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Abstract The IWA specialised group on anaerobic digestion (AD) is one of the oldest working groups of 
the former IAWQ organisation. Despite the fact that anaerobic technology dates back more than 1 O0 years, 
the technology is still under development, adapting novel treatment systems to the modern requirements. In 
fact, most advances were achieved during the last three decades, when high-rate reactor systems were 
developed and a profound insight was obtained in the microbiology of the anaerobic communities. This 
insight led to a better understanding of anaerobic treatment and, subsequently, to a broader application 
potential. 

The present "state-of-the-art" paper, which has been written by members of the AD management 
committee, reflects the latest achievements and sets future lines for further development. 
Keywords Anaerobic; digestion; high-rate reactors; sludge bed: solid waste: wastewater treatment 

Introduction 
Anaerobic Digestion (AD) can be considered as one of the oldest technologies for stabilis- 
ing waste(water)s. AD has been applied since the end of the 19th century, mainly for the 
treatment of household waste(water)s in septic tanks, treatment of slurries in digesters and 
for the treatment of sewage sludge in municipal treatment plants. 

The request for more cost-effective treatment systems for the growing food industry, 
combined with the occurrence of an intemational oil crisis, was the driving force that stim- 
ulated the most important research achievements of the seventies in the field of AD. 
Particularly the introduction of the modern 'high-rate' reactors, in which hydraulic reten- 
tion times (HRT) are uncoupled from the solids retention time (SRT), led to a world-wide 
acceptance of the anaerobic technology as a cost-effective alternative for conventional 
wastewater treatment systems. From the various systems which have been developed, the 
upflow anaerobic sludge blanket (UASB) reactors and/or related systems are mostly 
applied. One of the major features of the latter reactor concept is the spontaneous formation 
of granular conglomerates of the anaerobic organisms, leading to anaerobic sludge with an 
extremely low sludge volume index (SVI) and optimal settling properties. 

Since the late seventies, anaerobic digestion has experienced an outstanding growth in 
research and full-scale application, particularly for the treatment of industrial effluents 
(Totzke, 1999) and to a lesser extent of municipal wastewater (mainly in tropical countries) 
(Hulshoff Pol et al, 1997). Besides, a large number of large scale biogas plants have been 
established especially in Northem Europe which combine waste from agriculture, industry 
and households and produce both biogas and a liquid fertiliser which is re-circulated back 
on farmland. Several European cities have implemented a source-separation of household 
waste in two fractions; a green fraction containing food residues and in some cases garden 
waste and a rest-fraction containing; all the material of non-biological nature. Anaerobic 
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digestion is an obvious method for treatment of the green fraction and has several advan- 
tages compared to aerobic composting such as a net energy production and the conserva- 
tion of ammonia in the digested material. The number of plants for the treatment of green 
waste is slowly increasing throughout Europe but composting is still the major choice and 
until now has been more successful on this market. Nonetheless, the present energy conser- 
vation policies as well as the strong demand for the reduction of atmospheric CO, emis- 
sions are in favour of the further development of advanced AD techniques. 

In the following pages, the latest advances in anaerobic processes and related technolo- 
gies will be briefly reviewed, and future developments will be discussed. 
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The methanogenic process is generally limited by the rate of hydrolysis of suspended mat- 
ter and organic solids. This is of particular importance during the anaerobic treatment of 
solid wastes, slurries and manure, and wastewaters with a high concentration of suspended 
solids (SS), such as domestic sewage. By means of efficient pre-treatment the suspended 
substrate can be made better accessible for the anaerobic bacteria, optimising the 
methanogenic potential of the waste to be treated. The objective is to accelerate the diges- 
tion of solid waste and slurries such as sewage sludge, to raise the degree of degradation and 
thus to decrease the amount of sludge to be disposed. 

Low biogas yield from excess activated sludge is caused by the low biodegradability of 
the cell walls and extracellular biopolymers formed in activated sludge. The enhancement 
of the biodegradability of particular substrate is mainly based on a better accessibility of the 
substrate for enzymes. There are several ways how this can be accomplished. 

Mechanical methods - the disintegration and grinding of solid particles present in 
sludge: releases cell compounds and creates new surface where biodegradation take 
place (Eastman and Ferguson, 1981; Dohányos M and Zábranská J, 1991; Baier and 
Schmidheiny, 1997; Dohányos et al., 1997; Kopp et al, 1997); 
Ultrasonic disintegration: (Tiehm et al., 1997) 
Chemical methods: the destruction of complex organic compounds by means of strong 
mineral acids or alkalis (Mukherjee and Levine 1992); 
Thermal pretreatment: thermal hydrolysis is able to split and decompose a significant 
part of the sludge solid fraction into soluble and less complex molecules (McCarty et al. 
1976; Haug et al. 1983); 
Enzymatic and microbial pre-treatment: a very promising method for the future for 
some specific substrates (e.g. cellulose, lignin etc.) (Knapp andHowell 1978; Hakulinen 
1988; Lagerkvist and Chen 1993); 
Stimulation of anaerobic micro-organisms: some organic compounds (e.g. amino acids, 
cofactors, cell content) act as a stimulating agent in bacteria growth and methane pro- 
duction (Gossett andBelser 1982). 
Most of the above methods occur at the pre-methanation step and result in a better sup- 

ply of methanogenic bacteria by suitable substrates. The exact composition of the substrate 
(solid waste, slurries) is of major importance for the selection of the most appropriate pre- 
treatment method. 

Mechanical disintegration is a very promising method for various types of waste streams 
since it immediately accelerates the methanation step. This method creates new surface and 
releases cell compounds. The released content of bacteria cells into the bulk liquid after the 
destruction of cell walls has beenknown as cell lysate. Cell lysate represents not only better 
accessible and degradable organic compounds, but also contains enzymes, enzyme frac- 
tions and Co-factors with still present remaining activity. Cell lysate can accelerate degra- 
dation reactions and consequently saves energy for biosynthesis. The presence of cell 2 



lysate in sludges that have to be digested supports anaerobic bacteria growth and methane 
production. Thus far, various types of mechanical disintegration methods were developed 
and tested, such as ball mills (Baier and Schmidheiny, 1997; Kopp et al., 1997), high-pres- 
sure homogenisers (Kopp et al., 1997) and ultrasonic disintegration (Tiehm et al., 1997). 
The main problems of the application of the mechanical pre-treatment into a full-scale 
methane fermentation are the costs of the cell disruption and the quality of the lysate pro- 
duced. For a full-scale application a new method of cell disintegration by means of a lysis- 
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thickening centrifuge was developed (Dohányos et al., 1997). The objective of this method 
is a partial destruction of excess activated sludge cells during the thickening. A benefit of 
the procedure is that the cell destruction proceeds after the thickening in the thickened 

lysate present (4 -10% related to incoming solids) is enough to cause a significant stimula- 
tion of the methane fermentation process. 

Pilot scale research at the Prague Central Wastewater Treatment Plant demonstrated the 
advantages of activated sludge disintegration, which are: (i) the improvement of the anaer- 
obic biodegradability, (ii) the acceleration of the degradation process, (iii) the increment of 
methane production, (iv) reduction of the amount of digested sludge, and (v) the improve- 
ment of the process energy balance. The improvement of methane yield from thickened 
activated sludge was on average 11.5-3 1.3% dependent on the sludge quality (Dohányos et 
al., 1997; Kopp etal., 1997; Tiehm etal., 1997). 

sludge flow only, which avoids additional water loads. A relatively small amount of the 

Optimization of sludge bed systems 
The loading potentials of anaerobic reactors for wastewater treatment are determined by (i) 
the wastewater characteristics, (ii) the amount of viable biomass which can be retained by 
the system, and, (iii) the degree of mixing between the methanogenic sludge and the waste- 
water. 

In the last decades the system-specific parameters of UASB reactors were modified to 
increase the loading potentials and/or to widen the applicability of anaerobic reactor sys- 
tems for various types of wastewater. For a series of wastewaters, the conventional UASB 
reactors concept showed severe limitations mainly owing to problems related to mass 
transfer resistance and/or the appearance of concentration gradients inside the system. In 
case the biogas production rate drops, e.g. for low-strength and cold wastewaters, the 
degree of mixing must be brought about hydraulically to ensure the required mass transfer 
(Rebac et al., 1999). Furthermore, the appearance of concentration gradients limits the 
treatment of protein rich wastewaters, and wastewaters containing long chain fatty acids 
(LCFA) (Rinzema et al., 1989), or biodegradable toxic compounds, such as formaldehyde 
(Zoutberg and De Been, 1997). The latter type of waste waters can only be treated anaerobi- 
cally at a high loading rate, when the incoming influent is sufficiently diluted, i.e. when the 
reactor content is well mixed (see also below). 

Application of a fluidized bed (FB) reactor in principle overcomes mass transfer limita- 
tions but these systems are difficult to manage because of problems of biofilm stability, due 
to shear stresses or to bed segregation from the inert support material. Moreover, in order to 
obtain complete fluidization, the energy requirement of FB reactors is relatively high. By 
making use of the high settleability of the methanogenic sludge granules (40-60 mh-l), 
expanded granular sludge bed (EGSB) systems were developed, which are operated at 
upflow velocities exceeding 8 mh-l, brought about by an increased height-diameter ratio 
and an external recirculation pump. In contrast to the conventional UASB reactor, the 
EGSB systems are not equipped with an internal settler but with an advanced (gas-)liquid- 
solids separation device. Such device may consist of screens (Rebac et al., 1998) or a mod- 
ified internal lamella separator (Zoutberg and Eker, 1999). The internal circulation (IC) 3 



reactor is an expanded bed system based on the gas lift concept. The reactor is equipped 
with two gas-solids separator, of which one is placed halfway along the reactor and the sec- 
ond is placed at the top. The gas-water mixture collected halfway is transported to the top 
where the liquid is degassed. Hereafter, the liquid is guided to the bottom of the reactor 
where it is mixed with the influent. The height of the increased upflow depends on the bio- 

partment below the first solids separator (Driessen etal., 1996; Yspeert et al., 1993). 
The main features of the EGSB and IC reactors are: (i) high design organic loading rates: 

20-40 kg . m-3 . day-'; (ii) very small surface area; (iii) tall reactor systems: h = 12-20 m; 
(iv) high upflow velocity: 8-30 m - h-l. 

- gas production rate and may reach values of 25-30 rdh, creating a completely mixed com- 
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So far, expanded sludge bed reactors are profitably used for: 
cold wastewaters (e 20°C) (Rebac et al., 1999) 
dilute wastewaters (c 1 g COD a1-l) (Kato et al., 1997) 
chemical wastewaters containing toxic degradable compounds (e.g. formaldehyde) 
(Zoutberg and De Been, 1997) 
wastewaters leading to foaming problems in UASB systems (fats, lipids, proteins) 
effluents containing fats and long chain fatty acids (LCFA). Fatty effluents generally 
lead to (sludge bed) clogging problems in UASB reactor (Rinzema et al., 1989; Rinzema 
etal., 1993). 
The above types of wastewaters generally lead to operational problems when UASB 

reactors are applied. 
Satisfactory operation of sludge bed reactors may also be limited by inadequate reten- 

tion of viable biomass. This is particularly the case during the treatment of specific types of 
wastewaters, i.e., when the system is not able to cultivate granular sludge. Examples are 
wastewaters with a high concentration of suspended solids (SS), such as alcohol distillery 
wastewater and domestic sewage (see also below). In such cases hybrid reactor systems 
might be more advantageous. In addition, also in granular sludge bed reactors, problems 
with biomass retention may occur (Alphenaar, 1994), resulting from (i) granule disintegra- 
tion, (ii) wash-out of hollow granules, (iii) occurrence of fluffy granules, (iv) scaling by 
inorganic precipitates (van Langer& et al., 1998), etc. Modifications in the process layout 
and/or instalment of appropriate post treatment systems will generally result in the 
improvement of the granular sludge bed. 

Novel reactor systems: membrane bioreactors 
Efficient liquid-solids separation is the basis of any anaerobic high-rate reactor system for 
wastewater treatment. Solids separation may be improved distinctly by the combination 
of a digester with a membrane process, where the separated solids (biological and non- 
biological) are continuously recycled. The sludge retention time can be easily adjusted 
through the amount of waste sludge withdrawal, and is highly dependent on the amount of 
inert solids loaded to the reactor. With a low inert solid loading, these systems can be oper- 
ated even at approximately infinite SRT, thus allowing them to reach very low effluent sub- 
strate concentrations. In addition, allowing the growth of slow-growing micro-organisms, 
this reactor concept could be particularly suited for the treatment of recalcitrant com- 
pounds. However, one of the big drawbacks of the high pressure physical separation device 
is the disruption of the microbial conglomerates needed for the efficient conversion of com- 
plex organic matter (Brockmann and Seyfried, 1997). The latter study shows higher load- 
ing rates and better removal efficiencies with UASB reactors compared to the anaerobic 
membrane bio-reactors. Nonetheless, considering their potential, anaerobic membrane 
bio-reactors may be very beneficial for specific applications, e.g. when biomass granula- 
tion proceeds with great difficulty. Also with respect to slurry digestion where a solids liq- 4 



uid separation step is needed after digestion, membrane bio-reactors show interesting per- 
spectives. Another application is the treatment of wastewaters with high concentrations of 
suspended solids (Nagano et al., 1992). Successful industrial feasibility studies were per- 
formed in Japan and South Africa. Results show good fluxes with membrane systems, well 
optimised for duration, robustness and resistance to fouling. Future enhancements can be 
expected from the extension to anaerobic treatment of in-reactor membrane systems devel- 
oped for aerobic MBRs. These systems (like Zenon or Kubota) make use of flat microfiltra- 
tion membranes placed inside the bio-reactor, through which effluent is withdrawn by 
extraction pumps or by the hydraulic pressure. In the aerobic Set-up, the membrane surface 
is continuously cleaned by intense air bubbling. In an anaerobic configuration, the air could 
be substituted by biogas recycling. The advantage of this configuration can be the lower 
energy need. The drawback for an anaerobic reactor could be the difficulty of maintaining 
the membranes, which can be subjected to fouling and scaling with e.g. typical precipitates 
such as calcium carbonate. 

Extreme conditions 
During the last decades numerous studies explored the potential of anaerobic treatment 
under extreme conditions, such as low and high temperatures, low and high pH values, 
saline conditions andor the presence of toxic compounds. 

Temperature 

Anaerobic reactors are normally operated at mesophilic (30 to 40°C) or at moderate ther- 
mophilic ( 50 to 60°C) temperatures in accordance with the optimal temperature range for 
the groups of anaerobic microorganisms performing the whole digestion process (Ahring 
1994, 1995, Van Lier, 1996). However, recent research has demonstrated that anaerobic 
digestion is possible at temperatures up to 80°C (Lepistö and Rintala, 1996). Even though 
methanogenic conversion can occur at very high temperatures, a temperature of 50-60°C is 
generally more applicable for thermophilic treatment as higher temperatures can result in 
instability of the treatment process (Van Lier et al., 1993). At 50-60°C anaerobic digestion 
will be just as stable and well performing as found for mesophilic digestion. With regard to 
manure digestion, ammonia concentrations higher than 4 g-l-l, may limit the thermophilic 
anaerobic treatability, owing to toxicity problems (Angelidaki and Ahring 1993, Ahring 
1994, Zeeman et al., 1985). Slurries and wastes with a high concentration of ammonia such 
as swine manure can still be digested with a stable but low gas yield. However, it will be 
possible to increase this yield using different additions and operation schemes (Hansen et 
al., 1999) and allowing sufficient adaptation time for the anaerobic biomass (Zeeman et d., 
1985). Experiments with thermophilic digestion did, however, often lead to poorer per- 
formance than that found in mesophilic digestion. It is obvious that under thermophilic 
conditions the concentration of free NH, is somewhat higher than under mesophilic condi- 
tions and, therefore, toxicity problems could be more pronounced. On the other hand, many 
of these literature experiments were done with unstable reactors without a stable population 
of thermophilic microorganisms. The need for an active, acclimatised, thermophilic inocu- 
lum, or for a controlled start-up strategy if no or only limited amount of inoculum is avail- 
able, has now been fully accepted (Ahring 1994) and has resulted in a faster and more 
reliable performance of thermophilic reactors. Increasing the temperature to more than 
60°C will often lead to an increased concentration of volatile fatty acids in the effluent espe- 
cially when treating manure or solid waste in completely mixed tank reactors. Despite a 
high hydrolytic activity at higher temperatures, the activity of other groups of bacteria such 
as the propionate and acetate degrading bacteria has been shown to decrease when the tem- 
perature increases to more than 60°C. Therefore, higher temperatures are more applicable 5 



for immobilized systems, where the lower rate of specific groups of bacteria can be circum- 
vented by a higher bacterial number (Angelidaki and Ahring 1993, Ahring 1994,1995, Van 
Lier 1996, Van Lier et al,, 1996). Temperature strongly affects the activity of microorgan- 
isms and, therefore, the bioconversion rate of anaerobic organisms. Therefore, a smaller 
reactor volume will be sufficient at thermophilic temperatures compared to mesophilic 
conditions. Comparative results between thermophilic and mesophilic sewage sludge 
digesters showed a considerably lower solids residence time (SRT) at high temperatures 
(Wiegant, 1986). Another major advantage of thermophilic treatment is a much higher 
reduction of pathogens compared to mesophilic digestion (Buhr and Andrews, 1977). 
Inactivation in the thermophilic biogas process will be of importance for both agricultural 
pests and parasites and the effect of thermophilic anaerobic treatment will be of greater 
magnitude than can be expected from the increased temperature alone (Lund et al 1996). 
When using common large-scale biogas plants for treatment of waste from several farms or 
from households and some industries, a proper sanitation of the organic waste is of major 
importance for the reuse of the digested material as a fertilizer on agricultural land (Aitken 
and Mullennix, 1992, Bendixen 1994, Lund et al. 1996). This can only be ensured by ther- 
mophilic anaerobic treatment with a controlled and well defined holding period between 
in- and out-flow of material from the anaerobic reactor (Bendixen 1994). 

Thermophilic wastewater treatment offers the possibility of closing the water cycles in 
industrial processes avoiding the need for cooling and heating of process water before the 
biological treatment of the water. At present, the water cycles of paper mills are being 
researched for loop closure, in which a thermophilic treatment process is being implement- 
ed (Vogelaar et al., 2000; Sipma et al., 2000). 
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Acidic and alkaline conditions 

AD is generally applied under neutral pH conditions (pH 6.5-8). The observed toxicity 
under low pH conditions is associated with the presence of undissociated volatile fatty 
acids (VFA). Recent research has demonstrated that the anaerobic process proceeds well at 
pH levels as low as 4.5-5, provided no VFA is present (Florencio et al., 1993). The phe- 
nomenon was found using methanol as the sole carbon source during anaerobic treatment. 

Regulation of pH in industrial applications can be a costly process when treating large 
amounts of wastewaters. A study using fish industry wastewater with a high pH showed 
that it was possible to have a steady and stable performance of a UASB reactor with a high 
degree of COD reduction when operating the reactor at a pH of 9.0 (Sandberg et al., 1992). 
Granular sludge from this reactor was found to have an increased activity at higher pH com- 
pared to a control reactor operated at neutral conditions. Treatment at a high pH was impor- 
tant for the viability of the wastewater process as a whole as the anaerobic step was to be 
followed by ammonia stripping which only proceeds at a high pH. 

Anaerobic treatment under acidic and alkaline conditions may play an important future 
role when in line - or side stream - treatment processes in industries call for a higher 
tolerance for extreme conditions. 

Toxic, xenobiotic and recalcitrant compounds 

Treatment of toxic, and/or recalcitrant chemical waste(water) by anaerobic methods is a 
relatively new area. However, anaerobic treatment has a major potential for the elimination 
of several groups of xenobiotics such as halogenated organics. The latter is due to unique 
processes such as reductive dehalogenation, an energy yielding process only occurring 
under anaerobic conditions. Several anaerobic microorganisms possessing degrading 
capabilities have been isolated during the last ten years and the numbers are steadily 
increasing. An important study was done in 1992 showing the potential for implementation 6 



of new capabilities into granular sludge for degradation of specific xenobiotics by using 
pure cultures of a xenobiot-degrading microbe (Ahring et al., 1992). Recently, this finding 
has been repeated with different anaerobic microbes possessing different capabilities and 
these studies have all pointed to the major potential which eco-engineering of sludge can 
have for anaerobic removal of xenobiotic compounds (Christiansen and Ahring 1994, 
Christiansen et al., 1995; Korber et al., 1998). For instance, while natural sludge often 
degrades the target compound via a less favourable pathway leading to toxic intermediates, 
a controlled implementation of specific microorganisms can result in optimization of the 
degradation rate and the degradation pathway (Horber et al., 1998). 

Several kinds of chemical wastewaters which were believed to be unsuitable for anaero- 
bic treatment are currently treated with advanced reactor systems (Frankin et al., 1992; 
Frankin et al., 1994; Tseng and Yang, 1994; Narayanan et al., 1993a, 1993b). Actually, 
while only 19 anaerobic plants were treating chemical waste until 1990, at least 80 plants 
are now in operation in the world (Macarie, 2000). This results in part from the discovery 
that contrarily to the common idea, methanogenic bacteria are not more sensitive to toxi- 
cants than aerobic ones (Blum and Speece, 1991). In addition, recent research shows that 
various recalcitrant compounds, like chlorinated aliphates, chlorinated aromates, nitro- 
aromates, can be degraded under either anaerobic conditions or in aerobic-anaerobic 
sequences (Christiansen et al., 1995, Pavlostathis, 1994; Field et al., 1995, Horber et al. 
1998). Recently it was shown that azo dyes can be completely removed in anaerobic-aero- 
bic sequenced reactor systems (e.g. Tan etaZ.,1999) 

Another breakthrough, which has allowed the application of anaerobic digestion to the 
treatment of some chemical wastewaters, corresponds to the development or use of particu- 
lar reactor design or arrangements. For instance, thanks to their high recirculation rates, 
EGSB reactors can be used for the treatment of toxic but biodegradable compounds such as 
formaldehyde. Presently, this concept is used at least in two full scale plants (reactor vol- 
ume of 275 and 550 m3) treating wastewaters containing up to 3.8 and 10 g formaldehydeA 
(Zoutberg and de Been, 1997; Constable and Kras, 1998). In these plants, effluent recycling 
dilutes the raw wastewater by a factor of 10 to 30, which lowers formaldehyde concentra- 
tion below 0.5 gal-' at the entrance points of the reactors. At this concentration the rate of 
formaldehyde degradation is higher than that of biomass decay allowing to maintain in the 
system anet growthrate. Both reactors show very stable treatment performances at organic 
loading rates of 10 kg COD. m-3 day-' and removal efficiencies of 90-98%, with effluent 
formaldehyde concentrations below 20 mg - 1-'. From other side, lab scale experiments 
have shown the importance of staged reactor systems for the treatment of wastewaters gen- 
erated during the production of terephthalic acids, a petrochemical compound used in the 
synthesis of polyesters (Fajardo et al., 1997; Kleerebezem et al., 1999). These wastewaters 
contain both easy (acetic and benzoic acids) and more difficult to degrade (terephthalic and 
p-toluic acids) organic compounds. The methanization of the second group of molecules is 
inhibited by the first. Therefore, the conversion of terephthalic and p-toluic acids to CH4 
requires a very low concentration of acetic and benzoic acids. High rate conversion of such 
complex mixtures can be achieved in reactors operated in a plug flow mode since these 
reactors are characterized by the formation of gradients. A pseudo-plug flow mode can 
however also be achieved with two completely stirred reactors operated in series. It should 
be noted that for this last class of wastewaters, 14 full scale anaerobic plants are already 
operating in the world, though at arelatively low loading rate (Kleerebezem, 1999). 

Domestic and municipal wastewater 
Domestic wastewater can be considered as a low-strength, complex type of wastewater, 
characterized by: (i) low COD concentrations; (ii) high fractions of suspended solids; (iii) 
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relatively low temperatures; (iv) strong fluctuations in hydraulic and organic loading rates. 
These characteristics are particularly relevant to the anaerobic treatment process, generally 
having anegative impact on the process performance and/or the costs. Nonetheless, by tak- 
ing into account the limitations caused by the above characteristics, the anaerobic reactor 
technology can be profitably applied for the treatment of domestic wastewater under a wide 

The breakthrough for anaerobic sewage treatment only recently occurred by using 
UASB reactor systems, which were originally developed for industrial wastewater treat- 
ment (Lettinga et al., 1980, 1983). In view of the above mentioned limitations, the UASB 
reactor design required several adaptations, both in the field of process technology as well 
as in the field of practical application. For instance, due to the low gas production, adequate 
gas withdrawal is of much less importance. On the other hand, efficient solids separation 
determines the maximum liquid velocities and thus allowable surface areas inside the reac- 
tor. Also, working with sewage requires adequate pre-treatment and easily accessible inlet 
points. The present 'state of the art' withregard to the application of sludge bed systems for 
sewage treatment has been recently reviewed by Segghezo et al. (1998). Full scale applica- 
tions showed excellent results of anaerobic sewage treatment under tropical conditions, 
viz. temperatures > 20°C with COD removal efficiencies of 75% at 6 h HRT (van Haandel 
and Lettinga, 1994, Draaijer et al., 1992, Schellinkhout and Osorio, 1994). The system tol- 
erates strong fluctuations in flow, composition and temperatures as long the temperature 
does not drop below 18-20°C. 

Generally, 50% of the COD in domestic sewage consists of suspended solids. 
Particularly at low temperatures, this fraction gives rise to a deterioration of the 
methanogenic sludge bed. However, the soluble COD can be efficiently converted to 
methane at temperatures as low as 5°C (see also Collins et al., 1998; de Man et al., 1988; 
van der Last and Lettinga, 1992). For a successful application of anaerobic treatment of raw 
domestic sewage under low temperature conditions, the incoming suspended solids must 
be separatedfrom the waste stream before the sewage enters the methanogenic reactor. The 
removal of suspended solids from the raw sewage can be achieved by means of a purely 
physical pre-treatment, i.e., primary clarifier (Collins et al., 1998; de Man et al., 1988; van 
der last and Lettinga, 1992), or by applying a sequence of 2 anaerobic reactors in series. In 
the latter Set-up, the first anaerobic step is designed for either: (i) solely entrapping the 
incoming SS (Zeeman et al., 1997), (ii) entrapping and (partly) hydrolysis/acidification of 
the solids (Wang, 1994), or (iii) pre-digestion of the solids including methanogenesis 
(El-Gohary and Nasr, 1999). 

The major advantage of a two-module system is the higher upflow velocities applicable 
in the methanogenic stage, leading to an enhanced liquid-biomass contact. The latter is a 
prerequisite for the anaerobic treatment of low temperature wastewater, since natural mix- 
ing by biogas production is nearly absent. In fact, the second module can be operated as an 
expanded sludge bed, taking advantage of improved hydraulics and a low percentage of 
channeling (Collins et al., 1998; Van der Last andLettinga, 1992; Wang, 1994). 
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Solid wastes 
Anaerobic digestion of solid waste has become a mature technology, well developed both 
at the research and the industrial level. At present, world wide some 1 million tons of organ- 
ic wastes (wet weight) are digested per year (De Baere, 1999). These are converted to bio- 
gas on the one hand, and a stabilised residual matter on the other hand. 

Several types of digesters are successfully operational at large scale (10,000 to 100,000 
tons per year) in different countries treating different types of solid wastes (source separat- 
ed bio-wastes, mixed (grey) wastes). Overall, the investment costs for anaerobic digestion 8 



are a factor 1.2 -1.5 higher than for aerobic composting. The net costs per ton waste treated, 
taking into account the recovery of biogas energy, are also 1.2-1.5 higher than that of con- 
ventional aerobic composting (Genon, 1999). However, this figure can change with new 
restrictions on emissions from waste treatment facilities. The prediction is that in the near 
future anaerobic digestion will keep a position of being more costly than aerobic compost- 
ing. World wide, the major amount of municipal wastes is destined for landfilling; inciner- 
ation ranks second, aerobic composting third and anaerobic digestion a very modest fourth. 

tative impact. Therefore, the evolution of regulations, particularly in Europe, will strongly 

a growing market for anaerobic digestion. 
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This makes industrial anaerobic digestion at present a technology of only limited quanti- 

limit in the near future the possibility of landfilling of organic wastes, thus pushing towards 

The future of anaerobic digestion of solid wastes has to be sought in the integration of 
this unique unit process in overall sustainable waste treatment. Indeed, anaerobic digestion, 
when considered in the context of Life Cycle Analysis (LCA) offers a number of interesting 
features. The recovery of energy (100-150 m3 biogas per ton bio-wastes) is an important 
factor. Moreover, aerobic treatment of solids is inevitably giving rise to extensive emission 
of undesired volatiles such as ketones, aldehydes, ammonia and even methane (several kg 
per ton waste treated). Landfill gas extraction, that today represents the larger biogas gener- 
ation technology at global scale, can only partially (maximum -60%) recover the generated 
gases, giving rise to considerable methane emissions in the atmosphere. In anaerobic treat- 
ment, all gases are contained and, via the use of the biogas, incinerated. Indications are that 
in terms ofthe contribution to global warming anaerobic digestion therefore scores consid- 
erably better than other treatments (Kliiber and Rumphorst, 1999). A number of aspects 
require further optimisation such as e.g. the temporary emission of methane at the transition 
from anaerobic digested to aerobic after treatment (Edelmann et al., 1999). One aspect that 
particularly deserves to be further explored is the capacity of anaerobic digestion to decom- 
pose chlorinated organics and thus achieve a putative decontamination of organochlorines 
(Christiansen et al., 1995). Indeed, the problems concerning the fate of micro-pollutants 
(nonylphenol, heavy metals, PCBs, dioxins) and the overall end-product quality have 
become a major factor for all types of waste treatments and anaerobic digestion offers spe- 
cific potentials in this respect. The overall organic matter stabilisation can be improved 
through the improvement of pre-treatments (see above); the study of the literature onrumen 
physiology and microbiology could be beneficial to anaerobic digestion process engineers 
for finding the right blend of mechanical, chemical and enzymatichiological pre-treatment 
options. 

It may be also that the normative evolution will favour a broader application of co- 
digestion. Co-digestion is the combined treatment of different kinds of solid and semi-solid 
biodegradable organic wastes, that can range from the organic fraction of municipal solid 
wastes, to animal wastes, to municipal sludges, to concentrated organic wastes from indus- 
trial and agro-industrial processes. The final objective of the Co-digestion treatment would 
be to produce a compost to be recycled as a soil conditioner. However, an increase in the gas 
production from the higher gas yield obtained by many organic industrial wastes compared 
to sewage sludge or manure will also drive the initiative for combining different waste 
types (Ahring, 1992; Tafdrup, 1994). Combining wastes will further leave the possibility of 
treating waste, which cannot be successfully treated alone such as fatty wastes or waste 
with a very high protein content such as size wastewater (Ahring et al., 1992, 1995). 
Thermophilic processes seems to be better suited for handling Co-digestion with fatty 
wastes in addition to manure, a combination used in most of the 22 centralized biogas plants 
constructed throughout the countryside of Denmark (Tafdrup, 1994). 
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Modeling and process control 
The development of biological processes modelling has increased the capabilities of repre- 
senting - in mathematical terms - the AD process. However, the absence of a common plat- 
form for modelling - like ASMl for aerobic treatment - has limited the developments in 
this field. So far, many researchers independently developed different modelling strategies. 
Since there was no communication with other research groups these models are destined to 
be abandoned in the near future and a huge amount of effort will be lost. For this reason, the 

form on which to base the future developments. The Task Group firstly unifies the various 
notations and symbols which are applied worldwide and sets the bases for a common 
kinetic model. An AD model is a valuable tool for design and process operation purposes. 

Monitoring and process control of anaerobic wastewater treatment could be manual 
fully automatic. In the past decades, a large development is going on concerning the latter 
approach. The crucial question in this development was to identlfy the most important con- 
trol parameters. For monitoring, values of parameters could be measured in solid, liquid or 
gaseous phases (Switzenbaum et al., 1990). For automatic monitoring and control, parame- 
ters in the solid phase are not often used (since they usually need manual operations). The 
parameters mostly used in the liquid phase are: pH, Volatile Fatty Acids (VFA), alkalinity, 
and COD concentrations for example (e.g. Pretorius, 1994). In the gaseous phase they are: 
carbon dioxide, methane and hydrogen contents and gas production mainly. 

The fully automatic approach in industrial applications diminishes the quantity of 
parameters available because there are only few industrial sensors. New sensors develop- 
ment (Hawkes et al., 1993; Rozzi etal. ,  1997) opened new possibilities for on-line monitor- 
ing of various process parameters, such as bicarbonate alkalinity and VFA. This 
development could lead to a broader application of industrial automatic process control 
devices. The infrared approach is a promising technique in this field. Generally the con- 
trolled variable on the process is the feed pump speed. Guwy et al. (1997) adjusted the 
digester buffering by addition of NaHCO,. Other strategies can be used as addition of acid 
or soda, or to increase the amount of micro-organisms in anaerobic contact for example. 
Steyer and others (1999) proposed the monitoring of gas production rate after adisturbance 
on the input flow rate as a way to control the anaerobic digesters. 

If modelling is essential for process design, it is also important for process control, even 
if in this field the most recent advances (adaptive command, fuzzy logic, neural networks, 
set of rules etc.) can generate new controllers. Empirical or black box models are also used. 
Adaptive command, fuzzy logic, neural network controllers have been successfully applied 
(Dochain and Bastin, 1997, Wilcox et al., 1997; Tay and Zhang, 2000), allowing users to 
reduce drastically start-up time and improving overall plant performances. 
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C AD Specialist Group has established a Task Group that is trying to set up a common plat- 

Related bio-technologies 
The combination of anaerobic digestion with other biological or physico-chemical process- 
es has led to the development of optimised processes for the combined removal of organic 
matter, sulphur and nutrients. 

Application of the sulphur cycle 
In anaerobic wastewater treatment research, sulphate reduction has been for many years an 
important topic, since many waste streams contain substantial amounts of oxidised sulphur 
compounds, which are reduced into hydrogen sulfide. As the production of H,S causes a 
multitude of problems, such as toxicity, corrosion, odour, increase of the liquid effluent 
COD, reduced biogas quality and amount, emphasis of the research in the past has been 
mainly on the prevention or minimisation of sulphate reduction (Isa et al., 1986, Rinzema 10 



and Lettinga, 1988; Oude Elferink et al., 1994; Colleran et al., 1995; Bhattacharya et al., 
1996; Lens et al., 1998). Presently, it can be concluded that treatment of sulphate-rich 
wastewater is quite possible by applying adequate measures allowing an integration of 
sulphate reduction with methanogenesis (Hulshoff Pol et al., 1998). 

More recently, interest has grown in applying sulphate reduction for the treatment of 
specific waste streams containing no or very little organic matter. Examples of such waste 
streams are from mining and mineral processing industries, metallurgical and chemical 
industry as well as sulphite liquor from flue gas scrubbing (van Houten and Lettinga, 1996). 
Under these conditions it is necessary to supply an appropriate electron donor and carbon 
source to the wastewater. It has been demonstrated that a successful reactor performance 
can be obtained with H, and CO, (van Houten et al., 1994), synthesis gas (du Preez et al., 
1992; van Houten et al., 1996), ethanol (Scheeren et al., 1991), methanol (Weijma et al., 
1999) and digested solid waste (Hilligsmann et al., 1998). Combination of sulphate reduc- 
tion with biological or physico-chemical sulphide oxidation allows a complete removal of 
sulphur from these wastewaters by its conversion into insoluble elemental sulphur (Janssen 
et al., 1997). The produced sulphur can be separated from the liquid stream and re-utilised 
as fertiliser or raw material for sulphuric acid production. 

New promising potentials for the use of sulphate reduction in anaerobic reactors are the 
enhanced organic matter removal (Omil et al., 1996; Dries et al., 1998), degradation of 
xenobiotics (Boopathy et al., 1998) and the elimination of heavy metals (Ha0 et al., 1996). 
It can be concluded therefore that apart from the known disadvantages, sulphate reduction 
offers also new promising tools for anaerobic waste and wastewater treatment. 

Removal and recovery of nutrients from anaerobic effluents 
Because anaerobic digestion removes mainly carbon, the traditional processes should be 
sometimes completed for nitrogen and phosphorus removal according to regulations. New 
processes (with oxic phase) have been integrated with that aim in view. They mainly use the 
potentiality of micro-organisms and sometimes physico-chemical processes. 

For the treatment of municipal wastewater, the ANANOX process (Garuti et al., 1992) 
takes advantage of sulphate reduction to sulphide to provide an electron donor for the 
denitrification process. 

The integration of the nitrogen cycle in anaerobic digestion could be maximised with the 
application of the ANAMMOX process (Jetten et al., 1999), that makes use of particular 
micro-organisms that are able to oxidise ammonium to di-nitrogen gas with nitrite as elec- 
tron acceptor. The coupling of this process for nitrogen removal from anaerobic digestion 
effluents seems to be very promising concerning the low energy needs by the partial oxida- 
tion to nitrite of only aportion of the ammonia-rich and COD-poor effluent. 

After the anaerobic digestion of pig manure (in sequencing batch reactor mode), ammoni- 
um of the effluent could be oxidised to nitrate or nitrite; part of it is recirculated in the anaero- 
bic digester were it is mixed with the organic matter of the influent which plays the role of 
electron donor. The over quantity of organic matter is methanised (Bernet et al., 2000). 

Biological removal of phosphorus is carried out in integrated processes where the 
micro-organisms are exposed to alternated anaerobic and aerobic (or sometimes anoxic) 
conditions, that stimulate the growth of a microbial community that is able to accumulate 
polyphosphates, thus removing phosphorus from the water phase. In the DEPHANOX 
process (Bortone et al., 1998), which makes use of a particular configuration for combining 
P-uptake and denitrification, an anaerobic-derived technology has been used for the design 
of the first anaerobic step. This is carried out in an upflow sludge bed reactor that separates 
a clarified ammonia rich supernatant (that goes to a biofilm nitrification reactor) from the 
COD-rich sludge that goes directly to the denitrificatiofl-uptake reactor. 11 
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The level of integration of the biological nutrient removal in the process could be very 
high as in the AF-BNR-SCP process (Llabres et al., 1999). In this strategy, the organic frac- 
tion of municipal solid waste is used for production of easily biodegradable carbon (as 
volatile fatty acid) for a biological nutrient removal of a sewage process. In this approach, 
struvite is precipitated and allows recovery of ammonium and phosphate ions. 

Struvite is a crystal which is formed in anaerobic digesters. It is an ammonium magne- 
sium phosphate that presents a very low solubility even at pH slightly over the neutrality 
(Maqueda et al., 1994). The precipitation can be controlled in crystallisation reactors where 
a small amount of crystal primer is added while inducing a small but sharp pH increase via 
aeration (CO, stripping), allowing the recovery of the salt and resulting in a nitrogen and 
phosphorus removal from waste water (Battistoni et al., 1998,2000). 

Future developments 
Optimisation of reactor systems 

Various constructors improved granular sludge bed reactors in recent years aiming at low- 
ering mass transfer resistance and therewith achieving higher organic loading rates (see 
above). Further improvement might be expected in the field of staging sludge bed systems 
for the treatment of specific wastewaters, such as wastewaters coming from (petro-)chemi- 
cal industries. In addition, if auto-immobilisation of specific bacteria is very difficult, fur- 
ther development of combination of complementary anaerobic systems, such as hybrid 
systems, is foreseen. 

Interesting developments are expected for anaerobic reactors that cannot rely on the 
development of granular conglomerates or formation of biofilms, e.g. anaerobic treatment 
under extreme thermophilic conditions. Also in such systems, adequate sludge retention is 
essential for successful treatment. The latter might be achieved by enhanced physical (or 
physico-chemical) separation of the viable biomass from the treated water. Potential 
systems are hybrid systems and/or membrane bioreactors as discussed above. 

With respect to the treatment of domestic water attention must be paid to the develop- 
ment of the second generation of anaerobic reactor systems. The major bottle-necks are 
(again) the relatively high wash-out of suspended solids and the low rate of hydrolysis 
under low temperature conditions in the conventional first generation UASB reactors. 
Therefore, the improvement of hydrolysis of complex organic matter is of fundamental 
importance, being the limiting step for the treatment of complex substrates both in sewage 
as well as in (semi-)solid wastes and slurries. Improvedretention of suspended solids in the 
reactor system will lead to higher sludge retention times, subsequently leading to improved 
treatment efficiencies. Moreover, a decreased solids load in the effluent will minimise the 
requirements of the post treatment step. 

Conventional anaerobic digestion of slurries and solids often makes use of a continuous 
stirred tank reactor which needs a long retention time to complete the reaction. Lowering 
this reaction time is and will be a driving force for novel developments. An already proven 
approach is the use of a controlled gas collection system in connection with the holding 
tank for the treated material. Full scale systems in Denmark show that up to 30% of the pro- 
duced gas comes from the holding tank with the digested effluent. The overall required 
treatment time is considerably reduced. 

Optimisation of the reactor configuration can involve staging of the process into separate 
tanks whereby the conditions for the specific groups of bacteria involved can be optimal. 
Hydrolysis is greatly improved at high temperatures of 70°C or more and a two phase opera- 
tion scheme whereby the initial treatment occurs at a very high temperature followed by a 
methanogenic phase at either mesophilic or thermophilic temperatures could be an interesting 
future development. Results of Japanese research groups already confirmed this approach. 



Further developments in modelling and process control will lead to a wider acceptance 
of AD in the established wastewater engineering world. Obviously, this accounts for any 
anaerobic system which will be developed in the near future. 

Specific features of anaerobic conversions 
The great capability of anaerobic digestion to efficiently treat several organic micro-pollu- 
tants, particularly halogenated compounds, substituted aromatics and azo-linkages makes 
anaerobidaerobic processes more and more attractive for industrial effluents or for munic- 
ipal effluents containing industrial loads. The AD-specific conversions determine the 
unique position of AD amongst other treatment methods. 

An example where the specific features of anaerobic conversions must be exploitedfurther 
is the treatment of sludges and slurries aiming at the production of safe end products. AD of 
sewage sludge followed by recycling on agricultural land is the largest world-wide applica- 
tion of anaerobic processes. More stringent regulations on heavy metals and “rest-organic” 
pollutants may make an end to the normal practice of applying digested sludge on land for 
food production. With respect to these “rest-organics”, it is important to design the anaerobic 
digestion process to handle organic pollutants and to make new treatment concepts involving 
both anaerobic and aerobic treatment to clean the sludge for any rest compounds of concem. 

Anaerobic treatment as core technology in recycling processes 

Major future process developments will come from the enhancement of pre- and post- 
treatment processes, implying physical, chemical and biological processes, for the recla- 
mation of the products from the waste(water) treatment system (including the treated 
water). Wastewater treatment for reuse will emphasise the central role of AD as the most 
sustainable treatment method for mineralising organic matter. Hence, AD has the potential 
to play a major role in closing water, raw materials, and nutrient cycles in industrial 
processes as well as agro-communal activities. With respect to the latter, further develop- 
ment is required on the community on-site treatment of domestic sewage under a wide 
range of conditions, opting for the reuse of the treated water in agriculture, making use of 
the mineralised nutrients for fertilisation purposes (Van Lier and Lettinga, 1999). 

An upstream integration of the anaerobic process with industrial primary production 
processes also calls for further research under extreme conditions (temperature, pH, salanity, 
toxic and recalcitrant compounds, etc.). Together with appropriate pre- and post treatment 
systems the role of AD in closed circuit andor side stream treatment will increase in the near 
future. The foreseen application also calls for novel reactor systems and treatment approaches. 
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