntrophic acetogenic
bacteria, and finally to methane by acetate-utilizing (aceticlastic) and hydrogen-utilizing
(hydrogenotrophic) methanogenic archaea. The glycerol is fermented via propionate and
further to hydrogen and acetate, which are converted to methane. The syntrophic
acetogenic bacteria utilize 8-oxidation to degrade even-numbered LCFA to acetate and
hydrogen, while uneven-numbered LCFA at the end give rise to one mole of propionate per
mole of LCFA. Favorable thermodynamic energetics of LCFA degradation allowing for growth
of the syntrophs are accomplished by maintaining low concentrations of reducing
equivalents, i.e. H, and formate and of acetate (Schink, 1997). However, in some cases, e.g.
for oleic acid, it is saturated before being 8-oxidized and bacteria able to degrade the
saturated LCFA are mostly poor degraders of the corresponding unsaturated acids but not

21



Biogas Research Center

vice versa (Sousa et al. 2009). However, in other cases other pathways seem to take place
(Lalman and Bagley, 2000). This is likely coupled to the hydrogen partial pressure needed for
the saturation metabolisms in relation to that needed for the 8-oxidation.

FOG can, as said above, be a problematic substrate in AD. Both the FOG as such and the
LCFA produced during hydrolysis might accumulate in the system. Periera et al (2004)
observed that LCFA contents above a threshold level of 1 g COD.cra/g VSS resulted in
significantly decreased specific methanogenic activities. The primary mechanism of LCFA
inhibition is likely adsorption onto cell walls, hindering nutrient and metabolite transport
(Periera et al (2004, 2005). This has been partly verified in studies on inhibition of
methanogens by FOG and LCFA on granules, which when subjected to kinetic studies with
acetate and hydrogen gas as the substrate demonstrated fast recovery (Sousa et al. 2009).
The response by the hydrogenotrophs was higher than for the acetoclastics, which
strengthens the idea that FOG and the LCFAs act as physical barriers rather than directly
inhibiting the methanogenic production pathways. However, as reviewed by Long et al.
(2012), there are several contradicting and inconclusive results concerning the specific
inhibition of the methanogens, when AD is exposed to FOG or LCFA.

Several studies have reported an adaptation of the AD process to LCFA exposure (Palatsi et
al. 2009; Cavaleiro et al. 2008; Nielsen et al. 2006; Barserba et al. 2012; Souza et al. 2007).
The reason for the adaptation is currently not clear, but anaerobic communities acclimated
to continuous LCFA digestion have been shown to be dominated by methanogenic archaeal
communities from the genus Methanosarcina (Barserba et al. 2012; Souza et al. 2007; Palatsi
et al. 2010), of which several species are capable of both aceticlastic and hydrogenotrophic
methanogenesis. After acclimatization of a reactor to LCFA degradation, Salvador et al.
(2013) observed a stable methanogenic community dominated by Methanosaeta- and
Methanobacterium-like archaea. According to Souza et al. (2013) methanogens responds
differently to the types of LCFA they are exposed to, i.e. whether they are saturated or not.
Furthermore, LCFA degradation through 8-oxidation is thought to occur through a highly
specialized community of syntrophic bacteria belonging to the families
Syntrophomonadaceae and  Syntrophaceae within the phyla Firmicutes and
Deltaproteobacteria, respectively (Sousa et al. 2009). Populations of Syntrophomonadaceae
have been observed to become predominant in biogas systems exposed to LCFA (Sousa et al.
2007). However, limited changes in bacterial community structure during acclimation to
LCFA have also been shown (Palatsi et al. 2010) but it should also be noted that changes in
specialized syntrophic bacteria may be easily overlooked by the molecular analysis employed
(Palatsi et al. 2010). In this context it should be mentioned that the bacteria performing 8-
oxidation likely are strongly depend on the nutrient conditions. This is furthered by the
comprehensive work by Worm et al. (2009) showing the pathway dependence on whether
selenium or tungsten was present. Furthermore, Goncalves et al. (2012) in their presentation
of the ISAB concept concluded that a substantially increase in the methane production was
obtained by nitrogen addition.
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Operational strategies have subsequently been proposed to minimize inhibition by
intermittent batch feeding LCFA to anaerobic co-digestion systems (Palatsi et al. 2009;
Cavaleiro et al. 2008). For instance, periodic loading of LCFA was shown to be an effective
strategy to minimize inhibition, resulting in shorter acclimation times with subsequent LCFA
pulses (Palatsi et al. 2009). Repeated pulses of oleic acid to a manure biogas system were
also shown to increase the tolerance of methanogens to LCFA (Nielsen et al. 2006). These
studies, however, investigated intermittent feeding strategies with pure LCFA and not FOG
or lipid waste streams, and were operated for relatively short time periods. One strategy
suggested for lipid-containing slaughterhouse wastes was presented by Nordell et al. (2013),
where Zeolites were shown to abate the problem of inhibiting LCFA by adsorption. However,
additional studies are needed to investigate the mechanism of process acclimation through
long-term lipid exposure in order to develop feeding strategies and process indicators to
optimize stability and methane output from anaerobic digesters.

Research and development is under way to enable high-rate AD of lipid-containing
wastewaters as well as including FOG in co-digestion with other substrates (cf. Alves et al.
2009 and Long et al. 2012) e.g. sewage sludge (DP6 results in progress), manure etc.
Obstacles to overcome are the adsorbtion of the FOG, and the LCFA released by the
hydrolysis of the FOG, to the active microbial biomass, which leads to problems with
nutrient exchange and sludge properties causing loss of biomass via the effluent in UASB-
based systems (Alves et al. 2009), but also the formation and activity of lipases, which
initially hydrolyse the FOG into glycerol and LCFA. Lipases are very hydrophobic and will
adsorb to FOG structures and display their activity. However, they may adsorb to any other
hydrophobic structure as well, which, thus, may interact with the lipases and, hamper its
FOG-solubilizing role (Alves et al. 2009; Long et al. 2012) Preliminary results from the BRC
DP6-project show that sludge recirculation in an AD process treating waste vegetable oil and
sewage sludge improved the digestibility of the oil and the increased degradation rate could
be linked to increased numbers of beta-oxidizing, syntrophic bacteria.
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Pre-treatment methods for FOG are covered in chapter 4.

Conclusions on Fat degradation

The two main reviews (Alves et al. 2009 and Long et al. 2013) referred to above emphasize the
high potential of methane production from lipids and indicate potential to use AD in UASB and
CSTR based techniques. There are however several issues, which needs to be further
investigated to obtain an optimal methane production from lipids or lipid-containing materials.
Some of these are:

Elucidation of the possible inhibition mechanism: Specific acids, effect of acid mixtures,
saturated vs. unsaturated acids, etc.

An understanding of the effects of microbial community structure on the acclimation
and performance of lipid digestion. Shifts in key microbial communities, such as
methanogenic archaea and syntrophic 8-oxidizing bacteria, during exposure to lipids
needs particular attention due to their direct involvement in the degradation of the
problematic LCFA.

Develop feeding/digestion strategies to allow for an optimal fat degradation. This
includes sludge re-circulation, intermittent feeding, stirring options, use of surface
active components in CSTR applications etc.

Pre-treatment in a pre-reactor, where the main hydrolysis of the lipid materials is
conducted. This may be combined with a pre-heating, which results in a higher
solubility of the FOG components as well as the LCFA.

The possibility to achieve priming effects by the FOG or enhance the FOG degradation
by co-digestion together with e.g. carbohydrate rich materials

Priorities on Fat degradation

Evaluate the effect of sludge recirculation on AD of fat in a pilot plant, including costs and
energy consumption in the process.

Evaluate the possibility to produce fat-rich substrate from energy crops (rapeseed etc.)
for biogas production.

Lignocellulosic material

About 50% of the carbon globally fixed by photosynthesis is found in the lignocellulose of
plant cell walls. Lignocelluloses are therefore abundant, possible substrates for anaerobic
digestion to biogas. However, the lignocelluloses are often recalcitrant and energy-intensive
pre-treatment is therefore often used prior to AD, why costs and energy balances needs to
be considered. General information on lignocellulose composition and properties as well as
problems and solutions in conjunction with anaerobic digestion of its different fractions are

presented below.

The main components of lignocellulose are cellulose, hemicelluloses and lignin, but the
proportions among the three depend on plant species (reviewed in Zhao et al. 2012). The
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holocellulose fraction (cellulose and hemicellulose) is the main organic fraction constituting
between 63 and 78% of the dry weight of wood, while lignin is reported to comprise 15-38%
of the dry weight (reviewed by Zehnder 1988). The lignin and cellulose content is normally
higher in woody biomass, while grass biomass holds a higher proportion of hemicelluloses,
extractives and inorganics (Zhao et al. 2012).

Cellulose is the most abundant organic carbon compound on earth and is found in primary
and secondary plant cell walls. It consists of long, unbranched chains of D-glucose units
linked together at the B-(1-4) position. The chains are held together by hydrogen bounds
forming cable-like micro-fibrils. A partial hydrolysis of cellulose produces cellobiose, while a
complete hydrolysis gives mainly glucoses. The cellulose exists both in water-insoluble
crystalline forms and amorphous (soluble) structures. The natural (native) crystalline
structure of cellulose is denoted cellulose I. This structure can, however, be converted to
cellulose II, 1l and IV by different treatment methods. The amorphous cellulose holds
shorter, more bended and twisted chains which differ in the hydrogen-bound-pattern
compared to the crystalline structures. Micro-crystalline cellulose contains a mix of
crystalline and amorphous regions (reviewed by Monlau et al. 2013)

Carboxylmethyl-cellulose (CMC) and metyl-cellulose (CM) are soluble derivates of cellulose
(reviewed by Miron et al. 2001).

The bacterial degradation of crystalline cellulose is complex and involves a number of
enzymes:

e The superfamily of glycoside hydrolases (GH; Berlemont and Matriny 2013) including:
- Endo-cellulases that split internal f-1,4 glucosidic bonds
- Exo-cellulases that degrades the polymers from its ends
- B-glucosidases that degrades cellobiose to glucose
e Carbon-binding modules or domains (CBM or CBD) are important during the
degradation of crystalline cellulose as they bind and position the bacterial enzymes
onto the substrate (Miron et al. 2001, Wilson 2008). However, the CBM does not
seem to have any effect on the degradation of dissolved cellulose.

Anaerobic cellulolytic clostridia degrade cellulose though the action of an extracellular multi-
enzyme complex - a cellulosome (Schwarz et al. 2001). The cellulosome binds to the
substrate and performs the complete degradation. The advantages of the cellulosome are
according to Schwarz (2001): 1) an optimized synergy as the correct ratio between the
needed components is guaranteed, 2) non-productive adsorption is prevented as the spacing
between the working components is optimal, 3) competition for the limited number of
available binding sites is avoided, 4) stops of the hydrolysis due to missing components
needed for the degradation is avoided as all enzymes are present in the same complex.

The hemicellulose fraction of lignocelluloses (about 30% of the dry weight; Barakat et al.
2011) is diverse and characterized by substituted, branched, short-chained carbohydrates
(~70-200 units) with a 1,4-linked B-D-hexosyl backbone. They vary in composition (glycosidic
linkages, side-chain composition and degree of polymerization) depending on the type of cell
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tissue and species (Zhao et al. 2012) but xylose is the major constituent. Pre-treatment of
lignocelluloses for bio-ethanol production often gives a liquid hydrolysate containing
hemicelluloses and its degradation products xylose, arabinose, furfural and 5-
hydroxymethylfurfural) and lignin residues (syringaldehyd and vanillin among others).

Xylanases are key enzymes for the breakdown of hemicelluloses as they randomly break the
B 1,4 backbone of the xylan polymers (Collins et al. 2005) but also esterases and other
enzymes for the hydrolysis of various substituted xylans are needed (Saha 2003). The
xylanases exist in diverse forms differing in action mechanisms, substrate specificities,
hydrolytic activity etc. (Collin et al. 2005). Several reports show that xylanases are present in
the cellulosomes (reviewed by Schwarz et al. 2001) and, thus, can assist in the bacterial
lignocellulose degradation performed by clostrida and the rumen microflora.

Lignin is the second most abundant biopolymer on Earth (after cellulose). It is mainly built
from p-hydroxyphenyls (H), guaicyls (G) and syringyls (S). The proportions among the units
vary with plant species and cell types. Hardwood mainly contains G and S units, while G is
the main building block of softwood lignin (reviewed in Zhao et al. 2012). Lignin is highly
recalcitrant and its decomposition is considered rate limiting in the turnover of biospheric
carbon. Its degradation take place under oxic conditions as mediated by fungi and bacteria
(reviewed in Bugg et al. 2011). However, oligolignols and monoaromatic lignin derivates
from the hydrolysis can be transformed and degraded under anaerobic conditions (Zehnder
1988).

Lignin has a higher energy content than cellulose and hemicellulose (30% higher than that of
cellulose; Novaes et al. 2010) and separated from the cellulose and hemicellulose it may be
used as fuel or as a basis for replacement of petroleum-based components in a variety of
composite materials (Doherty et al. 2011). Such measures are necessary to support the
economy of AD based on forest products and should be targeted in conjunction with the
exploration of the digestion biotechnology within this sector.

3.1.3 Factors affecting the degradation of lignocellulose

Most literature available within this research area seems linked to the production of bio-
ethanol, why many articles focus on saccharification of lignocellulose and this is reflected in
the literature reviewed below.

The surface area available for enzymatic attack of lignocellulose is related to the crystallinity
of cellulose and to its lignin- and hemicellulose contents (Taherzadeh and Karimi 2008). In a
review on “Substrate-related factors affecting enzymatic saccharification of lignocelluloses:
our recent understanding” Leu and Zhu (2013) emphasize that the pore size and internal
surface area are very important for the enzymatic saccharification of lignocellulosic
materials, why size reduction as such has a limited effect on the cellulase activity. Leu and
Zhu (2013) also divide the mechanical pre-treatment into class | and class Il, where class |
increases the external fiber surface area, but do not significantly affect the cell walls,
whereas class Il reduces the particle size to less than individual fibers with a significant
destruction of the microfibril cross-links and the cell walls (ball milling and wet-disk milling
are examples of Class Il processes). Class I-treatments have a limited effect on untreated
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lignocellulolytic materials (approximately 10%), while class Il pretreatments (stone grinder in
this case) result in a gradual destruction of cell walls to a final, near complete,
saccharification. The energy consumption for such a complete mechanical treatment is,
however, high (see further discussion on pre-treatment in chapter 4).

Leu and Zhu (2013) stresses the importance of removing hemicelluloses before lignin to
obtain an efficient cellulase activity. For most low-level-lignin lignocelluloses (e.g. cornstover
and switchgrass) it seems sufficient to remove the hemicelluloses, while for high-level lignin
lignocelluloses approximately 20% of the lignin content needs to be removed together with
as much as possible of the hemicelluloses. The advantage of removing the hemicelluloses is
due to the formation of large pores which facilitates the cellulase activity. The same authors
points out that lignin removal is always more expensive than removal of hemicellulose.

Another phenomenon that might prevent an efficient saccharification of lignocelluloses is
the unspecific binding of the cellulase to lignin and hemicelluloses. Sulfonation of lignin has
been proven to have a positive effect as it hinders the binding of cellulase to lignin, and e.g.
Wang et al. (2012) reports a 75% enhancement in enzymatic saccharification. The
sulfonation can be achieved by sulfite pre-treatment (SPORL), but will likely give problems
with high S concentration in the biogas process but no evaluations of its effect in AD have
been made as far as we know as the SPORL-treatment is mainly applied for the ethanol
industry.

pH will affect surface charges and thereby surface hydrophobicity and thus the binding of
cellulase both to cellulose and to lignin. The optimal pH for degradation of cellulose in
lignocelluloses will differ depending on the composition of the specific lignocellulose. Lan et
al. (2013) showed that a pH between 5.2 and 6.2 was needed to obtain maximal
saccharification of lignocelluloses, while hydrolysis of pure cellulosic substrates should,
according to cellulase purchasing companies, be performed between pH 4.5 and 5.

3.1.3.1 Possibilities to increase hydrolysis rates

As for all other complex polymers, the bacterial hydrolysis/solubilisation of cellulose is
mostly regarded as the rate-limiting step during AD (Bonne et al. 1993; Noike et al. 1985 and
reviewed by Jensen et al. 2009).

Clostrida have been shown to be the most common bacteria degrading cellulose in landfills
and anaerobic digesters, while Flavobacter succinogenes, Ruminococcus albus and
Ruminococcus flavifaciens are dominant cellulose degraders in the rumen (reviewed by
Jensen et al. 2009) and there is research showing that inoculation with rumen fluid improves
AD in artificial systems (below). Also fungi and protozoa likely have an effect on the
degradation of cellulose/lignocellulose in the rumen and rumen-inoculated systems.

Apart from pre-treatment techniques (chapter 4), there are a number of studies on how to
enhance the hydrolysis rate of cellulose in artificial systems. Jensen et al. (2009) investigated
the effect of inoculum source and microbial biomass concentration on the solubilisation
kinetics of cellulose. Rumen fluid and leachate from a leach bed reactor treating municipal
solid waste (MSW) was used as inocula and the effect of the inoculum source as well as the
concentration of sessile and planktonic (free-living) biomass was followed. The hydrolysis
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kinetics showed that the rate was limited by the colonization of the cellulose rater then by
the cellulose concentration. The hydrolysis rate was correlated to the concentration of
sessile biomass protein for both rumen fluid and leachate, which indicates that the
hydrolytic capacity was similar independent of the source of the microbial biomass. The
correlation between sessile biomass and hydrolysis capacity will however only be valid as
long as the binding sites on the substrate is not liming in the system (Weimer 1998 and
Sanders at al. 2000).

Song et al. (2005) showed that the peak of hydrolysis occurred much faster with
microcrystalline cellulose (day 1 vs. day 3) in a rumen-inoculated system compared to a
leachate-inoculated system. As in the study by Jensen et al. there was likely a difference in
biomass concentration with higher cell density in the rumen-inoculated system. Song et al.
also showed that the methanogens resided within the biofilms formed on the cellulose.

In a study by O’Sullivan et al. (2005) the cellulose solubilisation rate was shown to mainly be
attributed to surface area and not linked to the microbial species (only Clostridia however).
The complete colonization of the substrate (a mix of newsprint, office paper and food waste
in a leach bed reactor) took four days after that a first order hydrolysis kinetics was
established. The rate of solubilisation appeared mainly to be linked to the rate of surface
area colonization and the biofilm architecture. The inoculum came from a reactor system
degrading microcrystalline cellulose.

Baba et al. (2013) tested to pretreat waste paper with rumen fluid for 6 or 24 hours before
anaerobic batch digestion. The best effect was obtained with 6 hours soaking, which
increased the methane yield 2.6 times compared to untreated waste paper and resulted in a
production corresponding to ~75% of the theoretical methane potential.

Investigations with reactor approaches mimicking animal digestion tracts have been
reported: Conteau et al. (2013; AD) constructed two lab-scale systems, based on the cow
and termite digestion systems, respectively, with waste activated sludge as the substrate.
The cow reactor system included a pre-CSTR with solids recycling followed by an acid
hydrolysis, neutralization before digestion in the main digester. The termite process
contained two pretreatment steps: an enzymatic treatment followed by an alkali treatment
at pH 9 and the effects of different incubation periods and temperatures were here
evaluated in batch tests (BMP). The effect of micro-aeration of the WAS was tested as a way
to mimic the termite digestive tract. The cow system revealed high positive effects on both
methane yields and VS-destruction by 80 and 55%, respectively, while the batch tests with
the termite conditions gave increases of 35 and 26%, respectively compared to reference
systems.

Also nutrients and trace elements likely affect the hydrolysis efficiency. Studies within this
area seem far from covering all enzymes and metals possibly involved, but some results have
been reported. Ko et al (2011) showed that a bi-functional endo-exocellulase isolated from
biovine rumen was stimulated by Co?*, Cu?** and Mn*', while Hg*, zn®*, Ni*" and Mg*'
decreased its activity. Also Bao et al. (2011) studied effects of metals on endo- and
exocellulase activities and found that the endocellulase was stimulated by Co, Ni and Mg,
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while Ca had a negative effect. Ca** has also been shown essential for cellulose degradation
in several studies (reviewed by Schwarz et al. 2001 and Demain et al 2005).

To divide the anaerobic digestion process into two phases, where the hydrolytic/acidogenic
and the syntrophic/methanogenic stages of AD are separated, might be a way to enhance
hydrolysis of lignocellolytic material. However, the hydrolysis of lignocellulose can be
inhibited by the release of soluble sugars (mainly cellobiose), as the cellulase production and
possibly also cell growth of Clostridium cellulolyticum and Clostridium thermocellium are
affected by the sugar levels (reviewed by Desvaux 2005 and Demain 2005) and a two-phase
AD might therefore be a way to prevent product inhibition from soluble sugars.

One way to obtain such a system would be to combine a leached bed for hydrolysis of
insoluble material with a methanogenic reactor digesting the leachate. Busch et al. (2008)
partly describes such a system for degradation of food waste and maize, respectively. The
authors suggest an open (aerobic) leached bed combined with a methanogenic filter reactor.
Part of the leachate is digested in the methanogenic reactor and then recirculated back to
the leached bed, whilea part of the leachate is recirculated without passing the
methanogenic reactor to sustain an active hydrolyzing microflora in the bed. The treatment
time in the leachate bed was 5-8 days for food waste and 14-18 days for maize. The
hydraulic retention time in the methanogenic filter was around 20 h. However, the study did
not provide information on the extent of aerobic degradation of the hydrolysis products or
on the levels of soluble sugars recirculated to the leached bed. To minimize losses of
methanogenic substrate, an anaerobic two-stage reactor, likely similar to the systems
described by Parawira et al. (2007) and Nizami et al. (2010), would be suitable. Parawira et
al. reported on the use of a leached bed combined with a methanogenic filter reactor during
AD of sugar beet leafs and potatoes (peeled and unpeeled), respectively. The experiments
were run from 21 to 36 days, the loading of the methanogenic filter was between 2 and 20
kg coD/(m? day) and the concept seemed to work well for the short times tested. No
comparison to a one stage process was, however, presented and the levels of soluble sugars
was not measured in the leachate. To be able to obtain continuous supply of substrate for
the methanogenic reactor, application of two or more leached beds were needed. Nizami et
al. (2010) have modelled a system with six leached beds, where one bed is fed every 7 days
(42 days retention time). The modelling showed a consistent 4 g/L COD leachate supply for
the methanogenic reactor. The two stage system described by Nizami et al. was shown to be
more efficient than a one-phase system treating the same rye-grass substrate.

Ghosh et al (2000) investigated applications of two-stage digestion combining a “pseudo -
plugg-flow” hydrolyzing-acid stage reactor (APD) with a methanogenic filter that treated the
liquid effluent from the APD. Household waste was digested and the performance of the
two-stage system was compared with a one-stage process. Both the VS-reduction and the
methane yield was improved in the two-stage process (around 20% increase), but the VS-
reduction was still only around 30%. The APD-reactor was tilted and mixed with a double
ribbon mixer and an overflow from this reactor was pumped to the methanogenic filter. The
authors did not consider possible product inhibiting effects. This design might be of interest
also for pre-treated energy crops/wood material as a possible way to avoid product
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inhibition in hydrolyzing systems by keeping the levels of soluble sugars at a low level in the
hydrolyzing step, while running a continuous process.

A physical separation of the hydrolyzing and methanogenic phase can be obtained by an
introduction of a membrane reactor. Such systems, with the main purpose just to keep the
levels of soluble sugars at a low level are described by Andric et al (2010) and have also been
tested (Knutsen and Davids 2004 among others). These systems are designed for ethanol
production by fungal cellulases, but could possibly be applied during AD of lignocellolusic
materials. However, this remains to be tested. Highlighted drawbacks of membrane reactors
are low flux, membrane fouling, high capital- and operational costs, which need to be
considered in such setups.

In general two-phase systems can reduce the risk for growth imbalances in the AD system, as
differences in activity and growth rates of the microbial community, digestion rates and
optimum pH of the different stages can be controlled. However, the possible benefits from a
phase separation depend on the type of substrate, and reactor system used etc. and that
two-stage processes often result in higher investment costs. Fox and Pohland (1994)
highlighted the disruption of syntrophic relationships as one major drawback for two phase
digestion, where the thermodynamics of the degradation reactions demand low levels of
hydrogen/formate concentrations. Fats, aromatic structures and some amino acids will,
thus, not be degraded in an acidogenic phase lacking syntrophic activity, while carbohydrate-
rich substrates should be suitable for two-phase digestion. Transformations demanding
reductive capacity, e.g. conversion of phenol to benzoate, de-chlorinations and reduction of
double bounds etc., might also, according to Fox and Pohland, be benefited in an acidogenic
phase. Thus, very likely this first stage would exert a detoxification of certain substrates,
before they enter the methanogenic phase.

According to Ke et al. (2005) the two-phase digestion concept has been applied for AD of
many wastewaters and solid wastes, and a number of different two-phase systems are listed
in review: two CTSRs, UASB-UASB, CSTR-anaerobic filter, CSTR-UASB leached beds combined
with methanogenic filters/UASB systems but also with membrane and hybrid reactors. The
phase separation can be kinetic (HRT and OLR) or physical (membrane). In many
unmixed/low- mixed systems (plug flow reactors, UASBs etc.) a “semi-two-phase” can
develop with lower pH, higher concentrations of VFA etc. at the inlet (Fox and Pohland
1994).

3.1.4 Anaerobic digestion of energy crops and straw

Today about 2% of the Swedish arable land potential is used for cultivation of energy crops,
while10% was assumed in the calculation of the Swedish biogas potential (Linné et al. 2008).
In comparison Germany, the largest biomass-for-energy producer in EU, uses 16% of its
arable land for energy crop cultivation of which about half is used for biogas production with
maize as the dominating crop http://www.biodeutschland.orqg/tl files/content/dokumente/
biothek/ Bioenergy_in-Germany_2012_fnr.pdf).

The Swedish project “Crops 4 Biogas” have done system analyses on the use of industrial
hemp, sugar beet, maize, triticale (ragvete), ley crops (vall) and winter wheat (reference
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crop) for biogas production (Bjornsson 2012 and Bjornsson and Lantz 2013). The efficiency
regarding energy input/energy balance, biogas per hectare, cost and greenhouse gas
emissions was evaluated.

The methane vyields (Nm>/ton TS) were for hemp 230, for beet (including tops) 350, for
maize 310, for triticale 340, for ley crops June 270 and for ley crops August 220 and for
winter wheat kernel 370. These values were, together with crops yields, used to estimate
the area efficiency. Beets, with or without tops, were shown to give the highest biogas yields
per ha (161 and 134 GJ/ha), followed by corn (103), tritocale (91) and winter wheat kernel
(88), ley (80) and finely hemp (75). However, also the energy input varied widely among the
crops. A calculation of the ratios between energy in and energy out (biogas production)
distinguished two groups: triticale, corn and beet with energy inputs at 14-16% of the
possible energy yields and wheat kernel, hemp and ley crops at 19-20%. As fertilizing stands
for a substantial part of the energy input for growing these crops, strategies involving both
bio-fertilizers (digestion residues) and mineral fertilizers were evaluated. The energy input
was shown to decrease and even out between the two groups, when bio-fertilizers was used
instead of mineral fertilizers, i.e. a mean value of 11% for all crops.

The highest cost for production of biogas from energy corps demonstrated by the “crops-4-
biogas”-project was the production of the biomass, making up for about 2/3 of the total
cost, while the capital cost in these cases were 16-18% of the total. This means that
economical investment supports have very little effect on the viability of the production
from energy crops. Whole crop silage from triticale and wheat kernels was found to have the
lowest production cost per kWh biogas (0.45 SEK). The total production cost was here also
lower than for digestion of cow manure. The cost for digestion of manure is mainly linked to
capital and operating costs. All crops except industrial hemp could likely be used for a viable
biogas production if a production subsidiary of 0.02-0.2 SEK/kWh was introduced. The
process limits used were a max of 3 kg of digested TS/m? reactor volume and day, a max TS
of 9.5% in the reactor and a max HRT of 46 days.

Furthermore, preliminary results from the “crops-4-biogas”-project showed that the type of
fertilizer (bio vs. mineral) did not affect the crop yields, however, this findings need further
evaluation. The investigators stressed the importance of choosing crops with low negative
environmental impact and the importance of including corps rotation for a sustainable
production of biomass for biogas production.

Straw is a residue available in large amounts (the theoretical Swedish potential is 1300
GWh/year). Its digestion give a methane yield of around 0.2 NL CHa/g VS (Risberg et al.
2013). These authors applied steam explosion pre-treatment without any positive effects on
the yields and neither did co-digestion with manure increase the vyields per g VS. Thus,
Risberg et al. (2013) concluded that the yields of the stable co-digestion process was too low
for viable biogas production at currently available technology and economy conditions

3.1.5 Anaerobic digestion of wood
Most of the research on degradation of wood material for bio-fuel production deals with the

initial enzymatic saccharfication of the cellulose fraction of lignocellulose for ethanol
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production. These investigations are complemented with studies aimed for the use of the
other fractions of the lignocellulose in the resulting hydrolysis liquid for biogas production.
As an example Barakat et al. (2012) studied the anaerobic degradation of xylose and the
lignin by-products syringaldehyde, vanillin, 5-hydroxymetylfurfural (HMF) and furfural in
batch assays. Actual methane vyields (% of theoretical in parenthesis) for xylose,
syringaldehyde, vanillin, 5-hydroxymetylfurfural (HMF) and furfural were 0.30 (80%), 0.45
(84%), 0.11 (17%), 0.45 (78%), 0.43 (74%) L/g compound, respectively. Possible effects of the
by-products on the degradation of xylose was also investigated and no inhibition on the
xylose degradation was observed, demonstrating the possibility to use such hydrolyzing
liquids for biogas-production.

Anaerobic digestion of effluents from the pulp and paper industry has been reported on, but
due to the great differences in effluent characteristics, the potential methane formation
reported varies a lot. AD of bleached/unbleached thermo-mechanical and chemical thermo-
mechanical (TMP and CTMP, respectively), has been successfully implemented in full scale,
as well as on neutral sulfite semi chemical (NSSC) effluents and kraft/sulphite mill
condensates (Driessem and Wasenius 1994; Dufresne et al. 2001; Tielbaard et al. 2002).
However, with increasing concentrations of substances such as tannins, resin acids, wood
extractives or lignin in the effluents new process concepts are likely needed. Wastewaters
that are known to cause problems include wood-room effluents, composite CTMP-
wastewaters, spent liquors from chemical pulping and bleaching effluents (reviewed in
Lacorte et al. 2003 and Sierra-Alvarez et al. 1994).

The results on TOC- (total organic carbon) and/or COD- (chemical oxygen demand) reduction
during AD of the wastewater effluents are often inconsistent and in many cases hard to
compare. This is likely due to the varying composition of the studied effluents, which are
highly dependent on the settings at the mills, which affect the type of chemicals occurring in
the wastewater, as well as the concentration of TOC/COD and its organic composition
(reviewed in Rintala and Puhakka 1994). In addition, most studies so far focused mainly on
toxicity reduction of the pulp- and paper industry effluents (Buzzini and Piers 2007; Latorre
et al. 2007; Poggi-Valaldo et al. 1996; Vidal and Diez 2005). However, the large biogas
potential associated with many of these often TOC/COD-dense effluents is rarely considered.

As a first step towards a higher degree of implementation of AD within the Swedish pulp-
and paper industry, Ekstrand et al. (2013) reported on a survey of methane potentials (batch
tests) of 62 wastewater effluents from ten processes at seven pulp and/or paper mills
including Kraft pulp (KP), TMP, CTMP and NSSC-pulp. The effluents included material from
wood rooms, cooking and oxygen delignification, bleaching (often both acid- and alkali
effluents), drying and paper/board machinery as well as total effluents before and after
sedimentation. The results showed a large variation in methane yields (percent of
theoretical methane potential assuming 940 NmL CH4 per g TOC) among the effluents. For
the KP-mills, methane yields above 50% were obtained for cooking effluents, paper machine
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wastewaters, condensate streams and composite pre-sedimentation effluents (results from
at least at one mill). The composite effluents from the two NSSC-processes gave methane
yields of 60% of the theoretical potential, while all effluents studied for a TMP mill gave the
best average yields, ranging 40-65% of the theoretical potential. Most of the samples from
the CTMP process correspondingly yielded 40-50%.

In a future application of AD within the pulp and paper industry treatment of specific
effluents within the pulp- and paper production units selected in relation to the raw
materials used, here considering the biogas yields from the waste residues. The introduction
of AD in such plants would be beneficial for the total energy balance by reducing energy
demands for aeration as well as for sludge burning. An introduction of AD into the
production of ethanol from woody materials seems promising and would likely improve the
energy balance of such industries.

There are some studies investigating the biogas potential from pure wood materials: Yao et
al. 2013 reported a methane vyield of 0.28 L/g VS from poplar processing residues after
pretreatment with 5% NaOH compared to around 0.13 L/g VS for the untreated material.
Alkali treatment prior to anaerobic digestion has also been investigated for spruce and birch,
the maximum yield increased from 0.23 (untreated) to 0.36 L g VS for birch and from 0.03
(untreated) to 0.21 L g VS for spruce (Mohsenzadeh et al. 2011). In a test with alkali pre-
treatment of pine wood the methane yield increased from 0.07 (untreated) to 0.18 L/g VS.

In a study by Vivekanand et al. (2013), where birch was steam exploded at 170-230°C before
assayed for in methane potential in batch tests, gave maximum yields of 0.37 L CHa/g VS (but
seems very high compared to the theoretical potential) as compared to about 0.2 L/g VS for
untreated birch. Similarly, the CH;-potential from steam-exploded Salix (maximal yield was
0.24 NL/g VS; Horn et al. 2011) and spruce (0.3 L/g VS; Janzon et al. 2013) was investigated.
In the spruce-case the steam-explosion was combined with a SO,—treatment. Notably,
Janzon et al. did not see any negative effect on the methane yield from the furans produced
by the steam-explosion pre-treatment.

All potentials listed above were obtained from batch tests, while AD of wood in semi-
continuous or continuous systems seems rare. Results from Department of Water and
Environmental Studies, LiU, however show that methane yield obtained in batch assays
often are higher than when the same lignocellolsic material is digested in lab-scale semi-
continuous digesters. About 70% of the batch yields seem to be obtained in the reactor
systems (unpublished results).

From the studies referred above, wood-based AD shows yields from 0.2-0.3 L CH4/g VS
depending on type of pre-treatment and raw material. The amount of forest residues are
globally estimated to 30 EJ/year (corresponding to 8000 TWh; McKendry 2002) and in
Sweden about 60 TWh of “GROT” is available yearly which would correspond to a rough
maximum of 3000 Mm? CH,. It should, however, also be noted that the annual growth of the
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Swedish forest corresponds to 400 TWh giving a substantially larger bio-energy and lignin
potential.

Conclusions on AD from lignocellolytic material

e The hydrolysis seems rate limiting and pre-treatment is needed for reasonable
degradation rates.

e Energy balances are important to consider and the lignin fraction must at least
for wood be utilized to obtain a reasonable energy balance and economic
feasibility.

e Why are methane yields in semi-continuous systems lower than those obtain in
batch? Possible explanation is nutrient and /or trace element deficiencies or
hydrolysis rates.

e Two-phase AD might be an interesting way to avoid product inhibition during
hydrolysis.

e The methane potentials in treatment of residues from the pulp and paper
industry are interesting especially if the pulp and paper production is adjusted
considering the biogas yields of the residues.

e Linking of AD to the production of ethanol from woody materials seems
promising and would likely improve the energy balance of the ethanol industry.

e A concern is the efficient hydrolysis occurring in the rumen, which is far from
reached in biogas reactors

Priorities on AD from lignocellolytic material

e The yields of the semi-continuous lab-scale systems are often too low for a
profitable biogas production, roughly only 50-60% of theoretical yields are
obtained, while batch digestion give higher outputs. The reasons for these gaps
need to be investigated to obtain better yields from lignocellolysic material.

- Results within the BRC show that sludge recirculation improves digestion
of fat likely as a result from increased microbial density. The same
technique should therefore be tried for lignocellolytic materials.

- Specific nutrient needs for hydrolysis should be investigated.

- Two-phase AD as a way to avoid product inhibition should be
investigated further both on microbial and a system structure levels.

e A collaboration with the pulp and paper industry with the aim to adapt the raw
material for the combination of high quality products and high biogas yields
from the residues

e Cultivation of energy crops as ley-crops aiming at highest possible VS-production
per ha should be investigated.
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Anaerobic digestion of household/food waste

The answers to the questioner sent to 15 Swedish biogas plants revealed household waste
to be one of the main problematic substrates in Swedish AD today. Therefore, a separate
section in this report is devoted to this area. A master thesis study by Johanna Bjérkmalm
(Bjorkmalm 2013) and a report by Bernstad et al. (2013) confirm this situation by identifying
several problems with pre-treatment and digestion of household waste. The Bjorkmalm
study is part of the Waste Refinery project “Benchmarking biogas production plants of
organic waste for increased energy and cost efficiency” (Kostnadseffektiv produktion av
biogas och biogddsel) aiming towards efficient biogas processes with food waste as a main
substrate. The study included four co-digestion plants and four pre-treatment plants. It
concludes that the costs for the pre-treatment of solid waste made up for a large part of the
total operation- and maintenance costs (spear parts and personnel) for the investigated
plants. It also showed that there were large variations in the volumes of methane produced
per ton of substrate as well as in the energy ratios (energy,,/energyi,). Improvements were
suggested to decrease the costs for operation and maintenance by: 1) recirculate/heat
exchange the digested residue, 2) upgrade/change the equipment for pre-treatment and
alternative hygienization treatment, 3) make dilutions with grease trap sludge instead of
water, 4) improve the monitoring of energy consumption. Improved systems for collection of
source-separated household waste and product development on the pre-treatment side was
also seen as areas that needed improvement.

The main problems with household/food waste highlighted in the WES survey and the above
publications are:

Pre-treatment

e Poor separation of plastic and other inorganic materials

e Digestible organic material is lost with the reject

e The equipment for pre-treatment of the food waste is in some cases not originally
designed for treatment of household waste and therefore not ideal from neither a
function- or service point of view.

Digestion

e Mainly soft plastics accumulates in the digester and can form both floating layers and
accumulate in other parts of the reactor, thus, reducing the active volume of the
digester. The plastic can also get stuck in the impeller and disturb the digester mixing
system.

Digestate
e The digestate is often contaminated with plastics and other in-organics.

About 150 of Sweden’s 290 municipalities are today collecting the organic fraction of
household waste and another 70 are about to start (Svensk avfallshantering 2013). In total
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673 000 ton of household waste was treated biologically (AD or compost) during 2012. The
organic fraction of household waste holds a biogas potential of 400-500 mL/g VS (reviewed
by Hansen et al. (2007)) and mostly provides a well balanced mix of carbohydrates, fats and
proteins easy to digest and therefore attractive substrates for AD.

A main problem with the organic fraction of household waste is the relatively large amounts
of non-organics in the sorted waste. Also the plastic bags used in the collection system in
many municipalities is a problem as much of especially the soft plastics passes the pre-
treatment and follows the organic fraction into the reactor.

A number of different pre-treatment techniques are applied for the separation and
fractionation of the organic part of the household waste. A review by Hansen et al. (2007)
evaluated three pre-treatment methods used in Danish communities: 1) screw press, 2) disc
screen and 3) shredding + magnetic removal of metals. The article presents chemical
composition and methane potentials of the different fractions obtained by these methods.
34 and 41% of the organic material was lost during the screw press and disc screen
treatments, respectively, while 98% of the material was retained during shredding. It was,
however, pointed out that the shredding could only be used for well-sorted waste as no
separation apart from magnetic metals is obtained with this method. Average potentials of
the wastes regardless of pre-treatment method were around 450 NmL CH,4/g VS. The highest
fractionation of the waste was obtained with the screw press, resulting in one wet, easily
degradable and one dry, more recalcitrant fraction containing plastics and/or paper from the
sorting bags etc. Bernstad et al. (2013) reports on a survey of 17 Swedish AD-plants with a
large span of pre-treatment methods from simple shredding to processes involving several
steps including pressing and dispersion. The study showed losses of 2-45% of the organic
material and AD of household waste was often seen as problematic due to high maintenance
costs and negative effects on the digestate quality. A case study including four plants, three
using screw press and one using dispersion was performed and 20-40% of the incoming VS
was lost in the pre-treatment, corresponding to 9-28% of the total methane potential. In
addition 13-22% of the total N ended up in the rejected fraction. Bjorkmalm (2013) show
that the screw press method gives high losses of organic material (around 50%) compared to
treatment with pulper milling, separation by flotation etc. One way to reduce the losses of
organic material in the pre-treatment may be to heat the material before treatment, which
will solubilize a larger part of the organics. Both positive and negative effects of heating
household waste before pre-treatment have, however, been reported (reviewed by
Bjorkmalm 2013). There were also problems with both plastics in the digester and digestate,
ware of equipment and high maintenance in all three cases of the Bjérkmalm study.

The accumulation of plastic in the reactors give decreased operational reactor volume which
in turn leads to lower methane yields as well as lower HRT of the organics. One of the main
reasons for the problems with the plastics was likely poor equipment, which was not
originally designed for pre-treatment of household waste, but also modern installations
seems to be associated with some problems with plastics, however, no studies are available
for these so far. During 2013, Avfall Sverige launched an action plan to eliminate all visible
contamination in AD-digestates. One of the milestones will be to investigate how well the
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pre-treatment of SPCR 120 certified plants separate plastics and other visible contaminates
from the organic fraction used for biogas production. Also the possible presence micro-
plastics (less than 2 mm) should probably be further investigated (Leven et al. 2012).

One way to reduce the fraction of soft plastics would be to use paper-bags for collection of
household waste. The paper-bags also have drawbacks as they often break during handling
and can start to mold in storage awaiting treatment (reviewed by Bjérkmalm; 2013), but if
the plastic fraction can be substantially reduced in this way it is likely preferable.

Bjorkmalm (2013) also listed new, alternative, treatment methods: A HC-pulper with reject
separation is marketed by Cellwood Machinery in Nassjo, Sweden. The system has been
installed on a plant in Denmark and also at the biogas plant in Vaxjo, Sweden. A “Waste food
depacker” from Haarslev (Denmark) has been installed at SRV in Huddinge, Sweden, with
hammer-milling to separate plastics, cloths etc. from the organic waste. BioPrePlant also
markets a system for pre-treatment of food waste. The system has been installed and is in
use at the co-digestion plant in Linkoping, Sweden. In addition a system for enzymatic pre-
treatment of food waste is commercially available from the Danish company “REnescience”,
but is not in operation yet. An estimation of the economy in running the existing pre-
treatments Bjorkmalm (2013) shows that the main costs are linked to the man-hours for
maintenance, while new equipment will have a high acquisition cost but likely extensively
lower maintenance costs and it might therefore in the long run be economically beneficial to
invest in new equipment.

It should also be noted that food waste has been reported to have a relatively high Cd/P
ratio (mean value of 37 mg/kg P; Avfall Sverige B2012/02) and this in combination with the
new suggested limits for the Cd-levels in bio-fertilizers from the Swedish Environmental
Agency will make the digestion of food waste in processes where the digestate is used as a
bio-fertilizer highly problematic and will likely affect the economy for many biogas-
producers.
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Conclusions on Anaerobic digestion of household waste

e  The main problem with digestion of household waste seems to be the pre-treatment
- Parts of the organics is often lost with the reject
- The organic fraction after pre-treatment contains plastic that accumulates in the
digester and contaminates the digestate
- High maintenance costs
- No or only scarce information on the performance of the different pre-treatment
systems for household waste seems available.
e  The suggested limits for Cd-content in bio-fertilizers will affect the possibility to digest food
waste.

Priorities on Anaerobic digestion of household waste

e  Evaluation and development of efficient and robust pre-treatment methods for source
separated household waste.

Anaerobic digestion of sewage sludge

Swedish sewage treatment plants annually generates about 800 GWh of biogas from
digestion of primary and secondary sludge. The VS-reduction is, however only, 40-50%. The
major reason for the low digestion potential is the low digestibility of secondary sludge
(waste activated sludge; WAS). The WAS is a mix of microbial biomass and extracellular
polymeric substances (EPS) containing recalcitrant compounds. Some studies report that
only 30-50 % of the EPS are degradable in AD (reviewed by Carrere et al. 2010). Pre-
treatment methods increase the digestibility of WAS and an overview of available methods
are given in chapter 4 (pre-treatment). Biogas yields and VS-reduction has however also, in
preliminary studies within the BRC, been shown to increase substantially by the action of
digested sludge recirculation aiming for 4-5 % average TS in the digester and a retention
time of 8-15 days. An increase in digestibility of the sewage sludge from todays 50% up to
70% would roughly increase the biogas yields with 200 GWh. In addition the total amount of
sludge as well as its ash content would decrease due to the increased degree of degradation.

Priorities on Anaerobic digestion of sewage sludge

e Develop protocols for a higher efficiency in degrading the organics of WAS.

Substrates from the sea

The Swedish project "Biogas-new substrates from the sea” (financed by the European
regional development fund) identified algae, common reed, mussels and fish wastes as
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organic materials from the seas/shores of interest for biogas production
(http://www.rfkl.se/Documents/Miljo/Nooil/examples/ex Biogasfolder%20engelsk%20slutv

ersion.pdf.pdf.)

3.1.6 Algae

Algae encompasses unicellular micro- and multicellular macro algae (sea-weeds). Together
with Cyanobacteria (“bluegreen algae”) they stands for a substantial amount of aquatic
biomass. Both macro- and microalgae can grow at high rates (reviewed by Debrowski et al.
2013) and, thus, form large amounts of biomass in short time under favorable conditions
(light, heat and nutrients). The algae biomass contains less cellulose then terrestrial plants
and no lignin, which in theory would make them more easy to digest. The protein content
varies among species and with age: brown macroalgae contain protein at 3-15% of the dry
weight, while green and red seaweeds may contain 10-50% proteins (Fleurence 1999; Table
5 in Prajapati et al. 2013 for overview of individual species). Microalgae protein contents
(ranging 5-25% of dry weight) are reported
(http://www.fao.org/docrep/003/w3732e/w3732e07.htm). The algae biomass can be
cultivated and/or harvested from natural habitats.

To harvest algae biomass from natural habitats has, however, proven difficult as the
methods applied are often both expensive and energy demanding. In the case of
macroalgae, harvesting of large amounts from the sea can also harm delicate ecosystems
(reviewed by Hughes et al. 2012). Harvesting of macroalgae from shores by use of excavators
or amphibious vehicles have been tested, but problems with high noise and high amounts of
sand in the harvested biomass (Hansson 2012) as well as costs and energy demand render it
no-profitable with existing techniques. An additional problem with natural grown biomass is
differences in quality and amounts over the year (reviewed by Debowski et al. 2013). Also
the “Biogas-new substrates from the sea” project abandoned the harvesting of algae from
sea and shores due to harvesting problems and high algae Cd-content.

The cultivation of algae can be performed in more or less sophisticated open ponds or in
closed photobioreactor systems. Harvesting is in these cases facilitated, but there are
problems with dehydration and storage of the biomass. In addition, Zaimes and Kannan
(2013) showed in a case study including 21 locations in the US, that the fossil energy return
on investment (EROlss;) and life cycle greenhouse gas (GHG) emissions from cultivation of
microalgae in open raceway pond systems span from 0.38 to 1.08 (values over 1 are desired
as more biomass energy is gained than fossil fuel consumed during the production) and from
-46 to +49 g CO, eq./MJ-biomass respectively. Given the large variations in both EROlsoss; and
GHG-emissions, the authors stressed the importance of system analysis for each specific
production case. Cultivation, dewatering and harvesting are today energy intense activities
and to develop renewable/more sustainable methods, therefore seems crucial for
commercial production of microalgae to support biogas production. Zamalloa et al. (2011)
investigated the potential from microalgae grown in raceway ponds and concluded that a
production of 90 ton dry matter per ha and year together with an anaerobic digestion
system standing a load of 10-20 kg COD/m? and day combined with a 75% VS conversion
efficiency was needed for the exploration of biogas production from microalgae. The authors
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then assumed the use of a high rate UASB-system for the digestion, but the set-up has still
not been tested in practice.

Macroalgae can be cultivated at sea. Today this is done on long line systems and China is the
world’s largest producer of cultivated sea-weed. Hughes et al. (2012) argued that cultivation
of macro-algae on continental shelves at sea is the only way to produce the large quantities
of sea-weed needed for a substantial biogas production from algae. According to these
authors new cultivation- and harvesting methods will be needed for such farming.

For AD of algae a row of problems has been identified: cell walls resisting anaerobic
degradation, toxic compounds produced by the algae, sodium ion toxicity and for some
species high C:N ratios giving problems with high pH and NHz-inhibition (reviewed by
Debowski et al. 2013 and Prajapati et al. 2013). This may be circumvented by co-digestion
with cellulose-rich material (references within Debowski et al. 2013), while for AD of algae
with low protein contents, co-digestion with more protein-rich materials is suggested
(Hughes et al. 2012). Methane potentials span 200-400 L CHa/kg VS for microalgae and 50-
300 for macroalgae (reviewed by Debrowski et al. 2013). The main reason for the large
differences in digestibility are the composition and, hence, the degradability of the cell walls.
Algae with no cell wall or protein rich cell walls are more easily digested than species with
cellulose/hemicellulose cell walls (reviewed by Prajapati et al. 2013). Jard et al. (2013)
reported that pre-treatment of the red macroalgae Palmaria palmate with NaOH at 20°C
increased the methane yield from 310 to 370 mL CHg4/g VS. Thermal treatments up to 160°C
did not have any effects and temperatures above 160°C affected the yield negatively. Other
studies have, however, shown thermal pre-treatment to be effective (reviewed by Prajapati
et al. 2013). The variation in the results is likely linked to the different algae species.

Zamalloa et al. 2012 digested microalgae of the species Scenedomus obliquus and
Phaeodactylum tricornutum in batch and in a hybrid flow-through reactor system and
reported 0.24 and 0.36 L CH4 g VS in batch, while conversion efficiencies in the continuous
system was low, 26-31% and 50% for the S. obliquus and P. tricornutum, respectively. The
HRT was 2.2 days and the loading rates 2.8 g VS/L for S. obliquus and 1.9 g VS/ for P.
tricornutum. The authors pointed out that algae are not easily digested in continues systems.
Optimization of AD with algae as substrates is thus needed.

To use of wastewaters and/or industrial flue gas for growth of algae for AD as a form of
industrial symbiosis is pointed out as a possible scenario by several authors (Zaimes and
Khanna 2013 and Zamalloa et al. 2011). Prajapati et al. (2013) has written a review on the
subject of growing algae for production of biogas and concludes that combining growth of
algae with wastewater treatment may be a way to reduce the cost of the algae production.
They also suggest the use of wet biomass in high rate AD as this would reduce the drying
costs and give the possibility to recirculate the nutrients from the AD back to the algae
cultivation including a reuse of CO; in the cultivation.
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Conclusions on AD from algae

e Given the differences in growth and methane yields of algae a screening for the
best species and cultivation possibilities is of need.

e CO, and nutrient uptake should be considered for optimal outcomes in
industrial symbiosis scenarios.

e Problems with suboptimal process performances linked to possible pre-
treatment needs, inhibitions, reactor design etc. needs to be solved

e The delicate energy balance, at least for microalgae cultivation in
ponds/bioreactors, even in the best cases give no or little room for pre-
treatments and, thus, algae with no or minor requirement of pre-treatment
should be selected..

Priorities on AD from algae

e Find the best candidate for high production of a nutrient balanced, easy
digestible macroalgal biomass.

e Investigate possibilities/benefits in combined wastewater treatment/growth of
microalgae for production of digestible biomass.

3.1.7 Common reeds

Risén et al. (2013) have performed a system analysis on harvesting and AD of common reeds
(Phragmites australis). The biogas was assumed to be used as biofuel and the nutrients
recovered from the harvesting/AD should be returned to agricultural land. The reed used in
the study was harvested during the summer in south east Sweden. An amphibian carrier
equipped with a cutting shovel was used for the harvesting. The main drawback with the
method was the many turns to empty the shovel, which rendered the harvesting to become
a high energy sink. Harvested reed was stringed and ensiled by use of a bale press.
Transportation on land was tractor bond. Fragmentation by use of the diesel-driven
chopping machine was assumed, but not evaluated in practice. The harvested and ensiled
reed was co-digested in a pilot scale CSTR. The main substrate was the same as used in a full
scale digester in the Kalmar County and the methane yield from reed was about 220 m*/ton
VS reed, when co-digested with the substrate used in the full-scale reactor. According to the
authors this potential in agreement with those reported by Jagadabhi, et al. (2011; 220-260
m? CHa/ton VS) and from a two stage process combining a leach bed with and UASB-reactor
(Nkema and Murto 2011). The leach bed was incubated for 107 days and 80% of the
methane was produced there, the remaining 20% in the UASB.

41



Biogas Research Center

The overall energy balance for the above system was found to be positive (Risén et al 2013)
and was accompanied by a reduction in greenhouse gas emission of 80% compared to a
fossil reference system. The energy surplus corresponded to about 40 L of petrol per ton wet
weight of reed. In addition the content of N and P in the reed suggested that 1 ha of reed
contains N to meet the fertilizing need for 0.5 ha and P for 0.7 ha. A project report from the
“Biogas-new substrates from the sea”, which partly funded the above study, points out that
the quality of the reed was crucial for an acceptable AD, and that reed harvested in the
water held a poor quality. The harvest time was also important for quality and thus the AD-
result.

Conclusions on AD of reeds

e |t seems most efficient to harvest reed growing terrestrially

e The time of harvesting is important

e Energy balances are delicate

e The benefit of catching and recirculation of N and P to arable land
should be considered in evaluations of reed as a substrate for AD.

Priorities on AD of reeds

e A project considering benefits and drawbacks in a system perspective
should be performed.

3.1.8 Mussels

There seems to be just a few studies on AD of mussels. Nkema and Murto (2013) reports a
methane potential of 0.33 L/g VS in a leach bed/UASB system. The dry first stage was found
suitable as the mussel meat was here easily solubilized and then further digested in the
USAB, while the shells, that wear on the moving parts and clog pipes in wet digestion
systems, stayed in the bed-reactor. The energy potential from two stage digestion of
mussels was estimated to 16.6 GWh/year (from 65 000 wet weight of blue mussels from the
Swedish east coast). The authors pointed out that accumulation of NH."/NH3 from the
digestion of the mussel protein might be a problem, if not co-digested with substrates
holding a higher C/N ratio. The methane production from digestion of only mussels was also
found to be low per unit reactor volume due to the shells. A study by Gréndahl et al. (2009)
showed that AD of blue mussels did not result in a positive energy balance mainly due to
high energy consumption during harvesting. The mussels were, however, found efficient in
removing nutrients from the Baltic Sea. Thus, if mussels are chosen for nutrient removal
from the sea, AD could be included to degrade the biomass and make the nutrients available
for fertilization.

Conclusions on AD of mussels

e If mussels are to be used as substrate for AD energy efficient
harvesting methods needs to be used/developed.

e Atwo stage process might solve the problem with the shells.

e The benefits of nutrient recovery should be considered.
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Priorities on AD of mussels

e A project considering benefits and drawbacks in a system perspective
should be performed.

3.1.9 Fish industry wastes

Wastes from processing of fish include heads, viscera, scales and wastewater from the
process. The waste and wastewaters are rich in proteins and fats. Around 45% of the fish is
assumed to be waste, thus, generating over 60 million tons of fish waste per year globally
(reviewed by Nges et al. 2012). The fish waste can be used for production of low value
animal feed, but also products with higher values (fish oil, omega 3 fatty acids, enzymes,
proteins etc. (reviewed by Nges et al. 2012). The production of oils and proteins, however,
gives residues that might be used as AD substrates. They are often protein- and fat rich
materials and, thus, represent a high methane potential but with risks of accumulation of
ammonia and LCFA to inhibiting levels. Therefore, co-digestion with more carbohydrate rich
materials will likely be needed to obtain stable, efficient processes.

Nges et al. (2012) determined the biogas potential of salmon waste and fish sludge (the
product obtained after extraction of polyunsaturated fatty acids (PUFAs) and fish protein
hydrolysate (FPH)) in anaerobic batch tests. The potentials were found to be high for both
materials: 830 and 740 mL CHa/g VS for the fish waste and fish sludge, respectively. Co-
digestion of the fish sludge with Jerusalem artichoke was performed in batch (ratios of 1:1
and 1:3 of fish sludge and Jerusalem artichoke on VS basis, respectively). The potentials of
the co-digestion corresponded well to those calculated from data on the digestion of the
sludge and artichoke as single substrates indicating that no inhibition from the fish sludge
took place in the batch tests. Similarly, Eiroa et al. (2012) reported methane yields of 280,
250, 350 and 260 mL CH4/g VS of tuna, sardine, mackerel and needle-fish, respectively, thus,
being much lower than found by Nges et al. (2012) for salmon. The substrate to inocculum
ratios were 1.1-1.3 g VS waste/g VS inocula, which should be compared to about 0.7 for
Nges et al. (assuming 4.25 of substrate VS) and the systems were therefore likely
overloaded. Another factor making a comparison difficult is that Nges et al. had an
inocculum acclimated to high NH4-N levels (the concentration of N-NH; was 4 g and the pH
8), while the Eiroa inoculum, that gave the best result, was granular sludge from a reactor
treating brewery waste water. Higher loadings in the Eiroa et al. system resulted in even
poorer yields. The reason is unknown andco-digestion of tuna with gorse (a flowering plant)
in order to increase the C:N ratio of the substrate did not have any positive effect on the
yields, indicating that inhibition from NHs; and/or LCFA might not have been the main
problem in this case. Also Gebauer and Eikebrokk (2006) report methane yields in the range
of 260-280 mL/g VS, when digesting salmon sludge (from fish farming) in a CSTR system and
the low yield was related to high levels of NH4-N and VFA.
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Conclusions on AD from fish wastes

e All fish waste holds a high protein content and are mostly also rich in fat and,
thus, are energy rich substrate for AD, but with risks of accumulation of
ammonia and LCFA to inhibiting levels. Therefore, co-digestion with more
carbohydrate-rich materials will likely be needed to obtain stable, efficient
processes.

Priorities on AD from fish wastes

¢ |nvestigate the available potential of fish wastes as substrate for biogas
production

4 Pre-treatment

Many solid materials needs some kind of levigation (grinding, cutting etc.) and likely also
dilution to make them pumpable before fed into AD. Also wastewaters and different types of
sludge from industries and municipalities might need pre-treatment before anaerobic
digestion. Pre-treatment of residues from wastewater treatment plants seems to be the
most studied followed by lignocellulosic materials (reviewed by Carlsson et al. 2012).

Effectiveness and Assessment of pre-treatments

A pre-treatment method should:

e resultin an increased availability of degradable compounds in the substrate
e have a low energy demand or possibilities for reuse of energy or residual heat
e have a low capital- and operational cost

For lignocellulolytic materials, the pre-treatment should ideally produce only low amounts of
degradation products from lignin and hemicelluloses as these might inhibit the hydrolysis
and further degradation. However, this is more important during preparations for ethanol
production than in the case of AD. Table 2 in Menon and Rao (2012) and in Carlsson et al.
2012 give good overviews of different pre-treatment methods. Carlsson et al. (2012) stresses
the importance, but also the difficulties, of choosing the optimal pre-treatment method for a
specific substrate. Yields, energy balances and possible negative effects associated with the
different methods need to be evaluated for each specific substrate/substrate mix. Therefore,
the success/suitability of different pre-treatment methods should be judged from the yield
and rates of the formation of degradable compounds and/or desired products (methane for
AD) in relation to costs and energy demand of the pre-treatment process. In this context it is
important to have control on losses of organic material and formation of refractory
compounds.
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Pre-treatment methods

A large number of pre-treatment methods have been tested and evaluated. The methods
chosen as well as their severity are related to the type of the complexity of the (biomass)
material. Evaluations of pre-treatment methods focusing on lignocellulosic materials have
been reviewed by Taherzadeh and Karimi 2008, Hendriks and Zeeman 2008, Monlau 2013
among others and also several pre-treatment methods to be applied for sewage sludge have
been extensively studied (reviewed by Carréere et al. 2010 and Carlsson et al. 2012). There
are also publications on treatment of household waste (Hansen et al. 2003; Li et al. 2013),
fat, oil and grease (FOG; Li et al 2013) and slaughterhouse waste (Cavalerio 2012; Cuetos et
al. 2010; Rodriguez-Abalde et al. 2011).

4.1.1 Physical pretreatments
The physical pre-treatment methods investigated include chipping, grinding, milling and
irradiation.

e Milling is applied to reduce size, which increase the available particle surface area,
and alter internal structure e.g. by reduction of the crystallinity of cellulose. Milling in
colloid mills and the use of fibrillators and dissolvers are suitable for wet materials
and possibly also fats, while extruder, roller-, cryogenic- and hammer milling mainly
are applied for dry materials. Ball milling can be applied on both wet and dry
materials (Taherzadeh and Karimi; 2008). It should, however, be noted that large
reductions in size can cause significant losses in carbohydrates prior to digestion (e.g.
for switchgrass; reviewed by Monlau et al. 2013). A general drawback with milling is
the high energy consumption.T the energy demand is higher for wet than for dry
materials (reviewed in Monlau et al 2013). Milling of lignocellulosic materials does
not separate lignin from cellulose/hemicelluloses and, thus, therefore often needs to
be combined with chemical pre-treatment methods to obtain an efficient enzymatic
hydrolysis of the latter fraction (at least for bio-ethanol production).

e Irradiation by microwaves, electron beaming or gamma rays can improve
degradation of lignocellulosic materials to some extent. The success seems to be
correlated to the amount of lignin as well as the degree of crystallinity characterizing
the ligoncelluloses. The irradiation methods are, according to Taherzadeh and Karimi
(2008), expensive and difficult to apply in full scale applications. Microwave
treatment of sludge have been performed and evaluated by Neda Mehdizadeh et al.
(2013), who saw no positive effect on biogas yields compared to ordinary heat
treatment, while Kuglarz et al (2013) reported benefits from using the microwave
treatment compared to other heating methods.

e Ultra-sonication creates cavitation and the treatment also gives rise to the formation
of OH, HO, and H radicals that in turn reacts chemically with the sludge material.
Ultra-sonication treatment of sludge generated in systems for wastewater treatment
has been shown to increase biogas yields with 24-140 % in batch and from 10-40 % in
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4.1.2

continuous systems (reviewed by Carrére et al. 2010). The energy consumption is
usually between 1000 and 16000 kJ/kg TS and the optimal TS-concentration for an
efficient treatment is reported to be between 2.3 and 3.2%. In addition both positive
and negative effects on the dewaterability of activated sludge from ultra-sonic pre-
treatment have been reported (reviewed by Carrére et al. 2010).

Lysis centrifugation can also be applied on sludge and has been shown to increase
biogas yields with 15-25%. The method has been installed on several full-scale plants
(Carrere et al. 2010).

Sludge can treated with high pressures: liquid shear leading to mechanical disruption
of cells, collision plates and high pressure homogenizers, which display rapid
depressurization of sludge Carrére et al (2010). The treatments increased the biogas
yields and at the same time the hydraulic retention times of the processes could be
reduced. Ferrer et al. (2009) however showed that most mechanical sludge
treatments generated negative energy balances. The energy balances could however
be improved by sludge thickening, but then this would mean increases in viscosity
and, thus, increased energy consumption to operate the digestion process.

Physical pre-treatment of household waste focus on removal of plastic and inorganic
objects and on size reduction (see 0 for details).

Physiochemical pre-treatments

Steaming and Steam explosion (autohydrolysis)

Here biomass is treated with high-pressure saturated steam, which combined with a
quickly release of the pressure gives rise toan explosive decompression. The
temperature is typically 160-260°C and the duration from seconds to a few minutes
(Menon and Rao 2012). For lignocellulosic material a degradation of hemicellulose
and a transformation of the lignin structure may occur by the treatment. At an
elevated temperature there is an increase in the release and degradation of
hemicelluloses, but also increased losses in total COD. Steaming and steam explosion
seems to be one of the most investigated and applied pre-treatment methods for
treating lignocellulosic materials.

The pre-treatment of poplar (Populus nigra) for 4 minutes at 210°C gave a cellulose
recovery of 95% and a xylose recovery of 41% (reviewed by Taherzadeh and Karimi
2008). Another study showed removal of 75-90% of the xylose-content at pre-
treatment of different lignocellulosic biomasses at 190-210°C for 2-8 minutes
(Ballesteros et al. in Taherzadeh and Karimi 2008). Biogas production from steam-
exploded wheat straw and paper tube residues have been shown to have a positive
energy balance and to be economically viable (Shafiei et al 2013).

Steam explosion can also be combined with chemicals like SO, and H,SO, (dilute acid
pre-treatment), as well as ammonia in ammonia fiber explosion (AFEX). The latter
method is more efficient on biomass low in lignin, but both the cost and the recovery
of ammonia makes it expensive. Also a combination of steam explosion and
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enzymatic treatment can be applied to obtain solubilized carbohydrates for digestion.
Another method within the explosion category is CO,-explosion that has been shown
to improve the enzymatic digestibility of aspen and pine. The high pressure of CO,
applied at supercritical conditions give higher glucose yields than the same treatment
at subcritical conditions, but is likely too expensive.

Thermal hydrolysis of sludge at temperatures often at 160-180°C for 30 to 60 minutes
leads to partial solubilization of the sludge VS and, thus, enhances its digestion
(reviewed by Carrére et al. (2010).

Liquid hot water pre-treatment: Hot water processing of lignocellulose removes
mainly hemicelluoses and higher xylan recovery has been shown compared to steam
explosion (Laser et al. in Taherzadeh and Karimi 2008).

Pasteurization or other, relatively low temperature, but still thermal, pre-treatment
methods have also be applied. Rodriguez-Abalde et al (2011) and Cavaleiro et al
(2013) reported positive effects of pasteurization of fractions of slaughterhouse
waste. Rodriguez-Abalde et al (2011) suggested that the pasteurization mainly had a
positive effect on materials with a low content of carbohydrates. The low effect on
carbohydrates was suggested to be due to the occurrence of Maillard-reations.

Ferrer et al. (2009) compared three classes of sludge pre-treatment methods and
concluded that mild biological/thermal pre-treatment was comparable to a single
stage thermophilic digestion in terms of energy consumption and biogas yield, while
high impact temperature-thermal hydrolysis techniques increased the use of thermal
energy, but also increased the yields enough to sustain positive energy balances.

Chemical pre-treatments

Alkali pre-treatment use bases such as NaOH, Ca(OH), or ammonia for the removal
of lignin and parts of the hemicelluloses. Relatively high concentrations of the bases
are needed, while at low temperature. Alkaline pre-treatments have been shown to
be more efficient on biomass low in lignin (e.g. agriculture wastes) than on wood
(reviewed by Taherzadeh and Karimi 2008).

Alkaline peroxide pre-treatment is a method, where lignocellulose is soaked in alkali
water (pH 11-12 by NaOH) containing H,0,, at room temperature typically for 6-24 h.
The treatment has been shown to give 81-88% lignin removal, if combined with
steam explosion (wheat straw; reviewed in Taherzadeh and Karimi 2008).

In the “organosolv” process lignocelluloses is mixed with an organic solvent (ethanol
is common) and water, the mix is then heated. The reaction leaves cellulose in the
solid phase, while dissolved lignin is extracted from the solvent. The solvent needs to
be recovered. The organosolv process combined with acid hydrolysis results in
separate hemicelluloses and lignin fractions.

Wet oxidation combines water and air/oxygen at a temperature above 120°C. The
process generates heat and is therefore partly self-heated once the reactions are
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started. The wet oxidation effectively separates the cellulose from the hemicelluloses
and the lignin. All polymers are however fractionated why the lignin-residues cannot
efficiently be used as a product of its own.

Ozonolysis can degrade lignin and parts of the hemicelluloses. The method is,
however, likely expensive due to the ozon consumption. The effect on WAS prior to
anaerobic digestion showed 36-90% increased TS removal in AD (Goel et al 2003; 167
in Taherzadeh and Karimi 2008).

Treatment of lignocelluloses with dilute acid at high temperature or concentrated
acid (~35%) at low temperature (acid hydrolysis) has been shown to improve
enzymatic hydrolysis. The concentrated acid treatment is more efficient but highly
corrosive. Recovery of the acid is energy demanding. For this reason the dilute acid
treatment at high temperature is more frequently applied and is currently one of the
most common chemical pre-treatment methods for lignocellulose Tests with
Eucalyptus grandis showed a 70% recovery of xylose at 210°C for 2 minutes in dilute
H,S04, while the maximum saccarification was seen after treatment at 200°C (90%
cellulose conversion). A combination of steam explosion and mild acid treatment has
been put forward as a possibility to increase the effect of pre-treatment of especially
softwood that is often found more difficult to degrade compared to hardwood (Galbe
and Zacchi 2007).

Biological pre-treatments

Different species of lignin-degrading fungi can be used for pre-treatment of
lignocellolytic materials. Brown rot fungi primarily degrade hemicellulose and lignin,
while white- and soft rot fungi attacks both lignin and cellulose (reviewed by Sun and
Cheng 2002). Biodegradation of straw and Bermuda grass was improved by 30-80%
(reviewed by Sun and Cheng 2002). However, the incubation times are often long (5-
6 weeks). Another problem is that the cellulose and hemicelluloses are degraded by
the fungi.

There are also many reports on pre-hydrolysis of sludge at aerobic or anaerobic
conditions. The treatment seems mainly to be performed at temperatures of 55-70°C
and with a duration of 1-7 days (reviewed by Carrére et al. 2010). Yields have been
shown to be enhance by 10-100%.

Biological treatment has also been used prior to AD to reduce the amount of
compounds inhibiting organisms active in the anaerobic degradation chain (reviewed
by Taherzadeh and Karimi 2008).
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Conclusions on Pre-treatment

e |tis of utmost importance to choose the right treatment method for a specific
substrate and yields, energy balances and possible negative effects of the different
methods needs to be evaluated for each specific substrate/substrate blend.

e Few studies evaluate pre-treatment effects in relation to energy input and good
measures to compare different methods regarding energy consumption in relation
to treated amounts and effects are scarce.

e The development of efficient pre-treatment methods separating the lignin fraction
from the carbohydrates of lignocellulosic materials at low energy utilization is a clue
to advance our substrate banks.

e Steam and steam explosion pre-treatments, often combined with a weak acid
seems to be the most applied method for the treatment of lingocellulosic materials.

e Milling methods are effective for reduction of size, but to obtain a high degree of
destruction (degradation of individual fibers) the energy consumption is often too
high to be feasible.

e Mild heat-treatment seems to have a positive effect on fat- and protein rich
materials.

e High impact temperature-thermal hydrolysis techniques have been shown effective
for sludge pre-treatment.

Priorities on Pre-treatment

e Are the methods used today the best for the substrates treated in full scale applications?

e Are the methods used optimally from a resource perspective?

e Develop tools for better evaluation of different pre-treatment methods: energy
consumption, effect, type of substrate, comparable original and improved methane
potentials etc.

- Evaluation of a number of substrates and key pretreatment methods

5 Mixing and Rheology
Mixing

The content of anaerobic digesters is mixed to ensure efficient transfer of organic material
and nutrients to the active microbial biomass, an even distribution of temperature and

buffering alkalinity, to release gas bubbles trapped in the reactor fluid and to prevent
sedimentation of particulate material. The mixing systems are however often expensive to
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install, maintain and run. Common energy inputs range from 10 to 100 W h m~, determined
by the frequency of stirring, the type of reactor, the type of mixing system used, and the
total solids of the feedstock (Burton and Turner, 2003). Numerous experiences and literature
studies indicate process disturbances that can be attributed to deficient design and/or
operation of the mixing equipment. Poor mixing and grit accumulation due to dead zones
have been observed in many cylindrical digesters (Ganidi et al., 2009). There are however
conflicting reports on the effect of mixing on the degree of degradation (Ong et al., 2002)
and the evaluation is complicated by difference in waste characteristics, organic loadings,
mixing system, active reactor volumes etc. (Ganidi et al., 2009). The formation of microbial
aggregates has been shown to be of great importance in AD. It has been postulated that
propionate oxidizing bacteria and methanogenic archaea lives in close proximity in
aggregates with hydrogen gas and formate as electron carriers (de Bok et al., 2004). For the
reaction to be thermodynamically feasible, concentrations of the electron carriers need to
be low and therefore the high rate of propionate conversion observed can only be explained
by the short diffusion distance possible in obligate syntrophic aggregates (Ward et al., 2008).
Excessive mixing can disrupt the microbial aggregates, reducing the rate of oxidation of fatty
acids and thus lead to digester instability (McMahon et al., 2001).

5.1.1 Process technology and mixing techniques

Mixing of the digester content is carried out in a number of ways, continuous or intermittent
at different frequencies. The type of mixing is partly governed by the reactor designs chosen
and this choice is in turn based on the type of substrate/substrate mix to be digested, the
desired loading rate etc. Plug-flow digesters are often horizontal containers fed with
substrates with at a high solid content. The flow through the system is given by the feeding
rate, while no mixing is applied. In a CSTR the hydraulic retention time (HRT) is equal to the
solids retention time (SRT) and a HRT of at least 10 days is needed to keep an active
methanogenic population within the reactor. This reactor type is suitable for materials with
high TS and VS/suspended solids content and stirring is often performed by the use of
impellers placed on a central axis and often on several different levels in the digester
(Brehmer and Karaume, 2012). Also high pressure liquid or gas mixing by the use of nozzles
is applied. It is easier to obtain a proper mixing in egg-shaped digesters, but they are more
expensive to build (Meatcalf and Eddy, 2003). With gas and/or liquid mixing it is easier to
avoid dead zones. The main drawback is higher energy consumption.

An anaerobic filter is a process system for treating wastewater, where the active biomass is
fixed on a supporting matrix medium. An upward flow, where the wastewater comes in
contact with the fixed biofilm, is applied for mixing/contact of the organics with the active
biomass resulting in a high ratio between sludge- and hydraulic retention time. The upward
flow of the formed gas contributes to the mixing of the system. Limitations of anaerobic
filters are mainly due to destruction of the bed structure through an accumulation of non-
biodegradable solids, which leads to clogging and channeling and, thus, shortcuts of the flow
(poor mixing/contact). Therefore treatment of wastewater with high solids content should
be avoided. An interrupted flow can result in problems with the fluidization once the system
is restarted as the particles or granulated bed tends to clog together. The matrix medium
packing materials are relatively expensive.
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Apart from the mechanical/technical differences and difficulties linked to mixing, the shear
thinning flow behavior (see 5.2) of many substrates and the high dry matter content
contribute to the complexity to reach proper mixing for a specific AD-system (Brehmer and
Karaume, 2012).

5.1.2 Effects of mixing on the biogas process

As said above, a certain degree of mixing is necessary to obtain a good contact between the
substrate and the microorganisms, but excessive mixing can reduce biogas production by
disturbing aggregation and granulation of the microorganisms. For example did Kaparaju et
al. (2008) found that a minimal mixing improved methane production by 13% compared to
continuous mixing during AD of cattle manure in lab-scale experiments. The effect of organic
load and mixing intensities during the manure digestion in batch experiments showed that
minimally mixing (thoroughly shaken by hand for about 1 minute every time a sample was
taken) resulted in higher methane production. On the contrary, vigorous (110 times per
minute with a 3.5 cm stroke) mixing resulted in delayed and low methane production
(Kaparaju et al., 2008).

It has been reported that low speed mixing allowed digesters to better absorb the
disturbances of shock loadings compared to reactors with high speed mixing (Stroot et al.,
2001; Gomez et al., 2006). Thus, reduction of mixing speed may be a tool for process
stabilization. In comparing continuously vs. intermittently mixed high loaded processes
stable conditions are more often obtained with the intermittent systems (Stroot et al., 2001
and unpublished in-house results). These effects are likely the result of disturbance of the
syntrophic interactions among methanogens and proton-reducing bacteria as described in
the introduction above (5.1).

Extracellular polymeric substances (EPS) are complex high-molecular-weight mixtures of
polymers (Mw>10,000) and includes proteins, carbohydrates, lipids, nucleic acids (DNA) and
humic substances (Sheng and Yu, 2006), which are responsible for the formation of microbial
aggregates (Liu et al.,, 2004). Measurement of EPS can be indicative of the degree of
microbial aggregation and be linked to the mixing conditions of an AD-digester (Ward et al.,
2008). This has been shown in AD of cattle manure, where an increased mixing decreased
the amount of EPS and, thus, likely also disturbed the microbial aggregates (Ong et al. 2002).
This led these authors to suggest that minimal mixing results in larger aggregates as greater
guantities of EPS were required to maintain their structure. The large aggregates might lead
to an increase in biomass retention, which in turn could explain the increased gas production
(Ong et al.,, 2002). In fact, Ong et al. (2002) reported that the production of EPS was
adversely affected by stirring. Evidence for the structural role of EPS in consortia has been
reported for bacteria involved in oxidation of saturated fatty acids (e.g. by Mclnerney et al.,
1981) and digestion of cellulose (e.g. by Cheng et al., 1984). Adhesion of cellulolytic bacteria
to particles or to other cells is mediated via EPS (Weimer, 1992).

5.1.3 Foaming
EPS, temperature fluctuations, shock loads, hydrophobic substances, protein and/or fat rich
material have been reported to cause digester foaming (Ganidi et al., 2009). Foaming causes
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significant operational problems and reduces revenues due to reduced gas vyields (e.g.
Kougias et al., 2012; Rodriguez-Roda et al., 2012). It may lead to blockages of gas mixing
devices and sludge pumps, fouling in gas collection pipes and floating digester covers (Gandi
et al., 2009).

In sludge, proteins are found as soluble microbial products (SMP) but also as EPS. However,
so far no information is available on how different proteins affect the foaming potential in
anaerobic digesters and at which concentrations they may induce foaming (Ganidi et al.,
2009). Lipids are, due to their hydrophobicity, attached to the solid particles of the sludge
and can entrap formed gas bubbles and, thus, induce foaming. Additional knowledge is
needed to understand the role of loading rates, mixing requirements and other operating
parameters that will reduce the risk of digester foaming due to protein and/or fat rich
material (Long et al., 2012).

Intense mixing was suggested to cause foaming (Ganidi et al., 2009), but there is a lack of
experimental evidences to support these suggestions. Also inadequate mixing is claimed to
give formation of foam (Barber, 2005; Barjenbruch et al., 2000). The likely cause is a
solid/liquid phase separation giving accumulation of surface active compounds at the
gaseous/liquid interphase resulting in increased surface activity and potentially foaming.
Gas-mixed digesters accumulate more foam than mechanically-mixed digester due to the
higher presence of gas bubbles in the bulk phase of a gas-mixed system (Ganidi et al. 2009).

Organic overloading due to the excess of compounds not being fully degraded may induce
foaming (e.g. Moen, 2003; Barber 2005). Especially the accumulation of hydrophobic surface
active by-products would promote foaming.

Thermophilic digestion has been reported to be more resistant to foam generation than
mesophilic digestion (Dohanyos et al., 2004). This could be attributed to the higher
temperatures, lowering the surface tension and viscosity of the sludge and, hence,
increasing foam drainage (Hayta et al., 2001; Barber, 2005).

Reported solutions to suppress foaming are decrease of the organic load, adjustments of
mixing speed, uniform sludge feeding, and addition of antifoaming agents, temperature
change or dilution of the reactor content.

5.1.4 Hydrodynamics

The efficiency of a mixing system can be measured by hydrodynamics (Levenspiel, 1999).
Hydrodynamic studies reveal dead zones or areas within a system that are not well mixed
and therefore, in the case of AD, not receiving fresh substrate. Also any short-circuiting or
channeling between the input and output points are detected (Ward et al., 2008).
Hydrodynamics is, however, hard to apply on AD, since digester sludge is opaque and the
flow patterns inside the digester cannot be observed without using advanced techniques,
such as detectable tracers (typically Li*; Oliver et al., 2005), computer automated radioactive
particle tracking (CARPT), computed tomography (CT; Karim et al., 2004), and computational
fluid dynamics (CDF) simulation (e.g. Vesvikar and Al-Dahlan, 2005; Karim et al., 2007;
Mendoza et al., 2011). The CARPT, CT and CDF techniques are, however, time consuming,
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expensive and still need to be validated with experimental data. The hydrodynamic studies
could also be complemented with granulometric- and rheological characterizations.

Rheology

Rheology describes the deformation of a body under the influence of stress. The shear force
needed for proper mixing is dependent on the viscosity of the liquid, where increasing
viscosity demands an increased energy input. Changes in substrate composition, as a means
to obtain a more efficient utilization of existing biogas facilities may induce shifts in viscosity
of the process liquid and, hence, problems with inadequate mixing, breakdown of stirrers
and foaming (Nordberg and Edstréom, 2005; Menéndez et al., 2006; Bjorn et al., 2012a).

When considering the rheology for biogas reactor fluids, their viscosity is often estimated to
correspond to the total solid (TS). This is mainly based on historical rheological data from
sewage sludge digestion, and rheological studies of other anaerobic digester sludges are
scarce (cf. Bjorn et al., 2012a). Therefore, problems may arise when using the sewage
sludge/TS relationships for other types of substrates, which may impose other rheological
characteristics (Bjorn et al., 2012a). Thus, increased knowledge on the rheological
characteristics is needed to optimize mixing.

5.1.5 Rheological characterization of substrate and reactor sludge

The rheological behavior of AD-sludge from digestion of sewage sludge with different origins
have been shown to mainly depend on the organic composition and the digestion time (e.g.
Baudez and Coussot, 2001; Forster, 2002; Seyssiecq et al., 2003). Eshtiagi et al. (2012)
determined the rheological behavior of reactor material from AD of sewage sludge at
different dry solid concentrations (1.8-4.9%) and different temperatures (25-80°C). At low
shear stress the digested sludge behaved as a viscoelastic solid, but a shear banding
behavior was also seen. Shear banding fluids develop multifluid phases with different
rheological properties (Quemada and Beril, 2007). At higher shear stress, the behavior of the
AD sludge indicated viscoplastic characteristics, i.e. it becomes more “fluent” with increased
mixing, but needs a specific force to start flowing. The viscosity and yield stress increased
with increased solid concentration, but decreased with increasing temperature, which was
confirmed by studies of AD of sewage sludge by Bjorn et al. (2012b).

Bjorn et al. (2012b) determined the rheology of 12 of the 15 full-scale CSTRs (part of the
WES study mentioned in Chapters 1 and 2) related to difference in substrate composition
and operational temperature conditions. Reactor material from mesophilic (36-38°C) and
thermophilic (52-55°C) reactors were sampled at two occasions. The digesters were fed with
sewage sludge (SS) or mixtures of organic matter including slaughterhouse waste, food
industry waste, fat, manure, fodder residues and/or the organic fraction of municipal solid
waste. The results showed differences in viscosity for several co-digesting reactor (CD)
liquids despite similar TS-contents. This shows that the TS-content of biogas reactor liquids is
not a good estimator of the fluid viscosity for CD processes as the fluid characteristics vary as
a result of substrate composition and process temperature conditions. A viscoplastic
behavior was confirmed for the mesophilic and thermophilic SS-reactors. This was also the
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case for the mesophilic CD-reactors, which also were strongly thixotropic, and thus, showed
a partial structure recovery when mixing was stopped. Similar findings of thixotrophy have
been reported for pilot-scale mesophilic processes co-digesting maize/sugar beet silage
(Nges et al. (2012). The thixotropic behavior reported for mesophilic CD-processes is
important to consider for biogas reactor operation, e.g. when applying mixing intervals
instead of continuous mixing. The thermophilic CD-liquids differed from the mesophilic and
instead showed a weak dilatant behavior, i.e. thickening with increased mixing when
agitated (Bjorn et al., 2012b). Furthermore, crop-based digestates sampled from a large
number of crop-based CSTR biogas plants (mono-digestion), monitored in a German study
(FNR, 2010), were glutinous (gel formation) in nature, leading to higher viscosity and
potential problems with stirring, in contrast to manure-based digestate. Accordingly, Nges et
al. (2012) argued that it is important to characterize rheological parameters such as
viscosity, shear stress and shear rate to provide information regarding fluid behavior and
resistance during mixing in crop mono-digestion processes. Sutherland (2011) reported that
an explanation to increased gel formation and viscosity could be secretion of EPS by
microorganisms. Also, when maize in a co-digestion plant (30% manure, 30% maize and 40%
side streams) was replaced by grass, the dry matter content and viscosity was increased
substantially (De Moor et al.,, 2013). These elevated parameters could subsequently be
reduced again by enzyme addition (Methaplus L100), although remained higher than the
reference reactor receiving maize. De Moor et al. (2013) concluded that co-digestion of 20%
grass would not pose any problem if the dry matter content and viscosity are improved by
enzyme additions.

5.1.6 Rheology and mixing performance

Due to the shear thinning flow behavior of many substrates, the mixing process in substrate
tanks is prone to create caverns with the effect that only the liquid near the agitators is
flowing (Brehmer and Kraume, 2012).

Viscoplastic fluids (mainly AD sludge from processes digestion sewage sludge) has not been
studied to any great extent, but it is known that their behavior drastically modifies the effect
of and power needed for mixing (Savreux et al., 2007). Tanguy et al. (1994) and Bertrand et
al. (1996) studied the influence of viscoplasticity on the flow pattern and power
consumption when mixing with an anchor impeller. They showed that the viscoplasticity
created rigid zones, which were highly detrimental to mixing quality and power
consumption. To increase mixing quality without a drastic increase in power consumption
different set-ups were tested and the results indicated that a configuration with two
perpendicular blades was the best for mixing the viscoplastic fluid.

Brehmer and Kraume (2012) investigated the rheological behavior of reactor liquids
digesting corn silage, sewage sludge and biological waste, respectively, and their influence
on the flow regime in stirred full-scale biogas plants. With the use of a pilot plant and
numerical simulations, the flow regime and rheology in the respective biogas process, it was
shown that even a small change in viscosity had a substantial impact on the flow profile and
therefore on the process efficiency. If the viscosity was high, the initially optimized mixing
effect given by several mixers at different levels was lost and contributed to the formation of
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caverns. In some cases the whole mixing system even broke down. In addition, the distance
of the substrate input to the walls was shown to affect the mixing as cavern formation was
increased with the distance between the substrate inlet and the wall. Therefore, a
sufficiently large distance should be ensured and also that the generated substrate stream

reaches the intake area of the mixer (Brehmer and Kraume, 2012).

Conclusions on Mixing and Rheology

Numerous experiences and literature studies indicate process disturbances that
can be attributed to deficient design and/or operation of the mixing equipment.
Excessive mixing can disrupt the microbial aggregates, reducing degradation
efficiency and leading to digester instability. No or too low mixing will give
inefficient degradation and likely also foaming problems.

Characterization of rheological parameters such as viscosity, shear stress, and
shear rate provides information about fluid behavior and resistance during
mixing, and are useful tools for optimization of operational mixing conditions
and energy savings. Shifts in viscosity with changes in substrate profiles and
mixing (especially linked to thixotropic and dilatant behaviors) need to be
considered.

Hydrodynamic studies reveal the flow patterns inside a container, and methods
within this field can therefore be used to identify dead zones or areas that are
not well mixed. Hydrodynamic studies in combination with rheological data can
be used for optimization of the mixing in AD-processes. The different behaviors
of the AD-liquids, depending on substrate and temperature, also need to be
considered and further research is needed within this area. It should be noted
that in many cases the TS content of reactor sludge is not a good estimator of its
viscosity behavior and fluid characteristics.

Measurement of EPS can indicate the degree of microbial aggregation and, thus,
possibly be used as an estimation of the mixing conditions in the reactor.
Additional knowledge is needed to determine loading rates, mixing
requirements and other operational parameters that can reduce the risk of
digester foaming during co-digestion.

Priorities of Mixing and Rheology

How will changes in substrate profiles affect the rheology/viscosity of a reactor
liquid and what are the underlying causes for such changes?
How does nutritional composition, trace metal availability, EPS, SMP, VFA
interact to affect the viscosity/rheology in biogas reactors?
Which process parameters induce a quick change in viscosity?

o Which organic structures are typical in rapid viscosity changes?
How much of the potential methane is lost in poorly mixed systems?

o Investigate the effect of adjusting the position of the impeller in a full

scale system.
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6 The biochemical dynamics of trace elements during
anaerobic digestion processes

During the last decades, a vast body of literature reported positive effects on AD by addition
of trace metals to biogas reactors (e.g. Murray and van den Berg 1981; Takashima and
Speece 1989; Jarvis et al. 1997; Kida et al. 2001; Zandvoort et al. 2006; Worm et al. 2009;
Gustavsson et al. 2011; Pobeheim et al. 2011; Takashima et al. 2011; Banks et al. 2012; Bayr
et al. 2012; Karlsson et al. 2012; Lindorfer et al. 2012; Facchin et al. 2013; Schmidt et al.
2013; Schmidt et al. 2014). For example, Pobeheim et al. (2011) demonstrated that addition
of Co and Ni stimulated the metabolism of acetate and propionate enabling approximately
two times increase in the OLR and more biogas production, while the deficiency of Co and Ni
led to process instability and decrease in biogas production by 10% and 25%, respectively.
Similarly, Karlsson et al. (2012) showed that addition of metals (i.e. Fe, Co, and Ni) improved
the methane yield and conversion of acetate and propionate during anaerobic co-digestion
of a mixture of slaughterhouse waste, manure, municipal solid waste, fat, and industrial food
waste. Furthermore, these researchers showed that the amendment of trace metals
potentially decreased the negative effect of inhibitory substances on methanogenic
processes (as exemplified by phenyl acetate). Facchin et al. (2013) showed that
supplementation of Mo and Se also increased the methane production from anaerobic
digestion of food waste by 30-40%. Addition of a mixture of metals including Co, Mo, Ni, Se
and W resulted in a more efficient process by increasing methane production up to 65%.

Thus, the addition of trace metals have in many cases been shown to increase process
efficiency with respect to enhanced substrate digestion and biogas production combined
with low concentrations of intermediate fermentation products i.e. volatile fatty acids.
These improvements are explained by the fundamental necessity of metals as
micronutrients for almost any form of life, where they are crucial for the intracellular
synthesis and activity of essential metabolic enzymes and cofactors governing growth (cf.
Crichton 2008). Biologically important metals commonly added to the biogas reactors
include mainly, Fe, Cu, Zn, Mn, Ni, Co, Mo, Se, and W. Among these metals the necessity of
Fe, Co, and Ni is widely addressed for a variety of substrates, while requirement for addition
of other metals by AD process is different depending on the process specifications. For
instance, Schmidt et al. (2013) demonstrated that addition Mn, Cu, Se, and Zn was not
required when producing biogas from stillage, while Mo and W had to be amended at high
organic loading rates in addition to Fe, Co, and Ni. However, Fermoso et al. 2009
demonstrated that Zn deficiency in UASB reactors results in acidification and failure of the
AD process and Okeh et al. 2014 demonstrated that addition of a solution of Ni, Cu, and Zn
enhanced the biogas yield from rice husks. Furthermore, a review by Demirel and Scherer
(2011) showed that the stimulatory concentration of Co, Fe, Mo, Ni and Se ranged between
0.05 and 0.19, 0 and 0.39, 0.16 and 0.3, 0.11 and 0.25, and 0.062 mg kg‘l, respectively, for
energy crop-fed biogas reactors. Thus, owing to differences in substrate composition,
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operational conditions (i.e. OLR and HRT) and reactor design of the AD, the type and
guantity of required metals differ considerably.

The optimum concentrations of trace metals to obtain a balanced micronutrient supply in
the digesters are also hard to estimate due to the variety and complexity of the chemical
reactions controlling their availability for uptake by the microorganisms. As a result, the
choice of trace metals and their concentrations are mainly based on trial and error
approaches. Recent attempts on optimization of trace metal dosing have been done for
example, for biogas production from stillage by metal “dilute-out” approach to identify the
minimum requirements of metals (Gustavsson et al. 2013a, Schmidt et al. 2014). In these
approaches a cocktail solution of metals are dosed during the startup phase of reactor
operations followed by omission of single metals in separate systems. As a result of deletion
of the metal addition, the content of the target metal in the reactor is diluted. The
concentrations of metals at the time before VFAs start to accumulate due to trace metal
deficiency are then reported as minimum metal requirements by the process.

The effects of trace metal addition have mainly been shown on turnover of VFAs resulting in
increased methane formation, while just a few studies have addressed their direct effect on
rates of hydrolysis, protein-, fat- and carbohydrate degradation. For example, Kim et al.
(2003) studied the effect of Ca, Fe, Co, and Ni addition on hydrolysis of simulated primary
sludge (i.e. dog food with carbohydrate, protein, and fat contents of 45%, 21 %, and 8 %,
respectively). They concluded that addition of these minerals resulted in higher rates of
hydrolysis under both thermophilic and mesophilic conditions. For some more examples see
section 3.6.1.1. In a review article on the effect of heavy metals on anaerobic digestion and
biogas production from biomass by Mudhoo and Kumar (2013) the lack of information
particularly on the effect of metals on hydrolysis stage of AD was highlighted.

Despite the differences in operational conditions of anaerobic digesters, there is a common
concept relating all previous investigations on the effect of trace metal addition, i.e. metal
bioavailability. Trace metals needs to be present in chemical species suitable for microbial
uptake. An experiment performed within the BRC framework demonstrated that metal
content in the substrate even at supposedly sufficient levels might not be enough to meet
the metal requirement by the process. This has been demonstrated for AD of a substrate mix
of slaughterhouse and organic household wastes, where process instability occurred even at
relatively high Ni concentrations in the reactor. Despite the fact that Ni was present in the
digester in high concentration, addition of Ni resulted in stabilization of the process and
increase in biogas production rates. Thus, it was concluded that presence of a certain level of
metals in the biogas reactors might not reflect the metal surplus or deficiency for microbial
activities in the system. This emphasizes that the metal species available for microbial
uptake might differ considerably depending on the biological and chemical conditions of the
reactors. The importance of trace metal speciation in anaerobic digesters has been
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recognized by many other researchers (e.g. Callander and Barford 1983b, Gonzalez-Gil et al.
2003; Jansen et al. 2005; Aquino and Stuckey 2007; Jansen et al. 2007; Fermoso et al. 2009;
Gustavsson et al. 2013a,b; Shakeri Yekta et al. 2014b). In the listed studies, interaction of
biogenic sulfide with trace metals has been identified as the main regulator of trace metal
speciation in particular on Fe, Co, and Ni during AD. However, there is a lack of
comprehensive information, where the metal requirements by the AD process are linked to
the metal speciation and bioavailability in the biogas reactors. Thus, the critical
bioavailability aspects of metals in biogas reactors are particularly addressed in this report.

6.1 Metals and organic matter interactions

To understand the processes controlling the bioavailability of trace metals, particular
attention should be paid to microbial processes contributing to alteration and regulation of
the chemistry of the anaerobic digester liquid. Microbial degradation of complex organic
compounds results in production of soluble intermediate products and residues including a
wide range of organic compounds with strong metal-binding affinity such as those
containing carboxyl, phenolic, amino, and sulfidic functional groups (Hering and Morel 1990;
Smith et al. 2002; Wang et al. 2003; Aquino and Stuckey 2006; Shakeri Yekta et al. 2012b).
Furthermore, complex organic compound moieties in anaerobic digesters are influenced by
certain chemical species affecting metal speciation and bioavailability. As an example,
sulfurization of organic compounds by sulfide gives rise to thiol functional groups with very
high metal-binding affinity (Variamurthy and Mopper, 1987). A few studies have indicated
the importance of the characteristics and quantities of soluble organic matter for the
bioavailability and uptake of metals during anaerobic digestion (e.g. Aquino and Stuckey
2007; Lee et al. 2008).

Furthermore, it is well-known that microorganisms are able to implement specific strategies
to cope with metal deficiency (i.e. micronutrient starvation) or excess (i.e. intrinsic toxicity)
by altering the chemical speciation of metals in their environment. When metals are
available in low concentrations or in less bioavailable forms (e.g. under sulfidic condition and
extensive metal-sulfide precipitation), the microorganisms are able to excrete strong metal-
binding organic compounds to facilitate the uptake of essential metals. These extracellular
organic compounds encompass strong metal binding properties and in many cases may
result in enhanced solubility of metal-bearing minerals (Banfield et al. 1999). A well-studied
example is microbial Fe acquisition by excretion of Fe-chelating siderophores and further
uptake by cognate receptors (Krewulak and Vogel, 2008). Similar processes are believed to
be responsible for the increase in Co and Ni solubility and bio-uptake under sulfidic
conditions in natural environments (Saito et al. 2003; Waldron and Robinson, 2009). Some
microorganisms have developed metal efflux mechanisms, which pumps excess intracellular
metals out of the cell as a strategy against metal toxicity when exposed to high
concentrations of metals (Rodrigue et al. 2005). Although this topic is well studied in
disciplines such as organic chemistry, biogeochemistry and medicine, only a few studies have
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targeted the effect of microbial stress response under metal deficiency/excess on metal
speciation in biogas processes.

6.2. Theoretical determination of trace metal speciation and
bioavailability

Application of thermodynamic equilibrium theories was among the first approaches taken to
assess chemical speciation and bioavailability of metals in anaerobic digesters (e.g. Callander
and Barford 1983a). However, chemical reactions included in thermodynamic models (i.e.
precipitation/dissolution and complexation with inorganic ligands) were unable to predict
solubility and, thus, speciation of metals in complex biochemical environment of anaerobic
digesters (Callander and Barford 1983b; Jansen et al. 2007). Inclusion of organic complexes
such as thiol (S-containing compounds), and those involving O and N functional groups was
suggested for development of a representative chemical network of processes controlling
the trace metal speciation during anaerobic digestion (Callander and Barford 1983b). Using
thermodynamic models is well appreciated in the field of biogeochemistry and a large
number of studies have been devoted to this subject (cf. Rickard and Luther 2006). However,
application and development of a thermodynamic equilibrium approach, including major
metal-binding organic and inorganic ligands, to assess trace metal speciation and
bioavailability in anaerobic digesters is limited (e.g. Aquino and Stuckey 2007; Jansen et al.
2007; Shakeri Yekta et al. 2014b). Therefore, a theoretical base for representation of trace
metals dynamics in anaerobic digesters is lacking.

6.3. Biochemical engineering of trace metal bioavailability

The biological uptake of metals can be enhanced by supplementing them in specific chemical
forms, which are either suitable for direct bio-uptake or hampering undesirable and, thus,
bio-uptake-limiting reactions such as mineral precipitation. The organometallic compounds
are widely used to enhance the bioavailability of metals (Haas and Franz 2009). According to
Ferguson and Deisenhofer (2004), three main membrane transport processes are
responsible for bio-uptake of these compounds: a) organometallic complexes with low
molecular weight and lipophilic in nature can be transported directly through the lipid
membrane of the cells; b) organometallic complexes with week and/or moderate metal-
binding properties can be dissociated in the vicinity of the membranes and, thus, increase
the inorganic and free ion concentrations nearby the metal-binding sites of the cells; c)
organometallic compounds can form ternary metal complexes with the metal-binding sites
of the cells followed by internalization via specific transport systems.

In this regard, bioavailability of organometallic complexes depends on their chemical
properties regulating the interaction of these compounds with membrane-bound and other
available ligands in the liquid. Aquino and Stuckey (2007) demonstrated that biomass can
take up Fe and Cu in the presence of nitrilotriacetic acid (NTA), while addition of EDTA
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inhibited the methanogenic activity. The stimulatory effect of NTA addition was attributed to
the ability of metal-binding ligands in the membrane to compete with NTA for metals, while
the inhibitory effect of EDTA was related to strong stability of metal-EDTA complexes
hampering the binding of metals to metal-binding ligands in the membrane. Using a set of
biogas yield tests, Vintiloiu et al. (2013) demonstrated that Ni bioavailability was improved
when a Ni-EDTA complex was added to an anaerobic medium in comparison with cases
where Ni** ions were supplied. However, similar effects were not observed for Co-EDTA
complexes. Furthermore, depending on the chemical nature of the organometallic
compounds, microorganisms are able to implement (i.e. activate/deactivate) different metal
transport mechanisms. For example, Zn-cysteine in the presence of strong Zn-EDTA
complexes are taken up by phytoplankton, while in the absence of Zn-EDTA, Zn-cysteine
uptake is limited (Aristilde et al. 2012). It was suggested that the enhanced Zn-cysteine
bioavailability was related to a shift in metal transport mechanism from histidine-rich (RNH;)
to cysteine-rich (RSH) binding sites with higher affinity for metals.

Accordingly, by combining knowledge on the chemical properties of organometallic
compounds and microbial metal-assimilation mechanisms, trace metal solutions can likely be
designed to avoid undesirable reactions (e.g. precipitation of metal-bearing minerals) and to
trigger suitable microbe-metal interactions. Development and design of proper metal
additive solutions should benefit from results of studies carried out for the engineering of
metal bio-uptake in pharmaceutical research (e.g. Della Rocca et al. 2011; Sun et al. 2013).
The effect of organometallic compounds on the quality of digestate applied as biofertilizer in
agricultural practices should also be taken into account in developing trace metal additives.

Conclusions on “The biochemical dynamics of trace elements during anaerobic digestion
processes”

Addition of trace metals have been shown to increase process efficiency by enhancing
substrate digestion, biogas production, and low concentrations of intermediate fermentation
products i.e. volatile fatty acids. The choice of metals needed and their optimum
concentrations for efficient biogas production differ considerably for different processes and
therefore, are hard to estimate. Providing comprehensive information, where metal
requirements by the process are linked to their bioavailability in the biogas reactors is
identified as a key knowledge area needed for maximizing the effect of metals added to biogas
reactors, or in other words, to effectively deliver trace metals to microorganisms.

To do this, the chemical speciation and bioavailability of metals in relation to the operational
conditions of the reactors and substrate characteristics need to be elucidated. This includes an
understanding on how organic matter characteristics, which depends on the substrate used,
effect metal chemistry and uptake by microorganisms.
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Priorities/future research

e How is the bio-uptake of metals by microbial community regulated under metal
deficiency and surplus?

e How may this fundamental knowledge be implemented in practice to device metal-
dosing strategies based on operational conditions and substrate characteristics of AD
processes?

e Information about the effects of metal addition on kinetics and extent of different AD
stages (e.g. hydrolysis as well as protein, fat, and carbohydrate degradation) is scarce
and therefore concerted efforts are needed to study these effects.

7 Monitoring

Operation of stable and efficient anaerobic digestion (AD) processes mostly calls for
monitoring control protocols. The monitoring is needed to observe microbial imbalances in
the system and, thus, in the best of cases predict and prevent process disturbances from
occurring. The microbial imbalances can be induced by variations in substrate composition
and organic loading rate (OLR), temperature, hydraulic retention time etc. The level of
monitoring needed is, at least partly, governed by the complexity of the process. AD-systems
digesting a single substrate with a fixed composition and with small variations in OLRs need
less sophisticated monitoring programs than systems treating more complex, variable
substrates at high or fluctuating OLR. Monitoring parameters typically analyzed on-line at
wastewater sludge and co-digestion AD-plants are pH, gas production and composition.
Some plants also measure VFAs and/or alkalinity, but the time interval for the analysis varies
considerably. An improved monitoring can be a tool when aiming at an increased biogas
production at plants, which today are operated below their capacity. As an example the
need for monitoring will likely increase in wastewater AD-systems, when including for
example sorted household waste or frying fat as substrates and thereby increasing the
loading rates. It should, however, be stressed that independent of the monitoring systems
available today, highly skilled personnel with process knowledge is needed for a successful
management of biogas plants aiming at an efficient process, when digesting complex
substrate mixtures.

Parameters often discussed in connection to and applied for monitoring purposes of AD are
as mentioned above pH, gas production and consumption, partial- and total alkalinity,
volatile fatty acids (VFA; both total concentration and individual species) as well as
ammonium levels and TS/VS, TOC or COD. Independent of the monitoring system used,
representative sampling must of course be assured.

Monitoring parameters should ideally reflect early shifts in microbial activity and/or be
warning signals in the form of increased or decreased concentrations of key substances. The
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parameters can be measured directly (e.g. as a level of VFAs or ammonia) or e.g. indirectly
via microwave- or near infrared (NIR)-spectra. The indirect measuring methods demand
extensive calibration/reference measurements. Propionate is likely of special interest. In a
study by Nielsen et al. (2007) propionate was shown to be a key parameter for early
indications of process disturbances in a system overloaded with meat, bone meal and lipids.

There is today a lack of commercial on-line methods for several reasons. The corrosive
environment constitutes a large problem, the complex and shifting matrix is likely another,
and fouling of sensors is often a problem. On top of that there seems to be a low interest
from the suppliers of equipment (Nordberg et al. 2010).The market is too small in
combination with the complications given above.

Titration

Titration methods are often simple, cost-effective and rather quick (reviewed by Lahav and
Morgan 2004). Depending on the titration method and software applied, different
resolutions are obtained. Most common seems to be to estimate the partial (bicarbonate)
alkalinity (PA) by titrating with acid to pH 5.75 (the bicarbonate concentration, which gives
the buffering capacity of the digester liquid). Also total alkalinity (TA) is determined. The
titration to pH 4.5 apart from the total concentration of carbonates also includes volatile
fatty acids (VFA) that don’t contribute to the buffering capacity of the system. TA is for this
reason regarded as an insensitive monitoring parameter (reviewed by Jantsch and
Mattiasson 2003). Several other parameters can also be measured by titration: Moosbrugger
et al. (1993). titrated to four endpoints giving total VFA-, carbonate-, phosphor-, sulfur- and
ammonium levels provided that the start-pH is known (this and a number of other methods
are reviewed in Lahav and Morgan 2004).

Molina et al. 2009 evaluated a system for online titration determination of alkalinity and
total VFA. Concentrations ranging 13-4900 mg VFA (acetate)/L and 2.5-49.5
mEg/bicarbonate were possible to quantify, while Feitkenhauer et al. (2001) was able to
titrate VFAs levelling 10-50 mM with a 1% error on line. The titration-based methods are all
of course dependent on a pH probe, which needs calibration and cleaning to avoid fouling.

Gas chromatography

On-line systems for analysis of VFA in both gas- and liquid samples have been presented.
Pind et al. (2003) constructed a system for in situ membrane filtration automatically linked
to a gas chromatograph. Individual VFAs in the range of 0-3000 mg/L could be quantified.

Boe et al. (2005) presented a method with head-space gas sampling from a special sample-
pretreatment cell, where the conditions were adjusted to give a good volatilization of the
VFAs from the liquid sample. The gas was then automatically analyzed by GC. A later
communication reports that quantification could be done at levels between 5 and 150 mM
for acetic acid, 0.7 to 40 mM for propionic acid, 0.3-20 mM for butyric and valeric acids and
0.1-10 mM for iso-butyric and iso-valeric acids (Boe et al. 2007). The system was later linked
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with a rule-based supervisor and alarms set at 40 mM total VFA and 10 mM propionate. The
system could guide an effective biogas production as long as the system stayed within the
operational range. However, the system could not separate decreases in biogas production
due to substrate variation from those due to process disturbances, why a further
development is needed before application in full scale.

Sensors

Technologies, where sensors are applied can roughly be divided into: 1) simple, reliable and
low maintenance systems (i.e. pH, temperature and redox) and 2) advanced sensors or array
of sensors that generally require maintenance and calibration by qualified
personnel/consults (reviewed by Madsen et al. 2011).

7.1.1 Fluoresence spectroscopy

Fluorosence spectroscopy can be used to measure signals from NAD(P)H in the liquid and
can, according to Peck and Chyoweth (1992), give early warnings to changes in bacterial
activity. Probes for quantification of co-enzyme F420 are also available (present in
methanogens (reviewed by Madsen et al. 2011). More complex probes, where several
excitation and emission wavelengths are monitored have, together with multivariate
analysis, been shown to enable predictions of both VFA and COD with acceptable accuracy
(Morel et al. 2004).

7.1.2 Infrared spectroscopy

Infrared spectroscopy can be used for determination of VFA, COD, TOC, total and partial
alkalinity (Steyer et al. 2002). Ultra-filtration was needed and an extensive on-line calibration
with different “constructed” operating conditions likely to occur was performed.

7.1.3 Near infrared spectroscopy

Near infrared spectroscopy (NIR) has been reported from several lab- (Nordberg et al. 2000;
Hansson et al., 2002; Holm-Nielsen 2006; Lomborg et al. 2009) and pilot-scale studies (Holm-
Nielsen et al. 2007). Advantages with NIR is the possibility to measure in matrixes with high
dispersion or adsorption, thus, highly colored/dark solutions and also the ability to measure
on mixes of solids and dissolved material. The results are obtained on a minute basis, but as
the method is indirect an extensive calibration with reference methods are needed. The
sensor is made of stainless steel and sapphire glass, which makes it resistant to corrosion.
The most frequent parameters monitored seems to be total VFA, acetate and propionate,
but also detection of ammonium- and total nitrogen and TS and VS have been reported
(Holm-Nielsen et al. 2006, 2007). Holm-Nielsen et al. (2006) also tried to quantify COD with
NIR, but without success. NIR has also been shown to work in-situ in full-scale. The sensor
was calibrated for total VFA, acetate and propionate in sludge samples (Jacobi et al. 2009).
Nordberg et al. (2012) reported initial investigations with a commercial TF-NIR instrument at
a full scale plant at Boras Energi och Miljo AB, in Boras, Sweden. Polytec is marketing NIR for
monitoring of biogas processes.
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7.1.4 Chemical multisensory systems (electrical tongues and noses)

Chemical multisensors have been applied for characterization of both gas (Nordberg et al.
2000) and liquid phases (Buczkowska 2010) of AD processes. Nordberg et al. could measure
methane, hydrogen gas, acetate and propionate with an array of chemical gas-sensors, while
Buczkowska et al. (2010) could construct acceptable calibration models for VFA, COD and pH
using an array of chemical sensors mounted in a flow-cell that could be placed in a
recirculation loop. In both cases multivariate analytical methods were applied to treat the
data. It should also be noted that liquid sensors often are regarded as having lower
detection limits (sometimes down to ppb or ppt levels) but higher selectivity then gas
sensors. Rudnitskaya and Legin (2008)

7.1.5 Acusticchemometrics

Acusticchemometrics might, according to a review by Madsen et al. (2011), become a future
way to measure dry matter dynamics and particular matter in the reactors as well as asses
the corrosion and wear of equipment used. The same authors also suggest Raman
technology (a compliment to IT spectroscopy) as suitable for AD-monitoring in future
applications.

7.1.6 Evaluation of commercial systems

Nordberg et al. (2010) presented results from tests with a number of commercially available
sensors at the full scale plant at Sobacken in Bords. The plant co-digests a mix of organic
wastes that varies over time and the goal to be able to increase the load from 1.5 to 4.5 ton
VS per m? reactor volume and day. The project goal was to identify and evaluate robust
methods for on-line monitoring.

Substrate storage tanks and reactors were identified as the most interesting to monitor and
the following priorities were listed where “1” is the most desired:
Measurements in the substrate tank
1. The substrate composition (fat, protein and carbohydrates content) and

dissolved organic material (e.g. as VFA).

Organic material as COD

Organic material as VS or as TOC

Total solids

Measurements in the reactor
1. Specific VFA (propionate most important)
2. Total VFA
3. Alkalinity (demands pH and automatic titration)
4. Ammonium nitrogen

For the substrate tank an analysis frequency of 4-5 hour was judged reasonable/needed at
the prevailing feeding frequency including time for sample preparation (filtration,

homogenization etc.) before analysis.
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The tests/evaluations performed in relation to the priorities for the substrate tank was:
e TS-measurements at high VFA-levels

The VFA-losses were found to be high in many untreated samples (up to 100%
losses), which could correspond to as much as 15-20% of the substrate TS.
pH-adjustments to minimize the VFA-losses were shown to work but too time
demanding for full scale applications. A report from SGC (SGC Report
2013:273) recommends a separate VFA-analysis as a compliment to TS/VS
analysis in samples with high VFA-content.

e NIR for determination of substrate composition (fat, protein and carbohydrates
content, TS, VS, ammonium-nitrogen and VFA).

The results from the chemical analysis showed an underestimation of TS/VS in
the samples as VFA is lost during the analysis. This affects both the
carbohydrate content (which was underestimated) and the gas yields, that
are often given per amount VS, and thus overestimated. The NIR-analysis was
shown to be able to predict the VS-content of the substrate at a 78%
accuracy.

e TOC and COD measurements, where homogenization of the substrate was shown

important for on-line applications. Determination of TOC by UV-NIR (S::CAN) was

tested and an instrument from LAR Process Analyzers was used for sample

homogenization.

The correlation between VS and TOC was found to be good (R2 of 92%).

The correlation between VS and COD had a R2 of 71%. This lower correlation
was expected as fat, protein and carbohydrates have different COD-values
(2.91, 1.5 and 1.1 g COD/g VS respectively), but the results were also partly
due to uncertainty in the COD-analysis compared to VS determination.

The sensor from S::CAN could not be used to estimate TS or TOC. The
company suggested that a more extensive calibration was needed, but was
not interested in a continued collaboration.

Three different homogenization techniques (sedimentation combined with
mixing and/or milling) were tested, but none of them gave samples that could
be filtered through an 800-um filter.

COD-measurements performed after sequential filtration of homogenized
samples showed that a factor of 2.3 was needed to compensate the values
from the Weedo-instrument in relation to reference measurements.

e The possibility to use impedance as a measure of TS was evaluated using an

instrument from IMEGO and also a microwave technique from hf sensor GmbH was

evaluated as a means to follow the TS-level in the substrate tank.

Results indicate that impedance can be used to determine TS, but it seems
that mainly dissolved TS is caught by the method and it could therefore not
be recommended for measurement of total TS, but might be used as a
complement to total TS as it will include the VFA.
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- TS determination by use of microwaves was promising, but problems with the
sensor function only made two short measurements possible and further
analysis was needed for a proper evaluation.

Techniques used in reactors
e Anion-selective electrode for determination of ammonium levels tested in lab.

- Did not work satisfactory over time.

e NIR both in lab- and full-scale: A FT (fourier transform spectroscopy)-NIR instrument
from Q-interline was used for the full-scale tests.

- Both propionate and ammonium showed good correlation in regression
analyses, where propionate had a more even frequency distribution leading
to a higher predictability than for ammonium. Although promising, the tests
with the FT-NIR in full-scale could not be performed as planed due to process
problems. The dynamics in organic loading could therefore not be measured
within the project, but continued tests were planned for.

The report gives a list of potential technical providers (Appendix B in Nordberg et al. 2010)

Conclusions on Monitoring

Why are there so few applications of the on-line monitoring techniques available (besides
pH, temperature and biogas production) for full scale plant operation?

e Complex systems (NIR, e-noses etc.) often need expertise for calibration,
validation and multivariate analysis.
e Problems with
- representative sampling. This is a major problem that is rarely recognized
in evaluations/reports according to Madsen et al. (2011).
= appropriate sensor location. Holm-Nielsen (2006) recommends a
recurrent loop sampling concept (sampling in up-flow vertical
pipelines as an up-ward flow gives a mixing/turbulence facilitated
by gravity).
= disturbance from particles. Ultrafiltration or similar techniques are
demanded for many applications.
= gas bubbles.
- fouling, corrosion and erosion of sensors
- poisoning of electrochemical membranes
e Costs: the application should be both practical and inexpensive.
e The need is not seen?
e Lack of good examples?
e Hard to attract companies for development and application of possible
techniques (Nordberg et al. 2012).
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Priorities on Monitoring

e Evaluations of full scale applications
- Can more methane be produced per m?® reactor volume (i.e. increased loading)
in systems with process monitoring?
- Do the costs match the profits?
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Appendix 1

Oversikt for tillstdndsprocesser féor byggnation och drift av

biogasanlaggningar i Sverige

Tillstandsprévning enligt miljobalken (miljoprovning), olika proévningsnivaer (MB;
Naturvardsverket; Tabell 2)

A Tillstdnd krdvs, ansékan till Miljédomstolen

B Tillstand krdvs, ansékan till Ldnsstyrelsen

C Anmadlningspliktigt, prévas av kommunens miljiéndémnd

Tillstand enligt Seveso. Ansokan till Myndigheten for samhallsskydd och beredskap
(MSB). Seveso ar lagen och férordningen om atgarder for att forebygga och begrénsa
foljderna av allvarliga kemikalieolyckor.

Tillstand enligt Lagen om brandfarliga och explosiva varor (LBE) kravs bade for
framstallning och uppgradering av gas. Ansokan till Myndigheten for samhallsskydd och
beredskap (MSB).

Bygglov enligt Plan och bygglagen (PBL) Ansdkan till Boverket.

Arbetsmiljélagen. Ansokan till Arbetsmiljoverket

Ellagen géller elektriska anldaggningar, elsakerhet men ocksa i vissa fall handel med el.
Ansokan till Elsakerhetsverket

Lagen om Skydd mot olyckor innehaller regler som syftar till ett tillfredstdllande skydd
mot brand, viss farlig verksamhet mm. Ansokan till Myndigheten for samhallsskydd och
beredskap (MSB)

Férordningar om animaliska biprodukter. Ramaterial av animaliskt ursprung maste
normalt hygieniseras (70°i 1 h).

Tabell 1. Vad géller for de olika prévningsnivaerna i tillstandsprévning enligt miljébalken?

A B C

Framstalining av gasformigt | - >150 000m’ <150 000 m®
brénsle (per ar)

Forbranning av enbart gas
(total installerad effekt)

Forbréanning av gas + annat
brénsle

Gasturbin
(total installerad effekt)

Gas avsedd som motorbransle | - - >1 000 000 Nm®
(per ar)

Biologisk hantering (per ar) >100 000 ton >500 ton >10 ton

Atervinning - - <10ton
(rotning; avfall per ar)

Anvisningar for vilka tillstand som behoévs for byggnation och drifttagande av en anlaggning for
biogasproduktion finns i BGA 2012 ”Anvisningar for biogasproduktion” utgiven av ”“Energigas
Sverige”. Figur 2 ger en 6versikt 6ver aktuella lagar och forordningar samt kontrollsteg.

Kontroll av Kontroll av Kontroll av
planerad fardig driftsatt
anlaggning anlaggning anlaggning
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Planering Fardigstallande Drift
Lag (ansvarig myndighet)
MB (NV) Tillstdnd/Anmaélan Tillsyn
Seveso (MSB) Tillstand/Anmalan Tillsyn
LBE (MSB) Tillstand Avsyning Tillsyn
PBL (Boverket) Bygglovsansokan Slutbesked
AML (AV) Konstruktionskontroll | Anldggningskontroll Aterkommande besiktning
ELL (ELSAK) Elbesiktning
LSO (MSB) Redogorelse for brandskydd | Tillsyn

Figur 2. Oversikt dver lagar och férordningar som appliceras i samband med byggnation och drift av en
biogasanlaggning.  Kalla:  BGA2012  ”Anvisningar for  biogasproduktion”.  MB=miljcbalken,
NV=Naturvardsverket, LBE=lagen om brandfarliga och explosiva varor, MSB=Myndigheten f6r
samhallsskydd och beredskap, PBL=plan och bygglagen, AML=arbetsmiljélagen, AV=arbetsmiljoverket,
ELL=ellagen, ELSAK=Elsikerhetsverket, LSO=lagen om skydd mot olyckor

Oversikt dver styrmedel som rér biogasproduktion

Energimyndighetens rapport “Analys av marknaden for biodrivmedel” ES 2013:08 ger en
oversikt over fordonsgasmarknaden och listar de styrmedel som beror biogasproduktionen.

Man konstaterar bl a att:

Den okande produktionen av biogas for anvandning som fordonsgas kan harledas till
politiska beslut med stravan att 1) minska oljeberoendet, 2) hantera kommunala milj6é och
avfallsproblem, 3) starka jordbrukssektorn, 4) minska CO,-utslappen fran transportsektorn
(storre tyngd under senare ar) och att det inte skulle finnas nagon fordonsmarknad (och
sannolikt en mycket liten biogasproduktion 6verhuvudtaget) utan politiska styrmedel.

Energimyndigheten ser ocksa att marknaden for fordonsgas kan komma att minska,
eftersom de "basta” substraten nu till stor del ar intecknade och att de flesta nya satsningar
darfor kommer att krava storre investeringar. Konkurrensen om de ”basta” substraten 6kar
ocksa mellan aktérerna och sannolikt av kommande direktiv pa EU-nivda om begransningar
for anvandning av biodrivmedel framstallt fran mat- och fodergrédor samtidigt som man
uppmuntrar anvandningen av avfall- och restprodukter 6kar troligen pa konkurrensen om de
"basta” substraten dn mer. Till detta kommer att utrymmet att hoja priset pa fordonsgas till
foljd av 6kande kostnader ar begransat och avgors framst av priset pa bensin och diesel.

For att undvika en minskad marknad konstaterar Energimyndigheten darfér att nya
styrmedel som branschen uppfattar som tillrdackligt bra och langsiktiga behovs.

Styrmedel
EU-niva
Tabell 4 i ES 2013:08 ger 6versikt

e Energiskattedirektivet anger hur medlemsstaterna ska beskatta energivaror och
branslen och direktivet har darfor en stor, direkt inverkan pa marknaden for
fordonsgas. Nuvarande direktiv anses dock foraldrar och ett nytt ar pa gang. | det nya
direktivet skiljer man tydligt pa skatt kopplat till CO,-utslapp och skatt baserad pa
produktens energiinnehall. For biodrivmedel innebéar detta att man befrias fran CO2
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skatt men betalar energiskatt. Mdojligheten att behalla energiskattelattnader for
biodrivmedel foreslds behallas fram tom 31 dec 2023.

Fornybarhetsdirektivet har som mal att minst 10% av den slutliga
energianvandningen i transportsektorn skall utgoéras av fornybara energislag 2020.
For att klassas som hallbara maste en energiprodukt uppfylla ett antal
hallbarhetskriterier. Fordonsgas, som framstalls ur restprodukter och avfall, rdknas
dubbelt mot %-malet.

Svaveldirektivet reglerar svavelutslapp inom sjofarten. Direktivet styr mot lagsvavlig
marin diselolja med flytande LNG som ett mojligt alternativ. Dock ar det dyrt och
tidskravande att stdlla om samtligt som tillgangen pa LNG ar begransad.

Tillagg (artikel 7a) i Bransledirektivet foreslas stalla krav pa drivmedelsleverantorer
att minska vaxthusgasutslappen med 6% till 2020. Tillagget kan fa betydelse for
biogasleverantorer. Direktivet i sin nuvarande form dock inte ett av de starkare
styrmedlen f6ér biodrivmedel.

Direktivet om framjande av rena och energieffektiva fordon har i Sverige
genomforts genom Lag 2011:846 som stdller miljokrav vid upphandling av bilar och
vissa kollektivtjanster.

Infrastrukturdirektivet, dar forhandlingar pagar, ar tankt att stdlla krav pa att det
skall finnas minimiinfrastrukturer och laddningsstationer/tankstationer for elbilar
respektive naturgas (LNG och CNG) och vatgas senast 2020.

Styrmedel pa nationell niva

(Tabell 5 i ES 2013:08 ger 6versikt)

Lagen om skatt pa energi (LSE) reglerar bransle- och elskatter och &r anpassad till
energiskattedirektivet. LSE inkluderar bestammelser for energi- och CO,-skatt samt
skattebefrielse for biodrivmedel och har darigenom en stor, direkt paverkan pa
biogasmarknaden. Skattebefrielsen forutsatter att kraven i lagen om
hallbarhetskriterier for biodrivmedel och flytande biodrivmedel uppfylls.

Genom forordningen om statligt stod till atgirder for produktion, distribution och
anvandning av biogas och andra fornybara gaser ger Energimyndigheten ett
"marknadsintroduktionsstéd for ny och effektiv teknik for att oka produktionen,
distributionen och anvandningen av férnybar biogas”. Energimyndigheten stodjer
ocksa olika typer av energiforskning, man disponerar arligen ca en miljard kronor.
Regeringspropositionen for forskning och innovation for ett langsiktigt hallbart
energisystem (prop 2012/13:21) anger riktlinjer for det fortsatta forskningsstodet.
Inom Landsbygdsprogrammet utgar from i ar ett metanreduceringsstod till
biogasproduktion fran godsel pa 20 o6re/kWh producerad energibarare fran
stallgbdsel. Mellan 2007 och 2013 delade Landsbygdsprogrammet ut
investeringsstdd till gardsbaserad biogas eller forddling.

Fordonskattebefrielsen ar ett styrmedel riktat till konsumenten och &r kopplad till
miljobilsdefinitionen i vagtrafikskattelagen och har till syfte att framja inkdp av bilar,
latta lastbilar och latta bussar med laga utsldpp av koldioxid, kolmonoxid, kolvaten,
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kvaveoxider och partiklar. Aven den ”“nedsatta férmansbeskattningen” fér vissa
miljobilar, som regleras via inkomstskattelagen och lagen om miljokrav vid
upphandling av bilar och vissa kollektivtrafiktjanster framjar bilar med laga utslapp.

Utover ovan listade styrmedel finns i Sverige dven styrmedel pa regional och kommunal niva,
ofta lankade till regionala eller kommunala fardplaner for biodrivmedel/biogas.

Aktorer
Statliga aktorer

Energimyndigheten “ska verka for en kostnadseffektiv svensk energiforsorjning i
kombination med en effektiv och hallbar energianvandning”. Man utfardar stod till
forskning, demonstration och investering for fordonsgas och ansvarar for
hallbarhetskriterierna rérande biogasandelen i fordonsgas.
Energimarknadsinspektionen har tillsynsansvar for den svenska naturgasmarknaden
och ”ska framja en fungerande handel med gas i konkurrens”

Jordbruksverket och Naturvardsverket har ansvar for lagstiftning som rér biogas och
utfardar aven allmanna rad i amnet.

Transportstyrelsen

Regionala aktorer

Lansstyrelserna har ansvar for radgivning, tillstandsgivning och handlaggning framst
géallande smaskalig biogasproduktion

Biogas "Vaderstreck” &r organisationer, som sprider kunskap och erfarenheter,
arbetar fér samverkan och driver projekt tillsammans med lansstyrelser, kommuner,
energibolag och 6vrigt naringsliv samt forskare inom universitet och hogskolor.

Branschorganisationer

[ ]
Ovriga

Energigas Sverige ar remissinstans for miljo-, energi- och forsérjningsfragor.

Avfall Sverige arbetar med avfallshanteringens hela kedja. Insamling av vissa typer av
substrat och rétning till biogas ingar i detta.

Svenskt vatten foretrader svenska vattentjanstforetag. Remissinstans och tar fram
rapporter och strategier for slamhantering och slamanvandning (inkl.
biogasproduktion) for slam genererat i vatten- och avloppshanteringen.
Lantbrukarnas Riksférbund

Swedegas bildades av regering 1976 och ags numer av fonder forvaltade av EQT
Infrastructure. Swedegas ager sedan 2011 hela det svenska naturgasnatet.

Svenskt gastekniskt centrum (SGC) dgs gemensamt av aktorer inom den svenska
gasbranschen och har till uppgift att samordna och leda del av den svenska
forskningen och utvecklingen inom energigasomradet. Till detta har man medel fran
Energimyndigheten
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Appendix 2

Education, literature and standard methods

Education and courses

The polytechnic collage (yrkeshogskola) in Hallsberg offers a biennial biogas-technician
education. The polytechnic collage in Varberg have a one year course for biogas-planners
(biogasprojektor) and a biennial biogas and waste water treatments technician education.

WES at Linkdping University gives a 5 weeks (10 weeks a “half time”) course on “The biogas
process”. The course is primarily addresses students on the civil engineer programs.

Avfall Sverige offers courses related to production of biogas.

Energigas Sverige offers the following courses for personnel handling “energy gases” (natural
gas, biogas, LPG (gasol), and hydrogen gas):

e Introduktionskurs energigaser

e Forestandare biogas

e Forestandare LNG/LBG

e Forestandare tankstationer

e Seminarier for raddningstjansten

e Fortbildning for behoriga Besiktningsman

e Fortbildning for behoriga Installationsledare

Lantbrukarnas riksférbund (LRF), SGC, and regional actors (Biogas ”Vaderstreck”) etc. offers
shorter courses and seminars within the field of biogas production.

Literature
There are a number of Swedish handbooks within the biogas field:

Anvisningar for biogasanlaggningar Energigas Sverige
Substrathandboken SGC report 200

Gardsbiogashandbok SGC report 206

Mikrobiologisk handbok for biogasanlaggningar SGC report 207
Handbok metanpotential SGC report 237

SGC have a large number of reports within the biogas field and there are also a lot of reports
linking to biogas production from "Waste refinery”.
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