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SUMMARY

The controlled treatment of putrescible waste is an urgent task. In industrialised
countries, most of the waste is generated in agriculture and about 100 to 200 kg per
capita and year is putrescible refuse. Controlled anaerobic digestion (AD) is a
sustainable treatment technique for some of those putrescible wastes. The present report
attempts to describe the developments achieved in this field.

In chapter 2, principles of AD are surveyed. Interactions of factors influencing
biochemical pathways of the anaerobic nutrient chain are sketched out from a process-
engineering point of view, focusing on energetics. The performance of AD is reviewed
in terms of kinetics influenced by a number of interdependent factors as cell mass yield,
growth rate, pH, temperature and pressure. Furthermore, the demand for nutrients, the
effect of inhibitors and the biodegradability of natural matter and organic pollutants is
discussed.

Anaerobic waste treatment makes technical use of the principles of AD. In chapter 3,
important process engineering aspects are reviewed. First, the influence of crucial
control variables is discussed in terms of hydraulic, organic and toxic loading. Second,
metal mobilisation and immobilisation in AD is outlined. Also the phenomenon of
anaerobic metal corrosion is described. Third, characteristics of microbial cultures
performing acid degradation respectively methane formation are compiled and related to
operational requirements such as immobilisation of cell mass, mixing, feedstock
requirements, quality of construction material and recirculation of process water.

Chapter 4 presents stocktaking of ATPR (anaerobic treatment of putrescible refuse)
systems. ATPR process layouts are compiled, analysed and compared in terms of pre-
treatment unit operations, reactor types, flow regimes, number of AD steps, retention
time, temperature control and post-treatment. In total, 32 ATPR systems are classified
and discussed.

Resulting from the ATPR system evaluation, an outlook for an integrated treatment
system for putrescible refuse is given. It consists of a wet two-step anaerobic
degradation (TSAAD) system combined with a reactor landfill (BIOFILL).
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1   INTRODUCTION

Natural resources are needed to maintain human life. During the last century, proceeding
industrialisation has led to a permanently increasing material throughput. Trainer (1995)
estimated that each American consumes on the average 20 t of new materials per year.
Before usage, these materials have to be processed. Real processes are characterised by
irreversibility and lead to degradation of matter. This generates un-wanted by-products,
so-called wastes.

When striving for a sustainable waste management system, the prime goals are to render
the waste harmless and to recirculate elements to natural cycles. These processes should
have been completed during a human lifetime to ensure that future generations will not
suffer for today's way of life. Moreover, waste treatment has to be performed as
carefully as possible in the use of materials and energy. This includes that waste should
be re-used by upgrading, recirculation or cascading, (Connelly & Koshland 1997) if a
positive environmental net profit is achieved.

The above principles are illustrated in figure 1. Primary fuels (chemical, solar, nuclear
and waterpower) and raw materials (ores, trees, water etc.) enter the technosphere as
resources. Together with wasted former products they serve as educts for the production
of new products. This process generates a minor (thin arrow in figure 1) but still
unavoidable waste stream which should be rendered harmless before disposal in the
nature.

Independent of the degree of materials' re-use, the input of materials into the
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Figure 1 The course of material resources used in the technosphere. For explanation
see text.
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technosphere should not be greater than the amount of waste disposed of. If materials'
exchange at the interface of nature and technosphere (arrows have the same width) is
not balanced, wastes are accumulated which inevitably ends up in the non-sustained
effort to administer increasing amounts of waste (Lagerkvist & Ecke 1996). Moreover,
figure 1 shows the course of exergy. Exergy is energy which can be changed into any
other form of energy depending on conditions of the present surroundings (pressure pS,
temperature TS) (Baehr 1992). While materials used for further processing of consumer
products usually are characterised by high exergy, wastes, which are destined to be
disposed of, are lower in exergy. The amount of exergy that can be recovered from
wastes is much lower than that from the corresponding natural resources.

In industrialised countries considerable amounts of waste are putrescible, i.e. readily
able to be decomposed by bacterial action (Lagerkvist 1997). With respect to refuse, the
total amount of putrescibles per inhabitant and year is about 100 to 200 kg (table 1).
Most of the putrescible wastes are generated in and taken care of by agriculture. E.g.
Schön (1994) estimated that the annual generation of agricultural wastes is about 100
times higher than the amount of putrescible refuse. Although the putrescible refuse is
only a minor part of the organic waste generated, it still constitutes an important
problem, both from the resource and from a sanitary perspective. Usual treatment
methods are:

• Landfilling
• Combustion
• Aerobic stabilisation (composting)
• Anaerobic digestion (AD)

With respect to the criteria of a sustainable waste management, the controlled AD of
putrescible wastes has several advantages (Schink 1988, Lusk, Wheeler et al. 1996,
Polprasert 1996). It is faster than AD taking place in common landfills. It yields usable
energy whereas combustion and composting require a net energy input. Organic
materials and nutrients may be recycled whereas combustion destroys both organic
material and some nutrients. AD is the only process, which achieves both exergy
utilisation and stabilisation.

Despite these advantages, AD has had a bad reputation because of operational problems.
Some digesters failed due to overloading accompanied with process instability. For
others, the equipment as pumps, conveyors and stirrers was not properly designed.

Table 1 The generation of refuse and the percentage of putrescibles in some
industrialised countries.

Country Refuse Putrescibles Source

kg (capita × a)-1 % of refuse kg (capita × a)-1

France 357 40-60 143 � 214 (Rogalski & Charlton 1995)
Germany - - 160 (Schön 1994)
Italy * 246 40 98 (Rogalski & Charlton 1995)
Spain 329 49 161 (Rogalski & Charlton 1995)
The Netherlands * 281 48 135 (Otte 1995)
USA * 666 23 155 (RReDC 1997)

* data excluding separately collected waste (glass, paper etc.)
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Another hindrance for AD technology was that, at least in the short-term, it was the
more expensive option.

However, during the last decade, AD has gained wider acceptance. This is illustrated by
figure 2 showing the development of total commercial plant capacity for the anaerobic
treatment of putrescible refuse (ATPR) in industrialised countries. In 1985, the capacity
was about a few thousand tonnes per year. From then it increased almost linearly with
approximately 105 t a-2. For 1996 the capacity was expected to leap up from 1.0 to
1.7×106 t a-1 (Lusk 1996). These values do not consider non-commercial plants at all.
Especially in low income countries in Eastern Asia there are hundreds of thousands
private small-scale AD facilities in operation (GTZ 1997).

A major part of the ATPR capacity illustrated in figure 2 is due to European plants. At a
conservative estimate, in 1996 their capacity corresponded to about 1.5% of the
generation of putrescible refuse in Europe.

1.1   Scope

The present work aims at reviewing the developments achieved in the field of ATPR.
First, relevant principles of AD are surveyed. Second, they are linked to process
engineering aspects. Third, the state-of-the-art of commercial ATPR plants is critically
reviewed. Here, also the emerging technology of so-called BIOFILLS is considered.
BIOFILLS are based on reactor landfill concepts, i.e. they are active landfill systems
applying measures to enhance waste stabilisation (Bogner & Lagerkvist 1997, Ecke &
Lagerkvist 1997). Predominant questions leading the present review are as follows:

• What are the achievements and limits of ATPR?
• What are the process characteristics of different ATPR systems?
• How can AD be controlled in order to make best possible use of ATPR?
• Which technical solution fits best into a given waste management background?
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Figure 2 Worldwide commercial ATPR plant capacity over time. The value for 1996
(Lusk 1996) is estimated from the capacity of plants under construction in
January 1996.
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2   PRINCIPLES OF ANAEROBIC DIGESTION (AD)

Biotechnology is the integrated application of biochemistry, microbiology and process
engineering. The objective is to make technical use of microorganisms including whole
cells and tissue cultures as well as cell compartments. The biotechnological branch of
anaerobic bacterial metabolism has been used in food production and preservation for
thousands of years. For instance, acetic acid production is known since the antiquity.
Other examples are beer, wine and cheese production as well as preservation of
cabbage, fish and vegetable fodder for animal feed. Today, also the production of
chemicals, detergents, drugs, diagnostic reagents and drinking water and the treatment
of air, solid waste, wastewater and contaminated soil are important applications.

Anaerobic microorganisms are usually classified into two groups depending on the
demand of oxygen (Brock & Madigan 1991) facultative and obligate anaerobes. The
first can grow either in the presence or absence of oxygen. The latter are harmed by
oxygen and cannot grow in the presence of air. Organisms that are killed by oxygen are
called strict anaerobes (Gottschalk 1986) In controlled ATPR, usually spontaneously
developed, mixed microbial populations of these groups are applied. They can degrade
organic waste into the major products methane and carbon dioxide.

2.1   Biochemical pathways of the anaerobic nutrient chain

At least three different metabolic groups of microorganisms are responsible for the
conversion of organic carbon into its most reduced form (methane) and its most
oxidised form (carbon dioxide) (Schlegel & Schmidt 1985). Hydrolysing and fermenting
bacteria break down the feedstock into soluble polymers or monomers and ferment them
to carbon dioxide, hydrogen, acetate, alcohols and longer-chain organic acids. The latter
metabolites are converted to acetate by obligate proton-reducing acetogens. Finally,
methanogenic archaea use one and two carbon compounds to produce methane, carbon
dioxide and water. A more detailed figure of the processes taking place in AD of
putrescible waste is given in the following sections.

Hydrolysis

Putrescible refuse, agricultural waste and other biodegradable wastes often bear organic
particulate and water-insoluble matter such as carbohydrates, proteins and lipids. For
example, samples of Swedish MSW analysed by Chen (1995) contained about 35%
cellulose, 8% hemicellulose, 17% lignin and plastics, 6% protein and 4.5% of starch,
sugars and fats (all percentages on a dry weight basis). From these organics, only sugars,
i.e. less than 4.5%, are readily water-soluble.

Prior to microbial utilisation, particulate biopolymers have to be broken down because
cell membranes are only permeable to low molecular weight compounds. Fermentative
bacteria produce hydrolytic enzymes (cellulases, lipases and proteases) which can
degrade biopolymers into organic monomers such as amino acids, sugars, fatty acids and
alcohols. In controlled ATPR these bacteria are mainly facultative anaerobes like e.g.
clostridia.

Cellulose is the major constituent of cell walls. It is the most abundant natural
carbohydrate (Beyer & Walter 1988) composed of up to 1.4×104 D-glucose units (Chen
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1995) joined via β-1,4-glycosidic linkages. Hydrolysis converts the water-insoluble
linear high-polymeric sugar into water-soluble D-glucose. Wood mainly consists of
cellulose in conjunction with hemicellulose and lignin (Colberg 1988). Complete
hydrolysis of hemicellulose results in pectin, pentoses, hexoses and uronic acids.
Anaerobic decomposition of lignin, amounting to about 15 to 38% of the dry weight of
various woods, is very slow and probably limited to derivatives with a low molecular
weight (Chen 1995).

Fats and oils are classed as lipids. They are esters of alcohol or glycerol and fatty acids.
Sources of lipids are foodstuffs and animal wastes. According to Tchobanoglous &
Burton (1991), domestic wastewater averages out 10% of lipids. In MSW the percentage
can be as low as less than half of this value (see above). However, solid wastes from
slaughterhouses and restaurants for example show especially high lipid contents.
Products of lipid hydrolysis are mainly fatty acids.

Proteins are the third principal ingredient of biodegradable wastes. They are
macromolecular constituents of the cells. In anaerobic digesters, proteolytic bacteria,
e.g. Clostridium and Eubacterium species, decompose proteins into amino acids,
peptides, ammonia and carbon dioxide (McInerney 1988). Amino acids are the major
sources of nitrogen and sulphur in AD.

The above hydrolysis products are intermediate metabolites of the anaerobic nutrient
chain. They are further utilised by the same group of facultative anaerobes in the so-
called fermentation step.

Fermentation

Fermentation is an energy yielding process. It can be performed in the absence of
oxygen. Organic compounds serve as both electron donors and electron acceptors. The
process results in products that are more, and others that are less oxidised than the
original substrate. Anaerobic respiration such as denitrification and nitrate/nitrite
respiration is not considered as fermentation. However, until today researchers have not
agreed if the microbial reduction of carbon dioxide to methane and sulphate to sulphide
do belong to anaerobic respiration or not. In contrast to Gottschalk (1986), Zender &
Stumm (1988) do not include the latter reactions among fermentation processes. In the
present review we adopt the definition of Zehnder & Stumm.

Several fermentation pathways are known. They are named according to the main
fermentation products, viz. alcohol, lactate, propionate, formate, butyrate and butanol-
acetone fermentation. Substrates are the hydrolysis products: sugars, amino acids and
fatty acids. Recently performed full-scale investigations (Lundeberg, Ecke et al. 1998)
show that when fermenting putrescible refuse, volatile fatty acids such as acetic,
propionic, butyric, isobutyric, valeric and caproic acid as well as carbon dioxide and
hydrogen gas are the major metabolites. Under operation conditions cited above, a
general observation is that the longer the carbon chain of the fatty acid, the less its
morality in the final solution. Besides, alcohol fermentation is negligible.

Aside from volatile fatty acids, the fermentation of amino acids results in ammonia,
carbon dioxide, hydrogen and sulphide (McInerney 1988).
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Acetogenesis

Acetogenesis includes the link between three-carbon or longer fatty acids and acetate.
Carbon-carbon bonds are broken up by obligate proton-reducing acetogens until the
major end-products acetate and hydrogen are achieved. However, under standard
conditions (298 K, 1.013×105 Pa) these reactions are only exergonic (standard free-
energy change ∆G° < 0) if hydrogen is removed and its partial pressure is kept at a low
level between 6 to 400 Pa. This involves the growth of obligate proton-reducing bacteria
at the expense of the above reactions and critically depends on the consumption of
hydrogen by other microorganisms. This syntrophic relationship is called interspecies
hydrogen transfer and is reviewed in detail by Dolfing (1988).

There are three hydrogenotrophic groups of microorganisms supporting the interspecies
hydrogen transfer. The first are homoacetogens, either growing on carbon dioxide and
hydrogen or on multicarbon compounds where carbon dioxide is consumed in an
intermediate step.

The two other groups are non-acetogenic hydrogen-consuming organisms, viz. sulphate
reducing bacteria and methanogens. The latter belong to the final metabolic group of
microorganisms in the anaerobic nutrient chain.

Methanogenesis

Methanogenesis is a field of the domain archaea (Madigan & Marrs 1997, Katz 1998).
Methane-forming archaea cannot degrade complex compounds. They are entirely
dependent on the preparatory work of other microorganisms. Only one-carbon substrates
such as carbon dioxide, carbon monoxide, methanol, formate and methylamines and
acetate as the only two-carbon substrate are utilised by methanogens. In ATPR, acetate,
carbon dioxide and hydrogen are the main substrates. The products are water and biogas
consisting of methane and carbon dioxide.

Generally, the composition of the biogas depends on the mean oxidation state of the
carbon in the substrate. The more reduced the carbon, the higher the ratio of methane to
carbon dioxide (Gujer & Zehnder 1983). The mean oxidation state of carbon fixed to
carbohydrates, proteins and lipids is about 0, 0 to -0.6 and -1.4 to -1.8, respectively. AD
of carbohydrates yields an equal molarity of methane and carbon dioxide.
Decomposition of proteins and lipids results in up to 65 and 75 vol.-% of methane,
respectively.

If the chemical composition of the substrate is known and if total anaerobic
mineralisation is assumed, the amount and composition of the biogas can be estimated
by equation (1):
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The original equation including only carbon, hydrogen and oxygen was presented e.g. by
Symons and Buswell (1933). A later version including nitrogen was presented e.g. by
Ham and Barlaz (1989). Other redox active compounds such as sulphur may also be
included.

Kayhanian (1995) determined the molar composition of a typical biodegradable fraction
of MSW to be C46H73O31N. According to equation (1) and assuming that no carbon
dioxide is retained in solution, total bioconversion of this feedstock leads to a biogas
composition of 52 vol.-% methane and 48 vol.-% carbon dioxide.

For substrates characterised in COD (Chemical Oxygen Demand in g O2 g-1) and TOC
(Total Organic Carbon in g C g-1), the molar CH4:CO2 ratio for the gas generated can be
estimated by equation (2) (Lagerkvist 1994). For instance, glucose and oleic acid result
in a CH4:CO2 ratio of 1.0 mol mol-1 and 2.4 mol mol-1 respectively.

1

TOC
COD5.18

8
CO
CH

2

4 −
−

= (2)

As discussed in greater detail in the following section, the limiting prerequisite for
biodegradation is that the intramolecular cleavage is an exergonic reaction. Methane is
the most reduced organic compound, therefore, no energy can be yielded from further
decomposition. Hence methanogenesis is the terminal link of the anaerobic nutrient
chain.

2.2   Energetics

Organisms catalyse redox reactions. Only reactions that are thermodynamically possible
are carried out, i.e. the free-energy change ∆G has to be negative. In order to make the
comparison between ∆G of different reactions possible, their free-energy change is
given at standard conditions (∆G°), i.e. T = 298 K, p = 1.013×105 Pa and activity ai = 1
mol l-1. Regarding biological reactions, the standard conditions are usually modified
(∆G°') (Thauer, Kurt et al. 1977). The apostrophe means that the proton activity has
been adjusted to pH 7 to better reflect conditions at which biological reactions occur.
The relationship between ∆G°' and ∆G° is

{ }.HGmG'G '
f

+∆+°∆=°∆ . (3)

m is the molar amount of protons formed or removed. ∆Gf'{H+} is the molar free-energy
change for protons. At pH 7 it becomes

{ } ( )
mol
kJ89.3910logTR3.2HG 7'

f =×=∆ −+ (4)

where R is the gas constant (8.315 J mol-1 K-1) and T is the absolute temperature (298
K).
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As outlined above and shown in table 2, acetogenic dehydrogenations are not
spontaneous at modified standard conditions (pH 7) because ∆G°' ≥ 0. However,
interspecies hydrogen transfer lowers the hydrogen partial pressure, {H2}, and thereby
the actual ∆G' becomes negative. The relationship between ∆G' and { H2} is described
by the Nernst equation:

{ }

{ }∏

∏
+°∆=∆

j

n
i

n

j

i

jeduct

iproduct
lnRT'G'G (5)

where ni and nj signify the stoichiometric constants of products and educts, respectively.
E.g., for the oxidation of propionate to acetate it becomes

{ }{ }{ }
{ }−

−−
+°∆=∆

COOCHCH
HHCOCOOCHlnTR'G'G

23

3
233  . (6)

The same principles also apply to hydrogen consuming reactions. Here, hydrogen is the
educt and according to equation (5), ∆G' increases with decreasing hydrogen partial
pressure. Subsequently, interspecies hydrogen transfer is only possible within a defined
range of hydrogen partial pressure. If either hydrogen-production or hydrogen-
consumption reactions become endergonic, interspecies hydrogen transfer is no longer
possible and the anaerobic nutrient chain is interrupted. Figure 3 illustrates the example
for the acetogenic dehydrogenation of propionate to acetate and the formation of
methane from carbon dioxide and hydrogen as a function of the partial pressure of
hydrogen.
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Figure 3 Change in free energy (∆G') for acetogenic dehydrogenation of propionate to
acetate and methane formation from carbon dioxide and hydrogen as a
function of the partial pressure of hydrogen (PHydrogen). The concentrations
accord to conditions in an ATPR plant [Dolfing, 1988 #234][Lundeberg,
1998 #611]: CPropionate = 57 mM, CAcetate = 178 mM, CBicarbonate = 100 mM
and P  = 0.7 atm. ∆G°' for the reactions is given in table 2.
H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

Methane
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The elementary quantum for the transfer of chemical energy between exergonic and
endergonic reactions is adenosintriphosphate (ATP). For microbial growth ATP is
converted to adenosindiphosphate (ADP) while energy is liberated. Three microbial
processes are known to regenerate ATP, viz. substrate-level phosphorylation, electron
transport phosphorylation and photosynthesis (Schlegel & Schmidt 1985). The latter is
not relevant for AD, which is performed in the dark.

Most anaerobes derive ATP from the oxidation of organic substrate while part of the
organic compound is also used as electron acceptor (substrate-level phosphorylation). If
the electron acceptor is an inorganic compound or ion, such as nitrate, sulphate, sulphur,
carbonate, fumarate or ferric iron, ATP synthesis is achieved by electron transport
phosphorylation. This kind of energy generation is called anaerobic respiration.

With respect to AD of organic waste, the following anaerobic respiration reactions are
important. Nitrate respiration is the most exergonic anaerobic respiration reaction.
Facultative anaerobes denitrify nitrate via nitrite to gaseous nitrous oxide and nitrogen
(Tiedje 1988). When all nitrate is consumed, it becomes thermodynamically most
advantageous to reduce sulphate to sulphide. This reaction is catalysed by obligate
anaerobic sulphate-reducing bacteria (Pfennig & Widdel 1982). All sulphate reduction
reactions, including the oxidation of acetate by sulphate, yield more energy than the
methanogenic formation of methane from acetate (table 2). Some species of both
acetogens and methanogens can utilise the carbonate respiration to produce acetate and
methane, respectively.

Of minor concern to AD of organic waste are sulphur (S/S2-), fumarate
(fumarate/succinate) and iron (Fe3+/Fe2+) respiration which are discussed by Schlegel
and & Schmidt (1985).

In general, any inorganic compound, which, in conjunction with an organic electron
donor, yields a thermodynamically profitable respiration reaction, is a potential electron
acceptor for microbial growth. Environmentally important examples are the anaerobic
reduction of the pollutants chlorate (Welander 1989, Malmqvist & Welander 1991,
Malmqvist & Welander 1992, Malmqvist, Gunnarsson et al. 1993), hexavalent
chromium (DeFilippi 1994, Ohtake & Silver 1994) and hexavalent uranium (Robinson,
Ganesh et al. 1998). All are reported to serve as electron acceptors while organic
substrates, e.g. ammonium acetate, are oxidised under anaerobic conditions. Anaerobic
reduction of hexavalent chromium converts the highly soluble and toxic hexavalent ion
to the much less toxic trivalent state. The reduction of hexavalent uranium favours
uranium precipitation in the quadrivalent state. Chlorate reduction leads to chloride,
carbonate and water (Malmqvist & Welander 1992, van Ginkel, Plugge et al. 1995):

OH3HCO6Cl4OH3ClO4COOCH3 2333 ++→++ −−−−− (7)

Compared to aerobic processes, microorganisms obtain much less energy from AD.
E.g., utilising glucose by aerobic respiration generates 26 to 32 moles of ATP per mole
of glucose. By fermentation of glucose only one to four moles ATP per mole glucose are
synthesised.
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Table 2 ∆G°' for some important substrates. Sources: (Dolfing 1988, Vogels,
Keltjens et al. 1988, Widdel 1988, Chen 1995, Madigan, Martinko et al.
1997).

Step Substrates Products ∆G°'
kJ

Fermentation C6H12O6 + 4 H2O → 2 CH3COO¯ + 2 HCO3
¯ + 4 H+ + 4 H2 -207

C6H12O6 + 2 H2O → CH3(CH2)2COO¯ + 2 HCO3
¯ + 3 H+ + 2 H2 -135

3 C6H12O6 → 4 CH3CH2COO¯ + 2 CH3COO¯ + 2 CO2 +
2 H2O + 2 H+ + H2

-922

Acetogenesis CH3CH2OH + H2O → CH3COO¯ + H+ + 2 H2 +10
CH3CH2COO¯ + 3 H2O → CH3COO¯ + H+ + 3 H2 + HCO3

¯ +76
CH3(CH2)2COO¯ + 2 H2O → 2 CH3COO¯ + H+ + 2 H2 +48

2 HCO3
¯ + 4 H2 + H+ → CH3COO¯ + 4 H2O -105

Methanogenesis CO2 + 4 H2 → CH4 + 2 H2O -130
4 HCOO¯ + 4 H+ → CH4 + 3 CO2 + 2 H2O -120

4 CO + 2 H2O → CH4 + 3 CO2 -186
CH3COO¯ + H+ → CH4 + CO2 -33

4 CH3OH → 3 CH4 + CO2 + 2 H2O -309
4 (CH3)3NH+ + 6 H2O → 9 CH4 + 3 CO2 + 4 NH4

+ -666

Denitrification 12 NO3
¯ + C6H12O6 → 12 NO2

¯ + 6 CO2 + 6 H2O -1'946
8 NO2

¯ + C6H12O6 → 4 N2O + 6 CO2 + 6 H2O -632
12 N2O + C6H12O6 → 12 N2 + 6 CO2 + 6 H2O -134

Sulphate reduction 4 H2 + SO4
2- + H+ → 4 H2O + HS¯ -152

CH3COO¯ + SO4
2- → 2 HCO3

¯ + HS¯ -48
4 CH3CH2COO¯ + 3 SO4

2- → 4 CH3COO¯ + 4 HCO3
¯ + H+ -151
H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

ypically, AD results in biogas, consisting of carbon dioxide and methane. The latter is
n exergy-rich gas, liberating 2'475 kJ mol-1 (31 kW h m-3) of energy when completely
ombusted with oxygen at standard conditions. This amount of energy corresponds to
he gap of ATP yield between aerobic and anaerobic processes.

.3   Kinetics

he effectiveness of AD depends on the kinetics of the respective conversion processes.
naerobic kinetics are influenced by a number of intensive properties:

• Microbial cell mass yield per substrate consumed (YX/S),
• Concentration of microorganisms (X),
• Concentration of substrate (S),
• Maximum specific growth rate (µmax),
• Saturation constant (KS),
• pH,
• Temperature and
• Pressure.
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The present section aims at describing their significance and interdependencies.

Microbial growth is directly related to the amount of ATP that can be synthesised from
the substrate. The more energy available, the more cell mass can be synthesised.
Consequently, YX/S is typically lower for anaerobic processes than for aerobic processes
Bailey and Ollens (1986) compare the growth of Streptococcus faecalis in glucose
medium under anaerobic and aerobic conditions. In the first case, YX/S is 6.0×10-2 while
in the latter it is 16.2×10-2 g of cells per g of glucose. For the growth of spontaneously
developed, mixed microbial populations on domestic wastes, YX/S might be lower
because the substrate is not as easily degradable as glucose. Supposed that YX/S is
known, the relationship between substrate consumption and microbial growth is

dt
dSY

dt
dX

S/X−= . (8)

In continuous-flow stirred-tank reactor (CSTR) configurations, so-called chemostats,
there are two other important factors for characterising cell population kinetics, viz. the
maximum specific growth rate of the cells (µmax) and the saturation constant KS. µmax
has the units of reciprocal time. KS is the substrate concentration in the feed, where half
of µmax is achieved. The Monod equation uses both parameters to state the following
hyperbolic relationship between the growth rate µ and the substrate concentration S:

SK
S

S
max +

µ=µ  . (9)

Two characteristics control the microbial growth in chemostats. Under the assumption
of a sterile feedstock, hydraulic loading causes dilution of the microbial population with
the dilution rate D:

XD
dt
dX −= . (10)

On the other hand, the growth rate follows the relationship

X
dt
dX µ= . (11)

Combining equation 10 and 11 results in

XDX
dt
dX −µ= . (12)

For µ equal to D, balanced growth is achieved. If D exceeds µ, the microorganisms are
washed out of the chemostat and AD cannot be sustained. In the opposite case, D < µ,
excess sludge is formed.

For modelling AD of sewage sludge, Siegrist and co-workers (1993) estimated the
overall µmax at 0.37 d-1. This value is about one order of magnitude lower than for
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aerobic mixed cultures (Bailey & Ollis 1986). However, aerobic systems are limited by
oxygen transport through the liquid phase that bears the risk to reduce µmax.

KS values are investigated rather for one- than for multi-component substrates such as
organic waste. In a case study cited by Bailey and Ollis (1986), the overall KS value for
the AD of organic waste was roughly estimated at 0.03 mmol l-1.

Overall kinetic constants are not only determined by the substrate, but also the kind of
microbial population and conversion process in the anaerobic nutrient chain. Ghosh &
Klass (1978) investigated kinetic data on single AD steps, such as hydrolysis of
cellulose, hydrolysis and acidification of sewage sludge, acidification of glucose and
methane formation from acetic acid. They claim that methanogenesis is the rate limiting
step of complete AD. This general conclusion is qualified e.g. by Kunst (1982). Even
hydrolysis can be the rate-limiting step if the cleavage of macromolecules is slow. That
applies especially to cellulose. However, many biodegradable wastes are low in
cellulose, e.g. animal wastes, and therefore easily hydrolysed. In this case µmax values of
hydrolysing and fermenting bacteria are higher than those of acetogens and
methanogens.

Kinetic data of different microbial cultures using different substrates in different AD
conversion steps are reviewed by Gujer & Zehnder (1983). Even if the Monod equation
is an oversimplification, it is the most commonly used approach to model AD. Several
other or modified forms of growth and substrate utilisation kinetics are developed by
e.g. Tessier, Moser, Contois, Cecchi et al. and Negri and Bailey (Bailey & Ollis 1986,
Chynoweth & Pullammanappallil 1996). However, they have not gained wide
acceptance. Recent developments in the field of kinetics and modelling of anaerobic
systems are reviewed by Pavlostathis et al. (1997).

Kinetics limits the organic loading of AD reactors. Depending on the substrate and the
design, as e.g. pre-treatment, the loading varies from about 0.6 kg COD d-1 m-3

(Austermann-Haun & Seyfried 1992) to about 40 kg COD d-1 m-3 (Rijkens & Voetberg
1984). The first is derived from investigations on wastewater from a potato chips factory
and the second from source-grouped putrescible refuse. If AD is overloaded, substrate or
product inhibition may occur for the rate-limiting step in the anaerobic nutrient chain
and the overall efficiency of the process decreases. Several attempts have been made to
consider these effects when modelling growth kinetics.

Cellular transport processes and enzyme activity determine metabolic kinetics. Both are
strongly dependent on pH. Consequently, pH control is important for a balanced AD.
According to Jager (1988), growth rates of fermenting bacteria are at its maximum in
the range from pH 5.2 to 6.3, whereas methane production performs best at neutral
conditions in the range from pH 6.8 to 7.2.

Temperature is another factor affecting kinetics and the composition of the mixed
microbial population (Cecchi, Pavan et al. 1993). It was observed that different species
of microorganisms yield their maximum growth rate at different temperatures. The
following three major temperature ranges were identified (Schlegel & Schmidt 1985)



Anaerobic Treatment of Putrescible Refuse (ATPR)

13

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

• Cryophilic or psychrophilic, ϑ < 20°C
• Mesophilic, 20°C < ϑ < 42°C
• Thermophilic, 40°C < ϑ < 70°C

Microorganisms act as biocatalysts. Enzymes catalyse the metabolic reactions in a way
which can be described by the Michaelis-Menten equation:

0m

00cat
SK
ESkv

+
=  , (13)

where v is the product formation rate, kcat is the turn over number, Km is the Michaelis
constant and S0 and E0 signify the initial concentrations of substrate and enzyme,
respectively. Both kcat and Km depend on temperature. kcat is defined according to the
Arrhenius equation:

TR
G

cat

#

eAk
∆−

= . (14)

A is a constant and ∆G# is the enzyme-substrate activation energy. A and ∆G# are
always greater than zero, therefore kcat increases with temperature. This is not the case
for Km, which is determined by van't Hoff's reaction isotherm:

TR
G

m

S

eK
∆

−
= . (15)

Depending on the catalysed reaction, the free energy change for substrate conversion
(∆GS) can be lower (exothermic) or greater than zero (exothermic) and, therefore, Km
can decrease or increase with temperature (Buchholz & Kasche 1997). Substitution of
equation (14) and (15) in the Michaelis-Menten equation shows that the rate of
bioconversion (v) does not necessarily increase with temperature. However, usually

S
# GG ∆>∆ (16)

which leads to the conclusion that v increases with temperature. This coincides with the
observation that thermophiles usually show higher growth rates than mesophiles.
However, species can only adopt to their respective temperature ranges, because the
(enzyme) activity of all species drops at some critical value which is due to enzyme
denaturation.

Oremland's (1988) review shows that the majority of the (known) methanogens are
mesophilic. This could be a reason for the observation, that mesophilic operation is
more robust. However, by adapting the process design, temperature is not necessarily a
limiting factor in applying AD (van Lier, Rebac et al. 1997), but rather temperature
stability. If the operation temperature is changed fast, the activity of methanogens
decreases due to temperature stress. This interferes, first, the interspecies hydrogen
transfer and, second, obligate proton-reducing acetogens. Consequently, three-carbon or
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longer fatty acids are accumulated which leads to inhibition (confer section 2.5
Inhibitors).

Kinetics also depends on pressure. Increasing the total pressure also increases the partial
pressure and thereby the solubility of gases influencing kinetics, such as oxygen and
hydrogen. In this way, all processes where gases are consumed or produced are affected.

2.4   Nutritional requirements

Nutrients are the water-soluble elements necessary for microbial growth. The minimum
requirement is that all essential elements needed for the build up of cells are available.
There are especially ten macronutrients which are constituents of all organisms, viz.
carbon, oxygen, hydrogen, nitrogen, sulphur, phosphorus, potassium, calcium,
magnesium and iron (Schlegel & Schmidt 1985). Micronutrients are those elements
which are not needed by all organisms and which are only required in low
concentrations. Nevertheless, they can be as critical as macronutrients. Some examples
are manganese, molybdenum, zinc, copper, cobalt, nickel, vanadium, boron, chloride
and sodium. These metals often take a key function as cofactors which combine with an
otherwise inactive protein (apoenzyme) to give a catalytically active complex, the so-
called enzyme (Bailey & Ollis 1986).

While refuse usually includes all necessary nutrients, industrial or special wastes are
sometimes lacking in one or more elements essential for AD. Different attempts are
made to improve AD of organic wastes by addition of micronutrients (Scherer 1989).
One such investigation shows the importance of concentrations of micronutrients for
enhanced conversion and methane production from an ensiled mixture of grass and
clover (Jarlsvik 1995). It was shown that an addition of up to ten times the initial cobalt
concentration increased the specific methane yield.

Until today no universal recommendations for nutrient concentrations can be given
because they strongly depend on the actual circumstances at which the AD is performed,
e.g. organic loading. Anyway, Scherer (1989) compiles and estimates ranges of
minimum nutrient requirements for methanogenic growth at 100 ppm COD. For the
overall AD of putrescible refuse, the minimum requirement for the C:N:P:S ration is
about 2'000:15:5:3 (Müsken & Bidlingmaier 1994).

Since Paracelsus (1493 - 1541) we know that dosis solo facit venenum, or the dose
makes the poison. In the present context it means that if nutrients' concentrations exceed
the optimum level, they can hamper microbial growth and act as inhibitors.

2.5   Inhibitors

Anaerobic mixed cultures has a large capacity to acclimate to much differing habitats.
However, compared to aerobes, anaerobes are sensitive to variation in load because of
their slower substrate utilisation (confer 3.1 Process control). There are also some key
compounds limiting a complete AD when certain concentrations are exceeded. The
effect of the following factors is discussed:
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• Alternate electron acceptors,
• Sulphides,
• Salts,
• Free ammonia,
• Propionic acid and
• Metals.

Alternate electron acceptors such as oxygen and nitrate suppress substrate-level
phosphorylation because respiration reactions are more exergonic. Suppression of
certain anaerobic pathways leads to a build-up of intermediate metabolites which
hampers AD when critical concentrations are reached. Usually, methanogens require a
redox potential (Eh) lower than -0.3 V (Gottschalk 1986). According to the review of
Ghosh & Conrad (1974), at 35°C methanogenesis performs well over a redox potential
range of -0.45 to -0.55 V.

Oxygen is directly toxic to methanogens. As a consequence of the decreasing activity of
methanogens, the hydrogen concentration rises and also acetogens are inhibited. The
anaerobic nutrient chain is interrupted before acetogenesis. The substrate sours because
of acid accumulation. This lowers the efficiency of acetogens and especially
methanogens. High concentrations of different fatty acids 'preserve' the organic matter
by product inhibition.

Sulphate is another alternate electron acceptor. Sulphate reducing bacteria can cause
primary and secondary inhibition of methanogens.

The first depends on the fact that respiration yields more energy than methanogenesis
(confer table 2) and, therefore, sulphate reducing bacteria (Postgate 1984) can
successfully compete with methanogens for the substrates acetate and hydrogen.
Karhadkar and co-workers (1987) observed from laboratory batch experiments that the
inhibition due to sulphate is negatively correlated to the organic substrate concentration.
For a molar ratio of TOC to sulphate of at least down to 1.3 no inhibition takes place.
Due to high organic substrate availability of the feedstock this corresponds to a sulphate
concentration of 5 g l-1. Examples of sources with high sulphate loading are red wine
vinasses (Ehlinger, Gueler et al. 1992), paper pulping and distillery wastes.

Sulphate reduction results in sulphides. As a secondary inhibition, soluble sulphides
hamper the function of methanogenic cells. Karhadkar and co-workers (1987) also
present data on the inhibitory effect of dissolved sulphides in the feedstock. The results
indicate that sulphide might be growth limiting at concentrations below 5 mg l-1. At 40
to 80 mg l-1 of sulphide, methanogenesis performs best. Concentrations of 500 and 800
mg l-1 were observed to cause 50% and respectively almost total inhibition of
methanogens. Parkin et al. (1983) operated adapted, continuously fed anaerobic filters
(confer chapter 3.1) at 1 g l-1 dissolved sulphide. Compared to a control, 40% decrease
in gas production was observed.

Since transport processes across cell membranes are affected by osmosis,
microorganisms are generally sensitive to salts which influences the osmotic pressure.
Scherer (1989) reviewed the tolerance of methanogens for different salts. Potassium was
found to slow their growth at about 3 g l-1. De Baere et al. (1984) observed that
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methanogenic associations can adopt to a concentration of 65 g l-1 of NaCl without any
inhibition. Shock loading cause initial inhibition at 30 g l-1 of NaCl. At equivalent mass
concentrations, McCarty & McKinney (1961) found the following order of increasing
cation toxicity: calcium, magnesium, sodium, potassium and ammonium. Shock loading
of these elements affect methane formation much more than if anaerobic cultures are
acclimatised to increasing concentrations. In the same paper, McCarty & McKinney
show that the toxicity of sodium ions can be removed by addition of calcium or
magnesium ions. The ability of less-toxic cations to lower the effect of a toxic one is
called salt antagonism.

Free ammonia inhibits methanogenic microbial cultures at concentrations higher than
approximately 80 to 100 mg l-1 (de Baere, Devocht et al. 1984). Exceeding 150 mg l-1 of
free ammonia, these cultures are killed (McCarty & McKinney 1961). Probably, free
ammonia hampers methanogens by at least two separate effects, viz. an induced
potassium ion efflux from the cells and inhibition of methane synthesis (Sprott & Patel
1986). Since the concentration of free ammonia depends on the dissociation of
ammonium ion according to

3.9pKHNHNH a34 =+↔ ++ (17)

inhibition is a function of total ammonia and pH. The higher the pH the higher the
concentration of free ammonia. At neutral pH and mesophilic conditions the above
inhibition level corresponds to about 8 g l-1 total ammonia. Compared to other
inhibitors, ammonia toxicity is very reversible (Parkin, Speece et al. 1983).

Major sources of ammonium are amino acids derived from protein hydrolysis (confer
section 2.1). Hence, protein-rich feedstock bears the potential of ammonia inhibition.
That applies especially to agro-industrial wastes such as slaughterhouse wastes, potato
thick stillage, whey from cheese production and brewer's grains that often bear more
than 20% of proteins (Weiland 1993). The C:N ratio is about ten or even lower. With
respect to inhibition, ammonia formation can usually be neglected only at feedstock C:N
ratios above 20 (Weiland 1993).

In contrast to other fatty acids, the conversion of propionic acid to methane and carbon
dioxide proceeds poorly. Compared to acetic acid, propionic acid is degraded
approximately eleven times slower (Mudrack & Kunst 1982). At high loading propionic
acid can accumulate. Substrate sours which first hampers and finally inhibits AD (see
above).

A literature review of Bates et al. (1992) shows that the chemical form as well as the
dissolved concentrations of metals such as zinc, copper, nickel, chromium, lead and
cadmium govern the toxicity to anaerobic microbial populations. They claim that there
is some evidence that acetogens and methanogens are more affected than acidogens. At
high loading of metal-bearing feedstock this entails the risk of volatile fatty acid
accumulation and inhibition.

Leighton & Forster (1998) found that Cu, Ni, Zn and Pb cause a reduction in the COD
removal efficiency which is reversed when the metal dosing cease.



Anaerobic Treatment of Putrescible Refuse (ATPR)

17

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

Parkin and co-workers (1983) found that continuously fed anaerobic filters can be
operated with nickel concentrations of 250 mg l-1 without decrease in process
performance. Nickel was added as easily soluble nickel chloride.

The inhibition potential of hydrogen on acetogens was discussed in section 2.1 and 2.2.

Inhibitors of methanogens are reviewed by Oremland (1988). Also inhibitors less
important for AD of wastes are discussed, e.g. chlorinated methane and unsaturated
carbon-carbon bonds. However, some compounds, as e.g. formaldehyde (Parkin, Speece
et al. 1983) or antibiotics used to increase cattle feed efficiency, can be crucial when
digesting (agro-) industrial wastes.

2.6   Biodegradability

Natural matter consists mainly of biodegradables, composed of the elements carbon,
hydrogen, oxygen and nitrogen. However, in technical applications, not all of the
ultimate biodegradable materials are available for anaerobic conversion. This is mainly
due to factors discussed above. Retention time limits the degree of conversion according
to kinetic principles. Especially lignin requires a long period of time for complete
decomposition and may be regarded as an recalcitrant from an AD perspective. Also
environmental conditions as temperature, concentration of nutrients and inhibitors
influence degradation.

Aside from natural materials, in anaerobic waste treatment also the biodegradability of
synthetic organics is of deep concern. In this respect syntrophic relationships between
methanogens and other microorganisms, so-called consortia, take a key position. First,
the compounds in question are fermentatively attacked; second, the intermediate
metabolites are converted to methane and carbon dioxide by methanogens. Today
several degradation pathways have been investigated, e.g. the benzoate pathway to
degrade benzoate and halogenated substituted aromatics (Oremland 1988). In laboratory
scale it has been demonstrated that organisms originated from anaerobically treated
MSW have the potential to completely degrade several phthalic acid esters
commercially used as plasticizers in polyvinyl chloride (PVC) plastics or in cosmetics,
insect repellents, inks, munitions etc. (Ejlertsson, Houwen et al. 1996, Ejlertsson,
Meyerson et al. 1996). With regard to bioremediation, reductive dechlorination is
reviewed by Hale et al. (1994) and Montgomery et al. (1994). A broader survey on the
anaerobic transformation of organic substrates such as aliphatic hydrocarbons, alcohols,
ketones, aromatic compounds, lignin and halogenated aliphatics, is presented by Schink
(1988) and recent research results are reviewed by Pavlostathis and co-workers (1997).
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3   PROCESS ENGINEERING ASPECTS

Anaerobic waste treatment makes technical use of the principles of AD discussed in the
previous chapter. This background is the basis for process control. Key factors
determining process control are hydraulic, organic and toxic loading. Due to the
environmental significance of metals, principles of metal mobilisation and
immobilisation are discussed in a separate section. Here, also the phenomenon of
anaerobic metal corrosion is described. It is a crucial factor in the choice of construction
material. At the end of this chapter process requirements in anaerobic treatment are
compiled.

3.1   Process control

Process control is a basic feature of any treatment and a central theme for technique
development. For a given reactor type and flow regime, a variety of conditions have to
be considered in process control. Among these are:

• Waste characteristics,
• Required treatment capacity,
• Required effluent quality,
• Reaction kinetics,
• Heat balance and
• Reliability.

All factors influencing process control can be addressed to hydraulic, organic or toxic
loading.

3.1.1   Hydraulic loading

At a given feedstock mass flow, the hydraulic loading is affected by

• The reactor,
• Waste characteristics,
• The flow regime and
• Water addition to feedstock.

Depending on the addition of (process) water, ATPR is performed at two principle
modes: Either the feedstock is treated at dry or solid conditions, i.e. above or below ca.
15% total solids (TS), respectively. Batch and plug flow reactors are most common for
dry digestion. Some dry reactor layouts facilitate also continuous mixing. For wet
ATPR, treatment in CSTRs is the prevailing technique.

For all reactor types used in ATPR, the solids retention time is equal to the hydraulic
retention time. This bears the risk of wash-out of anaerobes due to their slow growth
(chapter 2). Especially methanogens show low values of cell mass yield (YX/S) and
specific growth rate (µmax). Consequently, if complete AD is performed in a single
reactor, the solids retention time needs to be about 20 days.
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To counteract wash-out and reduce the solids retention time, two-step processes have
been developed. In the first step, hydrolysis and acid degradation occurs. These
degradation processes are fast for putrescible refuse. In the wet mode, digestate is
removed after usually less than ten days solids retention time. Process water high in
dissolved organic metabolites is further treated in the second step, where acetogenesis
and methanogenesis lead to methane formation.

Process water fed into the second step as well as other kinds of wastewater is low in
particulate matter. For these cases, different reactor types can be applied to make the
hydraulic retention time independent from the microbial growth (figure 4).

An early solution to this problem was the use of sludge recycle. The so-called contact
process consists of a CSTR and a clarifier (figure 4A). Biomass washed out of the
CSTR is settled or actively precipitated in a clarifier and recirculated to the reactor to
seed the feedstock. Insufficient settling in the clarifier is a common problem of this
layout.

Later, different attached growth systems were developed to retain active (catalytic) cell

F

Influent

Gas

Effluent Effluent

Gas

Influent

Gas
Effluent

Influent

Influent

Gas
Effluent

(B)(A)

(C) (D)

igure 4 Reactor types for immobilisation of cell mass: (A) Contact process, (B)
Anaerobic filter, (C) Fluidized bed reactor and (D) UASB reactor.
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mass. Today, two basic reactor types are in use: firstly, anaerobic filters (Stevens & van
den Berg 1981) (figure 4B) and, secondly, fluidized bed reactors (Morris & Jewell 1981,
Switzenbaum & Danskin 1981, Anderson, Ozturk et al. 1990) (figure 4C). Both take
advantage of the microbial tendency to stick to surfaces. In the first case, microbes are
attached to a fixed, porous and inert support matrix of e.g. stones, plastic or unglazed
porcelain; in the latter they grow on suspended bed material out of rock, gravel or sand.
Principles of adhesion of microorganisms in fermentation processes are reviewed by
Ash (1979).

A reactor type emerged from both anaerobic filters and fluidized bed reactors is the
Upflow Anaerobic Sludge-Blanket (UASB) reactor (Rijkens & Voetberg 1984, Sayed,
van der Spoel et al. 1993, Brinkmann & Hack 1995) (figure 4D). The influent is fed at
the bottom and passes a sludge blanket of biologically formed granules (Lettinga, Field
et al. 1997). Biogas formed during treatment sticks to some of the particles and lifts
them up to the top of the reactor. Degassing baffles separate the gas from the particles.
While the gas leaves the reactor, the particles settle back to the sludge blanket. Because
of the induced passive circulation, the reactor does not need to be actively stirred.
UASB technology is still under development. Recently, Zoutberg & de Been (1997)
presented a new type of UASB reactor; the so-called Biobed® EGSB (Expended
Granular Sludge Bed) reactor. It is a combination of fluidized bed and UASB
technology, developed for high fluid and gas velocities.

3.1.2   Organic loading

An advantage of immobilised cell mass is also that the anaerobic system becomes less
sensitive to organic and toxic loading (Parkin, Speece et al. 1983). Nevertheless, some
restrictions have to be taken into account.

AD is suitable for the treatment of various types of medium- and high-strength wastes
and can be applied for organic loading in the range of approximately 0.2 to 50 kg COD
m-3 d-1. However, a variation in organic loading during operation requires an adaptation
of the anaerobic population, which proceeds slowest for methanogens. Consequently,
organic loadings have to be increased gradually to avoid inhibition caused by a build-up
of volatile fatty acids.

The organic loading of a reactor has to be adapted to the reaction kinetics taking place.
An important control variable affecting kinetics is the temperature. Typical operating
temperatures are about 35°C and 55°C for mesophilic and thermophilic conditions,
respectively. However, because of the reasons outlined in section 2.3, it is temperature
stability rather than the temperature level that guarantees process stability and
performance.

Acetogens and methanogens have to live in proximity to each other to maintain their
syntrophic association. Usually, their filaments and clumps form flocs or attach to
surfaces. Organic overloading is observed when these associations are affected which
can be due to hydrodynamic stress caused by stirring or pumping. Not only flocs, but
also single cells can be damaged at high mechanical stress.

Märkl and co-workers (1987) suggest to use the power dissipation per unit volume as a
master variable for layout and scale-up of stirrers and other flow system equipment. In
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stirred-tank reactor experiments with sensitive aerobic microorganisms
(Chlamydomonas reinhardii wild type, Spirulina platensis, Chlamydomonas reinhardii
CW15), they found that the critical power dissipation density is less than 40 kW m-3.
They also found that the sensitivity of methanogens to sheer stress is increased by
physiological stress caused by the lack of nutrients.

For AD, mixing is an optimisation problem. The higher the mixing power dissipated per
unit volume, the better the transport of substrate and products, which enhances
microbial metabolism. On the other hand, increasing hydrodynamic stress is
counteracting the microbial efficiency.

3.1.3   Toxic loading

Some wastes bear components that become toxic to anaerobes at certain concentrations.
To avoid toxic overloading, a number of variables may need to be controlled:

• Hydrogen concentration in the biogas,
• Hydrogen sulphide concentration in the biogas,
• pH and
• Salts including ammonium.

At routine operation, it is often advantageous to control inhibition by measurement of
secondary effects. E.g. if methanogens are disturbed, usually increasing concentrations
of hydrogen can be detected in the biogas. At a certain concentration, measures must be
taken to reduce the toxic loading.

Karhadkar and co-workers (1987) suggest a similar technique for the control of sulphide
overloading. They found that the concentration of hydrogen sulphide in the biogas can
be used as a master variable for controlling sulphide toxicity. For tannery wastewater
bearing 100 mg l-1 hydrogen sulphide, Wiemann and co-workers (1998) tested an
integrated hydrogen sulphide stripping system at lab-scale. They found that reducing
hydrogen sulphide concentrations down to 30 mg l-1 increase the COD degradation
efficiency with 15% when treated in an anaerobic reactor (continuously fed fixed bed
down-flow) at a hydraulic retention time of 1.9 d.

Another important and easy-to-control variable is the pH. When all AD steps are
performed in one CSTR reactor, acid conditions indicate either fatty acid build-up or a
lack of buffer capacity. The latter can be caused by feedstock low in nitrogen. If the
COD:N ratio is greater than 50, the formation of the main buffer, viz. ammonium
bicarbonate, cannot be supported (Anderson, Donnelly et al. 1982). Therefore, the
control technique has to ensure that sufficient nitrogen is added to the system.

AD with recirculation of process water requires additional control precaution because of
the risk of enrichment with salts, nitrogen compounds and volatile fatty acids. Before an
inhibitory concentration level is reached, the respective compounds have to be removed
by, e.g., purging process water. By aerobic post-treatment, first, remaining organics are
degraded and, second, ammonium is nitrified to nitrate and nitrite. When recirculating
process water, nitrification products are denitrified and removed as nitrogen gas.
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When starting AD operation, low hydraulic, organic and toxic loading should be
applied. Every kind of overloading has to be avoided, because the microbial cultures
have to adapt to the conditions of their new habitat. Especially the start-up phase of
attached growth reactors has to be performed very carefully. During this phase, adhesion
of microorganisms to the support matrix has to be established which is crucial for
further performance. After the period of adaptation, loading may be increased gradually.
To enhance the establishment of a stable microbial population, fresh flocculent digester
sludge or UASB granules may serve as suitable inoculum.

3.2   Metals

AD of organic wastes can also have an impact on metal mobility, which adds to its
significance in environmental engineering.

Without the action of methanogens, fermentative bacteria will acidify organic feedstock
and establish a high proton activity in an environment enriched with soluble organic
ligands such as lactate and acetate. At these conditions, protons can successfully
compete with metal ions for the available ligands. In addition, the solid organic ligands
are degraded by hydrolytic action. Thus metal ions are dissolved and leached from the
feedstock. Soluble organic ligands form stable complexes with metals such as Pb(II),
Cd(II) and Ni(II) (Namasivayam & Ranganathan 1998). Both solubilization and
complexation enhance metal leaching (Harmssen, Holzenkamp et al. 1997). This
phenomena is also influenced by the redox potential. With the exception of iron,
manganese and arsenic, for all other environmentally relevant metals a higher redox
potential will result in a higher mobility (Lagerkvist 1992).

During methane formation the proton activity is reduced (neutral pH) and the redox
potential is lowered and stabilised at Eh < -0.3 V. In the presence of sulphur, these
conditions favour the precipitation of metal sulphides. Potential sulphide formers are
for instance manganese, iron, zinc, cadmium, copper, silver, mercury, nickel, cobalt and
lead (Stumm & Morgan 1981, Hägg 1989). The microbially induced conversion of
metal ions to metal sulphides is proven and patented for some specific strains (Revis,
Osborne et al. 1988).

In figure 5, the computed chemical equilibrium of lead, sulphide and carbonate in dilute
water solutions is shown in the form of an Eh-pH predominance area diagram for lead.
Total concentrations correspond to conditions in an ATPR plant. It is found that
sulphide and carbonate complexes are predominant precipitates. However, under acidic-
oxic conditions, lead is highly mobile in the form of bivalent ions. For instance, at Eh =
0.25 V and pH 5, about 42% of total lead appears as Pb2+ (not seen in figure 5).
Increasing pH results in lead carbonates as observed in the presence of the earth's
atmosphere (Stumm & Morgan 1981). Decreasing the redox potential leads to stable
lead sulphides. Within the methanogenic pH-Eh area, the sum of all other lead species is
more than five orders of magnitudes lower than that of lead sulphide.

For other sulphide formers such as iron (Snoeyink & Jenkins 1980), zinc, nickel, copper
and cadmium (Theis & Hayes 1978), Eh-pH predominance area diagrams show a similar
pattern. However, chemical equilibrium calculations do not take into account kinetics,
which might limit sulphide formation during time-restricted AD.
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aerobes can cause anaerobic corrosion reactions on metallic, non-metallic
d organic materials (Heitz 1996). Most important in terms of anaerobic
 the damage by metal corrosion caused by different electrochemical
ne mechanism is based on sulphate reduction. Under anaerobic conditions,
cing bacteria catalyse in conjunction with sulphate the oxidation of iron
ous solutions, iron is polarised to ferrous iron while hydrogen is formed.
rogen covers the steel and protect it from further polarisation. In the
ulphate reducing bacteria, hydrogen is used to reduce sulphate. Together
 iron, the metabolite hydrogen sulphide forms ferrous sulphide that
The overall reaction accords to the stoichiometric formula in equation (18).

OH16FeS4H12H8SO4Fe4 22
2
4 +→+++ +− (18)

mage can also be caused by organic acids, such as acetic acid, as well as by
ds. With regard to non-alloy iron materials, the effect of carbonic acid is of
Heitz 1996). The overall reaction follows:

3
2
3

2 FeCOCOFe →+ −+ . (19)

nduced corrosion usually leads to a build-up of biofilm which increases the
ction as well as decreases the heat transfer of the components (Gümpel,
1998). Research performed in this field is reviewed by Widdel (1988) and
 edited by Heitz et al. (1996). Because of the risk of malfunction due to
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anaerobic metal corrosion, construction materials for AD reactors should be corrosion-
resistant.

3.3   Compilation of process requirements

The previous sections show that AD process control has to consider two principal
degradation stages: first, acidogenic degradation is mainly performed by hydrolyzing
and fermenting bacteria and, second, methane formation induced by acetogens and
methanogens. Table 3 and 4 summarize their characteristics and respective operational
considerations.

Table 3 Characteristics of hydrolyzing and fermenting bacteria and respective
operational considerations.

Characteristics of fermenting & hydrolysing
bacteria

Operational considerations

Moderate µ and YX/S Immobilisation of cell mass not always required
Moderate pE, facultative anaerobes None
Formation of acids, low pH Removal of acids
Mobilisation of metals Separation of metals from solid phase possible
Moderate sensitive to sheer stress Stirring possible
MajoM Major gas formed: CO2, few H2 and H2S Worthless for further usage; render harmless and

release to atmosphere
Processes low in heat development Insulation and/or heating
Anaerobic metal corrosion possible Stainless construction material
Sensitive to salts accumulated by recirculation Purge of process water and/or adaptation

Table 4 Characteristics of acetogens and methanogens and respective operational
considerations.

Characteristics of acetogens and methanogens Operational considerations

Low µ and YX/S Immobilisation of cell mass necessary
Low pe, strict anaerobes Closed process to avoid penetration

of atmospheric oxygen
Formation and removal of acids, neutral pH pH buffering by NH3 and carbonate
Formation of metal sulphides Metals' trapping
Sensitive to sheer stress Gentle mixing
Syntrophic association Microbial growth on support matrix or granules
Major gases formed: CH4, CO2 Biogas abstraction for further usage
Adaptation takes long time Smooth variation in loading and temperature
Processes low in heat development Insulation and/or heating
Most methanogens are mesophilic Mesophilic operation preferred
Anaerobic metal corrosion possible Stainless construction material
Sensitive to alternate electron acceptors Removal of oxygen and nitrate by fermenting bacteria
Sensitive to ammonia C:N ratio of feedstock > 20
Sensitive to dissolved metals Precipitation of metals; usage of cleaner feedstock
Sensitive to salts, ammonium etc. accumulated by
recirculation

Purge of process water and/or adaptation



Anaerobic Treatment of Putrescible Refuse (ATPR)

25

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

4   DESIGN OF ATPR PLANTS

Today, AD plants are used for the treatment of different kinds of organic wastes, such as
animal waste, slaughterhouse waste, sewage sludge, industrial wastes and putrescible
refuse. The present chapter is aimed at reviewing different AD systems applied for the
treatment or co-treatment of mixed or source-grouped putrescible refuse. References
used for the survey are listed in Appendix 1.

Some goals of anaerobic treatment of putrescible refuse (ATPR) are already discussed in
the previous chapters:

• Reduction of organic substance,
• Conservation of nutrients,
• Particle size reduction leading to an improvement of dewatering properties,
• Energy recovery by the formation of biogas.

A further advantage is the abatement of smell nuisance by reduction of odorous
substances such as organic acids. Last but not least, hygienization of the feedstock is an
important aspect in ATPR (Engeli, Edelmann et al. 1993, Bendixen 1994).

4.1   Pre-treatment of feedstock

Refuse entering ATPR plants differs. Some is mixed, some is source-grouped in
different plastic bags and at some sites only the biodegradable fraction is supplied.
Moreover, at different plants different feedstock qualities are required, mainly
depending on the sensitivity to malfunction of the plant and the use of the digested
material. As a consequence, different pre-processing steps are in use. Most common unit
operations are reduction in particle size, mixing, magnetic separation, sieving and pre-
heating (table 5).

Some processes have very few pre-processing steps, e.g. 3A, ATF, JYSK, SEBAC and
SUNDERBYN. With the exception of JYSK, all these plants have in common, that acid
fermentation is performed in a percolation unit. In comparison to other reactor types,
percolation processes are less sensitive to contaminants and foreign substances. Hence a
lower influent quality can be accepted.
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.2   Process layout

he digestion process may be classified into two principal modes: wet and dry digestion
ith a borderline of about 15% TS.

n ATPR, different reactor types are applied, as there are batch, sequential batch,
ontinuously mixed and plug flow reactors. Many factors influence the choice of a
eactor type:

• Treatment goals (e.g. digestate quality, gas generation),
• Economy,
• Reliability,
• Plant capacity,
• Physical, chemical and biological conditions of the feedstock,
• System layout,
• Continuous or intermittent supply of waste,
• Operation conditions (temperature, pH etc.) and
• Inoculation of feedstock.
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Sink-float separation X X X X X X X X
Pre-composting X X X X
Addition of lye X X X
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Manual separation X X X
Mixing with digested material X X X
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Hygienization X X
Visual inspection for impurities X X
Aerobic hydrolysis X
Common landfilling practice X
Mashing X
Mixing with sludge X
Optical separation X
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Further important distinguishing characteristics are the number of AD steps and the
operation temperature.

4.2.1   Number of AD steps

ATPR is performed in one-, two- and multi-step processes. One-step degradation means
that all steps of the anaerobic nutrient chain are performed in the same reactor (figure
6A). These systems offer only few options to control the ATPR. Hence, only simple
control systems are required, but process instabilities are difficult to counteract.

To overcome operational problems of one-step processes, two- and multi-step processes
were developed (Ghosh & Conrad 1974). Acidogenic degradation and methane
formation are performed in physically separated reactors (figure 6B). Phase separation
may be achieved by biokinetic selection pressure (Ghosh, Conrad et al. 1975), i.e. a high
dilution rate in step one leads to a wash-out of slower growing methanogens. Also pH
control (Hedrick, White et al. 1992), hydrodynamic stress and the inhibitory effect of
oxygen can be applied to support the separation of the two microbial cultures.

If ATPR is performed in two (or more) steps, acidogenic degradation and methane
formation can be controlled separately. Then it is possible to take the characteristics of
both degradation stages (table 3 and 4) into account.

Hydrolysis gas (step 1) consists mainly of carbon dioxide. It is worthless for further
usage and therefore released to the atmosphere. Gas generated in step 2 is composed of
methane and carbon dioxide. Prior to methane usage, carbon dioxide has to be removed.
Its concentration is lower than in biogas from one-step processes because of the separate
carbon dioxide generation in step 1. Lower carbon dioxide concentrations lead to lower
costs for gas purification.

The degree of hygienization might be affected by separating acidogenic degradation and
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methane formation. Lower pH during hydrolysis (step 1) favours hydrolytic enzymes
destroying pathogens and weed seeds (Engeli, Edelmann et al. 1993).

According to the principles of metal mobility in anaerobic systems (confer section 3.2),
the two-step AD (TSAAD) bears the potential to control the flux of metals (Ecke 1997).
In step one, environmentally relevant metals can be leached from the feedstock and
trapped in the methanogenic step. Thereby the quality of digested material is improved.

Figure 7 indicates that AD performs faster in two-/multi-step processes than in one-step
processes. With the exception of SEBAC, TSAAD systems such as PAQUES, BTA-2,
BORÅS and BIOTHANE-AN have the shortest retention times, all of which are lower
than ten days. One-step processes show retention times within a range of ten to seventy
days. BIOFILLS as e.g. SUNDERBYN are an exceptional case, because the waste is not
supposed to be removed after treatment. Despite different degradation enhancement
techniques (Lagerkvist & Chen 1993, Ecke & Lagerkvist 1997), waste conversion times
of at least three to five years are needed.

Usually, two-step plants require a more extensive control system and equipment such as
pumps, heat exchangers etc. Nevertheless, specific operational and investment
expenditures do not differ from one-step systems (Müsken & Bidlingmaier 1994) which
might be due to higher operational reliability and efficiency.

Table 6 summarises pros and cons of one- and two-/multi-step ATPR processes.
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Table 6 Comparison between one- and two/multi-step ATPR processes.

One-step ATPR process Two-/multi-step ATPR process

Advantages • Simple control system • Acidogenic degradation and methane
formation can be adapted separately

• High loading possible
• Shorter retention times
• Hygienization might be better
• Separation and immobilisation of metals
• Lower costs for CO2 removal

Disadvantages • Risk of process instability
• Lower loading
• Lower substrate conversion rate

• Extensive control system & equipment

4.2.2   Temperature control

At some ATPR plants temperature control is very limited. E.g. BIOFILLS might only
slightly be influenced in temperature by temporary aeration and leachate recirculation.
Because ATPR does not liberate much heat, these plants are operated at ambient
temperatures and cryophilic or mesophilic microbial populations might be predominant.

If temperature control is possible, ATPR plants are operated at mesophilic or
thermophilic conditions. Mesophilic ATPR requires a lower energy input. On the other
hand, thermophilic ATPR promotes protein and lipid hydrolysis (Ghosh 1986), which
brings about higher specific methane production rates (Cecchi, Pavan et al. 1991).
Subsequently, thermophilic ATPR may form more energy-rich methane per substrate
unit. With respect to a net energy balance no certain statement for or against any
temperature range can be made.

Despite higher specific methane yields, thermophilic digestion yields lower methane
concentrations in the biogas. This causes higher costs for biogas purification. In
addition, thermophilic degradation results in higher concentration of ammonium that
bears the risk of process instability because methanogens can be inhibited.

Investigations on product hygienization show that pathogens are eliminated at
thermophilic as well as mesophilic conditions (Engeli, Edelmann et al. 1993, Bendixen
1994). However, the higher the ambient temperature, the faster the decay.

4.3   Post-treatment and usage of end products

ATPR plants generate three effluent streams:

• Digested residue and microorganisms,
• Biogas and
• Surplus process water.

Post-treatment of these streams depends on the final usage. Digested residue, which is
used as soil conditioner, has to met guidelines. At many ATPR plants, digested material
is sieved and post-composted; the reasons are four-fold:
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• Separation of unwanted admixtures,
• Hygienization,
• Stabilisation and
• Odour abatement.

Application as landfill top cover requires no post-treatment.

Biogas is used for the generation of heat and/or electrical power, as vehicle fuel or is fed
to a gas grid. Before combustion, its composition has to be analysed in order to assess
emissions as well as technical questions such as corrosion caused by off-gases. The
following purification steps could be necessary:

• Desulfurizing,
• Separation of halogenated hydrocarbons,
• Separation of carbon dioxide,
• Removal of nitrogen,
• Steam condensation and
• Removal of particles.

Because of salt build-up, surplus process water has to be removed, which can amount up
to 0.5 m3 (t feedstock)-1. Purged process water is applied as liquid fertiliser in
agriculture, used for wetting of compost or treated at a wastewater plant. Usually, the
latter alternative is quite expensive. If it is in use, it is striven for a low surplus process
water rate. From this point of view, systems as BRV and VALORGA gain advantage
over BTA-2, WABIO, DEM and BORÅS (table 7). However, even if BRV and
VALORGA are dry fermentation systems, from table 7 it cannot generally be concluded
that dry fermentation leads to less surplus process water.
Table 7 ATPR systems listed in order of increasing surplus process water rate.

ATPR system Fermentation condition Surplus process water
m3 (t waste)-1

BRV dry 0.0
VALORGA dry 0.1
BIOTHANE-AN dry <0.2
VAASA wet 0.2
PAQUES wet <0.3
DRANCO dry 0.3
KOMPOGAS dry <0.5
BTA-2 wet 0.5
WABIO wet 0.5
DEM dry 0.5
BORÅS wet 0.5
H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000
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Table 8 Usage of solid and liquid residues from ATPR.

ATPR system Solids Surplus process water

BORÅS marketing as BORÅSKOMPOST watering of compost
BTA-2 marketing with or without composting delivered as liquid fertiliser
DRANCO marketing as soil conditioner HUMOTEX no details given
DSD/CTA no details given as liquid fertiliser to agriculture
ENROMA marketing of compost no details given
JYSK digestate to agriculture see solids
KOMPOGAS marketing of compost delivery as liquid fertiliser
SEBAC striven for marketing no details given
SOFIELUND digestate to agriculture without post-treatment see solids
SUNDERBYN deposited solids will not be moved to wastewater treatment plant
VALORGA bagging and marketing as soil conditioner for vine

growing
no details given

WABIO (1) liquid digestate as soil conditioner to agriculture
(2) dewatering and composting only if necessary

to wastewater treatment plant

ATPR systems with documented usage of treatment residues are listed in table 8. It is
shown that the established market for solid and liquid residues is very limited. This
could be due to reasons as follows:

• There is no market,
• ATPR plants are not integrated into the regional market,
• Usage of digestate has not a high priority,
• Digestate will be left deposited,
• Because of missing regulations, potential purchasers do not want to apply

residues from ATPR and
• The quality of ATPR residues is not sufficiently good.

4.4   Plant compilation and system classification

Until 1996, VALORGA had four full-scale reference plants in three different countries
with a total annual capacity of 258'000 t. At that time no other company had
implemented as many plants with as much treatment capacity. This illustrates that
ATPR systems are not well established yet, indicating that engineering experiences
might still be too limited for a sound evaluation.

Figure 8 shows a subdivision of ATPR systems with respect to the major distinguishing
characteristics discussed above. Processes operated in the wet mode apply batch and
continuous mixing fermentation reactors, whereas sequential batch and plug flow
reactors are exclusively used for dry processes. 13 ATPR systems have a dry
fermentation layout and 22 ATPR systems are run under wet fermentation conditions.
Obviously, the wet mode is favoured. Especially continuous one-step processes gain
enhanced acceptance.

No more than nine process layouts have more than one AD step. From these, four are
operated as wet : continuous mixing : two-step : mesophilic processes.
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4.5   Outlook

All ATPR systems discussed are capable to degrade putrescible refuse and can achieve
the main goals outlined in the introduction of this chapter to some degree. However, the
deciding factor is, which technical solution fits best into a given waste management
background. The following questions must be answered:

• What is the characteristic of the waste stream entering the ATPR plant?
• What are the characteristics required for the end products?
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The chosen ATPR system should be able to met the criteria of sustainability. Putrescible
refuse has to be rendered harmless as well as end products as biogas and digestate have
to be recirculated to natural cycles (see chapter 1).

Since feedstocks always include mixtures of different materials, most digestates contain
harmful substances to some extent. Metals exceeding toxic levels are of major concern.
They have to be removed, if the digestate is to be used as soil conditioner and so
compost regulations to be met. Otherwise recycling is interrupted and the applied
technique fails.

After pre-processing of the feedstock, the respective elements have to be mobilised. The
contact between waste and mircoorganisms is limited in percolation reactors because of
uneven fluid flow. The wet mode facilitates a much more intensive treatment and
consequently enhances liberation of metals from the structure material.

One-step processes typically cannot remove metals. In contrast, TSAAD processes have
the potential to trap dissolved harmful metals in the methanogenic step (figure 9 and
10). Digestate quality is thereby improved. TSAAD offers additional advantages such as
easier process control, a lower retention time (figure 7) and probably a better degree of
hygienization (confer section 4.2.1).

These basic reflections lead to the conclusion, that wet TSAAD systems might be
superior, if digestate is supposed to be applied as soil conditioner. Such systems are
(figure 8)

• BTA-2,
• BORÅS,
• DSD/CTA and
• PAQUES.
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purified
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MSW methane
production

recirculation
within step 2
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Figure 9 Example of a BIOFILL operated in the TSAAD mode (SUNDERBYN).



Anaerobic Treatment of Putrescible Refuse (ATPR)

34

Respective reference plants with routine operation were implemented, i.e. the technical
feasibility is proven. From the DSD/CTA system only co-treatment experiences with
putrescible refuse, manure and industrial waste are reported. The others are especially
designed for the treatment of putrescible refuse. Figure 10 presents a detailed flow sheet
of the BORÅS system. BTA-2 and PAQUES have fairly similar process layouts.

When digestate recycling as soil conditioner is not the primary goal, final storage is a
further option. Nevertheless, a controlled measure for the treatment of putrescible refuse
has to be found. In this instance BIOFILLS might offer the best solution. Although
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Figure 10 Example of a wet TSAAD plant flow sheet (BORÅS).
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having the lowest conversion rate, BIOFILLS require the lowest expenditures
(somewhat higher than for common landfilling practice), while presenting a reliable
ATPR system. Controlled biogas abstraction is a proven technique. Last but not least,
benefits can be achieved from gas usage. Until today, several landfill test cells operated
with putrescible refuse were run (Lagerkvist & Ecke 1995). A two-step technique,
similar to those described above, was tested successfully at SUNDERBYN (figure 8 and
9 (Lagerkvist 1995)), but only in the 700 m3 scale.

When striving for sustainability, the technical solution illustrated first (BTA-2, BORÅS,
DSD/CTA and PAQUES) might be of prime importance, because carbon and nutrients
are directly recirculated to natural cycles, while toxic elements are rendered harmless.
Nevertheless, highly contaminated feedstocks, malfunction or other disturbances from
regular operation will always generate waste streams that have to be handled by another
measure. BIOFILLS offer a sound technique to treat these organic residual wastes.
Conclusively, a combination of both techniques will provide today's most progressive
solution for the treatment of putrescible refuse. Figure 11 presents a layout for such an
integrated putrescible refuse treatment system.

Digestate as soil conditioner

Surplus process water (if any)

Gas to further usage

Wet TSAAD
plant

BIOFILL

Putrescible
refuse

Metals and carbon
to sediments

Dissolved salts
to the sea

Figure 11 Integrated treatment system for putrescible refuse.
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5   CONCLUSIONS

Many characteristics and interrelationships between different interdependent microbial
cultures forming the anaerobic nutrient chain are well understood. The knowledge can
be applied for both process design and control to make best possible use of anaerobic
treatment of putrescible refuse (ATPR). In this context it is most relevant to consider the
characteristics of the two major degradation stages of anaerobic digestion (AD), viz.
acidogenic degradation and methane formation.

Operation failure can be caused by hydraulic, organic or toxic overloading. It can be
avoided and counteracted by appropriate process layout and control.

The main goals of ATPR are (1) reduction of organic substance, (2) conservation of
nutrients, (3) particle size reduction, (4) improvement of dewatering properties, (5)
odour reduction, (6) hygienization and (7) energy recovery through the formation of
biogas. Thermodynamical principles point to the possibility to control also the flux of
environmentally relevant metals e.g. by two-step anaerobic degradation (TSAAD).

ATPR is not suitable for structure materials such as wood and straw, because lignin is
poorly digestible.

ATPR is a proven treatment option. Today more than 30 commercial ATPR systems are
offered. Their major distinguishing characteristics are (1) water content during
fermentation, (2) reactor type, (3) number of AD steps and (4) operation temperature.

The feedstock quality and the final fate of digestate are the decisive factors for the
choice of an ATPR system. If digestate is to be used as soil conditioner, wet TSAAD
systems are recommended; commercial wet TSAAD systems are BTA-2, BORÅS,
DSD/CTA and PAQUES. Otherwise, treatment in BIOFILLS gains advantage over all
other systems.

Today's most progressive solution for the treatment of putrescible refuse is a
combination of a wet TSAAD plant with a BIOFILL. The latter is used for highly
contaminated feedstocks and for wastes generated by malfunction or other disturbances
from regular TSAAD operation.

Among the important tasks for further research and development are

• The control of environmentally relevant metals and
• The reduction of the specific surplus process water rate.

Emphasis should be put on these aspects to improve digestate quality, cost-effectiveness
and the reliability of ATPR systems.
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6   LIST OF ABBREVIATIONS

A .........Arrhenius constant
AD .........anaerobic digestion

ai .........activity
aq .........aqueous

ADP .........adenosindiphosphate
ATP .........adenosintriphosphate

ATPR .........anaerobic treatment of putrescible refuse
C .........concentration

COD .........chemical oxygen demand
CSTR .........continuous-flow stirred-tank reactor

D .........dilution rate
Eh .........redox potential
E0 .........initial concentration of enzyme
Ka .........equilibrium constant at standard conditions

kcat .........turn over number
Km .........Michaelis constant
KS .........saturation constant

MSW .........municipal solid waste
ni .........stoichiometric constants for the products of a reaction
nj .........stoichiometric constants for the educts of a reaction
p .........pressure
P .........partial pressure

pH .........negative logarithmic proton activity
pε .........negative logarithmic electron activity
R .........gas constant
s .........solid
S .........concentration of substrate

S0 .........initial concentration of substrate
T .........Kelvin temperature
t .........time

TOC .........total organic carbon
TS .........dry solids

TSAAD .........two-step anaerobic degradation
v .........product formation rate
X .........concentration of microorganisms

YX/S .........cell mass yield per amount of substrate consumed

∆G .........free-energy change
∆G' .........free-energy change at pH 7
∆G°' .........free-energy change at modified standard conditions (pH 7)
∆G# .........enzyme-substrate activation energy
∆GS .........free-energy change for substrate conversion

µ .........specific growth rate
µmax .........maximum specific growth rate

θ .........temperature in degree Celsius



Anaerobic Treatment of Putrescible Refuse (ATPR)

38

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

7   REFERENCES

Anderson, G. K., Donnelly, T. & McKeown, K. J. (1982) Identification and control of inhibition in the
anaerobic treatment of industrial wastewaters. Process Biochemistry 17(July/August) 28-32.

Anderson, G. K., Ozturk, I. & Saw, C. B. (1990) Pilot-scale experiences on anaerobic fluidized-bed
treatment of brewery wastes. Wat. Sci. Tech. 22(9) 157-66.

Ash, S. G. (1979) Adhesion of microorganisms in fermentation processes. Adhesion of microorganisms to
surfaces. D. C. Ellwood, J. Melling & P. Rutter. Academic Press, Ltd., London, UK. 57-86.

Aumônier, S. (1997) Life cycle assessment of anaerobic digestion: A literature review. Final Report. IEA
Bioenergy, Energy Recovery from Municipal Solid Waste Task, Anaerobic Digestion Activity.

Austermann-Haun, U. & Seyfried, C. F. (1992) Anaerobic-aerobic wastewater treatment plant of a potato
chips factory. Water Science and Technology 26(9-11) 2065-8.

Baehr, H. D. (1992) Thermodynamik. Springer-Verlag, Berlin.

Bailey, J. E. & Ollis, D. F. (1986) Biochemical engineering fundamentals. McGraw-Hill.

Bates, M., Harris, J. A. & Birch, P. (1992) The effects of heavy metals on methanogenesis - literature
review. research report no. CWM 046/92. Environment & Industry Research Unit, University of East
London.

Bendixen, H. J. (1994) Safeguards against pathogens in Danish biogas plants. Proceedings from: 7th
International Symposium on Anaerobic Digestion, Cape Town, South Africa, 629-38.

Beyer, H. & Walter, W. (1988) Lehrbuch der organischen Chemie. S. Hirzel Verlag, Stuttgart, Germany.

Bogner, J. & Lagerkvist, A. (1997) Organic carbon cycling in landfills: Model for a continuum approach.
Proceedings from: Seventh International Landfill Symposium, CISA, Environmental Sanitary Engineering
Centre, Cagliari, Italy, S. Margherita di Pula, Cagliari, Italy, 45-56.

Brinkman, J., Baltissen, T. & Hamelers, B. (1997) Development of a protocol for assessing and
comparing the quality of aerobic composts and anaerobic digestates. Final Report. IEA Bioenergy,
Energy Recovery from Municipal Solid Waste Task, Anerbobic Digestion Activity.

Brinkmann, J. & Hack, P. F. J. M. The PAQUES anaerobic digestion process: a feasible and flexible
treatment for solid organic waste.

Brock, T. D. & Madigan, M. T. (1991) Biology of Microorganisms. Prentice-Hall International, Inc.,
London, UK.

Buchholz, K. & Kasche, V. (1997) Biokatalysatoren und Enzymtechnologie. VCH, Weinheim, Germany.

Burtscher, C., Fall, P. A., Christ, O., Wilderer, P. A. & Wuertz, S. (1998) Detection and survival of
pathogens during two-stage thermophilic/mesophilic anaerobic treatment of suspended organic waste.
Water Science & Technology 38(12) 123-6.

Cecchi, F., Pavan, P., Mata-Alvarez, J., Bassetti, A. & Cozzolino, C. (1991) Anaerobic digestion of
municipal solid waste: thermophilic vs. mesophilic performance at high solids. Waste Management &
Research 9, 305-15.

Cecchi, F., Pavan, P., Musacco, A., Mata-Alvarez, J. & Vallini, G. (1993) Digesting the organic fraction
of municipal solid waste: moving from mesophilic (37°C) to thermophilic (55°C) conditions. Waste
Management & Research 11, 403-14.

Chen, H. (1995) Anaerobic degradation of carbohydrates in municipal solid waste landfill. Licentiate
Thesis, Luleå University of Technology.

Chynoweth, P. D. & Pullammanappallil, P. (1996) Anaerobic digestion of municipal solid wastes.
Microbiology of solid waste. A. C. Palmisano & M. A. Barlaz. CRC Press, Inc., New York, USA. 71-113.

Colberg, P. J. (1988) Anaerobic microbial degradation of cellulose, lignin, oligolignols, and
monoaromatic lignin derivatives. Biology of anaerobic microorganisms. A. J. B. Zehnder. John Wiley &
Sons, Inc., New York, USA, 333-72.



Anaerobic Treatment of Putrescible Refuse (ATPR)

39

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

Connelly, L. & Koshland, C. P. (1997) Two aspects of consumption: using an exergy-based measure of
degradation to advance the theory and implementation of industrial ecology. Resources, Conservation and
Recycling (19) 199-217.

de Baere, L. A., Devocht, M., van Assche, P. & Verstraete, W. (1984) Influence of high NaCl and NH4Cl
salt levels on methanogenic associations. Water Research 18(5) 543-8.

DeFilippi, L. J. (1994) Bioremediation of hexavalent chromium in water, soil, and slag using sulfate-
reducing bacteria. Remediation of hazardous waste contaminated soils. D. L. Wise & D. J. Trantolo.
Marcel Dekker, Inc., New York, 437-57.

Dolfing, J. (1988) Acetogenesis. Biology of anaerobic microorganisms. A. J. B. Zehnder. John Wiley &
Sons, Inc., New York, USA, 417-68.

Ecke, H. (1997) Anaerobic processes for control of metal fluxes from solid wastes. Licentiate Thesis,
Division of Landfill Science & Technology, Luleå University of Technology, Luleå, Sweden.

Ecke, H. & Lagerkvist, A. (1997) Landfill systems for waste conversion. Proceedings from: Sixth
International Landfill Symposium, CISA, Environmental Sanitary Engineering Centre, Cagliari, Italy, S.
Margherita di Pula, Cagliari, Italy, 281-92.

Ehlinger, F., Gueler, I., Ball, F. X. & Prevot, C. (1992) Treatment of lees vinasses of red wine by
methanogenic fermentation in presence of tannins and sulphides. Water Science and Technology 25(7)
275-84.

Ejlertsson, J., Houwen, F. P. & Svensson, B. H. (1996) Anaerobic degradation of diethyl phthalate and
phthalic acid during incubation of municipal solid waste from a biogas digestor. Swedish Journal of
Agricultural Research 26, 53-9.

Ejlertsson, J., Meyerson, U. & Svensson, B. H. (1996) Anaerobic degradation of phthalic acid esters
during digestion of municipal solid waste under landfilling conditions. Biodegradation 7345-52.

Engeli, H., Edelmann, W., Fuchs, J. & Rottermann, K. (1993) Survival of plant pathogens and weed seeds
during anaerobic digestion. Water Science and Technology 27(2) 69-76.

Eriksson, G. (1979) An algorithm for the computation of aqueous multicomponent, multiphase equilibria.
Analytica Chimica Acta 112, 375-83.

Ghosh, S. (1986) Comparative studies of temperature effects on single-stage and two-phase anaerobic
digestion. Biotechnology and Bioengineering Symposium 17, 365-77.

Ghosh, S. & Conrad, J. R. (1974) Anaerobic processes. Water Pollution Control Federation 46(6) 1145-
61.

Ghosh, S., Conrad, J. R. & Klass, D. L. (1975) Anaerobic acidogenesis of wastewater sludge. Journal
Water Pollution Control Federation 47(1) 30-45.

Ghosh, S. & Klass, D. L. (1978) Two-phase anaerobic digestion. Process Biochemistry 13(4) 15-24.

Gottschalk, G. (1986) Bacterial metabolism. Springer-Verlag, New York, USA.

GTZ (1997) AT information: biogas. http://gate.gtz.de/isat/at_info/biogas/. Eschborn, Germany, Deutsche
Gesellschaft für Technische Zusammenarbeit (GTZ) GmbH.

Gujer, W. & Zehnder, A. J. B. (1983) Conversion processes in anaerobic digestion. Wat. Sci. Tech. 15,
127-67.

Gümpel, P., Kässer, M. & Kreikenbohm, R. (1998) Korrosion durch Mikroorganismen. Spektrum der
Wissenschaft (7) 108-9.

Hägg, G. (1989) Allmän och oorganisk kemi. Almqvist & Wiksell, Uppsala.

Hale, D. D., Jones, W. J. & Rogers, J. E. (1994) Biodegradation of chlorinated homocyclic and
heterocyclic compounds in anaerobic environments. Biological degradation and bioremediation of toxic
chemicals. G. R. Chaudhry. Chapman & Hall, London, UK, 148-68.

Ham, R. K. & Barlaz, M. A. (1989) Measurement and prediction of landfill gas quality and quantity.
Sanitary landfillin: Process, technology and environmental impact. T. H. Christensen, R. Cossu & R.
Stegmann. Academic Press Ltd., London, UK, 155-66.



Anaerobic Treatment of Putrescible Refuse (ATPR)

40

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

Harmssen, H., Holzenkamp, J., Zimmermann, S., Fleckenstein, J., Klemps, R. & Weiland, P. (1997)
Bioabfallvergärung mit optimierter Schwermetallabscheidung - Einfluß einzelner Stufen des NOELL-
FAL-ANAERGIE-Verfahren auf die Mobilität von Schwermetallen. Forschung, Technik und Innovation
(22) 1-5.

Hedrick, D. B., White, T., Guckert, J. B., Jewell, W. J. & White, D. C. (1992) Microbial biomass and
community structure of a phase-separated methanogenic reactor determined by lipid analysis. Journal of
Industrial Microbiology 9, 3-4.

Heitz, E. (1996) Electrochemical and chemical mechanisms. Microbially influenced corrosion of
materials. E. Heitz, H.-C. Flemming & W. Sand. Springer-Verlag, Berlin, Germany, 27-38.

Jager, J. (1988) Verfahrenstechnische Aspekte bei der anaeroben Behandlung fester Abfälle. Müll-
Handbuch. G. Hösel, B. Bilitewski, W. Schenkelet al. Erich Schmidt Verlag GmbH & Co., Berlin,
Germany. 4 Kennzahl 5910.

Jarlsvik, T. (1995) Effekter av spårelementtillsatser vid rötning av vallgröda. M. Sc. Thesis, Luleå
University of Technology.

Karhadkar, P. P., Audic, J.-M., Faup, G. M. & Khanna, P. (1987) Sulfide and sulfate inhibition of
methanogenesis. Wat. Res. 21(9) 1061-6.

Katz, L. A. (1998) Changing perspectives on the origin of eukaryotes. Trends in Ecology and Evolution
13(12) 493-7.

Kayhanian, M. (1995) Biodegradability of the organic fraction of municipal solid waste in a high-solids
anaerobic digester. Waste Management & Research 13, 123-36.

Kunst, S. (1982) Untersuchungen zum anaeroben Abbau polymerer Kohlenhydrate zur Optimierung der
Versäuerungsstufe bei anaeroben Abwasserreinigungsverfahren. Hanover University, Germany.

Lagerkvist, A. (1992) Anaeroba barriärer - en tänkbar strategi för återföring av avfall till naturens
kretslopp. rapport 4051. The Swedish Environmental Protection Agency (SNV).

Lagerkvist, A. (1994) Experiences of two step anaerobic degradation of MSW in laboratory and field
experiences. Proceedings from: Seventeenth International Madison Waste Conference, Department of
Engineering Professional Development, University of Wisconsin-Madison, Madison, Wisconsin, USA,
241-59.

Lagerkvist, A. (1995) Two-step anaerobic degradation - an alternative treatment technique for landfilled
MSW. Doctoral Thesis, Luleå University of Technology, Luleå, Sweden.

Lagerkvist, A., Ed. (1997) Landfill dictionary. ISWA, Copenhagen, DK.

Lagerkvist, A. & Chen, H. (1993) Control of two step anaerobic degradation of municipal solid waste
(MSW) by enzyme addition. Water Science & Technology 27(2) 47-56.

Lagerkvist, A. & Ecke, H. (1995) Database of landfill test cells (Manuscript). IEA Expert Working
Group on Landfill Gas.

Lagerkvist, A. & Ecke, H. (1996) Landfill strategy, test-cells, and the future. Proceedings from: 19th
Annual Landfill Gas Symposium, SWANA, Research Triangle Park, North Carolina, 101-16.

Leighton, I. R. & Forster, C. F. (1998) The effect of heavy metals on a thermophilic methanogenic upflow
sludge blanket reactor. Bioresource Technology 63(2) 131-7.

Lettinga, G., Field, J., van Lier, J., Zeeman, G. & Hulshoff Pol, L. W. (1997) Advanced anaerobic
wastewater treatment in the near future. Wat. Sci. Tech. 35(10) 5-12.

Lundeberg, S., Ecke, H. & Lagerkvist, A. (1998) Biologisk behandling av avfall i Borås. Report No.
4864. The Swedish Environmental Protection Agency (SNV).

Lusk, P. (1996) Personal Communication: Resource Development Associates, 240 Ninth Street, NE,
Washington, DC 20002-6110, USA.

Lusk, P., Wheeler, P. & Rivard, C., Eds. (1996) Deploying anaerobic digesters: Current status and future
possibilities. National Technical Information Service, U.S. Department of Commerce, Springfield, VA,
USA.

Madigan, M. T. & Marrs, B. L. (1997) Extemophiles. Scientific American (April) 66-71.



Anaerobic Treatment of Putrescible Refuse (ATPR)

41

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

Malmqvist, Å., Gunnarsson, L., Welander, T., Nyström, M., Herstad-Svärd, S., Nylén, B. & Dalentoft, E.
(1993) Biological removal of chlorate from kraft bleach plant effluent - A pilot plant study. Nordic Pulp
& Paper Research Journal 8(3) 302-37.

Malmqvist, Å. & Welander, T. (1991) Microbial decomposition of chlorate in bleach effluent.
Proceedings from: Proc. Int. Symp. Environmental Biotechnology, Oostende, Belgium, 103-6.

Malmqvist, Å. & Welander, T. (1992) Anaerobic removal of chlorate from bleach effluents. Wat. Sci.
Tech. 25(7) 237-42.

Märkl, H., Bronnenmeier, R. & Wittek, B. (1987) Hydrodynamische Belastbarkeit von Mirkoorganismen.
Chem.-Ing.-Tech. 59(12) 907-17.

McCarty, P. L. & McKinney, R. E. (1961) Salt toxicity in anaerobic digestion. Journal Water Pollution
Control Federation 33(4) 399-415.

McInerney, M. J. (1988) Anaerobic hydrolysis and fermentation of fats and proteins. Biology of anaerobic
microorganisms. A. J. B. Zehnder. John Wiley & Sons, Inc., New York, USA, 373-415.

Montgomery, L., Assaf-Anid, N., Nies, L., Anid, P. J. & Vogel, T. M. (1994) Anaerobic biodegradation
of chlorinated organic compounds. Biological degradation and bioremediation of toxic chemicals. G. R.
Chaudhry. Chapman & Hall, London, UK, 256-76.

Morris, J. W. & Jewell, W. J. (1981) Organic particulate removal with the anaerobic attached-film
expanded-bed process. Proceedings from: Proceedings of the 36th industrial waste conference, Purdue
University, Butterworth Publishers, Lafayette, Indiana, USA, 621-30.

Mudrack, K. & Kunst, S. (1982) Untersuchungen zum zweistufigen Betrieb von Reaktoren zur anaeroben
Behandlung von Kohlehydraten. Z. Wasser Abwasser Forsch. 15(6) 277-87.

Müsken, J. & Bidlingmaier, W. (1994) Vergärung und Kompostierung von Bioabfällen -
Methodenvergleich. Landesanstalt für Umweltschutz, Karlsruhe, Germany.

Namasivayam, C. & Ranganathan, K. (1998) Effect of organic ligands on the removal of Pb(II), Ni(II)
and Cd(II) by waste Fe(III)/Cr(III) hydroxide. Water Research 32(3) 969-71.

Nopharatana, A., Clarke, W. P., Pullammanappallil, P. C., Silvey, P. & Chynoweth, D. P. (1998)
Evaluation of methanogenic activities during anaerobic digestion of municipal solid waste. Bioresource
Technology 64(3) 169-74.

Ohtake, H. & Silver, S. (1994) Bacterial detoxification of toxic chromate. Biological degradation and
bioremediation of toxic chemicals. G. R. Chaudhry. Chapman & Hall, London, UK, 403-15.

Oremland, R. S. (1988) Biogeochemistry of methanogenic bacteria. Biology of anaerobic
microorganisms. A. J. B. Zehnder. John Wiley & Sons, Inc., New York, USA, 641-705.

Otte, P. F. (1995) Analysis of metals and calorific value in components from household waste, 1988-
1992. 776201024. National Insitute of Public Health and Environmental Protection, Bilthoven, NL.

Parkin, G. F., Speece, R. E., Yang, C. H. J. & Kocher, W. M. (1983) Response of methane fermentation
systems to industrial toxicants. Journal Water Pollution Control Federation 55(1) 44-53.

Pavlostathis, S. G., Beydilli, I., Misra, G., Prytula, M. & Yeh, D. (1997) Anaerobic processes. Water
Environment Research 69(4) 500-21.

Pfennig, N. & Widdel, F. (1982) The bacteria of the sulphur cycle. Philosophical  Transactions of the
Royal Society of London B 298, 433-41.

Polprasert, C. (1996) Organic waste recycling. John Wiley & Sons Ltd., Chichester, UK.

Postgate, J. R. (1984) The sulphate-reducing bacteria. Cambridge University Press, Cambridge.

Revis, N. W., Osborne, T. R. & Hadden, C. T. (1988) Conversion of inorganic ions to metal sulfides by
microorganisms. USA, 4,789,478.

Rijkens, B. A. & Voetberg, J. W. (1984) Two-step anaerobic digestion of solid wastes. Anaerobic
digestion and carbohydrate hydrolysis of waste. G. Ferrero, M. Ferrati & H. Naveau. Elsevier Applied
Science Publishers, London, UK, 479-81.

Robinson, K. G., Ganesh, R. & Reed, G. D. (1998) Impact of organic ligands on uranium removal during
anaerobic biological treatment. Wat. Sci. Tech. 37(8) 73-80.



Anaerobic Treatment of Putrescible Refuse (ATPR)

42

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

Rogalski, W. & Charlton, J., Eds. (1995) Status and trends for biological treatment of organic waste in
Europe. ISWA-Austria, Vienna, Austria.

RReDC (1997) Characterization of municipal solid waste in the United States 1995 Update.
http://rredc.nrel.gov/biomass/epa/msw95/. Renewable Resource Data Center (RReCD).

Sayed, S. K. I., van der Spoel, H. & Truijen, G. J. P. (1993) Complete treatment of slaughterhouse
wastewater combined with sludge stabilization using two stage high rate UASB process. Water Science
and Technology 27(9) 83-90.

Scherer, P. A. (1989) Biogastechnik - Grundlagen und Besonderheiten der anaeroben Prozeßführung.
Biogas - Anaerobtechnik in der Abfallwirtschaft. K. J. Thomé-Kozmiensky. EF-Verlag für Energie- und
Umweltschutz GmbH, Berlin, Germany. 49-84.

Schink, B. (1988) Principles and limits of anaerobic degradation: Environmental and technological
aspects. Biology of anaerobic microorganisms. A. J. B. Zehnder. John Wiley & Sons, Inc., New York,
USA, 771-846.

Schlegel, H. G. & Schmidt, K. (1985) Allgemeine Mikrobiologie. Georg Thieme Verlag, Stuttgart.

Schön, M. (1994) Verfahren zur Vergärung organischer Rückstände in der Abfallwirtschaft.
Abfallwirtschaft in Forschung und Praxis. 66, Erich Schmidt Verlag GmbH & Co., Berlin, Germany.

Siegrist, H., Renggli, D. & Gujer, W. (1993) Mathematical modelling of anaerobic mesophilic sewage
sludge treatment. Water Science and Technology 27(2) 25-36.

Snoeyink, V. L. & Jenkins, D. (1980) Water chemistry. John Wiley & Sons, Inc.

Sprott, G. D. & Patel, G. B. (1986) Ammonia toxicity in pure cultures of methanogenic bacteria. System.
Appl. Microbiol. 7358-63.

Stevens, T. G. & van den Berg, L. (1981) Anaerobic treatment of food processing wastes using a fixed-
film reactor. Proceedings from: Proceedings of the 36th industrial waste conference, Purdue University,
Butterworth Publishers, Lafayette, Indiana, USA, 224-32.

Stumm, W. & Morgan, J. J. (1981) Aquatic Chemistry. John Wiley & Sons, Inc., New York.

Switzenbaum, M. S. & Danskin, S. C. (1981) Anaerobic expanded bed treatment of whey. Proceedings
from: Proceedings of the 36th industrial waste conference, Purdue University, Butterworth Publishers,
Lafayette, Indiana, USA, 414-24.

Symons, G. E. & Buswell, A. M. (1933) The methane fermentation of carbohydrates. J. Am. Chem. Soc.
55, 2028-9.

Tchobanoglous, G. & Burton, F. L. (1991) Wastewater engineering - treatment, disposal, and reuse.
McGraw-Hill, Inc.

Thauer, R. K., Kurt, J. & Karl, D. (1977) Energy Conservation in Chemotrophic Anaerobic Bacteria.
Bacteriological Reviews.

Theis, T. L. & Hayes, T. D. (1978) Chemistry of heavy metals in anaerobic digestion. Chemistry of
wastewater technology. A. J. Rubin. Ann Arbor Science, Michigan, USA. 403-19.

Tiedje, J. M. (1988) Ecology of denitrification and dissimilatory nitrate reduction to ammonium. Biology
of anaerobic microorganisms. A. J. B. Zehnder. John Wiley & Sons, Inc., New York, USA, 179-244.

Trainer, T. (1995) The conserver society. Zed Books Ltd., London, UK.

van Ginkel, C. G., Plugge, C. M. & Stroo, C. A. (1995) Reduction of chlorate with various energy
substrates and inocula under anaerobic conditions. Chemosphere 31(9) 4057-66.

van Lier, J. B., Rebac, S. & Lettinga, G. (1997) High-rate anaerobic wastewater treatment under
psychrophilic and thermophilic conditions. Wat. Sci. Tech. 35(10) 199-206.

Vogels, G. D., Keltjens, J. T. & Drift, C. v. d. (1988) Biochemistry of methane production. Biology of
anaerobic microorganisms. A. J. B. Zehnder. John Wiley & Sons, Inc., New York, USA, 707-70.

Weiland, P. (1993) One- and two-step anaerobic digestion of solid agroindustrial residues. Water Science
and Technology 27(2) 145-51.

Welander, T. (1989) Anaerobic treatment of CTMP effluent. Doctoral Thesis, Lund University.



Anaerobic Treatment of Putrescible Refuse (ATPR)

43

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

Widdel, F. (1988) Microbiology and ecology of sulfate- and sulfur-reducing bacteria. Biology of
anaerobic microorganisms. A. J. B. Zehnder. John Wiley & Sons, Inc., New York, USA. 469-585.

Wiemann, M., Schenk, H. & Hegemann, W. (1998) Anaerobic treatment of tannery wastewater with
simultaneous sulphide elimination. Water Research 32(3) 774-80.

Zehnder, A. J. B. & Stumm, W. (1988) Geochemistry and biogeochemistry of anaerobic habitats. Biology
of anaerobic microorganisms. A. J. B. Zehnder. John Wiley & Sons, Inc., New York, USA, 1-38.

Zoutberg, G. R. & de Been, P. (1997) The Biobed® EGSB (Expanded Granular Sludge Bed) system
covers shortcomings of the upflow anaerobic sludge blanket reactor in the chemical industry. Wat. Sci.
Tech. 35(10) 183-8.



Anaerobic Treatment of Putrescible Refuse (ATPR)

44

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

APPENDIX 1

REFERENCE LIST - ATPR SYSTEMS

Anonymous Biogasanläggningen i Laholm - Ett miljö-energiprojekt company booklet, Laholm Biogas
AB, Laholm, Sweden.

Anonymous (1995) BIOCEL process aims to be affordable alternative Company Booklet, Heidemij
Realisatie BV, Arnhem, The Netherlands.

Anonymous (1995) Effective technologies for the treatment of industrial waste water company booklet,
Paques Solid Waste Systems b.v., Balk, NL.

Anonymous (1995) The PAQUES' method for anaerobic treatment of waste materials company booklet,
Paques Solid Waste Systems b.v., Balk, NL.

Anonymous (1995) Processing of organic waste in a responsible, safe way - anaerobic digestion: a solid
solution company booklet, Paques Solid Waste Systems b.v., Balk, NL.

Anonymous (1995) Reference list - PAQUES Solid Waste Systems B.V. in overview company booklet,
Paques Solid Waste Systems b.v., Balk, NL.

Anonymous (1995) Wenn sich ihre Früchtchen auf die faule Haut legen ... company booklet, Paques
Solid Waste Systems b.v., Balk, NL.

Anonymous (1995) Zweistufige Bioabfallvergärungsanlage für Nürnberg. Müll und Abfall. (3), 206-7.

Anonymous (1996) Anaerobic co-digestion plant for rest-waste in Bassum, Germany. The Orcazette. 4
(3), 3-4.

Anonymous (1997) Reference list - Müll- und Abfalltechnik GmbH company booklet, Müll- und
Abfalltechnik GmbH, Stuttgart, Germany.

Anonymous (1997) Zwei Naßvergärungen nach der BTA-Technologie in Karlsruhe und im Landkreis
München. Müll und Abfall. (1), 51.

Bidlingmaier, W. (1996) Das IMK-Verfahren. URL: http://www.waste.uni-essen.de/ABFALL/FORSCH/
IMK.HTM,

Brinkmann, J. & Hack, P. F. J. M. (1995) The PAQUES anaerobic digestion process: a feasible and
flexible treatment for solid organic waste from: Biological Waste Management - "A wasted chance?",
Bochum, Germany,

Chynoweth, D. P. & LeGrand, R. (1993) Apparatus and method for sequential batch anaerobic
composting of high-solids organic feedstocks USA, patent no. 5,269,634.

de Jong, H. B. A., Koopmans, W. F., van der Knijff, A. & Jumelet, H. J. (1994) Conversion techniques
for VGF-biowaste - developments in 1992 ISBN 90-74718-03-5, Energy Recovery from Waste and
Biomass (EWAB).

Denecke, M., Steffen, H. & Grootehorst, A. (1995) Principles of solid waste fermentation: processing,
fermentation process and final treatment from: Biological Waste Management - "A wasted chance?",
Bochum, Germany.

Edelmann, W. & Engeli, H. (1994) Vergärung von festen biogenen Abfällen. Müllhandbuch, Kennzahl
5920, Lieferung 1/94. Erich Schmidt Verlag, Berlin.

Edström, M. (1995) Biogas och växtnäring i stad/land baserat kretslopp 2:1995, The Swedish Institute of
Agricultural Engineering (JTI).

Karlsson, H., Lagerkvist, A., Meijer, J.-E. & Nilsson, P. (1993) Optimized biogas generation from landfill
cells from: ISWA, Jönköping.

Kurrle, J. H. (1991) Vergärung von Abfall Studienreihe ABFALL NOW, 9, ABFALL NOW e.V.,
Stuttgart.

Lagerkvist, A. (1991) Two step degradation - an alternative management technique from: Third
International Landfill Symposium, S. Magherita di Pula, Cagliari, Italy, CISA, Environmental Sanitary
Engineering Centre, Cagliari, Italy, 277-83.



Anaerobic Treatment of Putrescible Refuse (ATPR)

45

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

Lagerkvist, A. (1994) Experiences of two step anaerobic degradation of MSW in laboratory and field
experiences from: Seventeenth International Madison Waste Conference, Madison, Wisconsin, USA,
Department of Engineering Professional Development, University of Wisconsin-Madison, 241-59.

Lagerkvist, A. (1995) Two-step anaerobic degradation - an alternative treatment technique for landfilled
MSW Doctoral Thesis, Luleå University of Technology.

Lindboe, H. H., Gregersen, K. H., Tafdrup, S., Jacobsen, O. G. & Christensen, J. (1995) Progress report
on the economy of centralized biogas plants The Biomass Section of the Danish Energy Agency.

Lusk, P., Wheeler, P. & Rivard, C. (1996) Deploying anaerobic digesters: Current status and future
possibilities National Technical Information Service, U.S. Department of Commerce, Springfield, VA,
USA.

Müsken, J. & Bidlingmaier, W. (1994) Vergärung und Kompostierung von Bioabfällen -
Methodenvergleich Landesanstalt für Umweltschutz, Karlsruhe, Germany.

Pfeffer, J. T. (1987) Evaluation of the RefCoM proof-of-concept experiment from: Energy from biomass
and wastes X, Ed. D. L. Klass. Elsevier Applied Science Publishers, London, 1149-71.

Pfirter, A., Kull, T. & Egger, M. (1996) Abfallvergärung - eine Technologie der Zukunft URL U.
http:/www.probag.ch/abfall.htm.

Rettich, S. (1989) Biogas und Kompost aus Küchen- und Gartenabfällen - Pilotversuch in Rottweil from:
Biogas - Anaerobtechnik in der Abfallwirtschaft, Ed. K. J. Thomé-Kozmiensky. EF-Verlag für Energie-
und Umweltschutz GmbH, Berlin, Germany, 287-93.

Rettich, S., Eberhardt, H., Jourdan, B. & Konstandt, H. G. (1986) Entwicklung eines Müll-Entsorgungs-
Konzeptes für die Region Schwarzwald-Baar-Heuberg BMFT-FB-final report, Pilotprojekt
Müllvergärung Region Schwarzwald-Baar-Heuberg GmbH.

Rogalski, W. & Charlton, J. (1995) Status and trends for biological treatment of organic waste in Europe
ISWA-Austria, Vienna, Austria.

Schulz, W. (1989) Anaerobe Vergärung von Klärschlamm und organischem Haushaltsabfall -
Pilotprojekt Hildesheim from: Biogas - Anaerobtechnik in der Abfallwirtschaft, Ed. K. J. Thomé-
Kozmiensky. EF-Verlag für Energie- und Umweltschutz GmbH, Berlin, Germany, 327-34.

Schön, M. (1994) Verfahren zur Vergärung organischer Rückstände in der Abfallwirtschaft
Abfallwirtschaft in Forschung und Praxis, 66, Erich Schmidt Verlag GmbH & Co., Berlin, Germany.

Six, W., Kaendler, C. & De Baere, L. (1995) The Salzburg plant: a case study for the biomethanisation of
biowaste from: Biological Waste Management - "A wasted chance?", Bochum, Germany.

Stegmann, R., Rilling, N. & Arndt, M. (1995) Full scale development of one-stage anaerobic fermentation
processes, operating at high total solids content - The ATF-process. URL: http://www.tu-
harburg.de/aws/atf.html.

Stegmann, R., Rilling, N., Fischer, T. & Arndt, M. (1995) Anaerobe Behandlung von Bioabfall mit hohem
Feststoffanteil from: Biological Waste Management - "A wasted chance?", Bochum, Germany.

Sverud, T. (1992) Europeiske biogassanlegg - Teknikkutvikling NLVF Energiforskningen.

Tebaay, R. H. (1995) IMC-process: integrated methanation and composting of biological waste from:
Biological Waste Management - "A wasted chance?", Bochum, Germany.

Wannholt, L. (1994) Biologisk avfallsbehandling i Europa - En översikt RVF-rapport 1994:5, Svenska
Renhållningsverks-Föreningen (RVF).

Weißenfels, W. D. (1995) Realization of a full-scale plant for the methanization of biowastes at the site of
Bottrop from: Biological Waste Management - "A wasted chance?", Bochum, Germany.

Wild, M. (1989) Anaerobe Vergärung von Naßmüll in der BTA-Anlage in Garching from: Biogas -
Anaerobtechnik in der Abfallwirtschaft, Ed. K. J. Thomé-Kozmiensky. EF-Verlag für Energie- und
Umweltschutz GmbH, Berlin, Germany, 303-16.



Anaerobic Treatment of Putrescible Refuse (ATPR)

46

H. Ecke & A. Lagerkvist, Div. of Waste Science & Technology, LTU, 2000

APPENDIX 2

SOLGASWATER DATA INPUT FILE

SYSTEM: e-, H+, H2CO3, HS-, Pb2+
 5   1   9  40
e- 0 1 0 0 0 0
H+ 0 0 1 0 0 0
H2CO3(aq) 0 0 0 1 0 0
HS- 0 0 0 0 1 0
Pb2+ 0 0 0 0 0 1
Pb4+ -57.27 -2 0 0 0 1
O2(aq) -86.03 -4 -4 0 0 0
PbOH+ -7.7 0 -1 0 0 1
Pb(OH)2aq -17.1 0 -2 0 0 1
Pb(OH)3- -28.1 0 -3 0 0 1
Pb2OH3+ -6.4 0 -1 0 0 2
Pb3(OH)42+ -23.9 0 -4 0 0 3
Pb4(OH)44+ -20.9 0 -4 0 0 4
Pb6(OH)84+ -43.6 0 -8 0 0 6
CO32- -16.681 0 -2 1 0 0
HCO3- -6.352 0 -1 1 0 0
Pb(CO3)22- -25.16 0 -4 2 0 1
S2- -13.9 0 -1 0 1 0
H2S(aq) 7.02 0 1 0 1 0
S22- -10.06 -2 -2 0 2 0
S32- -6.54 -4 -3 0 3 0
S42- -3.34 -6 -4 0 4 0
HS4- 2.96 -6 -3 0 4 0
H2S4(aq) 6.76 -6 -2 0 4 0
S52- -0.45 -8 -5 0 5 0
HS5- 5.25 -8 -4 0 5 0
H2S5(aq) 8.75 -8 -3 0 5 0
SO32- -48.4 -6 -7 0 1 0
HSO3- -41.22 -6 -6 0 1 0
H2SO3(aq) -39.31 -6 -5 0 1 0
SO42- -68.12 -8 -9 0 1 0
HSO4- -66.13 -8 -8 0 1 0
PbSO4(aq) -65.37 -8 -9 0 1 1
Pb(SO4)22- -134.25 -16 -18 0 2 1
S2O32- -27.01 -8 -8 0 2 0
HS2O3- -25.41 -8 -7 0 2 0
PbS2O3(aq) -24.59 -8 -8 0 2 1
Pb(S2O3)22 -49.16 -16 -16 0 4 1
Pb(S2O3)34 -74.83 -24 -24 0 6 1
Pb(S2O3)46 -101.84 -32 -32 0 8 1
Pb -4.26 2 0 0 0 1
S 2.21 -2 -1 0 1 0
Pb(OH)2 -13.63 0 -2 0 0 1
Pb3O4 -70.81 -2 -8 0 0 3
PbO2 -49.01 -2 -4 0 0 1
PbS 13.6 0 -1 0 1 1
PbSO4 -60.33 -8 -9 0 1 1
PbCO3 -3.55 0 -2 1 0 1
Hydrocerr* -14.56 0 -6 2 0 3
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 - Appendix 2 continued -

1   2   3   4   5
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