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ABSTRACT 

Kaijun Wang(1994) Integrated Anaerobic-Aerobic Treatment of Sewage, PhD thesis, 
Wageningen Agricultural University, Wageningen, The Netherlands 

This thesis describes results of investigations dealing with sequential concept of anaerobic -
aerobic treatment of municipal wastewater. The main purposes of the study were 1) to 
develop a proper anaerobic hydrolytic pretreatment unit, consisting of a Hydrolysis Upflow 
Sludge Bed (HUSB-) reactor and 2) to combine this system with proper aerobic post 
treatment processes, such as the activated sludge process or a stabilization pond system and 
with a combined anaerobic-aerobic process consisting of the Expanded Granular Sludge Bed 
(EGSB-) reactor and an upflow micro-aerophilic post-treatment process for complete sewage 
treatment. 

The newly develop HUSB reactor serves for removing SS and accomplishing a certain sludge 
stabilization and raising the biodegradability of the remaining COD. The HUSB-system is 
operated at the similar retention time as the primary sedimentation tank, viz. HRT=2.5-3.0 
hours. These features of the new system result in 1) release of the troublesome high SS-
accumulation problems in the post treatment, such as stabilization ponds and UASB or EGSB 
systems, 2) a shorter overall retention time and lower energy requirements in the different 
types of aerobic post treatment processes, 3) an improved applicability for some refractory 
industrial wastewater treatment and 4) and certain extent of sludge stabilization in the HUSB 
reactor itself at higher temperature conditions or in a complementary sludge recuperation tank 
operated in parallel with the HUSB-reactor at low temperature conditions. 

A new process concept, consisting of a sequential HUSB + the EGSB reactor, combined 
with sludge recuperation reactor, is presented in this study. The total process provides 71% 
COD and 83% SS removal efficiencies at T> 15°C and 51% COD and 77% SS-removal at 
T=12°C conditions. A reasonable extent of sludge stabilization, i.e. over 50% hydrolysis 
of the removed SS can be obtained in the HUSB reactor at higher ambient temperatures, i.e. 
exceeding 19°C. The applicable hydraulic retention times are 3 hours and 2 hour for the 
HUSB reactor and the EGSB reactor respectively and two days for sludge recuperation tank. 
In the EGSB reactor up to 32-60% soluble COD removal efficiency can be achieved and 
the biogas production amounts to 23-70 NL/m3(sewage) at ambient temperature (9-21°C), 
respectively. By applying a complementary treatment using an micro-aerophilic upflow 
reactor operated at HRT = 1 hr., an almost complete treatment can be achieved at 13°C 
conditions. Regarding the shorter hydraulic retention times required in this new concept 
compared to conventional systems, both for the wastewater treatment and sludge stabilization 
and its reasonable energy recovery, the new system looks very attractive as an alternative for 
treatment complex wastewaters like sewage. 

The conventional aerobic activated sludge process and stabilization ponds both were 
investigated for post treatment at laboratory scale and pilot scale. The operational problems 
of these systems, such as occurrence of bulking sludge in the activated sludge process and 
the rather poor performance of stabilization ponds under cold weather condition were 
discussed and solutions for these problems are proposed. The experimental results obtained 
demonstrate the practical feasibility of the hydrolysis - aerobic treatment concept for 
municipal wastewater at ambient temperature. The final effluent quality is equal or better 
than that of the conventional activated sludge process, and the Chinese discharge standards 
can be satisfied satisfactorily. 



Based on design and construction data of some full scale installations already 
implemented, the hydrolysis - aerobic biological treatment process (HUSB reactor + 
activated sludge post treatment) would reduce 37 %, 40 % and 3 8 % respectively of the capital 
outlay, energy consumption and operational cost compared with the conventional activated 
sludge system. Secondary discharge standards also can be met with the HUSB + stabilization 
pond concept at HRT amounting to 65 % of that of primary settler + stabilization pond 
combination, while the capital expenditure and operational cost of the HUSB + stabilization 
pond system amount to 34% and 32% respectively of that of the conventional system. The 
developed anaerobic - micro-aerophilic process was found to represent an attractive and 
feasible alternative to the traditional activated sludge systems. 

Key Words: activated sludge, ambient temperature, anaerobic and aerobic, bulking, 
domestic sewage, EGSB reactor, hydrolysis and acidification, hydrolysis(HUSB) reactor, 
micro-aerophilic, municipal wastewater, post treatment, sludge stabilization, stabilization 
pond, UASB reactor 
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GENERAL INTRODUCTION 



GENERAL INTRODUCTION 

THE DEVELOPMENT OF ANAEROBIC PROCESS 

The Earlier History 

Anaerobic treatment is one of the oldest methods used to treat wastewater. The history 
of the anaerobic treatment is even longer than aerobic treatment. The first installation used 
to treat settled wastewater solids was known as the Mouras automatic scaverager. It was 
developed by Louis H. Mouras, a French engineer in about 1860 (Buswell, 1957). Donald 
Camenon was the first person recognizing that a combustible gas containing methane was 
produced when wastewater solids were liquified. He built the first septic tank for the city of 
Exeter, England, in 1895. He collected and used the gas for lighting in the vicinity of the 
plant (McCarty, 1981). At that time, the newly invented various types of septic tank systems 
greatly reduced the pollution problem. According to M. Allain Targe the invention of Mouras 
was "a complete solution of the problem which for centuries had been an insolent menace 
hurled in the face of all humanity". 

The gas produced in the septic tank from removed solids often causes solids to float, 
the formation of scum blankets containing indigestible material, black colour and occasionally 
the entire contents of a tank to "turn over". It sometimes is considered that the processes of 
sedimentation and sludge digestion are incompatible. Harry W. Clark was the first who 
recognized the solution for this problem in 1899, when he stated that sludge should be 
permitted to ferment by itself in a separate tank (McCarty, 1985). 

In 1904, the first dual-purpose tank incorporating sedimentation and sludge treatment 
was installed at Hampton England. It was known as the Travis hydrolytic tank in which the 
wastewater flows through a channel which is separated from the digestion chamber by 
baffles. The suspended materials are settled out here from the wastewater and allowed to pass 
into the separate "hydrolysing" chamber (McCarty, 1981). In 1904, a patent was issued to 
Dr. Karl Imhoff in Germany for a dual-purpose two-story tank, now commonly known as 
the Imhoff tank. In this system the wastewater is not allowed to pass through the 
"hydrolysing" chamber. The Imhoff tank greatly reduced the cost of sludge disposal. This 
system initiated the development of separate sedimentation tanks and sludge digestion tanks. 

In fact, because of the still rather low industrial activities at that time, the pollution 
problem was caused mainly by the population itself. The most troublesome problem 
presumable was caused by the solids contained in the wastewater. Therefore the main first 
objective was focused on the wastewater solids treatment and disposal. 

In 1891, W.D. Scott-Moncrieff constructed a tank in England with an empty space 
at the lower and a bed of stones in the upper part. The wastewater was introduced in the 
empty space and then passed upward through the stone layer. A distinct decrease in the 
volume of sludge to be handled was reported (McCarty, 1985). This presumably is the first 
application of an anaerobic filter. The big value of this work was that in fact it was the first 
anaerobic process treating the sewage itself, and not merely the sewage solids. 
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In 1910, Winslow and Phelps investigated, what they called "biolytic tank". Sewage 
was fed into the bottom of an inverted conical tank and flowed upward through a blanket of 
digesting sludge. The system was operated at a detention time of only 8.5 hours! They found 
that the removal of suspended solids was as good as obtained in a septic tank, but also that 
the liquefaction of deposited solids (72%) was distinctly better (Coulter, 1957). 

In the period from 1910s to 1950s, the anaerobic digestion process was studied more 
in detail. Some major improvements were made in the design of the tanks and associated 
appurtenances. Also a great progress was made in the fundamental understanding and control 
of the process, the sizing of the tank, and the design and applications of equipment (Schmit 
and Sawyer, 1955, McCarty, 1981, 1985). At the same time, since separate digester systems 
had distinct advantages over a septic tank, especially with respect to the possibilities to heat 
and to mix, high rate sludge digestion systems were developed (McCarty, 1981). 
Unfortunately, this development resulted in the almost exclusive use of anaerobic digestion 
for the treatment sludge rather than for the treatment sewage itself, i.e. also in a blind alley 
for anaerobic sewage treatment process development. Therefore any progress in this respect 
was not made until the early 1950s. 

Until that time, most of biochemical and microbiological knowledge of anaerobic 
digestion process, such as environmental condition affects, process control and the 
degradation of various types of substrate were obtained from investigation dealing with 
anaerobic digester systems (Torpey, 1955, Mc Bride and Wolfe, 1971, Henze and 
Harremoes, 1983). 

Kinetic Considerations 

At the beginning of this century, the treatment target changed from solids digestion 
systems to modern municipal wastewater treatment systems generally for combined industrial 
and domestic wastewater. Simple anaerobic treatment processes, such as various types of 
septic tanks, were not suitable to treat large quantities of municipal wastewater. For this 
purpose aerobic treatment processes were developed in England, viz. the trickling filter(1893) 
and the activated sludge process (1914). These systems since then have been widely applied 
(Metcaff and Eddy, Inc., 1981). The rate of decomposition of the organic pollutants in 
aerobic systems mainly depends on the concentration of the biomass retained in the reactor, 
the sufficient contact between influent organic material, the bacterial population in the reactor 
and the applied of oxygen (Jenkins and Garrison, 1968). A lot of knowledge, especially also 
in the field of process kinetic, was gained from investigations dealing with aerobic processes. 
This also promoted to some extent the development of specific anaerobic processes, like the 
contact process (Lawrence, 1971, Eckenfelder et al., 1960, 1966). The concept of increasing 
the solids retention time has been applied to guide to the process development and control 
(Young and McCarty, 1969, Lawrence, et al. 1969, 1970). From the concept of solids 
retention time, Eq. 1 and 2 can be obtained for anaerobic digester. 

<MT ( ft •» - ac**ve biomass in the process ... 
c total discharge active biomass 

VY V 
SRT = — = — = HRT (2) 

QX Q 
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where: X = biomass concentration; Q = flow rate; V = reactor volume; 

In practice, especially for two stage processes, the ratio 9C/HRT in an anaerobic 
digester can be only increased to 1.5 to 2, due to withdrawal of digester supernatant. 
However, in these systems it is impossible to separate solids and hydraulic retention times, 
and therefore relatively big volumes are required. Sludge digestion systems therefore 
constituted more or less as an obstacle for the further application of the anaerobic process 
for dilute waste (water) treatment. In the concept of conventional anaerobic digesters 
including also high rate digesters and two phase digesters little if any improvements have 
been made since many years. It certainly is a field where very significant improvements can 
be — and should be made! 

Re-examination of the Anaerobic Process 

Borrowing the concept of recycling biomass to maintain larger biomass concentrations 
and longer solid retention time from the aerobic activated sludge process, Schroepfer et 
al.(1955, 1959) developed the "Anaerobic Contact Process". According to Eq.l the Eq.3 
can be derived for this process. The solids retention time can be maintained independently 
of the wastewater flow by using biomass recycling! The big value of this contact process is 
that it marked the beginning of the development and application of a wide range of anaerobic 
treatment processes for dilute industrial wastewaters. 

QX + RQXr 

SRT = — — (3) 
QJr + <?*. 

where: Xr, Xe = are effluent sludge returned sludge concentration, respectively, g/L; 
Qw, Qr = are discharge flow rate and flow rate, m3/d. 

Up to 69-78% COD removal efficiencies were obtained at HRT from 12 to 15 hours 
at a temperature of 22°C, using the anaerobic contact process for a medium strength urban 
waste water resembling sewage (Simpson, 1971). In these investigations it was noted that 
digester overloading occurred at retention time below 12 hours. Therefore, in fact the contact 
process cannot really be designated as high-rate system, because the applicable organic space 
loads do not exceed 4 to 5 kgCOD/m3.d. (Lettinga and van Haandel, 1993). 

A modified type of contact process similar to the biolytic tank, was investigated by 
Coulter in an attempt to develop a low-cost and low-maintenance system for individual 
houses and small communities (Coulter et al., 1957). It consisted of an upflow anaerobic 
contact tank followed by a rock-fill filter. In the laboratory study two 8 litre reactors were 
operated in series at temperatures of 25 and 4°C. The assessed BOD removal efficiency 
amounted to 82% and the effluent value to 10-35 mg/L at 25°C. The BOD removal efficiency 
still amounted to 67% at temperature as low as 4°C. The suspended solid removal was 
exceptionally high i.e. exceeding 95%, both for cold and warm conditions. The effluent from 
the laboratory experiment was clear and surprisingly free of odour. The results of the scaled-
up pilot plant were slightly lower than of lab. experiments i.e. BOD and SS removal 
efficiencies 65% and 95% respectively. It was also found that up to 84% of the removed 
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suspended solid disappeared, presumable due to liquefaction and gasification (Coulter et al., 
1957, Ettinger et al., 1957). The research of Coulter comprises the most comprehensive and 
successful anaerobic sewage treatment conducted at that time. Particularly striking was the 
high efficiency of processes was found at cold temperatures (4°C) at laboratory experiment. 

The good performance of the system of Coulter was confirmed in the studies of Fall 
et al. and Preterms in 1961 and 1971 (Fall and Kraus, 1961 and Pretorius, 1971). Fall and 
Kraus used a 360 m3 large pilot plant (W*L*H=6*12*5) using upflow contact reactor. They 
used an aerobic trickling filter and ponds for post treatment units instead of the anaerobic 
filter as was studied by Coulter et al.(Fall and Kraus, 1961) The applied HRT of the 
anaerobic contact tank amounted to 13.4 hours and the average treatment efficiencies for 
BOD and SS achieved were 34 and 77% respectively during the whole experimental period. 
Looking to the data in more detail it appears that the BOD removal efficiency amounted to 
42% at temperature 8-16°C, while only 14% BOD reduction was found at a temperature 18-
22°C. The cause of the very poor BOD removal efficiency during the higher temperature 
period is the occurrence of liquefaction and acid fermentation of accumulated biodegradable 
solids. The VFA concentration in sludge samples raised from 500mg/L at the top of the tank 
to a maximum of 5,300 mg/L at the bottom. Up to 62.5% of the removed volatile suspended 
solids was liquified, which is about the same generally achieved in an anaerobic digester for 
primary sludge. During the experimental period no sludge flotation and no scum layer 
formation occurred, while the amount of gasification remained small and some sulphide was 
produced. After aerobic post treatment the effluent was satisfactory for discharge to surface 
water. 

A similar two stage reactor set-up, but operated at total HRT of 24 hours for each 
reactor and at a temperature 20CC was used by Pretorius (1971). It was found that up to 90 
per cent COD could be removed, leaving 30 mgSS/L and 110 mgCOD/L in the effluent. Of 
the removed SS in the first reactor, 35-40% was hydrolysed. Apparently the first reactor is 
more or less responsible for solid entrapment and hydrolysis, while the bio-physical filter 
part for the gasification. 

The anaerobic filter was investigated in more detail as separate anaerobic system first 
by Young and McCarty (1969). The anaerobic filter in fact is the first real high-rate process 
(10-15 kgCOD/m3.d) demonstrating the tremendous potentials of the anaerobic concept 
(Lettinga and van Haandel, 1993). The experiments conducted by Raman et al. (1972, 1978), 
who used a laboratory and a pilot plant scale AF systems clearly reveal that upflow anaerobic 
filter can successfully be used as a simple secondary treatment device for septic tank effluent 
and for settled domestic sewage as well. 

Summary 

The development of the anaerobic wastewater treatment process at earlier years and 
results obtained are summarized in Table 1. It can be seen that some of the adopted 
anaerobic processes are not really essentially different from those being considered now as 
high rate anaerobic processes, such as the upflow sludge blanket reactor and anaerobic filter 
(Winslow and Phelps, 1910, Coulter et al., 1957) and hybrid system (Scott-Moncrieff, 1891). 
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The two types of reactors introduced by Coulter et al. can be considered as both the 
forerunner of the "Anaerobic Filter" and "Upflow anaerobic sludge blanket" reactor 
developed by Young and McCarty (1969) and by Prevoris (1971) and Lettinga(1972), 
respectively. However, from part of the earlier experimental data, the relevant conclusions 
can be drawn only now on the basis of developed better insights in the anaerobic digestion 
process. 

Table 1 The earlier development and experiments using anaerobic sewage treatment 

Process Volume Temp. HRT 
•? °C h. 

Exoerinentat Results 
CT + AF 10L 20-25 36 
CT + AF 4.5+1.6 ? 24 

CT 
CT 

CT + AF 
AF 
AF 

InfluentOag/L) 
COD(BOD) SS 

(180) 
(250) 300 

360 8-22 13.4-22.4 528(212) 368 
1.7 22-27 12-15 
8+8L 20 24 

9L 25-33 5 
3.6 31 6.4* 

1207-1284 500 
500 252 

250-572 68-203 
59-336 

Reaoval Efficiency 
COD(BOD)X SSX 

86 95 
(65) 90 

46(34) 79 
69-78(78-91) 62 

78 88 
71 86 
(80) 89 

Sludge 
digestion 

84X 

63XCVSS) 

35-40 

Reference 

Coulter et al., 1957 

Fall and Kraus, 1961 
Simpson, 1971 
Pretorius, 1971 
Raman et al., 1972 

*: During 9 hours day time 

MODERN HUSH RATE ANAEROBIC PROCESSES 

Basic Principles of the Anaerobic Digestion Process 

Anaerobic degradation of organic matter, including suspended organic matters can be 
considered as a three step process accomplished by a large consortium of microorganisms. 
In general the following three processes are distinguished: 

— The first step involves primarily an extracelluar enzymatic reaction. Many 
microorganisms produce extracelluar enzymes, suited for transformation (hydrolysis) 
of higher molecular mass compounds such as lipids, proteins and carbohydrates into 
compounds suitable for use as a source of energy and cell carbon. 

— The second step (acidogenesis) involves the bacterial conversion of the compounds 
resulting from the first step into lower molecular intermediate compounds, such as 
volatile fatty acids, alcohols, hydrogen, etc.. 

— The third step (acetogenesis + methanogenesis) involves the bacterial conversion 
of the intermediate compounds into methane and carbon dioxide. Methane is produced 
mainly via acetic acid + hydrogen and carbon dioxide. Methanogenesis proceeds 
relatively slowly and generally is the rate-limiting step in anaerobic degradation. 

Gujer and Zehnder (1982) presented a more detailed diagram consisting of 6 steps, 
in which some of the three main steps above are subdivided for anaerobic degradation of 
particulate biopolymers such as protein, carbohydrates and lipids(fats, greases) or of the 
further conversion of higher VFA into acetic acid (Figure 1). 



Modern Anaerobic Processes 

Proteins 
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100% COD ^ 
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Figure 1 Anaerobic digestion of complex substrate (after Gujer and Zehnder, 1982) 

Development and Applications of Anaerobic Wastewater Treatment 

During the last decade, anaerobic reactors were evolved from the knowledge gained 
by fundamental studies on bacterial kinetics. A new generation of advanced reactors has been 
developed capable of retaining a high concentration of active biomass and consequently 
capable of treating waste waters at high loading rates. Several systems were developed like 
the anaerobic filter (AF) (Young and McCarty, 1969), the upflow anaerobic sludge blanket 
(UASB) reactor (Lettinga, 1979), anaerobic fluidized bed(AFB) reactor(Jeris, 1982), 
anaerobic attached film expanded bed (AAFEB) reactor (Jewell, 1979, 1981, Switzenbaum, 
1980, 1983) baffled reactor (Bachmann et al., 1985) and anaerobic rotating biological 
contactor (Friedman, 1980). Each of these systems provides a long solids retention time for 
achieving a sufficient system efficiency and stability, and a short hydraulic retention time for 
system economy. Although, developed primarily for the anaerobic treatment of warm, soluble 
waste waters e.g. from food-processing industry, most of these systems in principle also can 
be used for the anaerobic treatment of cold, dilute domestic sewage. Table 2 lists most recent 
practice in anaerobic treatment of domestic sewage. 

Various Anaerobic Processes 

Like aerobic treatment systems, there are two kinds of common processes for 
anaerobic treatment, i.e suspended growth and attached growth systems. The most common 
anaerobic attached-growth treatment processes are the anaerobic filter and fluidized or 
expanded bed processes and for suspended growth system the most common process is the 
UASB system used for the treatment of domestic wastewater. 
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Anaerobic Filter The anaerobic filter consists of a reactor vessel filled with some proper 
type of solid media. The wastewater flows upward through the packed bed, containing the 
media on which anaerobic bacteria grow and are retained. Because the bacteria are retained 
on the media and not washed out with the effluent, mean cell residence times(9c) can be 
obtained up to 100 days. High values of 8C can be achieved at short hydraulic retention 
times, consequently the anaerobic filter can be used in principle for the treatment of low 
strength wastewater at ambient temperature. 

Fluidized bed and expanded bed reactor In the fluidized or expanded bed process, the 
wastewater to be treated is pumped upward through a bed consisting of an appropriate carrier 
medium(e.g. sand, coal etc.) on which a biological growth has developed. Effluent can be 
recycled to dilute the incoming wastewater and to provide an adequate flow to maintain the 
bed in a fluidized or expanded state. Biomass concentrations exceeding 15,000 - 40,000mg/L 
have been reported. The main difference between the fluidized bed and the expanded bed 
reactor is that the applied upflow velocity in latter system is too low to achieve complete 
fluidization of the carriers. Sofar there are no full scale installations for sewage using the 
fluidized or expanded bed reactors. 

UASB reactor In the upflow anaerobic sludge blanket (UASB) process the wastewater is 
introduced at the bottom of the reactor, and it then flows upward through a blanket of active 
anaerobic sludge. Treatment occurs as a result of a proper contact of the wastewater with the 
active sludge. The gases produced in the sludge blanket become partially entrapped in the 
sludge. The free gas bubbles and particles with the attached gas tend to rise to the top of the 
reactor. Particles buoying to the surface strike the bottom of the degassing baffles on their 
way upwards, which may cause attached gas bubbles to be released. The degassed sludge 
particles then drop back to the top of the sludge blanket. The gas released from the sludge 
is captured in the gas collection dome located at top of the reactor. Liquid containing some 
residual solids and biological granules passes into the settling chamber, where part of the 
residual solids are separated from the liquid, and occasionally fall back through the baffle 
system to the top of the sludge blanket. The UASB presently process is the most widely 
utilized high rate anaerobic sewage treatment system. Several full scale and pilot installations 
are in operation in different countries and various are under construction (see Table 2). 

Comparison of Different Processes 

Although the AF process is a relatively low rate anaerobic process compared with 
other high rate processes, such as the AAFEB, AFEB, UASB or EGSB process, it still is an 
attractive system for small scale anaerobic applications, especially also for on-site domestic 
treatment. The AF process is technically relatively simple and easy in operation (Raman et 
al., 1972 and 1978, Zhang et al., 1991, Inamori, 1983, Watanabe et al., 1993). The AAFEB 
or AFBR process very likely is a rather promising process for domestic wastewater 
treatment. However, sofar only results of a 7.25 cubic meter pilot plant have been reported. 
Up to 80% BOD and SS removal efficiencies were achieved at HRT=5 hour and 18°C 
(Jewell, 1985). The main reason for its slow implementation can be found in the difficulties 
involved in its control, and the relatively much higher investment and running cost. The 
required hydraulic retention time for UASB systems is very similar to that applied in 
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expanded bed reactors at the same or higher removal efficiency (van Haandel and Lettinga, 
1993). However, the expanded bed reactor suffers from the disadvantage that it requires 
more pumping and support medium material for bacterial attachment. This leads to 
significantly higher operational and investment costs (Speece, 1983). Therefore the UASB 
looks the more attractive system. 

Table 2 Recently practice of anaerobic sewage treatment using various kind of reactors 

P r o c e s s 

AF 
AF 
AF 
AF 
AF 
AF 

ABR 
ARBC 

AAFEB 

AAFEB 
AAFEB 

AFBR 
AFBR 

AFBR 
AFBR 

UASB 
UASB 
UASB 

UAS8 
UASB 
UASB 
UASB 

UASB 
UASB 
UASB 
UASB 
UASB 
UASB 
UASB 
UASB 
EGSB 
HUSB 

VolUK 
•3 

9 .7 
16L 
10L 
3 .0 
102 
16 
360L 
30L 

10L 

— 20L 

9.5L 
3301 

3L 
550L 
0.54L 

1.44L 
120L 
120L 
120L 

0.4L 
12.41 
3 .7 

120L 

160L 
120L 
1101 
1061 
36L 

120L 
160L 
1.15 
120L 
270L 

P i l o t - s c a 
UASB 
UASB 
UASB 
HUSB 
UASB 

20 
64 

120 
170 
240 

T r e a t m e n t 
UASB 
UASB 
HUSB 
HUSB 
HUSB 
UASB 
UASB 
UASB 
UASB 

1200 
4800 
3200 
2200 
2000 
6600 
1560 
1600 
686 

Teap. Pre- HRT 
°C Treatment h. 

10-25 
20 

--11-25 
10-25 
22-24 

24 
16 
29 
20 
20 
37 

17-25 
22-29 

20 
20 
20 

22-27 
3-10 

10 
15 
20 

8-20 
20 

11-12 
35 
20 

22-28 
12-18 
7-8 
20 
20 

12-18 
35 

11-23 
19-28 
20 
8-29 

>13 
12 

l e 
10-15 
24-26 
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At present, the upflow anaerobic sludge bed reactor (UASB) is by far the most widely 
applied anaerobic domestic wastewater treatment system. It can be used both for (very) small 
scale and for very large scale applications as well, i.e. for on-site or off-site application 
(Lettinga, 1991a, Alaerts, 1993, Geary, 1993, Draaijer et al., 1991, Schellinkhout, et al., 
1985, 1991). This is not merely because of its process simplicity and plain mode of 
construction, operation and scaling-up, but particularly also because of the relatively high 
loading potentials of the system and the relatively high extent of sludge stabilization that can 
be accomplished with this process. In recent years a number full scale sewage treatment 
plants based on the conventional UASB type have been installed in tropical countries and 
even in some countries with more moderate climate (Table 2). 

Two Phase and Two Stage Anaerobic Digestion 

In conventional one phase-processes all separate anaerobic conversions processes 
proceed in one reactor. Because the optimal growth conditions, such as pH and temperature 
etc. differ for each group of bacteria, for the purpose of process optimization the conditions 
for the slowest conversion step in the whole sequence, normally those for methanogenic and 
acetogenic bacteria, should be maintained optimal(Breure, 1992). In case the different process 
steps would be conducted in different reactors, optimal conditions for each separate group 
of bacteria can be maintained, which then theoretically offers the possibility to optimize the 
whole process. A physical separation of hydrolysis and acidification is hardly to achieve, 
because once the substrate has been liquified, the acidogenic organisms immediately will 
develop. Also a separation between acetogens and methanogens is difficult to accomplish, 
because the acetogens cannot grow at higher hydrogen concentrations. Consequently so far 
only a two-phase concept has been proposed by separating acidogens and the acetogens. 

Although some researchers and/or engineers suggest that the phase separation would 
be profitable, because of a higher overall process stability and the significantly higher 
applicable space loading rates in the second reactor (Breure, 1986), those presumed benefits 
of two phase process presumably will be offset by the higher costs of the required additional 
sedimentation tank and the dosing of chemicals (for neutralization). Moreover, there also 
exists clear evidence that a completely acidification can slow down the granulation process 
and exert a serious negative effect on the operation of the second reactor (Lettinga and 
HulshoffPol, 1991b). 

Nevertheless, for domestic sewage the use of a two or three step (compartmented 
reactor!) is profitable, because, firstly, the removal efficiency of a compartmented UASB 
reactor exceeds at least 10% that of a non-compartmented reactor at the same total HRT (de 
Man, 1990), and secondly for treating raw domestic sewage a first reactor (compartment) 
serves the entrapment of suspended solids, and the hydrolysis and partial acidification of this 
matter. The first reactor should be operated at relatively low upflow velocity. Although the 
achieved pre-acidification of sewage in the first reactor is beneficial, it is not necessary to 
accomplish a complete hydrolysis and acidification of the removed SS in this "hydrolysis 
step". Because the hydrolysis of particulate matter normally proceeds slowly, especially at 
low temperature, generally a much larger reactor would be required to achieve complete 
liquefaction and acidification, particularly at lower ambient temperatures. From an 
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economical point of view, it is beneficial to achieve a maximum SS removal in the first 
reactor compartment, and to combine it with a separated digester operated at higher 
temperature for sludge hydrolysis and stabilization. 

The hydrolysed part of absorbed particles, together with the returned hydrolysed SS 
from the parallel reactor and the soluble fraction already present in the influent can be treated 
in the second step, which could consist of an EGSB system. De Man (1990) and van der Last 
et al. (1991, 1992) found that a granular sludge UASB reactor operated in an expanded 
mode, e.g. by applying effluent recirculation or by using a tall reactor configuration, 
comprises an efficient in the removing soluble organic material. The relatively high efficiency 
achieved can be attributed to the excellent contact between wastewater and the sludge. This 
EGSB-system particularly is attractive at low temperature, when the mixing of influent and 
sludge generally is insufficient due to the low biogas production. 

SOME DIFFICULTIES IN ANAEROBIC SEWAGE TREATMENT 

The performance of an anaerobic treatment system depends strongly on the 
environmental conditions and the characteristics of the wastewater. Several environmental 
factors either enhancing or inhibiting parameters i.e. temperature, pH (alkalinity), nutrients 
and toxicants affect anaerobic digestion, such as growth rate, decay rate, gas production, 
substrate utilization etc. (Henze and Harremoes, 1983, Speece, 1983). 

Table 3 Effect of Sewage Characteristics on Anaerobic Treatment 

Characteristic Possible Impact 

Low temperature - low methanogenic specific activity 
- slow hydrolysis 

low substrate concentration - low growth potential 
- low bacteria concentration 
- poor methane capture 
- low removal efficiency 

high SS (or VSS) fraction - slow hydrolysis and mass transfer kinetics 
- reduction of the specific methanogenic activity 
- reduction SRT 
- detrimental for bacterial granulation 
- risk for scum layers formation 

high sulphate concentration - inhibition of methanogenesis process 
- lower methane production 
- potential inorganic oxygen demand and post 

treatment is needed 
- odour or corrosion problem 

fluctuation in the flow - poor effluent quality 
and in concentration 
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For domestic sewage Rittmann (1985) listed six key characteristics that might 
influence anaerobic sewage treatment performance. Others also pointed out similar factors 
concerning the applicability of anaerobic treatment for sewage (McCarty, 1985, Jewell 1985, 
and Lettinga, 1992b). Since 1980, extensive investigations have been conducted using various 
types of reactors under variety of conditions. This resulted in a better understanding of the 
anaerobic process, might lead to new conclusions for process control and system 
development. The various factors are summarized in Table 3 and will be discussed below. 

The Effect of Temperature 

The temperature comprises one of the major factors influencing the process. Heating 
a large of quantity of domestic sewage obviously is not feasible from an economic point of 
view. Anaerobic sewage treatment processes should be applied at ambient temperature 
conditions. For tropical areas the sewage temperature is 20-35°C, while it is 10-20°C for 
moderate areas. The results obtained sofar, clearly demonstrate that the process offers big 
prospects for topical areas (Schellinkhout et al., 1985, 1991, Grin, 1985 and Vieira, 1986, 
1988, van Haandel and Lettinga, 1993). But, results obtained by several investigators indicate 
that the use of anaerobic treatment even should not be excluded at temperatures as low as 4-
10°C (Coulter et al., 1957, Grin et al., 1983, van der Last et al., 1992, Lettinga et al., 1983, 
Jewell et al., 1981, de Man et al., 1988a, Inamori et al., 1983, Sanz and Fdz-Polanco, 
1990). 

The BOD removal efficiency can still come up to values as high as 67%, even at a 
temperature as low as 4°C (Coulter, 1957). Sanz and Fdz-Polanco (1990) reported about the 
performance of an AFBR reactor, operated at a temperature as low as 10°C and HRT= 1.5h. 
for a long operation period (235 days). The total COD removal exceeded 70% and BOD 
removal about 80%. Their results also indicated that a sudden and short temperature decrease 
did not have a significant impact on the performance of the reactors. On the other hand, it 
also was clear that operating the system at lower temperature (10°C) will result in a 
significant the amount of higher accumulating of solids. Similar observation were made in 
the anaerobic filter system investigated by Genung (1985). 

In experiments conducted by Inamori (1983) with an anaerobic filter system, using 
synthetic wastewater (200mg/L BOD) at 5, 10, 20 and 30°C temperature and at HRT=7.5, 
15 and 30 h., the following relationship between HRT and applied temperature was found. 

HRT. i i X, 
In - = 11810.5(— - —)-ln— (4) 

HRTX T2 T, Xj 

Where: T = temperature; i = subscript 1,2 indicated temperature 1 and 2 

For the AF process it was found that at temperatures it needs a longer HRT below 
10°C. At T=30°C the required retention time is only 3% of that at 5°C. For experiments 
conducted with UASB-system it was found that compared to 35°C the methanogenic activity 
at 20°C is 35%, at 10°C 10% and at 5°C 3% (van der Last and Lettinga, 1993). From Eq. 
4 it can be deduced that the temperature effect can be compensation by an increased sludge 
concentration. 
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Switzenbaum and Jewell (1980) reported that an increased biomass hold-up is found 
in an AAFEB reactor at lower temperature, which to their view it is important for 
compensation of low temperature. The AAFEB was shown to be effective at HRT = 5 hrs. 
for wastes containing only 200mg/L of COD a temperature as lower at 10CC (Jewell et al., 
1981, Switzenbaum and Jewell, 1983). 

A COD^-reduction of 50-60% can be achieved at temperatures ranging from 15-
19°C at HRT=8 hour for the conventional UASB process using flocculent sludge. At 
temperatures below 10°C overloading of the system occurs under these conditions (Lettinga 
et al., 1981, Lettinga et al., 1983, Grin et al., 1983). For granular sludge UASB system a 
COD removal efficiency of 45-75% can be achieved at HRT=8 hours and temperatures 
exceeding 12°C. However, at temperatures drops below 10°C, the HRT has to be prolonged 
to 9-14 hours to achieve the same removal efficiency (Lettinga et al, 1983, de Man, 1986). 
With a modified version of UASB reactor, i.e. the EGSB reactor, anaerobic treatment looks 
feasible for settled sewage at temperatures below 13°C. In an EGSB system a better contact 
between wastewater and sludge is attained, resulting in a better removal efficiency compared 
to an UASB reactor. At HRT 1-2 hours it is possible to obtain 45% COD,^, removal 
efficiency, which corresponds up to 80% removal efficiency for the biodegradable COD-
fraction. Below 13°C a higher HRT is needed to avoid a poor degradation of intermediates, 
viz 2.5-3 hours (van der Last and Lettinga, 1992). The big potentials of the EGSB system 
recently has been demonstrated particularly for a VFA-substrate. In that case at space loads 
up to 12 kgCOD/m3.d at 10-13°C over 90% removal efficiency of the VFA (500-1,000 
mg/L) at less than 2 hours retention time can be accomplished (Rebac and Lettinga, 1993). 

These results with synthetic substrates clearly illustrate the enormous potentials of 
anaerobic treatment at low temperatures. It is also clear that the rate-limiting step for 
anaerobic treatment in EGSB systems is not methanogenesis. In case the wastewater consists 
of a more complex substrate, such as lipids, long chain fatty acids, proteins, the rate limiting 
step in EGSB-reactors using a high grade granular sludge generally is hydrolysis. This 
certainly is true for temperature as below 15°C. 

The Effect of Low Substrate Concentration 

Reaction kinetic concepts, which allow rough estimation of Smin representing the 
minimum concentration of the substrate in the effluent that can be achieved in a system 
operated under steady state conditions, was proposed by McCarty(1985), Rittmann(1985) and 
Jewell (1985 and 1987). A limitation of anaerobic treatment might be that even for the 
degradation of very simple substrates, such as higher VFA and ethanol, several different 
species are involved. Each species has its own substrate and intermediate products. The total 
concentration that ultimately will appear in the effluent is equal to or exceeds the sum of the 
respective Smin values for the various types of substrates and intermediate products formed 
(ESrain(i)). This may lead to a rather large effluent concentration for unbalanced anaerobic 
treatment systems. 

The Smin value found for acetate in methane fermentation were 48mg/L and 78mg/L 
at 25°C and 35°C, respectively according to McCarty (1985) These relatively high values will 
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lead to rather low removal efficiencies for low strength acetate containing wastewater. 
However, according to Rittmann(1985) Smi„ as low as 3.7AC-BOD/L prevail at 35°C for 
acetate substrate. Based on this value it should be possibly that the effluent meets secondary 
treatment standards. And indeed, for the methanogenic substrates or like VFA or a simple 
soluble substrate, like ethanol, for low influent concentrations ranging from 200-700mg/L, 
an almost complete removal (over 95%) was achieved at 10 hours and 2 hours retention time 
using a conventional UASB reactor and an EGSB reactor at 30°C, respectively (Kleerebezem, 
1991, Versteeg, 1992, Lettinga, 1992b, Kato et al., 1994). In ongoing research (Rebac and 
Lettinga, 1993) with EGSB systems it recent even was found that an almost complete COD 
removal can be achieved for a VFA substrate with COD 500-1,000 mg/L at temperature as 
low as 10°C and at HRT=2.0 hours! 

Another serious potential limitation for the treatment of sewage is associated with the 
low cell yield of anaerobic bacteria. A low sludge yield can result in a system with a net zero 
or negative sludge production (Genung et al., 1980, 1985, Wang et al, 1987, Garuti et al., 
1992). For a sewage with a BOD=250 mg/L, the maximum ultimate microbial yield is 
approximately 25mgVSS/L which generally is far lower than the effluent VSS. Fortunately, 
the newly developed processes like UASB and EGSB were found to retain the viable sludge 
sufficiently well for synthetic substrates and for sewage as well, even at low temperatures. 

The Effect of High SS(or VSS) and Colloidal Fraction 

Coarse and finely dispersed SS can affect the anaerobic treatment system quite 
adversely (Table 3). In case of raw municipal wastewater treatment it therefore might be 
beneficial to subject the sewage to primary sedimentation before feeding it to an anaerobic 
digester. Despite that the UASB reactors installed sofar, do not use primary treatment, 
contrary to systems like the anaerobic expanded or fluidized bed investigated at small pilot 
scale. Although according to Jewell et al.(1981, 1985), Yodo et al. (1985) and Genung et al. 
(1982, 1985) suspended solids can be effectively degraded in AAFEB, AFBR and AF 
systems, the accumulation of slowly biodegradable SS may exclude the application of these 
systems under conditions of low HRTs, particularly for treating raw sewage, but presumably 
also for settled sewage. The required volume of these reactors will become as big as that of 
a conventional UASB system. Therefore the control of the suspended solids becomes an 
important consideration. 

Except removing the suspended solids in a pretreatment, possible problems with SS 
in anaerobic treatment systems can also solved in an other way. In the EGSB reactor 
superficial velocity exceeding 4-6 m/h are applied, dispersed matter present in the wastewater 
is completely washed through the reactor or it accumulates in the form of a flocculent sludge 
layer on top of the granular sludge bed, depending on the design of the system (van der Last 
and Lettinga, 1992, Lettinga and Hulshoff Pol, 1991b). In this way a heavy accumulation of 
inert sludge in the system can be avoided, e.g. by applying occasionally a short period (0.5-
1.0 hours) of high superficial velocity in order to wash out the flocculent sludge from the 
system. Very similar observations were made in the operation of AAFEB reactor and AFBR 
reactors (Jewell, 1985, Sanz et al., 1990). In the upflow AF reactor, the excess sludge seems 
to accumulate at the bottom of the reactor, and therefore, it has been suggested to modify 
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the design of the AF reactor by leaving an unpacked reactor beneath the packed section so 
that a sludge blanket can developed here (Genung, 1985). Such a hybrid-type reactor might 
become beneficial for controlling the sludge stabilization in AF reactor. 

As raw sewage contains quite a big amount of suspended solids, some researchers 
recommend to subject the raw sewage to a pre-treatment process. The use of two anaerobic 
reactors, viz one for treating the dilute wastewater and the other for the separated suspended 
solids was suggested by McCarty (1985). In fact, various efforts along this line already have 
been made by several investigators for some years. Grethlein (1978) adopted a septic tank -
membrane system for domestic sewage treatment. As a result of the increased concentration 
of microorganisms and substrate in the membrane reactor, the anaerobic digestion rate in this 
"high-tech" septic tank system could be enhanced by a factor of 3-4. The anaerobic 
membrane process was developed further by Kiriyama et al. (1991) at field scale. The 
process consisted of a pretreatment system for separating suspended solids, a hydrolysis 
reactor with membrane module for retaining the solids and a UASB reactor. The field test 
gave a 70-80% BOD removal efficiency and a gas conversion rate from 57% to 60% in 
terms of BOD at HRT= 1.8 h. (working volume) and ambient temperature conditions. It was 
reported that 84.5% of charged volatile suspended solids was degraded, and accordingly the 
sludge production only amounted to 1/3 to 1/4 of that of traditional processes. 

A process combining physic-chemical clarification using fine magnetite particles with 
anaerobic digestion was developed on bench scale for treating a concentrated type of sewage 
by Priestley and Woods (1987). This process produced an effluent with a BOD in the range 
of 25 - 50 mg/L. Quite different from above physio-chemical/anaerobic concept, is the 
"hydrolysis upflow sludge blanket" (HUSB) reactor introduced by Wang et al.(1987, 1989 
and 1992b) The objective of this process is to remove SS, to stabilize the removed suspended 
solids and to raise the biodegradability and of domestic and various industrial wastewater as 
well. Over 80% suspended solids and 40% COD can be removed in the HUSB reactor at 
ambient temperature conditions (9-23°C). 

The Effect of Sulphate Concentration 

Sulphide production can cause several problems, such as inhibition of methanogens 
(though particularly at high S2" concentration, competition between sulphate reducers and 
methanogens for substrate, odour and corrosion problems and a higher oxygen demand in the 
effluent etc. (Rinzema and Lettinga, 1988, Visser, 1992). Because, both the sulphate and 
substrate levels in domestic wastewater are relatively low, it is very unlikely that H2S will 
reach the critical inhibition level for methanogenesis. A mathematical model derived by 
Rittmann (1985) indicates that methanogens and sulphate reduction bacteria can coexist. This 
indeed was confirmed in practice, sulphide and methane are both formed in an anaerobic 
reactor (Coulter, 1957, Yodo, 1985, Sanz 1990, Draaijer et al, 1991). The remaining 
problems of the presence of sulphide in the effluent are malodor nuisance, corrosion and a 
high oxygen demand (Fall and Kraus, 1961, McCarty, 1981). 

Malodor problems with the anaerobic effluent can be easily avoided (Coulter, 1957, 
Fall and Kraus, 1960, Sanz, et al., 1990). The presence of oxygen results in the formation 
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of small white granules containing a high percentage of sulphur(78%) (Sanz et al., 1990). 
These observations already were made by Coulter et al. (1957) and Brown et al. (1985). 
Thiothrix and thiobaccilli bacteria and some obligate aerobic organisms were found in the 
effluent (Sanz, 1990, Coulter, 1957, Fall and Kraus, 1961). These micro-organisms are able 
to use sulphide as an energy source and transform it into sulphur, which then is deposited 
as in granular form in the cell. The phenomenon of biological sulphide conversion into 
elementary sulphur has been extensively studied by Buisman et al. (1990a and b). 

The sulphide formed by microorganisms may be present in the liquid in soluble or 
insoluble form, depending on the conditions. Heavy metals with exception of chromium, 
form insoluble sulphide salts and can thus be removed from the solution when sulphide is 
present in the system. This can be used both for heavy metal and sulphide removal. It has 
been observed that Zinc, Copper, Cadmium and Iron are removed over 70% and Manganese 
for 30% in an UASB reactor (Fernandes et al., 1985). A so-called UASB-Fe reactor in which 
iron pieces are used as packing media according to Zhou, et al. (1991) can be effective 
control the sulphide level below 0.1 mg/L. 

A possible interesting development is the so-called Multi-stage Reversed-flow 
Bioreactor (MRB) which utilizes the symbiotic interaction between anaerobic bacteria 
(sulphate reducing bacteria) and microaerophilic bacteria (sulphur oxidizing bacteria) for 
auto-granulation. Organic substrate present in a sulphate containing wastewater will diffuse 
into the self-granulated sludge (SGS), where it is converted to organic acids by anaerobic 
bacteria, and then utilized by the SGS for sulphate reduction. Sulphide produced in this 
reaction diffuses through the SGS surface back into bulk of the liquid. Though the supply of 
oxygen is limited in the MRB reactor, there still exists a chance for the microorganisms 
present on the SGS surface to come into contact with the oxygen. Because the oxygen 
consumption rate of bacteria oxidizing sulphide is much higher than that of bacteria oxidizing 
organic substrate, most of the oxygen will be utilized by the sulphide oxidizing bacteria 
(Takahashi and Kyosai, 1988, 1991, Arora and Mino, 1992). 

Effect of Fluctuations in the Flow and in Concentration and Other Factors 

The big fluctuation both in flow rate and in concentration comprise important limiting 
factors regarding the efficiency of sewage treatment systems, although according to Jewell 
(1981) 20-fold changes in organic concentration and in flow rate have little effect on the 
AAFEB process. In 64 m3 pilot plant experiments with the UASB reactor a better average 
daily treatment efficiency was obtained under conditions of low night-time (HRT=6 hours) 
and high day-time flow (HRT=2.2 hours) as compared to that obtained at a HRT of 6 hrs. 
(Schellinhout et al., 1985). Inamori et al. (1983) reported that an AF reactor operated 
steadily under conditions of 3-fold and 6-fold flow rate for a period lasting 3 hours. 

Process failures of the anaerobic process are sometimes associated with product 
inhibition, due to the formation of high concentration VFA, hydrogen, sulphide or ammonia. 
However such problems hardly can occur in treating a very low strength wastewaters, like 
sewage, because the amount of intermediate products then can not reach inhibitory level 
(Mergaert, et al., 1993). Moreover, in case of sewage treatment always sufficient bicarbonate 
buffer capacity will be present in the water phase. 
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POST TREATMENT AFTER AN ANAEROBIC PROCESS 

It is widely accepted that anaerobic treatment is a pretreatment process, because it is 
a mineralisation process which merely converts organic matter. Reduced inorganic 
compounds are present in the effluent, such as ammonia, sulphide and phosphate. Moreover, 
also pathogens generally are insufficiently removed. Therefore the anaerobic treatment has 
to be followed by adequate post treatment methods in order to meet standard set for 
discharge on surface water. Various aerobic treatment processes have been proposed for post 
treatment, such as the activated sludge process, contact oxidation process, aerobic fluidized 
bed systems, rotating biological contactor and stabilization ponds (Yoda, 1985, Wang et al., 
1989, Xu et al., 1991a and b, Schellinkhout et al., 1991 and van Buuren, 1991a). 

Aerobic and anaerobic biological treatment processes for domestic sewage treatment 
offer advantages and disadvantages relative to each other. McCarty (1964) listed the 
advantages of anaerobic treatment as 1) a high degree of waste stabilization, 2) a low 
production of waste sludge, 3) a low nutrient requirement, 4) no oxygen requirement, and 
5) the production of methane gas as a useful end-product. In principle, by combining the two 
systems in a sequential set-up, they become mutually complementary in their advantages and 
offset in their disadvantages. So recently it was found that the anaerobic process can 
effectively degrade hazardous chemical compounds as halogenated compounds (McCarty, 
1985, Tao et al., 1992). The combined anaerobic - aerobic process looks particularly 
beneficial for the treatment of domestic sewage and refractory industrial wastewaters (Wang, 
et al., 1989, Wen, et al. 1991). 

According to Lettinga (1985) application of anaerobic pretreatment can relieve an 
overload aerobic treatment plant from bulking sludge problems occurring due to overload. 
Moreover various researchers demonstrated that such combined anaerobic aerobic concept 
can reduce quite substantially the total wastewater treatment plant investment costs, energy 
consumption and running costs (Wang et al., 1987, 1992 and Genung, 1982, 1985, 
Collivignarelli, 1991). Economic analyses indicated that the AnFLOW process (AF 4-
aerobic post treatment) is attractive at small scale (19-27m3/d) with respect to the costs of 
investment, operation and energy, while for large scale application (based on 3,800m3/d) the 
operational costs and energy consumption still can be reduced with 16.5% and 41.3% 
respectively relative to that of the activated sludge process (Genung et al., 1979, 1982). 
However, the investment cost in latter case would increase 36.9% compared with the 
activated sludge process. Collivignarelli et al. (1990, 1991) have compared their developed 
anaerobic - aerobic process to the traditional activated sludge process. The excess sludge 
production of the new process is 60% less, while the energy for aeration and occupied plant 
area are 40% and 60% lower, respectively. The investment costs are almost the same. 
Therefore, according to Collivignarelli et al. the anaerobic - aerobic process represents an 
attractive and feasible alternative process. 

The post treatment system to be used strongly depends on the characteristics of the 
anaerobic effluent, and on the effluent standards for discharge on surface water as well. In 
general three situations can be distinguished with respect to the required effluent quality i.e. 
i) for direct agricultural uses, such as irrigation, fishing culture etc.; ii) for discharge on 
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surface water where strict effluent standards apply for the various characteristics, such as 
organic matter(BOD), SS, NH4

+-N, N02"-N, N02yN, phosphates and pathogens; iii) for 
situations where only organic matter, BOD(COD), SS and pathogens have to be eliminated. 
In order to satisfy the different standards, post treatment processes have been developed and 
/or investigated for nitrification, denitrification, sulphide oxidation, phosphate, SS and BOD, 
as well as pathogen removal (Bovendeur et al., 1985, Buisman, 1990a and b, Collivignarelli 
et al., 1990, Vieira, 1988, Xu et al., 1987, 1991a, Buuren, 1991b). 

The characteristics of anaerobic effluent are quite different from those of the original 
sewage, such as the low BOD/COD ratio (poor biodegradability ), the high content of H2S, 
NH4

+-N and sometimes a relatively high VFA content. According to Rittmann (1985) the 
bulking problem in the activated sludge process is associated with sulphide, and he therefore 
presumed that an aerobic post treatment following an anaerobic pretreatment would be 
accomplished with more difficulties compared to direct aerobic treatment. According to 
observations made by Wang (1992c and d) the bulking sludge problem is associated with high 
VFA concentrations (about 100mgAC/L) and high loading rates (0.65-0.85 kgBOD/m3.d). 
De Man et al. (van Buuren, 1991a) encountered serious sludge bulking problems in a high 
rate activated sludge post treatment process. Due to heavy bulking of sludge the experiment 
had to be terminated at a loading rate of 0.3-0.6kgCOD/kg MLSS.d, HRT=2.5h.. In order 
to prevent bulking of the sludge it was recommended to apply a plug flow process to be 
operated at low loading rate (0.12kg COD/kg MLSS.d HRT=10.5 h.). According to 
observations made by Grin (1985) nitrification proceed in aerobic post-treatment slower than 
in a direct aerobic process, and sometimes even longer HRT may be required than in a 
conventional aerobic treatment system (van Buuren, 1991, Inamori et al., 1986). 

Regarding these findings the well established conventional aerobic processes very 
likely are not the most suitable systems to achieve an optimum treatment concept, in which 
important targets are delegated to anaerobic pretreatment step. It is clear that the desired 
optimum process configuration is not yet available and it therefore is recommended put 
emphasis on research in that field. A lack of proper post treatment method would become 
a serious obstacle for the rapid implementation of anaerobic treatment. Nevertheless the 
present study will focus on anaerobic pretreatment, because tentatively the removal of 
organic matters is the main issue in the developing countries. In addition attention was paid 
to the possible use of a low cost post treatment process using a technically plain system. 

SCOPE OF THIS THESIS 

This thesis presents results of research activities conducted in China and the 
Netherlands, viz.: 1) investigations deal with combined hydrolysis - aerobic biological 
processes for municipal wastewater treatment, conducted in China from 1985 to 1989; and 
2) investigations of the hydrolysis upflow sludge blanket (HUSB) reactor combined with an 
expanded granular sludge bed (EGSB) reactor process for sewage treatment, which were 
conducted in the Netherlands. 

The main object of the investigations is to assess the feasibility of modified high rate 
UASB processes (either HUSB or EGSB) for the treatment of domestic sewage. This thesis 
consists of an introduction and six Chapters dealing with specific research issues, followed 
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by a summary. The investigations deal with anaerobic pre-treatment system and combined 
anaerobic and aerobic treatment, using post-treatment methods such as the activated sludge 
process, stabilization pond and the micro-aerophilic process. 

Chapter 2 deals with investigations concerning alterations of sewage characteristic 
taking place under anaerobic, micro-aerophilic and aerobic conditions. The hydrolysis reactor 
as anaerobic pre-treatment step aims at a reduction of influent suspended solids and to 
improve the biodegradability of the organic pollutants present in the sewage (Chapter 3), and 
the combined hydrolysis upflow sludge blanket (HUSB) reactor + expanded granular sludge 
blanket (EGSB) reactor configuration was investigated in order to assess the practical 
potentials of this concept (Chapter 4). The investigations dealing with the different post 
treatment processes for the effluent of various different anaerobic treatment systems are 
discussed in Chapter 3, 5 and 6, while the design aspects and implementation of the 
hydrolysis - aerobic treatment process are presented in Chapter 7. 
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