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PREFACE 

The treatment of municipal waste water and the hrther processing of sewage sludge 
presents at present a formidable task, due to the increasingly stricter ernission 
standards for the effluent of a treatment plant and the disposal problems for the 
remaining sludge. 
Until recently research in this field was planned at the moment when the problem was 
identified. The short term was considered to be more important than the rather long 
term. The long-term work was usually considered as being too fundamental. This is 
changing slowly now. Also the necessity to remove more and more pollutants makes 
the treatment of municipal waste water more complicated, requiring more advanced 
research. 
Therefore it is, especially now, desirable to exchange knowledge between technologists, 
micro-biologists and representatives of the water authorities not only within one 
country but also between countries. 
Japan and The Netherlands are both densely populated countries with a high degree 
of industrialization. It turned out that the research programmes and targets in the field 
of waste water treatment showed similanties. Although there are also marked 
differences e.g. in the approach of the problems and in the quality and quantity of 
municipal waste water. 
For this reason it is most welcome that a workshop has been organised by prof. Y. 
Watanabe (Miyazaki University), prof. J.J. Heijnen (Delft University) and ir. W. van 
Starkenburg (projectleader RWZI 2000) to promote professional and personal 
contacts ánd information exchange by both presentations and discussions. 

This report contains the workshop report and al1 presentations. 

The workshop is intended to become a regular event, each two or three years. The 
second workshop is scheduled in Japan in autumn 1993. 

Lelystad, June 1992 On behalf of the Steenng 
committee RWZI 2000 

dr. J. de Jong 
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1 PROGRAMME 

Sunday 7 April 1991 

Anival and welcome 

Monday 8 April 1991 9.00-12.30 
chairman: prof. M. Okada 

Opening by prof. J.J. Heijnen 

NATIONAL POLICYY AND RESEARCH PROGRAMMES 

1 Water quality management in the Netherlands, by dr. J. de Jong 

2 Water quality management in Japan, by prof. I. Somiya 

3 "Aqua Renaissance '90 and "Biofocus" projects, by prof. H. Aya 

4 Treatment of municipal waste water in the future, by ir. W. van Starkenburg 

5 Biologica1 nitrogen removal by step-feed proces, by dr. I. Miyaji 

12.30 - 14.00 Lunch 

Monday 8 April I991 14.00-17.20 
chairman: prof. M. Okada 

TREATMENT O F  SEWAGE SLUDGE 

6 Gravitational thickening process for sludge, by prof. T. Kusuda 

7 Some fundamental aspects of sludge dewatenng, by prof. P.J.A.M. Kerkhof 

8 Sludge Management in Japan, by mr. M. Ibuki 

9 New techniques of sludge management in the Netherlands, by ir. W.G. 
Werumeus Buning 

17.30 - 20.00 Dinner 

20.00 - 21.00 Discussion in groups 
- New techniques sludge management 
- Sludge thickening 
- Sludge dewatering 



21.00 - 21.30 Plenary discussion 
chairman: ir. E. Eggers 

Tuesday 9 April 1991 9.00-12.30 
chairman: ir P.C. Stampenus 

REMOVAL OF NITROGEN AND PHOSPHATE 

10 Two methods of nitrogen removal in Japan, by mr. Y. Hamamoto 

11 N-removal: research and state of the arts in the Netherlands, by prof. J.H.J.M. 
van der Graaf 

12 Stability of phosphorus removal and population of bio-P-bacteria under short 
term disturbances in sequencing batch reactor activated sludge proces, by 
prof. M. Okada 

13 P-removal: state of the arts in the Netherlands, by ir. T.W.M. Wouda 

12.30 - 14.00 Lunch 

14.00 - 17.00 Excursion to waste water treatment plant "Bennekom" and the research 
facilities of the Agricultural University Wageningen; 
Introductions by ir. J.H. Rensink and ir. P.J. Tessel 

17.30 - 19.00 Dinner 

14 Simultaneous nitrification and denitnfication for N-removal, by prof. J.G. 
Kuenen 

Accumulation of polyphosphate by Acinetobacter sp.: physiology, ecology and 
application, by prof. A.J.B. Zehnder 

20.00 - 21.00 Discussion in groups 
- Biologica1 N- and P-removal 

21.00 - 21.30 Plenary discussion 

Wednesday 10 April I991 9.00-12.30 
chairman: mr. Y.  Hamamoto 

ADVANCED WATER TREATMENT TECHNIQUES 

16 Study on practivability of U-tube aeration, by dr. A. Toriyama 

17 Multireactor and Deep-Shaft systems, feasibility for sewage treatment in the 
Netherlands, by ir. E. Eggers 
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18 Membrane bioreactors for waste water treatment, by prof. K Yamamoto 

l 19 Scale-up of the aerobic airlift suspension biofilm reactor, by prof. J.J. Heijnen 

12.30 - 13.30 Lunch 

! 20 Possible role of anaerobic digestion in sewage treatment, by prof. G. Lettinga 

21 The influence of retention time on reactor performance and bactenal trophic 
populations in anaerobic digestion proces, by prof. T. Noike 

22 A physiological approach to waste water treatment with complete sludge 
retention, by prof. A.H. Stouthamer 

1 23 Control and automation aspects in biologica1 denitrification processes in 
I Japan, by mr. T. Aoi 

19.00 Official dinner with guests 

Thursday I1 April 1991 9.00-12.40 
chairman: prof. I .  Somiya 

MORE EXTENSIVE TREATMENT OF MUNICIPAL WASTE WATER IN 
FUTURE 

24 Efnuent 2000 Japan, by prof. H. Nakanishi 

25 Needs for research in future, by ir. W. van Starkenburg 

26 Municipal waste water treatment system combining physico-chemica1 and 
biologica1 processes, by prof. Y. Watanabe 

27 Bactivorous grazers: a way to reduce sludge production, by prof. S.A.L.M. 
Kooijman 

28 Biologica1 removal of xenobiotics, by prof. B. Witholt 

12.40 - 13.30 Lunch 

13.30 - 14.15 Closing of the Dutch - Japanese Workshop by ir. W. van Starkenburg 

14.15 - 18.00 Excursion to municipal waste water treatment plant "Dokhaven" 



2 SUMMARY 

From April 8 - 11, 1991 the first Dutch - Japanese workshop on the treatment of 
municipal waste water has been organized at Heelsum in the Netherlands. 
The aim of this workshop was to  exchange technica1 knowledge with regard to the 
treatment of domestic waste water and the further processing of sewage sludge in 
Japan and the Netherlands. 

The reason for this exchange of knowledge and experience between these two coun- 
tries is the great similanty with regard to the population density, resulting problems 
such as lack of area, intensive pollution of waste water and the generation of waste 
products. Both countries usually choise similar ways to solve these problems. Neverthe- 
less, there are also several differences, for example the customs and the legislation, 
and also the composition of the waste water, by which the selection for using a specific 
treatment system win be affected. 

About 35 persons attended this workshop; 13 of them from Japan, the others from the 
Netherlands. The participants represented different diciplines, e.g. public water 
authorities, industry and universities. In total 28 presentations have been given and two 
excursions have been organized. One excursion to the waste water treatment plant 
"Bennekom", including the research facilities of the Agncultural University Wagenin- 
gen and one to the underground situated waste water treatment plant "Dokhaven". 
The presentations were divided int0 the following themes: 
- national policy and research programmes; 
- processing of sewage sludge; 
- removal of nitrogen and phosphate; 
- advanced water treatment techniques; 
- more extensive treatment of municipal waste water in the future. 

2.2 National poliq and research propmmes 

Both Japan and the Netherlands, are densely populated countries with a high degree 
of industrialization. Especially after World war 11, rapid population growth occured 
and an explosive increase in industrial activity charged surface waters with intolerable 
loads of oxygen - consuming substances and heavy metals. Therefore, several research 
programs and laws, regarding this subject, were initiated. 

In the Netherlands the Pollution of Surface Water Act was introduced in 1970. Its 
purpose was to regulate discharges and to keep the surface waters as clean as 
possible. For municipal waste water the activities are mainly focused on the collection 
via municipal sewerage systems and central treatment in biologica1 sewage treatment 
plants. The result so far is that just over 90 % of municipal waste water is collected via 
sewerage systems and more than 85 % is treated biologically. This is a relatively high 
amount, certainly as compared to Japan. In Japan 96 % of night soil and 45 % of 
municipal and domestic waste water are treated in sewage treatment plants, Jokasou 



(the treatment facilities for flush toilet, or Bush toilet and household waste water) and 
night soil treatment plants (the treatment facilities for storage tank toilet). 

In Japan the national water quality policy was started in 1958 by introducing two water 
quality laws. One was concerned with conservation of water quality on public water 
areas, and the other on effluent from factones. In 1967 these both laws were unified in 
the f o m  of a new reinforced Water Pollution Control Law. Besides several amend- 
ments during the following years, this law was revised again in 1990 to institutionalize 
the measures for household effluent. 

In Japan the following four ministeries are responsible for the water quality manage- 
ment; Ministery of Health and Welfare (night soil, dnnking water), Ministery of 
Constmction (municipal waste water, sewage sludge), Ministery of Agriculture and 
Fishery (municipal waste water in mral areas) and the Ministery of Environment 
(Quality standards). In the Netherlands the primairy responsability for the water 
management, both quality and quantity, rests with the Ministery of Transport, Public 
Works and Water Management ("Rijkswaterstaat") as far as State managed waters and 
temtonal waters are concerned. The water bodies are divided into large waters of 
national importante, such as the intematonal nvers Rhine, Meuse and Scheldt, the so- 
called State managed waters. The responsability for non-state waters lies with the 
provinces. Eight of the twelve provinces, however, delegated this responsability to 
regional water boards, which are functional public bodies exclusively authonzed with 
water management tasks. 

The Japan Ministery of Constmction has conducted a research program "The Deve- 
lopment of New Waste Water Treatment Systems Employing Biotechnology", which is 
commonly called "Biofocus". It was started in 1985 and wiU end in 1990. The present 
and future problems in waste water treatment have been approached from biotechno- 
gical and microbiological views. It included various research projects, performed at 
basic and practica] level, and divided into 8 subdivisions: 
- composing a database with information on microorganisms that can be used in 

waste water treatment; 
- the applicability of genetic engineering; 
- methods to immobilize microorganisms; 
- bioreactors in the treatment of waste water; 
- bioreactors for the treatment of sewage sludge; 
- biosensors 
- suspended soiids/water - separation methods 
- systematic evaluation of investigated and newly developed technologies and their 

integration into novel treatrnent systems. 
At the same centra1 test site the development and evaluation of new concepts of waste 
water treatment, for example an energy-saving type, area-saving type and simultaneous 
nitrogen & phosphoms removal type was carried out. By using the same waste water, 
results of the different concepts can be easily compared. Companson with the Dutch 
research program "Treatment of Municipal Waste Water in the Future" or shortly 
"RWZI 2000" shows a remarkable degree of similarity. Both research programs have 
as the main objectives: 
- the decrease of energy consumption and operating costs; 



- the development of compacter systems; 
- the improvement the effluent quality; 
- the recycling of reusable components. 
The differente between these researchprogrammes is found in the involvement of the 
industry (more in "Biofocus") and the universities (more in "RWZI 2000) 

RWZI 2000 started in 1988 and will continue til1 1993 in a joint effort of the "Institute 
of Inland Water Management and Waste Water Treatment" ("RIZA) and the 
"Foundation for Applied Waste Water Research" ("STORA"). This research program 
consists of a number of studies in the field of waste water treatment and sludge 
management in different gradation; such as long-term fundamental research, practica1 
research and evaluation study. 

The "Aqua Renaissance ' 90  project is another Japanese govemment directed research 
program in the field of water reclamation and methane gas recovery from industnal 
and domestic waste water, supported by the Ministery of International Trade and 
Industry. The objective is to develop a treatment system of low cost, low energy 
consumption and smal1 space requirement, employing combination of anaerobic 
process and membrane separation. The objective for the membrane separation devices 
is to develop membrane modules with a power consumption of less than 1.5 kWh/m3 
at sludge concentrations of 10 gil, and of less than 0.3 kWh/m3 at biomass concentrati- 
ons of 0.1 g/l. For the anaerobic bioreactor the target value was a gas conversion rate 
of more than 80 % at a volumetnc organic loading rate of at least 5 kg BODIreactor 
m3.day at BOD concentrations 2,000 m@ of the waste water; and a gas conversion 
rate 2 60 % at a volumetnc loading rate 2 2 kg BODIreactor m3.day with a BOD level 
of the waste water between 200 - 1000 m@. 
For this program (1985-1991) a special organization, the Aqua Renaissance Research 
Association, which consists of several national research institutes and more than 
twenty private companies, has been founded. 

2 3  Treatment of sewage sludge 

In densely populated countries, like Japan and the Netherlands are, the disposal of 
sewage sludge becomes more and more a problem. The stricter requirements of heavy 
metals content for reusable sludge in the future wil1 bring an end to the use in 
agnculture or in compost and soil production. This means that sewage sludge will 
change kom a "fertilizer" int0 a waste product. It is thus becoming more and more 
important to minimize the volume of sewage sludge. 
It will be necessary to improve the mechanica1 dewatering of sewage sludge and 
reduce the quantity of the remaining solids by composting, drying or incineration. 

In the past sludge in the Netherlands was mostly used to produce compost in the form 
of fertilizer or for use in soil production. But by the stricter standards the purpose of 
composting changed int0 a dewatering technique only, which can reduce the volume 
and increase the dry matter content of sewage sludge. Composting in Japan has only a 
4 % share of the total amount of generated sewage sludge; in the Netherlands it still is 
30 %. 



Another method by which the volume of the sludge can be reduced is thermal dq4ng. 
Thermal dryhg increases the dry matter content, but the amount of organic matter 
remains nearly the same. Two examples of the so-called indirect drying systems, where 
there is no direct contact between hot air and the sludge, are the "Exergy" system and 
the "Carver Greenfield" process. They are both multi-stage dqing processes, which use 
a camer, steam or oil, as a transport medium and heat supply. In Japan there is some 
expenence with a heavy oil variant of the Carver Greenfield process. The dned sludge 
contains a high percentage of oil (up to 35 %), which wil1 be used as waste fuel for 
incineration. Drying is adapted as a pre-treatment for incineration. 

Volume reduction by incineration of sludge has been used for a nurnber of years in 
the Netherlands. About 3 % of the total amount of sewage sludge is treated by 
incineration in the Netherlands; in Japan more than 50 %. The incineration technique 
used depends on the fuel characteristics of the starting material, which is determined 
by the degree of dewatenng and the ash or lime content. In Japan two types of 
incinerators are commonly used, the "Multiple Hearth Furnace" and the "Fluidized 
Bed Furnace". In the Netherlands the most practicable incineration systems for 
sewage sludge are fluidized bed, g a t e  incinerator and powder burner. 
The treatment of the flue gas and the leaching of heavy metals from ash are becoming 
more and more important in relation to incineration. For this reason a new type 
incinerator, the so-called melting fumace, is taken into consideration in both countries. 
In the melting process the dned sludge is brought into a liquid form at a temperature 
of 1400 - 1600 T. At this temperature the organic material will be incinerated and the 
inorganic part of the sludge melted. Depending on the method of cooling a glassy or 
basaltlike slag is formed. When the cooling takes place quickly in water, a glassy 
endproduct is produced; cooling at the air results in a basaltlike slag. In both cases the 
slags are stable. Tests indicated that the leaching of the heavy metals in the slag can 
be brought back to a minimum. In Japan several types of melting furnaces are 
developed; for example "cyclone melting furnace", "film surface melting fumace", "coke 
bed melting furnace" and the "arc melting fumace". 

The first full scale Vertech wet oxidation installation in the world will be completed in 
the Netherlands in 1992. In a wet oxidation process, organic contaminants are oxidized 
in a water phase with oxygen, at a temperature of at least 175 "C and under high 
pressure to prevent too much evaporation of water. In the Vertech system the 
oxidation reaction is performed in a 1200 m, vertical undergroud pipe reactor. The 
necessary pressure is achieved by the weight of the overlying gasAiquid mixture at the 
bottom of this pipe. 

Besides optimizing these techniques for treatment of sewage sludge, new waste water 
treatment systems have to be developed, which wil1 produce less ( seconda~)  sewage 
sludge. 
One way to reduce sludge production is to select micro-organisms with a high 
maintenance energy requirement. Reducing the biomasslsubstrate ratio is a possible 
selection mechanism. Under these conditions the bactenal growth rate is low and most 
utilized substrate is spent on maintenance processes. As a result biomass production is 
low. This can be camed out in reactors which permit biomass retention either by the 
use of camer matenal or by membranes. In Japan as wel1 as in the Netherlands 



expenments show that much lower sludge production can be obtained. 
Another option is to introduce organisms which predate on bactena. Through 
predation the sludge wil1 be converted into energy, water and carbon dioxide. Under 
optimum conditions the loss of energy wil1 be maximized and the biomass production 
minimized. 

It should be noted that despite the above mentioned research on low sludge producti- 

l 
on, sewage sludge wil1 always be generated; for example the supply of primairy sludge 
from the sewer systems. 
Therefore another fundamental research was started in the Netherlands. This study 

I was ment to increase the knowledge and understanding of the problems regarding 
i 
I 

dewatenng of sewage sludge. It should lead to the development of techniques to 
increase the dry solids content and to reduce the volume of sewage sludge. Products of 
this research should be: 

I - knowledge of the relation between various characterisation methods and physical 
l parameters; 

- theoretica1 simulation models by which filtration and compression behaviour can be 
predicted. 

2.4 Removal of niirogen and phosphate 

In the Netherlands extensive nitrogen reduction is mainly achieved in oxidation ditches 
and low-loaded activated sludge plants. Nitrification (the oxidation of reduced nitrogen 
compounds, generally ammonia, to nitrite, nitrate or other nitrogen oxides) and 
denitnfication (the reduction of oxidized nitrogen compounds to gases; N,O, N,) are 
the main processes. In oxidation ditches denitnfication occurs in the anoxic zones 
between the aerobic zones. In activated sludge plants there are a number of possible 
configurations whereby the nitrate-containing water from the nitrification zone is 
brought into contact with BOD in an anoxic area. One of the configurations is pre- 
denitnfication in a separate tank, to which nitrate-containing effluent is recycled to the 
first stage of the process. 
The so-called "multistage step-feed process" claims to result in a reduced energy 
demand for the recycling of effluent to the denitnfication tank and in reduced demand 
for carbon sources. In this system denitrification and nitrification compartments are 
arranged in alternation and waste water is equally divided into each of them. This 
system is being evaluated in Japan. It was found that treatment of night-soil, using the 
step-feed process with four steps, resulted in decreased operational costs and 
increased N-removal, when optima1 methanol dosage and recycling ratio were chosen. 
An overall nitrogen removal rate of 99 % could be maintained. 
Another configuration is a system with alternating aeration, where nitnfication and 
denitnfication occur consecutively in the same tank, which is alternately aerobic and 
anoxic. Examples of this system are the "Bio-DenitroU-proces, the "Intemittent Cycli 
process" and the "Tricycle-Verfahren". 

Besides the conventional autotrophic aerobic nitnfication and the anaerobic 
I denitrification there could be a possibility to eliminate ammonium in nitrogen gas in 
i one processtep by simultaneous heterotrophic nitrification and aerobic denitrification. 



In the Netherlands micro-organisms (e.g. fiiosphaera panthatropha) are identified who 
are able to oxydise simultaneously the organic carbon and ammonium and to reduce 
nitrate and nitrite to N,-gas. 

But also other systems for nitrogen reduction are feasable, like integrated and 
separate biofilm systems and methods of physiochemical removal such as ion exchan- 
ging, stripping and chemical precipitation of ammonium. 

It can be concluded that in both countries a need for compact systems exists, in which 
the activity and the number of micro-organisms for nitrogen reduction remains high. 
Mentioned was the possibility of dosage of nitrifymg micro-organisms or immobilized 
in polymers. More knowledge is needed about the production of NO, dunng biological 
N-removal and about the combination of biological N- and P-removal. 
There was also attention for (fuuy)control and automation aspects in a biological 
denitrification reactor by directly monitoring of NH,-N and NO;N in a mixed liquid. 
The problem of pollution of the monitoring equipment was solved by introducing an 
ultrafiltration treatment prior to the determination. There was also a possibility to 
control the feedlair ratio in a biological denitrification reactor by NH,-N itself. 

For P-removal a large number of techniques can be applied, either separately or 
combined, such as chemical precipitation, crystallisation in a pellet reactor, and 
magnetical and biological P-removal. In both countries chemical precipitation is mostly 
used, but the attention for biological P-removal is growing every day. 

The biological P-removal techniques are based on the principle that, given the right 
conditions, certain bactena are able to remove phosphates from municipal waste 
water. Roughly two different processes of biological P-removal have to be distinguis- 
hed; biological P-removal in the "mainstream"- and "sidestream". 
In the biological P-removal in the mainstream the phosphate is concentrated in the 
surplus sludge by passing anaerobic and aerobic zones. This phospate-rich surplus- 
sludge needs an aerobic sludge treatment, in order to prevent phosphate release back 
to the waterline. In Japan the effluent quality is influenced negatively by the low P- 
concentration in municipal waste water (3-5 mg/l compared to 9-11 mg/l in the Dutch 
situation). This influence is affected by the large amount of rainwater inflow dunng the 
rainy season (increase in dissolved oxygen and decrease in organic concentration) and 
by an increase in P-loading by sidestreams from sludge treatment. To cope with these 
problems primary sludge or methanol is added to the rainwater inflow with the 
purpose to increase the organic concentration. Othenvise the negative influence by the 
sidestream from sludge treatment is reduced by combination of biological P-removal 
and chemical precipitation, and by introduction of a improved sludge treatment 
proces; the BEST-system, a sludge pelletizing thickener. 
The P-removal in the sidestream is charactenzed by keeping the generated phosphate- 
nch sludge under anaerobic conditions in a stripper tank in a sidestream of a waste 
water treatment plant, so that the phosphates can be released from the sludge in a 
controlled way. The stripped sludge is sent back to the aeration basin for phosphoms 
uptake, while the enriched supernatant can be treated by chemical precipitation, pellet 
reactor or magnetic separation. 



These three P-removal techniques can also be used in the waterline. Chemica1 
precipitation is simple and reliable, but it has the disadvantage that it increases the 
salt load in effluent and produces phosphate sludge that can not be reused. Crystallisa- 
tion in a pellet reactor, magnetic separation or biologica1 P-removal do not have these 
disadvantages. In the Netherlands there is one fuil scale pellet reactor in operation 
and two magnetic P-removal installations. 

2.5 Advanced water treahent techniques 

It may be expected that the conventional waste water treatment systems will not be 
changed so much in the near future. On the other hand several configurations on the 
conventional activated sludge system will be developed. Besides aims as better effluent 
quaiity and less sludge production, these new treatment systems are also characterized 
by a denser construction e.g. to restrict the nuisance for the neighbourhood. 
For the last mentioned purpose the following techniques have been discussed during 
this workshop: "U-tube aeration", "Deep Shaft" and "Multireactor", "membrane 
bioreactors" and the "airlift suspension biofilm reactor". 

The "U-tube aeration", "Deep Shaft" and "Multireactor" processes are al1 three based 
on the principle that aeration for the aerobic degradation of organic substances takes 
place in an underground shaft; above the ground is a unit for waterlsludge separation. 
The advantage of this configuration of activated sludge system is the increased 
solubility of oxygen at the bottom of the shaft by the high hydrostatic pressure of the 
above situated iiquid column and the prolonged gas-liquid contact time. The depth of 
the shafts of the different systems varies from 20 m (Multireactor) to 30 - 100 m. The 
inlet of air varies also; "U-tube aeration" at the top of the shaft, "Deep Shaft" one- 
third from the top and the "Multireactor" at the bottom of the shaft. Besides this the 
Muitireaktor sytem is charactenzed also by the flotation system for the sludgehater 
separation. At the moment 40 of the 50 "Deep Shaft" installations in the world are 
situated in Japan. Space limitations and very high ground costs, together with the 
immanent urgence of water conservation and recycling are responsible for this 
Japanese interest. In the Netherlands these factors are - until now - still quite 
different. For example the larger buildings and office complexes in Japan have a 
separate collection systems for kitchen waste water and toilet water. The kitchen waste 
water is treated locally and the purified waste water is used as flush water for the 
toilet system. Also membrane bioreactors are used for this purpose. In large cities in 
Japan the operation and maintenance costs of a ultrafiltration reclamation system are 
less than the total charges for tap water usage and waste water discharge ( 2 $/m3 
compared to 3 - 5.5 $/m3). It is well-known that Japan has a famous reputation on the 
field of development of membrane bioreactors; already mentioned is the "Aqua 
Renaissance '90" project. But the great energy demand for cross-flow filtration and the 
high costs for the investment in filtration systems, prohibits further application for 
treatment of domestic waste water. Research efforts are focused on achieving a 
significant reduction in the costs of membranes, a drastic increase in membrane fluxes 
and thus a decrease in the energy demand. 

Another new water treatment technique, which is developed for domestic wastewater 



in the Netherlands is the "airlift suspension biofilm reactor". This system is comparable 
to the three above-mentioned deep-aeration processes, but distinguishes itself by the 
attachment of biomass to an inert camer matenal; usually sand or basalt. This reactor 
is also vertical and consists roughly of two concentnc tubes, the inner and outer tube, 
and a separator for the three-phase mixture of air /waste water / camer material. 
With domestic waste a stable process at lab-scale is obtained at a hydraulic retention 
time of 1,5 - 2 hours. Dissolved components are removed efficiently with a COD-load 
of 10 kg COD/(m3.day) and a biomass concentration of 10 - 30 kg organic matter per 
m3 reactor volume. The nitrification was very good, but the suspended solids are not 
removed. This system has been applied for several years in the anaerobic and aerobic 
treatment of industrial waste water and has to be scaled-up for domestic waste water. 

2.6 More extensive treahnent of domestic waste water 

In both countnes, Japan and the Netherlands, the attention wiil be focused this decade 
on the removal of phosphate and nitrogen from municipal waste water. Within a few 
years the effluent standards for sewage treatment plants in the Netherlands wil1 be 
roughly: BOD 20 m@, suspended solids 30 m@, total-P 1-2 mg/l and total-N 10-15 
m g .  In Japan there will be the same situation. These levels are attainable with 
techniques now available or techniques still to be developed. 
In view of the seriousness of the eutrophication on specifïc inland waters, the require- 
ments for N and P wil1 become even tighter, depending on the location situated. 

Besides these stncter standards for the effluent of sewage treatment plants, it will be 
necessary to treat more municipal waste water by means of collecting and biologica1 
treatment process. For example the treatment of the rest percentage of municipal and 
domestic grey waters (55 %) in Japan is desirable. In Japan there is a tendency for 
treating domestic waste water in many smaller waste water plants at several locations 
in stead of collecting via municipal sewerage systems followed by central biologica1 
treatment. 

For the near future it is expected that new effluent standards will be discussed for 
heavy metals and organic micropollutants for sewage treatment plants. Heavy metals 
and organic micropollutants (xenobiotics) should not be tolerated in surface water, not 
even in low concentrations. Most of these components in effluent of sewage treatment 
plants are largely bound to the suspended matter still present in the effluent. Removal 
of the suspended matter by sand filtration with or without coagulation seems to be 
sufficient to meet the requirements imposed. 
For the further future complementary requirements for sulphate and pathogens are 
feasable. 

If these requirements imposed on the effluents have to be met, attention should not 
not only be given to the method of treatment, but also to the quality of the municipal 
waste water supplied and the source of the pollutants. In a number of cases the source 
will be industrial, but sometimes exclusively domestic discharges are concerned. 
Certain products can be responsable for not mating specific requirements. The only 
remaining possibility in those cases is to ban the product or to replace it by other 



products. An example is to omit sulphur compounds in detergents. 

Future research wil1 not be restncted to meeting the effluent requirements in the stnct 
sense, but wil1 approach the treatment of municipal waste water as a whole, including 
the source of the pollutants, the collection and transport via a municipal sewerage 
system, the treatment technique in relation to the imposed requirements of the 
effluent, the use of energy and chemicals, re-use of by-products such as sewage sludge, 
gaseous compounds (methane) and phosphate/ammonium-rich sludge (fertilizer). 



3 CONCLUSION 

In this workshop a wide scope has been covered by presentations and discussions. 
Several items, which are of interest have emerged. 

- The environmental situation in Japan and the Netherlands seems similar with 
regard to the population, the smal1 area and the high degree of industnalization. 
Therefore the research programmes and the targets for the treatment of municipal 
waste water are comparable. 

- However, some remarkable differences exist, e.g.: 
* the quality and quantity of sewage is in Japan: 

more diluted 
S less P (3-5 mg PA and PIBOD ratio of 0.02 in Japan; 9-11 mg PA and 

PDOD ratio of 0.05 in the Netherlands) 
higher ratio of wet and dry weather flow due to the season rains; 

* Still a large fraction of human waste is treated as night soil: 
* Much more treatment facilities in the Netherlands for municipal and domestic 

grey waters; 
* In contrast to the Netherlands there is a tendency to increase the treatment 

capacity by the construction of many relative smaller treatment plants; 
* Water reclamation e.g. in large office buildings can be done economically in 

Japan, especially in big cities by applying biologica1 treatment in membrane 
reactors. This is due to the high charges for tap water usage and waste water 
discharge; 

* In Japan more than 50 % of the sewage sludge is incinerated, in the Nether- 
lands only 3 %. 

- Up to now, research is planned at the moment when the problem is identified. The 
short term investigations were considered more important than the rather longterm 
research. The long-term work was usually dismissed as being too fundamental. In 
both countries this point of view is slowly changing, in view of the research pro- 
grammes "Biofocus", "Aqua Renaissance" and "RWZI 2000. Still there are also 
great differences in the research approach: 
* In the Japanese research programmes the industry participates very much. 

The industry is absent in the Dutch research project, but there is more 
involvement by universities and water authorities; 

* In Japan different treatment techniques are usually tested at one reseach 
location, so that the results e.g. the removal efficiency are comparable. In the 
Netherlands this does not occur. 

* In contrast to the Netherlands, there is not much involvement of micro- 
biologists in this field of research in Japan. 

- For al1 people involved in municipal waste water treatment, including the politicians 
for their financial support, it must be a challenge to have the needed technology 
available at the nght time in the next decade. 



- The format of this workshop has aimed at promoting personal contacts and 
exchanging information between the people involved, such as technologists, 
microbiologists and representatives of the water authonties from both countnes. 
This has been realized to a considerable extent by the given presentations, followed 
by discussions and social events. 

This workshop is intended to become a regular event each two to three years. The 
second Japanese - Dutch workshop on the treatment of municipal waste water and the 
further processing of sewage sludge is scheduled in Japan in autumn 1993. 
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WATER QUALITY MANAGEMENT IN THE NETHERLANDS 
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This paper describes water management in the Netherlands with an emphasis on water quality 
aspects. First some features of the country are presented, underlining the importance of water and 
indicating the need for international cooperation on water quality matten. In the third paragraph, the 
water management struaure is dis-, such as relevant lam and authorities, management instru- 
ments (planning, licensing) and funding methods. More detailed information is provided on water use 
and purification. Paragraph four addresses the main problems in water quality management like 
eutrophication, micropollutants and sediments. Finally some conclusions are drawn. 

Water quantity and quality management are interrelated strongly in the Netherlands, resulting in the 
adoption of policies aiming at integrated water management, considering water systems as a whole, 
including quantity, sediments, banks, physical, chemica1 and biologica1 characteristia. 

2. THE NETHERLANDS 

2.1. - Size and economv. 

The area of the Netherlands is about 42.000 km2 including 3.000 km2 large freshwater reservoirs. As 
a result of land reclamation, polder development and subsidence, nowadays about one third of the 
country is below sea level, needing permanent protection against flooding. Morwver, large areas of the 
country have to be protected against temporary flooding by the sea or  by riven. A dense system of 
pumping stations, canals and sluices is employed for this important goal. 

The Netherlands is a densely populated country. Dunng the 20th century population has risen from 
6 million to 15 million inhabitants. This increase in population has been accompanied by a process of 
industrialization, urbanization and modernization of agriculture. The country as a whole can be 
regarded as a prosperous one, its Gross National Produa per caput (about $ 18000) ranking among the 
15 largest in the world. 

The Netherlands have a temperate, maritime climate, wet deposition (76û mm, corresponding to 
some 900 m3/s), being rather constant during the year. Due to evaporation a water deficit ouiurs in 
summer. However, the rainfall input is small as compared to the inflw of the transboundary rivers 
Rhine (2200 m3/s) and Meuse (230 m%). Therefore, apart from its emnomic importance, the Rhine has 
large impact on the Netherlands water management, though the river may seem small in wmparison 
with rivers such as the Danube or the Wolga (6500 - 9000 m3/s). 

Because of the countries' development, increasing amounts of waste water from urbanized and 
industrialiied areas cal1 for adequate purification. Furthermore the increased application of pesticides 
and fertilizers and the increased manure production from intensive stock-breeding in agriculture are a 
serious non-point threat to the aquatic environment. 



2.3. - International mrspective. 

Because these p r o w e s  have taken place in neighbouring countries as well, the transboundary 
pollution contributes considerably to environmental pollution in the Netherlands. The Rhine, Meuse 
and Scheldt contribute subsmntially to water quality in Dutch surface waters and in the North Sea. 
Conversely, emissions from Dutch industries, agriculture, transpon and consumers affen the environ- 
ment in other countries, as wel1 as the North Sea. Hence, the national environmental objectives set 
cannot be achieved without international maperation. The Netherlands make large effom to reach 
such agreements on pollution reduction measures. 

The Eumpean Cornrnuniiy is the most important international £ramework in this respect. Unani- 
mous agreements are laid down in directives, that must be implemented in national laws. Since 
directives sometimes cover the scope of several national laws, including lam in preparation, they are 
never easily implemented in the existing legislalive strunure of member states. 

Besides, in the last decades several other international water conventions have been adopted, with 
specific airns such as redunion of chemica1 and salt pollution of the river Rhine and redunion of 
pollution of the North Sea by land-based sources and by dumping Erom ships. The international 
commissions established to prepare programmes, measures and standards have reached various 
agreements since. 

Due 10 the time-consuming proces of negotiating on specific items within international fora, in the 
mid-1980's European countries realized progress was slow. Therefore, in addition, more political 
agreemenu were reached to accelarate the work in combating river and sea pollution. This has lead 10 
concrete action plans, containing objectives, reduction percentages for specific substances and 
deadlines. Bath for the Rhine and the North Sea such plans have been established. The Netherlands' 
govemment is of the opinion similar plans are necessary for the Meuse and the Scheldt. 

3. WATER MANAGEMENT S T R U m E  

3.1. - Legal basis. 

The four main Acts relating to water are the Water Management Act, Pollution of Surface Waters 
Am, the Groundwater Act and the Drinking Water Supply Act. The farmer three laws are framework 
l am that are largely implemented on a decentralised basis. As for the management of al1 environmental 
media the General Environmental Hygiene Act applies. 

The Water Management Act has a twofold function. On the one hand it airns at a coordinated and 
effective policy (including planning) and management as regards the water regime as a whole, while on 
the other hand it provides instmmenu for water quantity management. In view of the relationship 
between water quantity and quality management this Act is of major significante for water quality 
management 

The purpose of the Pollution of Surface Water Act is to regulate discharges and to keep the surface 
waters as clean as possible. According to the explanatory note, surface waters should be suitable for the 
preparation of drinking water, for fïheries, for industrial, agricultural and recreational purposes. 
Therefore, the Act regulates discharges of materials that affect the quality of surface water. The Act 
does nat describe or  even state any particular way of combating pollution. It provides a Eramework and 
instruments to regulate the discharge of hannful substances in10 the surface waters. The Act does nol 
apply t0 groundwater nor to discharges into the seas u n l w  the discharge is made through 'works' from 
the Dutch wast. 

The intention of the Gmundwater Act is to provide tools for the administration of groundwater. It 
contains instmmenu conceming the abstraction and infiltration of groundwater. Apart from that, the 
protection of groundwater abstranion areas is regulated by the Soil Protection Act. 



Finally, the management of dnnking water supplies - including planning, organization and 
supervision - is regulated by the Drinking Water Supply Act. ï ñ e  quality of drinking water has in turn 
been predescribed by statutory instmment issued under that Act: the Decree on Water Supply. ïñis 
Decree has been amended to comply with EC legislation. 

&& Responsibilities. 

3.2.1. Introduction. 

Before a description of the responsibilities of distinct institutions can be given, a brief oveniew of 
the Dutch adrninistrative strunure wil1 be given. n i e  Netherlands has 12 provinces and some 700 
municipaluies. Both provinces and municipalities have democratically elected governing bodies that are 
respnsible for al1 matters in their area. These in turn have appointed executive bodies, d ram from 
their midst, to deal with day to day organisation. 

Water bodies are divided int0 large waters of national importante, such as the Rhine and the 
Meuse, and other waters. The former are managed by the central govemment and therefore they are 
generally referred to as state (managed) waters. The prirnary responsibility for non-state waters lies 
with the provinm. The provinces, however, can delegate this respnsibility to regional water boards, 
which are functional public bodies exclusively authorised with water management tasks. Most the prov- 
inces has done so. 

Finally 60 w a m  suppb companies are engaged in water supply. These are public enterprises, of 
which about one-third is run by municipalities. 

The Water Management Act provides the regulations for water management planning. Plans have to 
be d ram up on a national level, on a provincial level and on the level of the regional water boards. 

A survey of plans, including those with regard to drinking water, and items to be covered is given in 

Table 1. Survey of planning responsibilities 

state uaters 
. Uater Supply Plan Policy No No 

Provirce . Uater Management 1 Policy 

LEVEL 

Centra1 
Goverrment 

NAME OF PLAN 

. Policy D o c m t  
Uater Manag-t 

. Management Plans for  

Uater Boards 

Uater S w l y  
Conpanies 

TYPE OF PLAN 

Policy 

Operatimal 

Plan . Uater Managment for  
m - s t a t e  waters 

. Uater Supply Plan 

ITEM 

Operatima1 

O p e r a t i m l  

surface uaters 

Yes 

Yes 

Yes 

No 

grwnduater 

Yes 

No 

drinkinguatei 

No 

NO 

No 

No 

No 

Yes 



Licensine and Enforcement. 

As with planning, licensing and enforcement take place at several govemmental levels, depending 
mainly on the l a m  concerned, the nature of intended or executed anivities and the type of receiving 
water bodes. In general, licensing and enforcement acrivities are executed at the same administralive 
level. 

Table 2 Survey of licensing and enforcement responsibilities. 

t r d u a t e r  Act Groudwater 
abstract iwi  

Act cwrerned  

l I I 

P o l l u t i o n  of Surface 
Maters Act 

Uater Management Act 

Direct  
discharges . State  uaters 

. Non-state waters 

Indirect  dis- . S p c i f i e d  irdus- 
charges tseuer) t r i a l  sectors 

. A l l  i r d u s t r i a l  
discharges 7 

A c t i v i t y  

Central Goverment 
R e g i m l  Uater Board 

Regiona1 Uater Board 

Surface water 
abstract iwi  1)  

S p e c i f i c a t i m  

1) For small quantities instead of a license permission suffices 
2) For small quantities abstracted a license is not required. 

Respwisible Authority 

. State  waters 

. Nm-s ta te  waters 

I I l 

Policy on waste water discharges. 

Central G o v e r m n t  

Regiwial Uater Baard 

Drinking Uater Suppty 
Act 

From 19Z onwards, national policy on waste water discharges has been formulated in successive 5- 
year scope Water Action Programmes. The current approach has been laid down in the latest Policy 
Document on Water Management (1989). Two basic principles of this policy are (1) emission reduction 
and (2) the stand-still principle. 

In general, the emission redurion principle implies that pollution should be minimized, irrespective 
of the types of substance concerned. Industries should select proesses and conduct operations 
accordingly ("g& housekeeping"). However, where major remedial efforts are required, and panicu- 
larly if purification planU are to be constmcted, a distinction should be made beween different 
pollutant types. 

In the case of black-listed substances the objective is the elimination of pollution, or at least to 
come as close as possible to a zerodischarge situation. Control must involve the use of the best 
technica1 meani available. However, even using these m a n s  it wil1 nol a l w a ~  be possible to eliminate 
the discharges concerned completely. In such cases it should be considered whether residual discharges 
lead t0 unacceptable concentrations of the substance concerned in the aquatic environment. If so, 
funher measures may be needed, including total prohibition of discharges. 

"Other substances" include a large number of pollutants, ranging from substances of low toxicity 
that occur naturally in surface waters 10 xenobiotic substances, showing relatively high levels of toxicity, 
persistente and mobility. The action taken in respect of such substances depends on the degree of 
damage they are likely 10 cause: the greater the hazard the more control efforts required. 

For hazardous non-blacklisted substances (including nutrients) control efforts are required that do 
nol depend directly on the quality objectives for the surface waters into which they are discharged, and 
in this respect the approach resembles the approach for black-list substances. However, instead of the 

Hygienic 
supervisiwi . Organ iza t im  . Danestic supply 

Central G o v e r m n t  

Province 



best technica1 m a n s  available, the best practicable meanr should be applied. Water quality objectives 
are used as a back-up check. Failure to achieve standards may lead to the imposition of more far- 
reaching measures. 

Secondly there are the relatively harmless pollutants, substances with a low degree of toxicity which 
occur naturauy in surface waters (such as sulphates and chlorides). The degree to which measures are 
needed to limit discharges of such substances mainly depends on the quality objectives applying to the 
receiving waters. No general mle can be laid down for the techniques to be applied. 

The second policy objective, the stand-srill principle, for black-listed substances means that the total 
discharges in a panicular administrative area (provinces and adminiitrative areas of the central 
govemment) should not increase. This may have impact in partimlar for plant extensions and new 
dischargers. This principle can be departed in exceptional cases only, requiring solid arguments. 

For other substances, water quality may nor deteriorate significantly. The water quality standards 
should not be exhausted. Since water quality is influenced by seasonal and upstream conditions also, 
this requirement does not necessarily affect discharges. The main objective of the principle here is 
water authorities should monitor water quality, tram causes of deterioration and take measures if 
necessary. 

This section is summarized in annex 1. 

3.2.5. Constmction and Operation of Works. 

The water supply companies are responsible for the constmction and operation of drinking water 
production and transportation works. It is the responsibility of municipalities to collect and transport 
waste water via sewers to wllection points, usually pumping stations. Hence sewer construction, 
operation and maintenance are municipal tasks. The pumping stations, the pipework needed to 
transport the waste water to treatment plants and the treatment plants themselves are generally owned 
and operated by the regionul water boards. They also operate the pumping stations and other works for 
regional water management. National government is in charge of construction, operation and 
maintenance of works in the national water management infrasuucture. 

G Water Use. 

3.3.1. Drinkine. water supply. 

Nearly the entire dutch population has been connected to drinking water supply networks. The 
domestic water consumption has risen steadily to approximately 665 million m3 per year, corresponding 
to 125 litre per capita per day, at a mean price of $ 1,- per m? Water supply companies als0 partly 
serve to industries and other business-sectors. In 1987 a total amount of 1190 million m3 was delivered 
t0 al1 users. 

Two-thirds of the drinking water produced originates from groundwater, whereas one-third is 
produced from surface water, viz Rhine, Meuse and Lake Ussel. The entire installed production 
capacity amounts to 950 million m' per year for groundwater (kom 250 groundwater pumping stations) 
and 4M million m3 for surface water (1988). The latter can be subdivided into direct purification, 
infiltration and storage basins, with annual capacities of M, 185 and 215 million m' of water respective- 
IY. 

Table 3 Drinking water production by the supply wmpanies 

surface uater  
grourduater 
t o t a l  

322 
711 

1033 

410 
780 

1190 

437 
927 

1äU 



3.3.2. Industrial and aericultural water use. 

Industrial water consumption has fallen since 1970 bxause of both economic recession and the 
Pollution of Surface Waters Act that urged industry to economize water use. It now amounrs to some 
4000 million m3per year, originating mainly (over 90 %) hom surface water. Cooling purposes cover 
the larger part of industrial water consumption (95 %). Funhermore, 10000 million m3 per year 
(surface water only) is used for cooling purposes in power stations. 

Non-industrial private groundwater exploitations (several sectors; surface irrigation and sprinkling in 
agriculture excluded) cover a water need of about 50 million m' per year. 

Table 4 Direct-intake water by industries. 

I groudwater coaling 179 185 - - -  
~ t h w  p r p u s  1 13ü / 133 ( - I 

subtotal 3W 318 309 
I l I I 1 

' Freshwater only 

Agricultural water use amounts to 340 million m' groundwater and 280 million m' surface water per 
year for surface imgation and sprinkling in a 10 % dry year. In a very dry year, such as 1976, both 
groundwater and surface water need rise with 200 million m3. 

3.3.3. Fundine water supplv. 

The suppiy of water by the water supply companies is funded by direct paymenrs by the users. Water 
prices are based on the principle of cos1 recovery. The latter refers to cos1 for punfication, storage and 
distribution, as wel1 as to cost for research, analysis, claims and adrninistration. Domestic consumers are 
charged in form of a îixed fee to cover standing charges and an amount per m' on the basis of other 
charges. Larger consumers mostly pay an operating hours charge; the longer the operating time, the 
lower the charge. 

3.4. - Waste water purikation. 

Enent  and efficienq. 

Two types of sewer systems are used, of which the "combined" system is most common (90 %). 
Wasre water and storm water are led together to treatment plans. This is feasible since rainfall occurs 
during the entire year with moderate intensities; moreover, inclined surfaces are scarce. "Separate 
systems" account for the smaller pan of the sewer systems. In these systems storm water is led directly 
into surface water. 

In the Netherlands 92 % of al1 households are connected 10 the sewer system. This is relatively high, 
certainly as compared to Japan (40 %). Almost 90 % of the sewage is purified in waste water treatment 
plants. On the average 90 % of BOD, 46 % of nitrogen and 42 % of phosphom are removed in these 
plants. It is planned that in 1995 nitrogen and phosphom wil1 be removed with an efficiency of 60 and 
75 % respectively. In table 5 the development of treatmeiit capacity is given. 



Table 5 Development of sewage treatment capacity (in 106 population equivalents). 

Treatment capac i ty  (miL1.p.e.) 10.9 16.6 20.7 23.9 25 .3  

Nunber of w h a n i c a l  p lan ts  
Treatment capac i ty  (ni1I.p.e.) 2.8 2.0 1.8 0.2 

Fundine purification. 

Municipalities fund the extension and upkeep of the sewerage system in several ways although the 
most wmmon m a n s  is leying a sewerage tax or including it in a general tax based on property. The 
level of sewmge tar (for the benefit of sewerage construction/maintenance) depends on the municipal- 
ity concerned. On average this tax amounts to some S 60,- per year for each household; the tax is likely 
to double in the year 2000 due to sewerage back-maintenance. The tax is usually paid on a yearly basis. 

The regional water boards wver general wsts and cost for water quantity management by an 
apportionment for interest groups (owners of urban and mral real estate). Cost for water quality 
management is funded by a levy. Everyone discharging oxygen wnsuming substances into the sewer 
system or into non-state waters has to pay a charge. This charge is based on the discharged quantity of 
"population equivalents". The annual revenue from t& levy amounts to $ 0,7 billion. 

A similar charging scheme for discharges is in operation for the State-managed waters. Dischargers, 
including sewage treatment plants discharging their effluent into state waters, pay levies. The revenues 
are used to gram money to dischargers to alleviate specific pollution problerns. This primariiy 
wmprises providing grant aids for sewage ireaiment plano and for uIdurtrio1 waste water neument 
equipment of industries discharging int0 statemanaged waters. Finally, a part of the administrative wst 
is funded by these charges. The total annual revenue from this charging scheme is of the order of $ 60 
million; approximately S 1.2 billion has been granted so far. 

Efluent charges for al1 waters are levied on the basis of "population equivalents" (pe). This has been 
defined as the average amount of oxygen wnsuming material produced by one person in one day from 
a household. Rules are then defined to allow the expression of the pollution load of industrial effluents 
in terms of pe, viz 1 p.e.= 136 gJd oxygen consuming matenal = 100 g COD + 4.57 * 8 g Kjeldahl 
nitrogen. In addition, regional water boards can impose an extra charge for heavy metals. It is defined 
that 100 g mercury or cadmium, or 1 kg wpper, lead, nickel, lead or zinc corresponds to 1 pe. In the 
near future heavy metal-based levies wil1 probably also be imposed on discharges into state-managed 
waters. 

Pollution loads are determined by standard methods. Domestic effluent households are generally 
assessed at 3 pe, except for one person households (1 pe). SmaU business6 producing less than 5 pe 
are als0 charged at 3 pe. Industries discharging less than 1000 pe are charged a a r d i n g  to a table of 
wefficients to avoid disproportionate wsts arising from sampling and measurement. These wefficients 
assume a linear relationship between e.g. production and pollution load. For different industries 
different parameters are used in order to characterize production volume. Specified industrial sectors 
(such as chemica1 industry and paint manufanuring) discharging more than 100 pe or any other 
industries discharging more than 1000 pe are obliged to measure the actual pollution load in their 
effluents and are charged amrdingly. 

The present levy for discharges into state-managed waters is S 20,-/pe for discharges into freshwater 
and S 17 for discharges into seawater, though for 1995 a $ 12,- Rse is probable because of additional 
cost, e.g. for phosphate removal. Mes for discharges int0 non-state waters, imposed by the regional 
water boards vary considerably because of differences in size, area, equipment and so OU. For 1990 the 
charge per pe varies from S 20,- to S 65,-. 

Most dischargers pay monthly based on their estimated pollution load. However, al1 dischargers 
whose charge is calculated a a r d i n g  to anual pollution load also have to submit return at the end of 
the year to the appropriate authority, accounting the actual pollution load discharged from their 
sampling and measurement programme. Any surplus or deficit in their payments wil1 be adjusted at 
that time. 



4. WATER MANAGEMElrlT PROBLEMS. 

Surface water quality. 

In order to evaluate water quality, actual data should be compared to standards. In the Netherlands, 
the quality objectives for the year 2000 for borh water and water sediment have been d r a m  up b a d  
on eco-toxicological considerations, raking int0 account no-effect-levels and combinarion toxicity, for 
over 100 parameters relevant to the aquatic environment. Annex 2 provides a short survey of objectives 
for regularly measured parameters. 

Funhermore standards have been laid down in EC directives for surface waters with specific 
important functions. A function is considered an objective, in a water management sense, of surface 
and groundwater, bar ing  in mind the interests involved. These objectives are: 
- surface water intended for the preparation of drinking water; 
- bathing water; 
- water for cyprinids; 
- water for salmonoids; 
- shellfsh water. 
Function-oriented legal quality requirements for groundwater have not been developed, however, soil 
quality guidelines apply as quality objectives in this case. 

Three main problems emanate in evaluating actual water quality against standards mentioned, viz 
eutrophication, organic and inorganic micropollutants and contaminated sediments. These are discussed 
in rhe next paragraphs. 

3.1.1. - Eutrophication. 

Eutrophication of fresh waters has resulted in large algal blooms, hampering the production of 
drinking water and making the water unfit for recreational purposes. It funhermore results in a general 
impoverishment of the aquatic ecosystem. In coastal waters eutrophication also causes serious 
problems. 

The most imponant sources of nitrogen and phosphate are industry, households and agriculture at 
home and abroad. Eutrophicarion policy in the last decade, mainly aiming at phosphate reduction, has 
shown poor results. The replacement of phosphate in detergenu is, however. a favourable development. 
Manure legislation wil1 also have positive effecll. Nevenheless at threequaners of the measurement 
sites show excess phosphate while in 90 % of the sites nitrate standards are not met and 20 % of the 
sites the levels of ammonia are too high. 

The eutrophication policy objectives for the year 2000 are a 75 % emission reduction of phosphate 
and a 70 % reduction of nitrogen as compared to 1985; as an interim goal emissions should be cur by 
half in 1995. Means to achieve these goals are (besides those mentioned in the groundwater section): 
- complete replacement of phosphate in detergens; 
- nutrient removal at municipal waste water treatment plants with an average efficiency of 75 % and 

70 % for phosphate and nitrogen respectively; 
- application of best practicable technology to reduce industrial nutrient discharges including halving 

the phosphate discharges from fertilizer industry. 
In addition, the development of new technologies for nutrient removal, such as fluidized bed crystalliza- 
tion and magnetic separation, is sponsored. 



Microwllutants. 

MicropoUutants advenely affect the life and reproduction of aquatic organisms, hinder drinking 
water production and recreation and they can pose a serious threat to public health when present in 
aquatic organisms used for consumption. 

Though in the decade 1975 - 1985 an 80 percent reduction of industrial heavy metal discharges has 
been achieved, water quality standards are still not met at 10 % of the measurement sites, whereas 
water sediment quality exceeds standards in more than 60 % of the sites. Mercury, cadmium, zinc and 
copper are the most important problems. 

Organic micropollutants are a source of even more concern because of their multitude, their 
diversity and the panial lack of knowledge with respect to their environmental behaviour and effects. 
Funhermore many of these substances cannot be detected properly. For both water and water sediment 
standards are not met at 70 % of the sites. PCB, PAH and chlorinated pesticides in particular cause 
problems. 

The micropollutant policy objectives for the year u)o are reductions of emissions up to 90 % 
relative to 1985, though for some metals a 50 % reduction may suffice because of far-going efforts in 
the past. For 1995 a 50 % reduction is aimed at, bul specific organic compounds should already be cut 
by 90 %. 
Measures to reach this goals are for an important pan aimed at diffuse sources: 
- continuation of cleaning up industrial discharges by application of best available technology; 
- special sector-aimed measures to decrease mercury emissions hom dentists and heavy metal 

emissions from grit blasting; 
- central partial softening of drinking water resulting in lower copper emissions; 
- restricted pesticide use and pesticide emission reduction by best environmental practice in 

agriculture; 
- restricted use of tar-impregnated wood as bank protection material; 
- restricted use of organotin as an antifouling agenr 
Funhermore research is performed on new produnion and abatement technologies; the latter includes 
improvement of heavy metal removal in sewage plans. 

3.1.3. Sediments. 

In the Netherlands sediments in many rivers, lakes and canals are polluted. This is largely due to the 
situation of the Netherlands at the downstream end of the Rhine, the Meuse and the Scheldt Though 
the extent of pollution varies from site to site it is obvious that the contaminated sediments are a 
serious risk to the environment. Hazardous substances are absorbed in biologica1 f w d  chains and they 
are distributed into vulnerable regions such as the North Sea and the Wadden Sea. In addition 
groundwater is threatened by pollution from these sediments. 

For watercourse maintenance. about 60 million m' of s p i l  is dredged annually in the Netherlands. 
Two-thirds, mainly onginating from salt and brackish waters, can be tipped back elsewhere since it is 
only slightly polluted. The other pan, however, is severely contaminated and has to be stored. Since 
storage facilities of this size are not available serious problems have to be fa&. Maintenance. programs 
for watercourse dredging have already been cut drastically influencing navigability. 

Nevertheless Netherlands' policy is aimed at ecologically safe sediments, reusability of dredging spoil 
and cleanup of those sites that represent a serious danger to human health or ecosystems. Before 1995 
the following steps must be taken: 
- development and application of environmentally safe dredging and processing techniques; 
- completion of provincial plans on removal, processing, cleaning and storage of dredging spoil; 
- clean-up of most dangerous sites; 
- construction of two large-scale storage facilities 
- construction of installations for treatment of 2 million m' of dredging s p i l  annually in order to 

facilitate reuse. 



3.1.4. Temporarv and local surface water problems. 

Accidental spih 
Apart from regular discharges considerable amounts of hazardous substances are emitted due to 

accidental discharges. It is estimated that about 1500 tonnes of products, mainly mineral oil, reach 
dutch surface waters in this way (1985). The 2000 policy goal is termination of disturbances in aquatic 
ecosystems by these emissions. As a k t  step it is the objective to cut drinking water intake closure 
time by half and the amounts discharged by three-quarters in 1995, relative to the average situation of 
the period 1984 - 1988. Moreover, provisions must be made to extend the time lapse beween accident 
and discharge to 2 hours, so that relevant measures can be taken in due time. Finally accidental spil1 
reporting procedures wil1 be made more stringent. 
Measures necessary in order to achieve these goals are: 
- implementation and modification of relevant legislation, e.g. the Post Seveso Directive, and 

measures intemationally agreed upon (mainly within the framework of the International Rhine 
Commission); 

- licensing coordination beween the acts on water pollution and nuisance; 
- completion of a decision support system for inland calamity procedures; 
- drawing up and implementing of shipping calamity prevention regulation. 

Urban drainage. 
In recent years a large-scale research project has been executed in this field in the Netherlands. The 

most important findings regarding storm water ovemow are presented below. 
a) A relatively small amount of peak loads largely determines the annual pollution discharged into 

surface waters; this is true for bath wmbined and separate systems, while the mean pollution 
concentration is lower in separated systems. As for al1 systems a vast variation occurs due to 
construction, geographical area and industrial intensity. 

b) It is estimated that 1.4 % of al1 pe discharged annuaily, viz some 200000 pe, can be attnbuted to 
storm water overflow. In addition, 0.3 tonne of cadmium, 1 tonne of mercury and 1 to 40 tonnes of 
other heavy metals are discharged in this way (1985). However, 85 % of storm water ovemow is 
discharged in small (semi)stagnant surface waters, leading to considerable local problems. 

c) Pollution can be reduced significantly using improved separate systems. In these systerns the larger 
part of rainwater is sent to treatment plants. Other technica1 measures to reduce storm water 
overflow pollution are: 
- storage sedimentation basins, retaining sewer sludge and sewage thus lowering the storm 

water overflow frequency (65 - 70 % efficiency); - swirl concentrators, retaining sewer sludge only (20 - 40 % efficiency); 
At present planning with respect to implementation of these measures is in a preliminary stage only so 
it is not possible to give cost indications yet. 

Groundwater pollution. 

Apart from quantiîy problems, groundwater in the Netherlands is threatened by nitrates and 
pesticides. The principal source of nitrates in groundwater is the use of manure and mineral fenilizers 
in agrimlture. In partimlar in sandy soils nitrate leaches relatively f a t  (2 - 3 times faster when 
compared to clay s o a ) .  This nitrogen load on groundwater is a tbreat to drinking water production in 
the Netherlands. At present the 50 m@ EC-wide standard is exceeded at 2 of the 255 pumping stations. 
Extrapolation based on current policy would lead to sincere problems at about 35 pumping stations in 
the year 2050. For the time being closure is not necessary s i n e  deeper groundwater is extracted. If, in 
hiture, additional nitrate removal wil1 be employed by the water supply companies, the drinking water 
price wil1 rise with approimately $ 0.12 per m3. 



Nitrogen from agriculture also wntributes significantly to eutrophication of surface waters, through 
leaching and mn-off. Measures to combat the nitrogen emissions are therefore taken in order to 
protect groundwater as well as surface water. With respect to the latter, decisions made on the 
International Conferences on Protection of the North Sea (1987, 1990) have had large impetus. 

In order to facilitate implementation and (provincial) enforcement of measures in agriculture special 
Manure Legislation has been developed. The current set of measures camprises: 
- limitation of the period duMg which manure is applied, 
- limitation of the amounts of manure/fertilizer applied (phosphate-based); 
- assigument of soil and groundwater protection areas; 
- technica] provisions to prevent atmospheric emissions. 
Other measures contnbuting t0 nitrogen reduction are the use of catchcrops during wintertime, 
fertilization plans and mineral accounting on farm level, erosion prevention, public instruction 
programmes. 

Dichloropropane has been detected in groundwater some years ago, and later on several other 
pesticides, formerly believed to remain in upper ground layers or to be degraded, have been found at 
several locations in concentrations up to 100 ppb. Examples are organo-phosphorus compounds, 
o rgano£h lo~e  compounds and in particular tnazenes, and persistent metabolites of these products. 
Emissions should be reduced at the source, in order to combat this type of pollution by pesticides, as 
wel1 as the related surface water and air pollution. Measures to this end are : 
- prohibition of pesticides harmful to the aquatic environment; 
- restrined pesticide use and pesticide emission reduction by best environmental pranice in 

agriculture; 
- cleaning-up of point sources emissions from greenhouse horticulture; 
- extension of research programmes on emissions and distribution of pesticides. 

4.3. - Water auantitv aspeets. 

4.3.1. Different interest?.. 

Although the Netherlands is known as a "wet" country and water seem to be abundantly available 
in many areas, shortages of water occur, panicularly in dry periods. Under these conditions grassland 
and agricultural crops suffer from drought damage. For £lushing in order to control the salinity of the 
surface water in dry periods, more than 150 m3/s of water must be available. To limit saline intrusion at 
the Rotterdam harbour area huge amounts of water are needed (ca. 650 m%). 

Examples of more indirect water use include navigation, 6sheries and recreational purposes. Various 
must be met for these user categones. A sufficient water depth in rivers and canals is necessary for 
navigation. For fisheries and recreation :he emphasis is on the water quality. 

Water alm has an important role in n a h m  eonservation and general amenity. Changes in natural 
hydrological regimes, for example, wil1 affect both :he terrestrial and the aquatic environment. 
Wetlands, forests and other natural landsapes are threatened by the lowering of the groundwater table 
due to improved agricultural drainage, brook and river corrections and, in particular, groundwater 
abstraction. Agricultural water n& for sprinkling and surface irrigation purposes are large (some 800 
million m3 in a dry year) and have a large economic impact Agricultural damages of the order of 
several hundreds of million guilders are prevented in this manner. Groundwater extraction is employed 
to cover 40 - 50 % of this demand, causing, however, serious dehydration problem. Groundwater level 
reductions in these areas amount to more than one metre. Out of a total of 450.000 ha of nature 
reserves and forest sites about 8 % proves to be moderately or severely dehydrated. Apan from 
ealogical functions, agricultural groundwater abstractions are also threatening future drinking water 
supply. Therefore policy is aimed at a reduction of dehydration and groundwater abstractions. 



4.3.2. Periods of droueht. 

In table 6 water balances Tor b a h  average and very dry summers are given, summer being defined as 
the period bom April 10 September. From these figures it can he concluded that: 
0 supply is dominated by river inflow (indirect precipitation) and direct precipitation; 
0 dry summers reduce water supply by 45 %; 
O evapotranspiration by vegerarion is the most imponanr item for water demand; 
O since evapotranspiration and domestic and industrial water use cannot easily be reduced, river 

outfiow reduces by 70 % in a very dry year. 

Table 6 Water balances (million m3 per summer). 

Dernard side Supply side 

I tem / mrmal I very dry I Item I mrmal I very dry 

Evapotranspiration 16500 17000 Precipitation 14900 8100 
Dmesticl iodustr ia l  2300 2300 Surface storage 500 500 
Flushing 600 1200 Subsurface storage 4800 3800 
Uiver w t f l o u  36700 11000 Uiver inflou 34700 17900 
-. Recycling 1200 1200 

Total 56100 31500 Total 56100 31500 

In periods of drought salt intrusion can become a serious problem, because 10.000 million m3 is needed 
and supply may be irregular. Furthermore shortages can occur, mainly in supply areas in the higher 
pans of the Netherlands, such as the soutbern, eastern and nonh-eastern sandy areas. Water is 
transferred by the main river system. Thus Rhine water is distributed over a large p a n  of the country by 
a intricate secondary and teniary network of water courses. However, it is not economically feasible to 
meet al1 shortages in these periods. 

Too little water on  the one hand, too much on the other. As stated in the introduction, half of the 
country would be permanent or  temporary under warer without a comprehensive water drainage and 
supply system. The protection against flooding planned for in rhe year 2000 amounts to 111.250 year-' 
for river-influenced areas and 1/4.000 10 11100.000 year-' for areas threatened by storm surges. The 
greenhouse effect, however, is expected to cause a sea level rise of about 60 cm in the century to come, 
lowering the protection by a factor 10. Additional reinforcement of dykes and hydraulic works wil1 
therefore be necessary. 

It should be noted, however, that the wnstmction of d a m ,  dykes, barriers, weirs and shiplocks for 
fiood protection for navigation and agricultural purposes has undesired side-effects. The migrating Fish 
such as salmon, salmon-lrout, twaite and sturgeon have already disappeared. Spawning grounds, shore 
planu and organisms have vanished because of d a m ,  hard bank constmnions and navigational 
stmciures. These developments, in combination with water pl lut ion,  have impverished the quality of 
aquatic ecosystem in our  country. 



5. CONCLUSIONS. 

Water plays an important role in the Netherlands, protection of the country against water requiring 
more attention than shortages. Because of the high abundance of water and the high population 
density, a rather complex administrative stmcture and a sophisticated technica1 strunure are necessary 
for water management. The centra1 government manages the most important surface waters and 
determines the general policj e.g., towards municipal and industrial discharges. Several spes  of local 
authorities or pubiic bodies are responsible for regional waters, local water quantity management, 
drinking water supply, sewer systems and sewage treatment. Water quantity management is primarily 
paid for by interest panies, whereas for water quaiity management "the polluter pap". 

Major environmental problems in the Netherlands relating to water are: 
- Pollution of surface waters by nutrients, heavy metals and organic micropollutants; 
- PoUution of sediments by organic micropollutants and heavy metals; 
- Pollution of groundwater by pesticides and nitrate; 
- Accidental spills, in partimlar of oil and pesticides; 
- Flood protection, needing hydraulic works affecting aquatic ecosystems. 

Because of their scale and complexity, most of these problems need an integrated approach, covering 
measures in several distinct policy sectors. Water quality management instmments as weli as water 
quantity management instrument5 should be used. Both direct discharges into water and atmospheric 
emissions should be reduced at source. Industry, as weU as agriculture and consumers have to adopt 
different behaviour. Moreover, the deckion-making level should become more and more international, 
s i n e  water quality is substantially influenced by activities to windward or upstream. 

This "integrated" approach increasingly determines the Netherlands' policy on water management 
problems. International anion programmes have been adopted to reduce the inputs of micropollutants 
and nutrients to the Rhine and the North Sea. These programma include measures both for point and 
non-point sources. Implementation of the measures agreed upon wil1 positively affect pollution of 
sediments. Nitrate pollution of groundwater is dealt with panially by existing by EClegislation, while 
specific measures for nitrate from diffuse sources are in preparation. Accidental spills are discussed in 
the International Rhine Commision, covenng both industry and shipping. Finally global water 
problems such as sea level rise. inherently require international cooperation. 
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Annex 2 Short survey of water quality objectives. 
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Annex 2 Short survey of water quality objectives (continued). 
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1. History of Water Pollution Control in Japan 

After the World war 1 1 ,  there have been very rapid industrial 
development and city infrastractural reconstructions, following 
the disputes concerning water pollution problems. Some local 
ordinances were enacted to enable local governments take measures 
against water pollution. In 1958,  the centra1 Government set out 
to legally control water pollution with two water quality laws. 
One was concerned with conservatioii of water quality on public 
water areas, and another was a law regulating effluent from 
factor i es. 

Since the decade from around 1960, where rapid economic growth 
and urbanization of suburbs of big cities have been achieved, 
water pollution problems became more widespread and severe on the 
aspects of not only organic pollution. but also heavy metal 
problems . In 1967, the Government enacted the Basic Law for 
Environmental Pollution Control to promote comprehensive measures 
against various environmental pollution. Subsequently, the 
former two laws were unified in the form of a new reinforced 
Water Pollution Control Law. In addition, a new law concerning 
prevention of marine pollution and maritime disaster was enacted. 

Nevertheless, serious water pollution occurred frequently. 
For example, destruction of marine including cultured yellowtail 
as a result of large-scale red tide within the Seto lnland Sea in 
1972, spillage of heavy metal from a large oil refinery factories 
in 1974, and the appearance of hexavalent chromium contamination 
caused by successive dumping of industrial waste. To cope wit11 
such situation, the Interim Law for conservation of the 
environment of the Seto Inland Sea was enacted in 1973. the Law 
was revised in 1978 to include new policies and renamed the Law 
concerning Special Measures for Conservation of the Environment 
of the Seto Inland Sea, under which comprehensive measures have 
been taken. 

In recent years, the situation of water quality in public 
l water area has been reaching to rather steady condition , co that 

remarkable trend of improvement have not been attained in water 
quality concerned wi th organic pollution especially in serniclosed 
water area( such as narrow frontage bays. mediterranean seas, 
lakes and reservoirs 1 .  and rivers in urban areas. 

In 1984, special action has been taken to enact the Law 
concerning Special Measures for Conservat ion of Lake Water 

i Qualitu, and the water Pollution Control Law was revised in 1989. 
The Water Pollution Control Law was revised again in 1990 to 
institutionalize the mensures for household effluent. 

History of National Water Quality Management Policy is 
summarized in Table - 1 .  



2. Legal System for Water Quality Management and Environmental 
Quality Standard (EQC) for Water 

1 )  On Legal system 
Schematic diagram of legal system for water quality management 

in Japan is shown in Figure-l. Basic Law for Environmental 
Pollution Control is the most fundamental Law concerning with 
Environmental Quality Management, which is juridically controlled 
by the Environment Agency. To reduce and inspect contaminant 
loads to public water area, around 16 Laws shown in this Figuïe 
were enacted. The competent Ministry of each Laws are 
different. Some of them are governed by the Environment Agency 
and another by the Ministry of Construction. and the other by the 
Ministries of Industry and Trade, Agriculture, Transportation and 
so on. While, there is a Law called "Johkasou (private sewerl 
Law" which is controlled by the Ministry of Health and Welfare, 
and mainly regulating the small-scale treatment facility 
installed at each residential house in the area of sewerage 
system uncovered. 

2) According to Basic Law, article 9. Environmental Quality 
Standards for water weïe determined. EQC for water pollution 
are the target levels of water quality to be achieved and 
maintained by the water quality control administration for public 
water areas. These standards consis ts of two major categories. 
one for the protection of human health and the other for the 
conservation of living environment. 

In the former category, national uniform standards are set 
forth, which are applied for public waters, such as rivers, 
lakes, and sea areas. EQS values are classif ied for each classes 
to meet for their water usage purposes in each watershed. 
EQS concerning with the protection of human health are 

originally stipulated for nine items; namely, cadmium, cyanide, 
organic phosphorus,lead, chromium(V1). arsenic, total mercury, 
alkyl mercury, and PCB's. In most cases, the values adopted are 
the Same as those specified by water quality standard for water 
supply. In 1989, two itemsyiere added in this category, that re 
Tricholoethylene and Tetrachloroethylene. The values for 
mercury and PCB's are set taking int0 consideration for the 
possibilities of health hazards due t0 their accumulation and 
concentration in fish and shellfish. 

Meanwhile, the second category provides a set of standards 
includinq BOD. COD and dissolved oxygen (DO) for preservation of 
the living environment. In addition, EQS for total nitrogen and 
total phosphorus are set forth specially for lakes and 
reservoirs to prevent eutrophication. Regarding the removal of 
sediment containing toxic substances. provisional removal 
standards have been set for sediments contaminated by mercury or 
PCB's. Table-2 and 3 are examples of EQS Values for those two 
categories, respectively. 



3. Present Sta 

According to 

te of Water Qua1 

S 1987 nationwide 

ity i11 Public Water Area 

field survey on water quality in 
public water areas, only 0.02 % of the samples analyzed contained 
cadmium or other substances known to cause health risks in higher 
concentrations than the environmental quality standards (EQS) as 
shown in Figure -2. It is easily recognized that the non- 
compliance ratio is sharply decreasing. While, the compliance 
ratio related t.o the water quality Items on Living Environment is 
shown in Figure-3. As for BOD and COD, and other indices related 
to the preservation of the living environment, it was found that 
of the 3,070 water areas (2369 rivers, 116 lakes and reservoirs, 
and 585 sea areas) grouped under the categories in EQS up to 
1986, only 70.1 % of the total water areas met the EQS for BOD 
and COD. From the types of water areas, it was found that 68.3 
% of the total rivers , 43.1 % of the total lakes and reservoirs 
and 82.6 % of the total sea areas, and the closed water areas and 
the medium and smal1 rivers in cities resistered low compliance 
ratio as before. 

As for other forms of water pollution, there are pollution of 
underground water by trichloroethlene and other toxic and 
recalcitrant substances, natura1 acidification of rivers, lakes 
and reservoirs in the volcanic regions, and environmental impact 
of thermal effluents from large-scale power generation plants. 

4. Water Pollution Control Measures 

1 )  More Stringent Prefectural Effluent Standards 
In an effort to preserve water quality, the Water Pollution 

Control Law lays down uniform national effluent standards for 
specif ied facilities from which effluents are discharged int0 
~ublic water areas. For those water areas where it is judged 
that the uniform national standards are insufficient to attain 
EQS, the Law provides that stricter effluent standards can be set 
under Prefectural ordinances. Since 1975, al1 the pref ectures 
have put more stringent prefectural standards int0 force. 

2 )  Expansion of Control Targets 
The Water Pollution Control Law , originally enforced in 

1971, covered some 500 out of 1,100 industrial sectors under the 
subcateqories of the Japanese Standard Industrial Classification. 
the scope of application wa steadily expanded later o11 through a 
series of ordinance amendments. As of the end of fiscal 1988, 
approximately 600 sectors had been placed under control. 

3 )  Studies on Items Not Under Regulation 
Trichloroetrhylene, tetrachloroethylene, aiid l, l ,  1 -  

tr ichloroethane have newly been desimated as toxic substances, 
and the standards for their discharge have been established in 
water areas for public use, under the survey on the present 
efflux status of those chemicals from factories and other 
business establishments. 

While, the survey on thermal effluent problem has been 
achieving under the Water Quality Cominittee of the Centra1 



Council f o r  environmenta 
an environmental  permiss 

l P o l l u t i o n  C o n t i o l ,  s o  ds Lo f i g u r e  ou t  
i b l e  l ii i i i  t t o  thermal e f f  l u e n t s .  

4 )  Counter Measures f o r  Water Pol l u t i o n  Accidents 
A f  t e r  t h e  acc iden t  of cyaiiogen f lowiiiy i i i to tl ie Irunia River 

i11 A p r i l ,  1988. t h e  environment Agency d r a f t e d  g u i d e l i n c  t o  be 
used by l o c a l  p u b l i c  e n t i t i e s  f o r  t h e  i i i s t r u c t i o n  and guidance 
they would s i v e  t o  e n t e r p r i s e s  eiigaqed i n  e l e c t r o p l a t i n g  work 
u s  ing cyan ides .  t o  prevent  t l i e i r  l eakage .  Tbe Environment 
Agency a l s o  submi t ted  t o  tlie 1 1 4 t h  Diet s e s s i o n  t h e  "B i l1  t o  
Aniend P a r t  of tlie biater P o l l u t i o n  Coiitrol Lab;" f o r  t h e  purpose of 
t h e  e s t a b l i s h i n g  tlie l eqa l  p rov i s ions  f o r  tì ie nieasures t o  be 
taken b- e n t e r p r i s e ' s  wlieii water p o l l u t i o n  acc iden t  occu r .  

5 .  Improvement of Sewerase 

I t  is s u i t e  obvious t h a t  Sewei.age is ai1 e s se r i t i a l  element of 
i n f r a s t r u c t u r e  i n  tlie sound development of ci  t i e s .  bet  tei'iiieiit of 
pub1 i c hygieire. niairitena~ice of good l i v i  i19 eriviron~iient.  and water  
q u a l i t y  conti-o1 i n  pub1 i c  water a r e a s .  Cewei. ziystern lias beeii 
coiist i-ucti  ng  urider f ive-yeai- pi'oyranis. The on-going 6 t h  
prowan8 planiied t o  be con t i  nued f roni 1986- 1 9 9 0  seeks  t o  perf  oriii 
t h e  fo l lowing  works w i  t11 i t s  t o t a l  working of 1 2 . 2  t r i l l i o n .  
A t  t h e  end of f i s c a l  1990 .  aïouiid 4 2 %  coveïage r a t i o  on seweï 
system in  urbanized a r e a  is roughly f i g u r e d .  Actua l ly  i n  1988. 
t h e  f01 lowing c o n s t r u c t  ion of sewerage systems has been 
conduct ing a t  each domestic governments. such a s  977 p u b l i c  
sewerage sys tems ,  93 dra inage  bas in  sewerage sys tems.  681 urban 
d r a i n a g e  sys tems.  3 s p e c i f i e d  p u b l i c  sewerage systems and 172 
s p e c i  f i ed pub1 i c sewerage systeiiis f o r  enviroiiiiiental conservat io i i  
( i n c l u d i n s  15 sirnple p u b l i c  sewerage s y s t e m s ) .  

While t ak ing  i n t o  account t h e  e f f e c t s  of t h e  development of 
sewerage systems on t h e  p u b l i c  water q u a l i t y ,  t h e  "come-back 
aqua top i a "  concept  des igna ted  t o  b u i l d  c i t i e s  w i t h  a view 'o 
f o s t e r  c o n t a c t  between i n h a b i t a n t s  and c l e a r  water  was s tepped  up  
28 c i t i e s  ac ros s  tlie i i a t ion .  Model Pi 'o jects  wcre c a r r i e d  o u t  a t  
4 p l aces  (of  which new p i ~ o j e c t s  weïe c a r ï i e s  ou t  a t  t p l a c e s )  
f o r  d i s p o s a l  of iniscel laiieous household waste  water  i i i  tlie urban 
sewage systems i n  t h e  a r e a s  where seweraye 
sss tems  were not  ye t  developed.  

6 .  Example of Water Q u a l i t y  Moni t o r i n y  i n  Yodo River 

Yodo River is olie of niost t y p i c a l  and farnous r i v e r  i n  Japan i n  
t h e  s e n s e  of m u l t i - s t a g e  water use .  A s  F igure  1 shows t h e  
l oca t i o i i  of t h i s  r i v e r  i n  Kansai D i s t i , i c : t .  more than  15 iirillioii 
inhabi  t a r i t s  has been dwel l i ng  ai-ourid t h i s  r i v e r  aiid more l a r g e  
number of peoples  beyond the  border  o f  watei'shed a r e  g e t t i n g  
water  from t h i s  wat.ershed tlii'ough doinestic water  works. A t  most 
upstreain of t h i s  i - i ve r .  t h e r e  i s  a b iggec t  l a k e  i n  Japan.  which 
is c a l l e d  " Lake B I W A  " and lias a s o l e  antl na tura1  o u t l e t  throuqh 
S e t a  R ive r .  and is d i r e c t l y  connected t o  Yodo River .  Along t h e  
f low down r o u t e  t o  Osaka Ba-. t h e ï e  is two b i g  c i t i e s .  Kyoto 
C i t y  and Osaka C i t y  which have popu la t i ons  of more than  1 . 4  



million and 2.5 million, respectively. Furthermore, at just 
west side of Dsaka City, there is also another big city of Kobe 
with the population of about 1.4 million. In this Yodo river 
watershed. there are also lots of cities located, in which each 
populations are more than 50 thousand. Those municipalities are 
getting water from this Yodo River and also discharging secondary 
effluent to this river. Hence, on the occasion of utilization 
of this river water. certain kinds of troubles are inevitable on 
water qualities between those upstrearn and down stream towns and 
cities. 

Figure 5 shows the distribution of water quantity monitoring 
stations for Elood control in this watershed and Figure 6 shows 
the places of water quality monitoriris stations. From those 
information, we could recognize the kinds and situations of water 
pollution and develop the actual management and maintenance 
measures of river quality. Unfortunately, now-a-day, even in 
this area, those information has not yet been cornbined 
effectively and conveniently under a program governed by a 
special authorized bureau for the estimation of water pollution 
and its control, because the goverr~ing board of those two items 
are completely different; quantity is mainly governed by the 
branch of Winistry of Construction and quality is by each 
domestic authority on Environment issues. 

Fisure 7 is theschematicdiagram t0 express the actual 
situation of uptake and discharge places in Yodo River basin. 
You wil1 easily imagine that some cities located at upstream and 
middle part of Yodo River are discharging the secondary effluent 
to this river and downctream cities have to intake water from 
this river. 

On the water quality of river and lake in water course of Yodo 
River Basin, Figure 8 to 1 1  show annual average concentrations 
on BOD, COD. T-N and T-P, respectively. In Table 4, the 
typical water quality characteristics concerning to each branch 
rivers in Yodo River Basin are summarized. 



Table 1. History of National Water Quality Management Policy 

- from water pollution control to integrated water quality management 

(1) Unintegrated regulation under specific laws 

( 2 )  Prefectural ordinances (1949 Tokyo-) 

( 3 )  Water Quality Conservation Law, Factory Effluent Control Law (1958) 

(4) Basic Law for Environmental Pollution Control (1967) 

(5) Water Pollution Control Law (1970) 

(6) Inauguration of the Environment Agency (1971) 

(7) Cabinet agreement on environmental impacts of public works (1972) 

(8) Law concerning Special Countermeasures for Conservation of 

Seto Inland Sea (1973) 

(9) Amendment to the Water Pollution Control Law and the Law concerning 

Special Measures for Conservation of Seto Inland Sea (1978) 

(10) Law concerning Special Countermeasures for Lake Water Quality (1984) 

(11) Amendment to the Water Pollution Control Law for Prevention of 

Groundwater Contamination and Prevention of Pollution by Toxic 

Substances in case of Accident (1989) 

(12) Amendment to the Water Pollution Control Law for Promotion of 

Countermeasure for Household Waste Water (1990) 



Environmental Water Quality Standards (Dec. 28, 1971, 
Amendments - 1974, 1975, 1982, 1985) 

Table 2 
~ k n d a r d s  related to the P r o t e c t i o n  o f  H u m a n  Health 

Item 

Cadmium 
Cyanide 
Organic phosphoms2' 
Lead 
Chromium (hexavalent) 
Arsenic 
Total  mercury 
Alkyl mercury 
PCB 

Standard values" 
- 

0.01 mg/Q or  Iess 
Not detectable 
Not  detectable 
0.1 mg/Q or  Iess 
0.05 mg/Q o r  l e s  
0.05 m g 4  or  l e s  
0.0005 mg/t o r  l e s  
Not detectable 
Not detectable 

Notes : l. Maximum values. But with regard to total mercury, 
standard value is based on the yearly average value. 

2. Organic phosphoms includes parathion, methyl parath- 
ion. methyl demeton and E. P. N. 

3. Standard value of total mercury shall be 0.001 mg/Q in 
case river water pollution is known to be caused by 
natura1 conditions. 



Table. 3 

a. R i v e r s  

B Water  supply. class 3 ; 
fishery, class 2;  and uses 
listed in C-E 

AA Water supply. class I ; 

C Fishery. class 3 ; indus. 
trial water, class 1; and 
uces listed in D-E 

A 

conservation of natural 
environment, and uses list. 
ed in A-E 

Water  supply, class 2 : 
fishery, class 1 : bathing 
and uses listed in B-E 

S t a n d a r d a  related to the Coserva t ion  o f  t h e  L iv ing  E n v i r o n m e n t  

l 

D 

E 

Standard values' 

Industrial water,  class 2 ; 
agricultural water', and 
uses listed in E 

Industrial water, class 3 : 
concervation of the envi- 
ronment 

Biochemica1 
)xygen Demanc 

(BOD) 

1 mg/!. or  l e s  

2 mg/t or  l e s  

3 mg/!. or  l e s  

5 mg/!. or  l e s  

8 mg/t  or  l e s  

Suspended 
Solids 
(SS) 

25 mg/ t  o r  less 

25 mg/t or  less 

25 mg/t  o r  less 

50 mg/t or  less 

Floating matter 
such a s  garbage 
should not be 
observed 

Dissolved 
O ; .  

l.5 mg/t  o r  more 

' .5 mg/ t  or  more 

5 mg/ t  o r  more 

5 mg/P. or  more 

2 mg/t o r  more 

2 mg/t  o r  more 

Number of 
Col i fom 
Groups 1 

,000 MPN/lOOrnt 
br less 

,000 M P N / ~ O O ~ ~ (  l 
Ir less 

N o t u  : 1. The standard value is based on the daily average value. The same applies to the standard v a l u s  of lakes and coastal waters 
2. At the intake for agriculture. pH shall be between 6.0 and 7.5 and dissolved oxygen shall not be l e s  than 5 mg/ e .  The Same 

applies to the standard values of lakes 
3. Conservalion of natural environment : Ccnservation of scenic spat* and other natural resourcer 
4. Water supply. class l-Water treated by simple cleaning operation. such as  filtration. 

Water supply. class 2-Water treated by normal cleaning operation. such as sedimentation and filtration. 
Water supply. class 3-Water treated through a highly sophisticated cleaning operation including pretreatment. 

5. Fishery, class 1- For aquatic life. such as  trout and bul1 trout inhabiting oligosaprobic water. and those of fishew c l a s  
2 and class 3. 

Fishery. class 2- For aquatic life. such as  fish of the salmon family and sweetfish inhabiting oligosaprobic water and those 
of fishery class 3. 

Fishery. class 3- For aquatic life. such as  carp and cmcian carp inhabiting 8mesosaprobic water. 
6. Industrial water. class I-Water given normal cleaning treatment such as  sedimentation. 

Industrial water. class 2-Water given sophisticated treatment by chemicals. 
Industrial water. class 3-Water given special cleaning treatment. 

7. Conservalion of the ennronment-Up to the limits at which no unpleasantness is caused to people in their daily life 
including a walk by the riverside. etc. 



Source Control Laws 

- 7 1  

t 
Water Quaiity Standards set by national government 1 I 

Basic Law lor Environ- 
mental Pollution 
Control 

lor the protection of 
hiinian Iiealth: applied 
cqually t o  al1 public 
water areas in the 
country 

Environmental Pollution Control 
Programs: established by the 
Prefectural governments -I- 

for the conservation of the living 
environment I I 
Application of the categories of 
standards t o  each water area 

Inter-prefectural water areas: 
by national government 

Other water areas: by prefectural 
governors 

Others 

4 Countermeasure for 
hausehold waste water 

Law concerning Special Measures for the 
Preservation o f  Lake Water Quality 

Sewage Law: comprehenwe program for  river- 
basin sewage, suhsidy rate. 314, 2 1 3 .  6 / 1 0  

Law concerning Special Measures for  
'L Conservation o f  Seto Inland Sea 

~ ~ 

~-MT] 
+GGZGGi] 

Port Regulation Law 

Fishery Resource Protection Law 

Waste Disposal and Cleansing Law 

Poisonous and Deriterious Substances Control Law 

d Amicultural Chemicals Reeulation L~J  

+ 

4 Agricultural Land Soil Pollution Prevention, etc. Law I 

Law Relating to the Prevention of Marine 
Pollution and Maritime Disaster: oil, 
chemicals and waste discharge control 

Law conccrning thc Examination and Regulation 
of Manufacture, etc. of Cheinisal Subrtructures - 

Fig. 1. Legal System for Water Quality Management 



Fig. 2 Changes in the Rate of Non-Compliance with Water Quality 

Standards (ratio OE samples exceeding the standards) 



Fig. 3 Compliance Rat io  with Environmental  Quality S tanda rds  on 
I tems Relat ing t o  t h e  Living Environment 

Coastal waters 79.8 81.3 81.3 82.6 
76.4 75.3 . - - ~ ~ ' - - - - ~ ~ ~ ~ . - , ~ ~  

/,~"78.2 79.8 80.0 

65- 67.2 68.3 
River 65.3 63.4- 

", .. 
Lakes and reservoirs 

40.7 42.7 4 4 1 8  .- 

Notes : 1. The corn~liance ratio in obtained bv : - - 
No. Öf water bodies complyingkith EQS 

No. of water bodies to which EQS is a~o l i ed  X l00 (%) . . 
2. EQS on items relating to the living environment, as  classified according 

to uses to which different kinds of bodies of water are put, fa11 under six 
categories for rivers, four categories for lakes and reservoirs, and three 
categories for coastal waters. 









, Sosui(Aritificia1 Canal) Hikone-Nagaha Lake Biwa 
( U i  knno) \..-..-..-, 

~onanchu-bu 
(Kusatsu) 

----- ... 
iíatsura R. 7 

Obata R. 

R- 

-- - 
Hio R. 

i 

- 

Hirakata Bridge 

.. ... 

-~ 
- U ~iwakubs(0s;ka C. ) 

Torigai Bridge 
-... - (Osaka P.) 
~i totsuyä(&=ákiZ., n Niwakutq 

N (Osaka C. ) 

. . - - -. . -. -. - 
Kunishima(0saka C. ) U . . . 

-- ~ . . -. 0 .Sewage Treetment Plant 
Kumishinia(Hanshin W. W. ) n 0 s.'T. P(under construction) 

.- 
Ohmichi(Hanshin W. W..) 

Kumishima(Anagasaki C.) 

. .~ -~ .. . . ~ ~  . . 
Niwakubo(Moriguchi C. ) 

. . 
'Intake of Water Wol 



F i g .  8 Concentrations of BOD h 



Fis. 9 Concentrations of COD 





Concentrations of T-P 



Table 4 Summary Distribution of Water Quality in Ycdo River 

E. 
Col i 

Items 

DO 

SS 

BOD 

COD 

T-N 

Lake Biwa 
Northen Part , Southern Part 

Kizu River 
til1 Miyuki B. 

Uji River 
Uji B.-Ujimiyuki B 

Surface layer 10 mg/l 
almost saturation 

l. 2-8.4 d l  ' : 3.5-12.5 mg/l 
Higher at east : High at east side 
southern part i 

O. 6-1. O mg/l i 0.9-2.1 mg/l 
Max at east-south i Max at east side 

2.1-2.8 mg/l i 2.5-4.1 &/l 
Slightly higher : Higher at east 
at eastern part 

NH4-N 

T-P 
- 

Katsura River 
Togetu B.-Miyame B. 

3-1300/100ml i 17-5700/100ml 
High at Hikone j Max at Sina-Sugie 

0.2-0.43 mg/l 1 0.31-0.65 mg/l 

Yodo River 
Hirakata-Torigai E 

almost l0 mg/l 

6-10 mg11 
Increase with flow 

2.1-3.3 mg/l 
Max at Ingenn B. 

3.0-3.3 mg/l 
Slightly high at 
Ingem Bridge 

4.5-5.2 mp/l 
upper2 lower 

3700-10000/100ml 
Max at Miyuki B. 
(downs tream) 

O. 83-1.05 mg/l 

1)The north part of M e  Biwa is still remained clear, but the southern part is rather eutrophicated. 
Especially, the east side of southern lake is rather heavily polluted by the inflow of nutrient from the watershed. 

2)The water quality of Uji River is basically composed by that of southern lake, but rather deteriorated by inflow loads 
3)The water quality of Katura River deteriorates downstream from Togetsu Bridge. 
4)The water quality of K i m  River tends to increase at the middle part. such as near Takakura Bridge and Igaueno Bridge. 
where is the inflow of domestic sewage from some towns/cities. Max values of T-N are often detected at Miyuki Bridge. 
This reason is estimated as the wash-out of fertilizer applied for tea plantation garden. 
5)The basic water quality of Yodo River is composed by two rather clear River waters, such as Kim River and Uji River. 
and one from the comparatively polluted Katsura River. 
6)The health concerning pollution such as heavy metal an so on happens only once a year or twice a year in this Basin. 

average 8 mg/l 

13-18 mg/l 
Increase downstrean 

l. 8-5.6 mg/l 
Increase downstrem 

2.5-8.6 mg/l 
Increase downstrem 

10-11 mg/l 
almost saturatior 

8-32 mg/l 
Max at Igaueno B. 

l. 3-3.9mg/l 
Max at Takakura B. 

2.2-4. O mg/l 
Max at Takakura B. 

4000-68000/100ml 
High at 

middle part 

1.14-3.13 w/l 

5300-48000/100ml 
High at 
middle part 

O. 07-2.80 mg/l 
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ABSTRACT 

Aqua R e n a i s s a n c e  ' 90  is a  r e s e a r c h  and d e v e l  opment p r o j e c t  f o r  
w a t e r  r e c l a i n a t i o n  and methane g a s  r e c o v e r y  from i n d u s t r  i a 1  and 
d o m e s t i c  w a s t e w a t e r  s u p p o r t e d  by t h e  M i n i s t r u  of I n t e r n a t i o n a l  
T r a d e  and I n d u s t r y .  The o b j e c t i v e  is t o  d e v e l o p  t r e a t m e n t  s y s t e m  
of low c o s t .  low e n e r g y  consumpt ion  and smal1  s p a c e  r e q u i r e m e n t .  
employi ng cornbinat i o n  of anaei-obi  c p r o c e s 5  and membrane s e p a r a -  
t i o i i .  S e v e r a l  n a t i o n a l  r e s e a r c h  i n s t i t u t e s  aiid more t h a n  twei i ty  
p r i v a t e  s e c t o r s  have  been  coinbining t h e i r  e f f o r t s  t o  e s t a b l i s h  
i t s  g o a l  f rom 1985 t o  1991.  S i g n i f i c a n t  deve lopmen t s  h a v e  been  
o b s e r v e d  i n  inembrane a p p l  i c a t i o n  and b i o r e a c t o r  d e s i g n .  The 
p r o j e c t  w i  l 1  b e  conc luded  on t,he end of t h i s  y e a r .  

KEYWORDS 
B i o r e a c t o r .  mernbrane. membrane module.  a n a e r o h i c  t rea t .n ien t .  
w a s t e w a t e r  r e u s e ,  r e s o u r c e s  r e c o v e r y  

I N T R O D U C T I O N  

The o r  i g i i i a l  c o n c e p t  of  d e v e l o p i n g  i nnova t  i v e  wastewatei-  t r e a t -  
ment s y s t e m  was p roposed  by Aya a c c o r d i n g  t o  t h e  r e q u e s t  of t h e  
M i n i s t r y  of  I n t e r n a t i o n a l  T r a d e  and I n d u s t r v  I L I I T I  and was 
e l a b o r a t e d  tht-ough d i s c u s s i o n s  w i  t h  a  worki n 9  q r o u p .  I t was named 
a s  "Aqua R e n a i s s a n c e  ' 9 0 "  p r o j e c t  a s  f o r  a  neb; acje w a s t e w a t e r  
t r e a t i n e n t  s y s t e m .  The niain i d e a  was i n t r o d u c t i o n  of p h a s e  s e p a -  
r a t e d  a n a e r o b i c  d i g e s t i o n  w i t h  t h e  f i r s t  p h a s e  s e p a r a t e d  by 
membrane p r o d u c i n g  c l e a r  p e r m e a t e  w l i i  ch niight be t i e a t e d  bY 
b i o l o g i c a 1  o r  phys i c a l  and chemica1 method f o r  r e s o u r c e s  r e c o v -  
e r y .  

S i n c e  f h e  R and D p r o j e c t  was a c c e p t e d  by t h e  government  i n  1985,  
a  c o n s o r t i u m  was o r g a n i z e d  by t w e n t y  f o u r  p r i v a t e  coinpanies t o  
conduc t  r e q u i r e d  r e s e a r c h .  The Aqua R e n a i s s a n c e  Resea rch  Assoc i  a -  
t i o n  ( A R R A )  fo rmul  a t e d  r e s e a r c h  prograrli aiid has  p e i f  orined e x p e r  i  - 
ments .  The budge t  was ma in ly  s u p p l i e d  b? NEDO INew E n e r s y  Devel -  
opinent O r g a n i z a t  i o n )  aiid t h e  r e m a i n i n g  fundarnental  r e s e a r c h e s  
were s u p p o r t e d  by Iu I ITI  . The o r  i g i n a l  c o n c e p t  was modi f i e d  a c c o r d -  
i i i g ly  t o  r e c o v e r  methane g a s  aiid a l s o  r e u s a b l e  w a t e r  frOm w a s t e -  
w a t e r  a s  f o ï  major  i s s u e .  

A R R A  h a s  pe r fo rmed  development  of F . r a c t i c a l  s?st.eiiis i n  t h r e e  
p h a s e s  program.  The f i r s t  p h a s e  ria5 deve1opriient of u n i t  o p e r a -  



t i o n s ,  t h e  second was smal1 s c a l e  experiment5 and t h e  l a s t  s t a g e  
was p i l o t  p l a n t  s t u d i e s  w h i c h  has  been o p e r a t i n g .  
F e a s i b i l i t y  s tudy  and development of d a t a  base  a r e  conducted by a  
f ew r e s e a r c h  o r g a n i z a t  ion such a s  liiater Reuse Promot ion Cen te r .  
Most of fundamental r e s e a r c h e s  were conducted b n a t i o n a l  r e -  
s e a r c h  i n s t i t u t e s  a c c e p t i n g  v i s i t i n g  r e s e a r c h e r s  from p r i v a t e  
companies suppor ted  b)- t h e  goveïnment budget .  Research a c t i v i t i e s  
were;  1 )  organ ic  menibrane s u i t a b l e  f o r  a e r o b i i  aiid anae rob ic  
t r e a t m e n t .  21 developinent of cerainic menibrane. 31 i i i imobil izat ion 
tec l in ic  of u s e f u l  b a c t e r i a .  and 4 )  o i 1  p roduc t ion  by  h i g h  p r e s -  
s u r e  and h i g h  t empera ture  r e a c t i o n .  
A planning  committee and e v a l u a t i o n  committees.  which were organ- 
i z ed  b?. r e s e a r c h e r s  of n a t i o n a l  i n s t i t u t e s  and u n i v e r s i t i e s .  s e t  
up t h e  course  of developments.  eva lua t ed  t h e  performances .  and 
gave advi s e s  . 

As t h e  ob j e c t i v e s  of t-he p r o j e c t  covers  very  wide f i e l d s  and t h e  
r e s u l t s  concliide y e t .  an o i i t l i i i e  of t he  f i e l d  s t u d i e s  is  r e -  
viewed. 

TARGET and SCHEDCLE 

The p l a n n i n g  crmrnittee proposed t h e  t a r q e t s  of R and D tlii-oiigh 
disc i iss io i i  oii cu i re i i t  capabi  l i t i e s  of b i o r e a c t o r  aiid ineinhi'ane 
riiodiul?. i n < i  aboiit des i i ' ab l e  powei, i i i m p t  O bazecl on conv?n- 
t  ional  wastei :ater  tieatirient . T a r g e t s  of bioi-e;ii.toi- ancl t l iose of 
rneiiihrane were s e t  ; opa r . a t ? l '  i T a t ) l ?  l .  >t i4  2 .  Tt:e c ~ t h ~ i  t a r g e t 5  
f o r  land req~i i ï en ien t  . e:.tce.ss s l u d g e  ~ i r t  i a i id  f l a ? :  of nieiii- 
h r ane  a r e  a l s o  p resen ted  a s  o p t i o n s .  
Cel f c t e d  p r i \ j a t e  coiiipani e s  begaii devel opnieiit of e  I a s s  isned 
theme oii 1985 indepe i iden t l r .  A f t e r  i n t e r i i ~ e d i a t e  e v a l u a t i o n  of 
proposed b i o r e a c t o r s .  rneiiibraiie iiiodules aiid co i i t ro l  ss 'stems, 
combi nat  ions  of them wei-e exairiined. 5even siiial l  s i ra le  p i  l o t  
p l a i i t s  ( i-efei ' red as  beiicli s c a l e  p la i i t s  1 wei'e i o n s t r i i c t e d  fol .  
seven  d i f f e r e n t  biastebiater i i i  1988. aiid ope ra t ed  l i n t  i !  t l ie 2nd of 
f i s c a l  5-ear of 1 9 8 9 .  
Fi'oni 1990  two l a r g e  s c a l e  p i  l o t  p l a n t s  have  been l i ;  o p e r a t i o n .  as  
f o r  iiiuiìi ci  pal  sewage arid wheat s t a r c h  6;asteb;atei- . Tiie t e s t s  % i  l l  
he extended iinti  1 the  tniridle of 1991 . The ac t i i a l  R a n d  D we1.e 
running  behiiid t h e  o r  i g i n a l  s chedu le  12'- orie ‘eer. 

SMALL SCALE PLANT5 

Process  conf i g u r a t i o n  and rak! wastewater  of seven smal1 s c a l e  
p l a n t s *  were a l 1  d i f f e r e n t .  Table  3 shows sei;eri k i n d  of v a s t e -  
wa te r s  w i  t h  combinat ions of p r i v a t e  s e c t o r s  invoivecl i n .  Floid 
d i  agraiii and r e p r e s e n t a t  i v e  pei,forinances of  eacli p1 an t  a r e  shobm 
i n  F igu re  l t o  F igu re  7 .  

LARGE SCALE P I L O T  PLANTS 

Experimental  r e s i i l t s  of snial l  s c a l e  p l a n t s  were evaliiatecl and two 
t a r g e t  wastebjatei' wliicli were n i i i i i i  c i p a l  seL;age aiid wheat s t a r c h  
wastewater  were s e l e c t e d  t o  be t e s t e d  b s  l a i s e r  p i l o t .  p l a n t s .  The 
systeiii c o n f i g u r a t i o n s  of both p la i i t s  were niodified from t h e  



s m a l l e r  p l a i i t s  f rom the r e s u l t s  of e x p e r i m e n t s .  
The wheat s t a r c h  w a s t e w a t e r  p l a n t  was a  p h a s e  s e p a r a t e d  a n a e r o b i c  
d i g e s t i o n .  Tlie f i r s t  s t a g e  was a  f i x e d  f i l m  b i o r e a c t o r  combined 
w i t h  hol low f i b e r  rnembrane modules .  The s e c o n d  s t a g e  was a  up 
f  low s l u d g e  bed w i t h o u t  membraiie s e p a r a t  i on whi ch was t h o u g h t  

3 u n n e c e s s a r s .  I ts c a p a c i  t u  was 50 m / d a s .  I t produced  e f f l u e n t  of  
BOD less t h a n  100 mg/L a c c o r d i n g  t o  a c u r r e n t  report .  
The l a r g e  s c a l e  sewage t r e a t m e t i t  s y s t e m  was b u i l t  a t  a  sewage  
t r e a t m e n t  p l a n  i n  t h e  s u b u r b  of Tokyo. The d e s i g n  a v e r  e  c a p a c -  S '  "4 i t y  was 240 m /day  and maximum h ~ d r a u l i c  l o a d i n y  20m /Hr. The 
s p e c i f i c a t i o n s  aiid f l o w  d iag ram a r e  shown i n  b o t h  E n g l i s h  and  
J a p a n e s e  i n  T a b l e  4 and F i g u r e  8 - 9 .  
Bot11 p l a n t s  w i l l  be o p e r a t e d  u n t i l  m i d d l e  of  1991.  

DISCUSSION 

Most o f  e x p e r i m e n t 5  s u c c e e d e d  t o  c l e a r  s i v e n  t a r g e t s .  However, 
f e a s i b i l i t y  of  each  systein d e v e l o p e d  a r e  t o  be  s u b j e c t e d  f o r  
f u r t h e r  e v a l u a t i o n s .  T e n t a t i v e  f i n d i n g s  a r e  a s  f o l l o w s :  
Phase  s e p a r a t e d  a n a e r o b i c  d i s e s t i o n  Advantage  of t h e  p r o c e s s  i s  
r e p o r t e d  on f a t .  o i l  aiid p r o t e i n  was tewate i - .  The r o l e  of  m e m -  
b r a n e  s e p a r a t i o n  is c l e a r  o n  removing  s u s p e n d e d  s o l i d  complet el^ 
fi-om t h e  f e e d  t o  s e c o n d  s t a g e .  whicli w i l l  beconie v e r y  e a s y  t o  
o p e r a t e .  But a c c u m u l a t i n g  o f  h i g h  m o l e c u l a r  we igh t  f a t t y  a c i d  h a s  
n o t  d i s c u s s e d  i n  t h i s  p r o . i e c t .  S i n g l e  s t a g e  d i q e s t i o i i  is l i k e l u  
much b e t t e r  f o r  sewaqe s l u d g e  t r ea tme i i t . .  Co f a r  t h e  l a r g e  p i l o t  
p l a n t  and t h e  s m a l l e r  p l a n t  have  been  c o n v e r t e d  to  s i n g l e  s t a g e  
d i g e s t i o i i .  whi  ch produced  e x c e l l e n t  p e r m e a t e  of l e s s  t h a n  100 
mg/L BOD. 
Membrane A l o t  o f  know-how were o b t a i n e d  ori a p p l i c a t i o n  of m e m -  
b r a n e .  I I A v a i - i e t y  of  i n o i ' g a n i c  mernbrane module p roduce  h i g h  
f l u x  c o o p e r a t e d  w i t h  back  washing o r  s l u g g i n g  by g a s  f low.  2) 
Hollow f i b e r  mernbrane modules  s u c c e e d e d  t o  o p e r a t e  on l  i q u i d  of 
v e r y  h i g h  c o n c e n t r a t i o n  of  suspended  s o l i d .  E f f e c t i v e n e s s  of back  
wash by wa te r  o r  g a s  was conf i rn i ed .  :31 U l t r a  f i l t r a t i o t i  meinbrane 
and mic ro  f i 1 t r a t  ion mernbrane a r e  p roduced  s imi l a r  r e s u l  ts . 
Houever ,  s c a l e  up of modules  and f l o w  con t i -o l  a r e  n o t  wel1 s t u d -  
i e d .  
hlethaiie p r o d u c t i o n  Most of p l a n t s  were  p roved  t o  c o n v e r t  
o r g a n i c  m a t t e r  t o  g a s  e f f  i c i e n t l y .  But g a s  h a r v e s t  from weak 
w a s t e w a t e r  was poor and d i f f i c u l t  a s  e x p e c t e d .  even i i  was p o s s i -  
b1 e .  
As t h e  p r o j e c t  h a s  been c o n d u c t e d  by t h e  j o i n t  e f f o r t s  of t h e  
goveriiment r e s e a r c h  i n s t i  t u t e s  and p r i v a t e  s e c t o r s .  a  l o t  o f  
know how have  been o b t a i n e d  on t h o s e  new systems. Accepted  number 
of p a t e n t s  a c c e p t e d  was 2 2 .  N e w  d e s i g n s  of  p r a c t i c a 1  u s e  l l e s s e r  
p a t e n t )  were 7 0  i n  1991.  They a r e  b e l o n g  t o  b o t h  of  t h e  govei-n- 
ment and p r i v a t e  s e c t o r s .  

T h i s  r e p o r t  was produced  under  t h e  p e r m i s s i o n s  of M I T I  and NEDO. 
Most of  m a t e r i a l s  were s u p p l i e d  b' A R R A .  



T a b l e  . T a r g e t  v a l u e  o f  membrane moduies. 

T a b l e  2. T a r g e t  v a l u e  o f  b i o r e a c t o r .  

Microbe mncennarion 
of mixed liquor 

I 1 - i  ;:warer / Volurnmrlc organic loading rare 1 Gas conversion rats I 

Power mnturnprion 
for uni t  flux 

l i for heared reacror I l 

10.000rng/!? 1 21.5 kwhlm' 

100rnglP i r 0.3kwh/m3 

> 15kg BODIreacror rn'. dav / 2 2.OûOrn-3 BOD/* I - for non-heared reacror 

for non-heared reanar / 2oo-1000mg 1 I 2 kg B0Dlieacmr m 3 ;  

T a b i e ~ 3 .  Summary o f  seven hench-sca ie  g i a n t ï .  

s m d i - r ~ a k  i irhikawaiimi Harima H e i q  Indura<cl Ca.. 

IRurail L:d. D !COqmmonc Ca.. Ltd.. Miauoirhi Oiiqi<rxiciw. 
l 0  

Rayon Engineering Co.. Ltd.. Hiracni Plan< Kanrqawa Pr.f. i 
! l - 

Fapand-Oil and 1 i 5  1 Chiyoua Comaranon. Nino  Ocnra  Yoionamacsr~.  
Proiein Covoranon Kanagawa Prcf. l 

l Kabe Steel. Ltd.. Miuuoirh i  Rayon Vamuar icna.  i Engineering Ca.. Ltd.. NGK Inrularom. L:5. : Sh~soucwnw.  ! Miaubi ih i  Elccrric Camoratmo Hyoqa Pmf. ! 
Alconol Smxi  Engmeeimg Co.. LIL. Kurira Narcr ' ka nov as:^. 

inaurir icr Ltd. 1 '  Kagamma Pief. 

Pulp snd Paoer K u n u  Waicr  lndurmel  L:d.. S h i m m  Caro ... l y a m i r h m a c i ~ i .  
TOTO Lru.. Torhibr Caroarrrcon E i m e  Prcf.  

'Nitcr Reurc Promonon G n t e r .  Nirhihara Hrqaxniura-c?~. 
Niqhr Soil Enviranmcnral Ln i ra r ion  Rmcaicn Car- ' C - i r a a u n ~ .  

poranon. Nino  Ocnko Coroora<ion ai&i ?r?+. 



rn&Sä?[* 
Pretreatment unit 

R * 9 > ? X  l 
Raw r a t e r  tank x l 
$fbSlR : i m' 
Effective Vol. : i m' 
T I I 7 . 7 ' 1 - > X  2 
Prescreen x 2  
,.d F3>-,'$2 
Hydrosieve type 
M F $ A ? ' l - i  
Screen slot 
B M :  l m m  
Slit : 1 mm 
B@ : 600 mm 
Total midth : 600min 
E i 5 ? 8 4 % B X  3 
S. S. Separator x 3  
~ S P ? K $ X $ ' ' r - > $  
Vertical drum screen 
t '>h->l.if: 2Ogm 
Pin hole opening 

20 p m  
x$"1->tz: l m  
)rum dia ' I m 
~ 7 ' 1 - i A : Z m  
h m  depth : 2 m 

wlia i -E  
: 75 m'/ml-d 

dax .  capacity 
' i 5  m'/m2.d 

JlIm3tHIS(f i 
Kawasaki Heavy 

Industries, Ltd. 

- ,C4 u 7 t 7 7  > t tw.ufBttt* 
Tablef i  Summary of pilot plant equipment 

aiglkS 5 > R W f l  
Hrdrolyzatlon unit 

' 1 7 7 5 - X 1  
Reactor X l 
B W R R l ; r X  
h . < I t h %  
Circular tank 
rvith ga s  mixing 
& steam iniectior 
R$h?%W : 1Zm' 
Effective Vol. 

: 12m 
Imi:c.E : 35T 
Liquor temp. 

: 35Y 
mnatgm 
Steamdirect 
injection 
X 4 7 X l  
Boiler X l 
,<.:,+-,w 
Package type 
. I 9 > . L P G  W@\? 
%B% 
Dual fuel with 
methane and LPG 
msma 

: 100 kg!? 
Capacity 

: 100 kg/F 

3ioreactor Proces! 

W K W J 7 7 5 -  
haerobic biorcactoc 

'l T$ '? -x  l 
Reactor x l 
63% UASB Je 
nRiELlWXBlf 
UASB type with 
solid & gas  
separator 
eetff ' 7; m' 
Total  Vol. : i 7  m' 
EGBBheill : 24 m' 
Reaction Vol. 

: 2 4 m  
%** f fX9R%JM 
Degassifire 
*%.luit# 
Desiilfuriration 
Itá&sRBiI 
Dry type 
XWrg 
lo lamn 
f /%*&?'  
miáiwmn 
$$h811 : 20 m' 
Effertii-e volume 

: 20mi 
*flnn~c-+-{f 
;as tank 

Ebara Corpoiation 

P f A f % ' I 7 ? ? -  
Aerobic bioreactor 

1 1 1 7 9 - X 4  
Reactor X4 
fMkff Q ! G X  X 
**E 5anii 
Biofilm type 
B ? t f i T h i X Z . K l  
Yb-:/.>IC 
Square tank ivith 
two stage media 
*thSil : Z m' 
Tank Vul. : 2 m' 
&%.%t8 r i 
Treated water 
tank x1 
&!%#*l9 x 1 
Backwashing 
drain tank x l 

~ - ? E E ? x ~ L .  
m € Y z - 7 L W m  

Plant rnonitorrng 
llembrane mndule and cnntrol unit 

magqax 2  . ~31rr~~tre2 
Strainer X2 I<iiowledge 
BgM$Fi . í  > 4 4  engineering 
i 7. t b - i -  computer 
, x r  >I : 1 m m  . 7 '7 i  &lhiltBiYlí@lr* 
Self cleaning I ~ S *  
mosh type x l mm Plant 
$f f 3 ;-!Lx l 0  instrumenlation 
hlembrane controller 
module x  10 . 7'7; t.at*~iiïroff 
S r < 7 ' l - F > * #  Z 
m (f'KPC5i3' Plant monitnriiig 
Capillary organic and cnntrollinz 
membrane . ZtxEa'. 
PkR#+8loiiE& Compitter 
Erterraai prescrrre. 
me.end f i r ed  
9!EIS-f B: l5000 
hlolecurer cut-?ff  

: 15 000 
1a?S14 ' 5m'/* 
Filtrotion Area 

: 5 m2.'tube 
Mi%;ox l 
Washing device 

u 1  
aa*iPlrfm 
Backwash 
8+.;ix?t:? 
;aswash (N,) 
4.'.:&i% 

Nitto Electric Toshiba 
idustrial Co.. Ltd. / Corporation 



Table Operating Parameters of Membrane Modules Used 

Types of Module Memb. Appl. Eeed Washino Washinq Temp. 
Waste Water used Press Vel. Method 2 

Interval IOC) ?i Ik~lcm ) (m/=) 

Large-Scale 
Sewage 

Srnall-Scale 
Sewage 

?at/Oil 
2nd Protein 

Alcohol 
forr?entation 

Pulp 4 Paper 

Night Soil 

1 100  1.5 0 . 7  Backwash 
by Perm. 
Flushing 
by Gas 

2 5 4  1.1 1 .O Backwash 
by Perm. 

1 5 0  1 . 3  O. i Backwash 
by ?er!?. 
by Gas 

2 54 0.79 0.9 Backvash 
by Perm. 

4 1 0  0.3-0.5 0.76 Stop Pern. 

3 12 1 . 3  1 .C)  Phys. & 
Chemical 
Cleanin? 

3 I r )  0.45 1 .O Phys. b 
Chemical 
Cleanir.9 

5 2 4  0 . 5  1 . 7 5  Stop Per-. 
Chemical 
Cleanin? 

1 30 1 . 2  0.9  Backwash 
by Perm. 
by Gas 

10s12min 26 

150~13 hr. 

Table Specifications of Membrane Modules Used 

Confiquration 
(Manufacturer 

Capillary 
(Nitto ~lc.1 

Hollow Fiber 
IMitsubishi 
Rayon Eng.) 

Plate b Frame 
(Kurita Water 
Ind. ) 

Plate & Frame 
( N G K  Insï. 
Ltd. 

Tubular 
ITOTC) Ltd.) 

Dimensior 

O.D. 1.3 
I.D. 0 . 8  
length 

1,000 

O.D. 0.39 
I.D. 0.28 
len~th 

i90 

Material 

PVA/PS 

? E  

PS 

Alumlna 

ALumlnä 

Mol. Wt. 
cut Off 
or Fore 
Size( U 1 

3 2 * : Pure water flux (m>/m2 daï) measured at 1 k ~ / c n  , 2s3C **': 3,lre water flux (m-im2 day) measuroi at 9.5 2Q°C 



Table Performances of Membrane Modules Tested 

Types of 
Waste Water 

Large-Scale 
Sewage 

Small-Scale 
Sewage 

Fat/Oil 
and Protein 

Wheat Starct 

Alcohol 
Fermentatior 

Pulp & Papex 

Nïght Soil 
.., 

Feed Water Permeate 

483 . l  .O 1,144 70 0.38 

1,370 1.0 2,187 34 0.58 

4,283. 1 .l2 9,677 863 0.2 

Los5 Con. 
12) 13 

3 2 : m  m day) 
12 : l kg/cm2/module ) 
13 ) i (  kwh/m3 permeate) calculated value assuming pump efficiency 

is 60 3 and motor efficiency is 85 b .  



Fig. / Field T e n  Plant for Fat-and-Oil and Prorein Type Waste ')/arer 

F i g .  .? Field Test Planr for Whear StamnWasre Water 

.- ~ 

~ i ' ~ .  J? Field T e n  Plant for Alcohol Fermenration Wane Warer 



Memarans module 

F i g . 4  Field Tesr Planr ior Largescaie (Municipalì Sewage 

Gas 

i 

Hollow nber wpe 

SS hydrolizarlon & mernane 
fermenranon reacror 

Raw warer isewagel - 

F i g  .c Field Tesr Plant for Srnall-scale (Rural) Sewage 

l l 
Niirogen 

Pre-irearmenr 
iSS Sevararorl 

remuvai 
unrt 

Treated warer 

Series B @ 
Tubular Npe 
mernurane umr Rorav d m  woe 

membrane unit 



Fig. t Field T e n  Planr for Pulp and Paoer W a m  Warer 

Fig. 7 Field T m  Plant for Nignr Soil 



- , <>Fl?/ k 7 ' o t X 7 o - , -  b 
F~E. g Process flow-sheet of betich plant 

0 ,  k7D-9-1 

Fig. q Flow sheet of pilot paint 



APPLICATION OF BIOTECHNOLOGY 
T 0  MUNICIPAL WASTEWATER 
TREATMEXT 

T. Maisui .  S. Kyosai and ,M. T a k a h a s h i  

ABSTRACT 

;po.~cac;on of i l o r e c n n o l o q y  !s u a s t e w a c e r  t r e a c n e n t  ior .:s improvemenc ana 
g r e a t e r  . ~ n d e r s t a n o i n q  was i n v e s e i q a c e d  r n  t h e  i a p a n e s e  n a t i o n a i  p r o l e c t  namea 
O l r f o c ~ ~ n  'NT as c o  a microorqanrsm o a n ~ ,  g e n e t i c  engLneerlr .q  a p p l i c a t l o n .  ;u;no- 
t i - - 2 a t ; o n  a f  m ~ c r o a r q a n ~ s m s ,  j i o r e a c t o r s  f o r  v a s c e w a t e r  t rea t rnenc ,  o i o r e a c t o r s  
€0:  51uciqe t r e a t n i e n t ,  SS s e p a r a t o r s  f a r  raw * i a s t e w a t e r .  i i a s e n s o r s  and new 
w a s t e w a t e r  t r e a m e n t  nyscems. 

INTBODUCTION 

:he J a p a n  !4in:str,, a f  C o n s t r u c t i o n  conducced a r e s e a r c ? ,  ? r o ] e c t ,  ".he Deveiop- 
nenc 3f ::ew Wastewacer Treacment  Systems fnprcy2r.q 3 i c c e c n n o i a g y " .  .dnlcr. a a s  
commoni.! c a l i e s  S i o Í o c u s  'NT, f r o n  f i s c a i  year 1 9 8 5  t c  :989. 3y b r o a d l y  a p p i y -  
;?.g o r o t e c n z o r o q y  :o . i a s i e w a c e r  t r e a c m e n c ,  3iofocïs NT incendeà  :a s o i v e  :?.e 
F r e s e n t  ano f ï t l r e  c r o o l e m s  r n  .dastewaKer t r e a t n e n r .  :he P u o l i c  Worxs Researcz  
I z s t r t - z e  IlwRII ano ::e i u i l d i n q  Researcn Ils:i:lce c f  :he u r n l s t r y  of C c n -  
S t z l c c i s n  .<ere tr.e malr. o r g a n l r a ~ i o n s  car=l?.q o u t  Eiafocris  WT. ?WRI .das 
3 a i n l . l  :n c n a r q e  a Í  m a e t e r s  r e l a t e e  t0 juoi;=l;. owr.ed r r e a t m e n t  iiorKs (POTdI. 
Table : snows t,?e s u b ] e c t s  c f  r e s e a r c n  a n ä  i e v e l o p m e n t  ;n B i o f o c u s  WT c a r r i e a  
CU- i- PWRI. Th15 ? = p e r  p r e s e n t 5  :he i n t e r l m  r e s u i t s  of t n e  8 s u n l e c c s .  

TABLE 1 S u t i e c t c  of S e s e a r c h  and Deveiaomenc :z  aiofacïs NT Canauc ted  bv %+RI 

a .  S t u a y  an Nicrccr~anlsx Bank f o r  aastewace:  ? rea tmenc  
. S t m y  an A p p i i c a t ~ s n  o f  G e n e t ~ c  E n g ~ n e e r z n q  z o  n i c r c o r g a n ~ s m s  f o r  was tewate r  
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c .  S t u a y  on Imnoo~i;zar:on HetP.ods of  ' l ~ c r a o r g a n i s m s  f o r  N a s t e v a t e r  Treacmenc 
i. 3everooment  o f  5 1 0 r e a c t o r s  f o r  a a r r e w a t e r  ?zearment  
o .  X v e l o p n e n t  of B l o r e a c c o r s  f o r  S i u a q e  T r e a r n e n c  
f .  3eve io imenc  of S o l i a - L ~ q u i d  S e p a r a t o r s  far Raw WasCewater 
g. Deveropmenc o* 3 l a s e n s o r s  f o r  Water puaii:y ueasuremenr 
n .  3 e v e r a a n e n t  a i  New WasCevater Treatmenc Sy5tems 



STüDY OS YICROORGRNISM BANK €OR WASTEWATER TREATHENT 

Zecentl~. onvlrsnmencai x~crooioloqy "as acnieved ?reat 3roqress. A nlcrcor- 
ganism oann isr astewacer rreatnenc .das ;svescigated ;l order :c appiy r7.e r c -  
suits o: 3lcroo:aiaqy researcn to vascewacer enqineerlnq. The DanK consists c ?  
:'*o Darts, a aaca aanx ano a preservaclon Danx. The aaca banr accï~uiates :ara 
sneets in unlch microoioloqlcai m a  ecoloq=cal data an microoroanlsms relarea - -  2 dasrewater s',scemr are summarzzed. The preservation ianr. ; s  a n  srci;.ar:. 
c<e. 

3ata banw.. '.last xlcrobioloq~cai data on any rndivlauai scraln are sitainea 
frm pure -..'*.- s .  iiowever, mos= -1craoiolaq1cai ?senomena ;: oiiiaalcar 
dastewater t:eazrenc ?rocesses are onsersea m i x e i  cxi:.. -ros o: :ac:orla. 
=rotoma ana otncr mlcroorganisrns. :he resuits of t% ?ure cïltïres are Jsuai- 
.u iifferenL from the pnenomena in Ci,e nlxed culttres. ?>.;s ïr,cierscana;no 
:medes Cae ucll~zacron of ~~crooioioqicar ;sformation f c r  uasreua~or :reicnent 
:,Sterns. ?he &ca bank would reconcile this slfuat2on ;Y prcvzilnq :.:e ecalan-  
rcai 3ropert;es 3f each scrain. in aadition. al1 strains are class~f;oa 5:) 
?heir reiacionsnrp to uastevacer sys~ems. Tabie 2  is =:e data sr.eec. 

TABLE 2 Data Sheet af Data Banx 

1. CODE 
l l ) Banr Code 
1 2 1  Sclentlfic C1assificat;on: l )  Family 2 1  Species 3 1  Common Name 

2. RELATION T0 WASTEWATER ?REATMENT 
1 l l Functlonal Name 
( 2 1  Relatlonshlp t0 Wastewacer Treatmenc 

3. DATA SHEET WRITER 
f l l Name 
1 2 1  Affiiration 
! ? l  Date of Reoister 
i. RESEARCHER 

! l l ?lame 
1 2 )  Affilia~ian 

5. PRESERVATION 
I l l Or?an~zat;on 
f 2 1  Code Numoer i n  the Orqanrzation 

5. ORIGIN OF STRAIN 
f l 1  Purlf~catlon £ram Natura1 Env~renmenr 

a l  Purlf~cation Data: Socrce of Strain, Sace of ?uriiicatron, 2esearc:ors 
31 Idenc~fication Data: Researcners. hff:liation 

f 2 1  Genec-c Enqineerinq 
a l  Aopl~eo Genetic Englneerlng Methoa 
3 )  Conaltions: 90St. Vector, üther 
c l  Character~st~cr af Straln 

1 3 1  Other . - .  ~ 

a l  Obtalned fram Other Researcher 
i1 Character~st~cs of Straln 

i .  C!iARACTERISTICS OF STRAIS - -  - ~ -  ~~ ~~~ ~- 

! l )  Physloioq1cal: Growtc Rate, Substrate. Products, Genetlc Data 
1 2 )  Ecolaqical: EnvlronmenKal Condition £ar Growth, CsmpeclLiin, 

a. :JOTES FOR EXPERIXENT 
Zpiaemlc Notes. Hazardaus Products. Patents. so forth 

3. CI::DITION FOR PURIFICATION 
i 1 1  Cumuiative Cuitlvation: Temporature. Medxa, Xethod 
f 2 1  ?urlf:cacion: TemperaCure, Media. Method 

O .  ?RESERVATION OF VIABLE CELL: Temperature, Media, Subcult,~r;nq :lethoi 
' 1 .  ?RESERVATION AND REACTIVATION OF FREEZING CELL 

( 1  Preservac~on: Temperacsre, Medza, Perloà of Preservation 
121  React-vation: Temperature, Meala. ReacclvatLon of Specrf;& ::ature 

12.  RELATED LTTERATURE 



STUDY ON APPLICATION OF GENETIC ENGINEERING T0 XICROORGANISHS FOR 
ilASTEh'ATEII TREATMENT 

I? aodiricn =o qenecic enqxneerlaq ~tseif, chere are severai sr3blems in :te 
appiicaclsn of enqir.eereü mlcroorganlsms ca 'dasCewarer :rearmen,: syscems. sucn 
a s  ibelr staollity rn che mlxeti cuiture and a olohazara proDiem. Baslc experl- 
xencal studies were conducced as  co ecoloqrcai ana evoiuelonary scabli~ty of 
nicroorqanisms usinq long-cerm cultures of enter~c 9acter:a oy  serlai Lransfer 
curtxes. ?he resuits are show" in Flqures l ana 2, and summarizeti as fallaws: 
{al The ficcess af saccerlai papuiacions, n l c s  r s  expressed 3- tke speclfic 
qro.icn race r n  fhe cuicure, ;r.creaseü *iich t2e numoer of transfers. This rs 
cacs~dered co be causeti =y :he appearance a n o  ;ncroase of mucancs uith iigner 
S . . -  .-L..ess ;= the cuiture, (b1 T>e fitness of a caceeriai ?opuiat~on evencuaiiy 
cane co a plateau levei, (c!. ?he piaceau .iaiues af ohe fitness of Daccerla uere 
-.OL cnanqeü oy tne creatmenr of a cnemlcai lucagen .di:i NTG. Ld. :he piaceau 
,:aldes *ere üifferenc in species. ani :n case of C. t r e u n ü ~ i  the vaiues varleü 
I?, scrails, (e]. Genec~cally -denticai 5ac:eriai s:ralns .dn~cn were aerived fron 
rhe Same clone had :he Same value far the piaceau ;ever, (fl. Froa che experl- 
nencai resuits af nixeti cultures conslsclnq af :.do k 1 r . ü ~  of bacteria, both of 
'dnick naü reacheti each piateau iever. :t was reveaiea tnac the papuiafion 'dieh 
:b.e lover placeau ievel decreased and became extlncc in 'ie nlxea cui:iires. 
inllr thac uich :ze nigner plateau ievei remainea, anü a s  a cinc;:slcn, [q). F r o n  
* "  e sview polcc of :he appllcation af enqlneerea nlcroorqanisms co .dascewacer 
=:eacrnent. IC is ~n~orcant t0 use the bacterlai spec~es o r  strarns .xlekhhrqnez 
=Lateau leveis f o r  rzeatmenc. 

E. b la t tae  

A C. freunoi i 

O 10 20 30 40 50 

NO. of transfers No. o f  transfers 

Fla. 1 .  Changes of speclflc qrowch Fig. 2. Chanqes in populaclon densities 
rare of E.  olatcae and C. Lreunül: of E. rloacae anti E. blatcae in the~r 
IF013S4S isoiaced from the serlai m~xea cu~cure (80th were lsoiateü from 
~ransfer cultures ( i . e .  from tkerr the serial transfer cuicsre of 70 

STUDY C.!: 1Y.MOBILIZATION METHODS OF XICROORGANIS!4S EOR WASTEWATER 
TREATXENT 

rce imnaillizacicn af xicroorqan~sms ;r. b~oreaccors for .wasrevaeer rrearnenc 
a n ü  slïCqe creatmenr rs useiul to increase cte concencraclon of llcraarqanlsms 
. -  r n e  reactor, ana ta nalntain a large amount of microorganlsms :ar speclf:- 
cari:, removinq parricuiar poiiutancs. Tkree i,~mooillzacion necnoos were inves- 
tlqaced: blndlnq nechoü. entrappinq mechad. anü seif-immooiilration nechod. 
Microorganisms chemseives actacn t0 che suriace af metiia in the olnü;nq nerhoü. 
Mlcroorqanxsms are ~mmoollized by  cnemlcais i?. :he encrapplnq mecnod. Imool- 
lizacian rs matie by m~croorqanisms themseives uith no ocher narerlais In Lhe 
serf-immooiiliacion nechod. 

Bindlna 3ethoti 

Sultable shape anü maeerla11 of actacned metila depend on :he feacures of reac- 
tors I n  vnich the media are useti. The reacccrs can ae classif~eü m e 0  fixed 
beü type or fluldized bed type ana aerooic o r  anaerooic. The resuits for fixeti 
bed Lvoe reactors are summarizeti. 



httached ledla for fixed-oea cïae  reactor fox aeroolc Lreatment. Xtcacnea 
zzomass was compared amonq eioht o~fferent nedla. ilqure i snovs cne resuics. 
Ihougn accached biomass was C1f:erenc reween seaia, suff2cienr iiomass qrew 
after 3 monchs on al1 leela Lested. T>e leala vltt aore speclf:= iurface area 
accumulated more oiomass suc requirei reguiar .vaSnmg aue to ciogglnq. 7he 
nedia uith diameter Less than 1 cm removea SS, :"en aadltional SS removai .das 
ïnnecessary, rhougn .dasning vas reqwred. On tie ather cand. iasnlnq was -ct 
cecessary for media vith Dlgger diameters but soira separat:on fr?m the efflï- 
ent was essentul. 

OSCalniess Steel 
OV~nylchlorzdefal 
AVinylch1or:defol 
~Vinylcnlorraelcl 
O Ceramicsf al 
ACeramicsfbl 
O Ceramlc~fcl 
A Poivethvlene 

smootr. 
smoocn 
rouqnei .wlth f i x  'ani iaper 
rsuqneo v i z h  ccarse sand laper 
pore sire: 0.1 - 3 .2  mm 
iore sire: 0.01 - 9.: mm 
i o r e  size: 0.045 T 
5XOOti1 

. . . . . 
Flq. 2 .  Comparlson of growth rate of b~omass attacheä on meaia laerooicl 

httached media for fixed-bed !'>oe reactor for anaerobic treatmenc. A compari- 
son test of attacnea meara for anaeroD1C :reatment revea~eù that ?OTOUS meoia 
proauce gas more than meela with smooth surfaces. showinq that riicroorqanlsms 
attach t0 the porous medla more than the smooth media. As no aeratron results 
.n insufficient mixing rn anaerobic creacment coaparea vith aeroolc  treazment. 
~t 'das necessary t0 select and arrange med~a so tiat adequate influent distrl- 
Dut10n was actalned. 

Tolyvrnyl alcohol (PVAI. acrylic amlde IACAMI ano polyethyiene qiycai IPEGI 
were examinea as cnemicals t0 entrap mcroorqanlsms. The ?VA resuics are 
dlscassea here. Two PVA methoas were examined: a ?VA-borrc acli -ecnoa an6 a 
PVA-refriqerat~on metnoa. 

?VR-bor~c acld method. h mixture of ?VA and actlvated slïaqe is aroppee ~ n r o  
saturatea borlc acld solut~on. then activatea sluuge 1s entrappea :n lattlces 
OL pellets made of PVA ana torxc acid. Thouon the resplratlon rate of the 
enrrappea activated siuage was low at the beqlnslnq of cïltlvar~an, :he race 
increased raprdly t0 3 - 4 t n e s  the mltra1 value after 10 days IFiqure 41. 

?V?.-refrlaeration lethod. The mixture of PVA 3r.a activateä siciqe AS reÏrig- 
oracea ana Decomes a ger .  The PVA concentratlcn a: 10 3 was zot enougn t0 nare 
jeilets with enougn strenqth. Pellets of 22.5 i showea a lawer respiraclor. 
race than that of 15 e ,  t u u  PVA concentrarion of '5 Z was suitaoie IFlgïre SI. 

- O0 I0 20 I0 20 
cult ivat ion period (dav) c u l t t v a t ~ o n  oerlod (dav) 

- .  ::g. 4. Transltion of respiration rate Fiq. 5. Transitron of resplraclon rate 
of xlcroorqanrsms mmooiiizea of nicroorqanrsms immoo~llze6 
=y PVA-borlc acid metnoa by PVA-retr~qeratlm mechad 



3EVELOPHENT OF BIGREACTORS TOR WASTEWATB ?REAT!tEVT 

msa  DTOCe55. T i g u r e  ó 
1s a t l o w  a i a q r a m  o f  t h e  r e c i r c u l a t # o n  o t  effluent- e f f l u e n t  
AUSB p r o c e s s .  I n f l u e n :  
f l o v s  r n t a  a pressur;zea 
a x y g e n  t a n k .  E f f l u e n t  
f r 3 n  t h e  t a n k  u r t h  50 t- 
70 m g i i  o f  DO 'was : n t r o -  
d u c e d  :o t h e  b o t t o m  a f  Sioteactor I 
t h e  upflou r e a c t o r .  The 
31-n DO ana I ~ q ï - d  reczr- 
c u l a c i o n  maae i e  p o s s i o l e  , , 

! ; 
r o  neep t n e  s i u a o e  o l m -  screen - 
t aeroolc. h  ' n t l u e n t i  excess " " d e  tmk 
s e v e r a i  weexs a f t e r  t h e  -v 
start-up. a e r o o ~ c  310109- ~ r c s s u r l  zen 
i c a l  ?ranure5 formeti  ;n oxyzcn rank 
the r e a c t o r .  E f f l a e n c  w a s  
gooo  v ~ t h  HRT a f  1 . 72  h r s .  F i g .  6. F l o v  t i i ag ram o f  AUSB process 

TABLF 2 Ooera t :ona i  C m d i t i o n s  anä 
?err:rrance s: AUSB P r a c e s s  

COxDITImS 
%i :n s i c d g e  o l a n k e c .  -r 1 . 7 2  
: a t a r  3RT. n r  4.00 
3 e c ~ r c ~ r a t i ~ r .  R a c i o  o: Z f f l . ~ e n t  ! .S7 
' J p - F l w  V e i a c i t ï  i n  a e a c r o r .  x / C a y  125  
I n f l ~ e n t  20  w i l  6 3  
Z f f l ~ e n t  30  - g i l  4 . e  

?ERFGRMANCE r . :  l z e n t  E f f l u e n t  
:-BOD n q l i  ' 1 2 . 6  1 9 . 9  
s-BOD n q i l  4 2 . 4  10 .2  I - -  

E s  mg1 l ? l . ?  5 . 6  
?-!J n g i  l 3 3 . 9  24.6 
T-?  n g i i  2.7 1 . 8  ::g. Z S e l f - g r a n u i a c e a  s l c c q e  

i n  AUSB p r o c e s s  

UASB o r o c e s s .  ?:?ure 3 i s  a f l o w  d i a q r a m  o f  ï hSB p r o c e s r .  T h l s  s y s t e m  in- 
s t a i i e o  a moolf-e*  :ricxi:ng f i l t e r  f o r  p o s t - t r e a r n e n c .  The  f l l t e r  m e d i a  were 

f l n e  s u s o e n d e *  s o i - d s .  a ~ o i a a ~ c a l  a r a n u i e s w e r e  



le5s tian 1 nm, tiey 'dere 
ias~caiiy tie Same as sioioql- 
cai qranules qeneraiiy found 
In the UASB process treatinq 
wasrewarer .dith high orqanic 
concentraclm. Effluent from 
:he syscem was qood xith HRT 
of 3 hrs for KASB. 2 hrs for 
:ne tricxlinq filter even in 
.dinter (Tabie 41.  The system 
r.as neicier Irquld recircuia- -. .-?n. n o r  aeracion aevices. 
:f there is enouqh vater neaa 
iifference avaiiable between 
;nfluenc ana effluent in a 

bioreactor 
mmified trickling filter 

5ianK. :hls system ca" De 
an enerqy saving system. i ~ g .  a. Hio' Slagram of UASB orocess 

CONDITIONS 
Hydrauilc Recentlon Time of ReacKor. nr e 
Surface Laaàinq of XTF, miday 4 5 
Yater Temoerature. C' 13-16 

PERFORMANCE 

s00 mqil 
SS mgli 
Sulfide as S mg11 

Inf. 
71-111 
45-99 - 

uTf: Modlfied Tr~cklinq Filter for post-creacmen'c 
Fig. 9. Self-qranulatea 
sludqe in UASB process 

:IRB. YRB has several stages as  show" in fiqure 1 0 ,  Each stage consrsts of a 
CovnElow aeratxon vessel ana an upflow oioiog~cai reaction vessel. SuccessEui 
acc~muiac~on of self-granulated sludge ISGSI was acnieve9 in biologlcai reac- 
:ion vesseis. Most SGS was coverea wlth a thin wnite film. The fllm conslscea 
of filamentous bacterla Beaalatoa. The inslde of SGS was blacx ana anaeroolc. 
;nciuding sulfate-reduclnq Dacrerra. W I n  the aeratron vessel was lialcea t0 
-..ie saturacion concentration. W supplied from cne aeratlon vessei .das con- 
sumed rapidly in the biologica1 reactron vesiei if arqanrc substrare In the 
.dastewater was hiqh. Consequently, near-anaeron~c conültions allowing the 
qrowth of the sulfate-reduclng bacterla were deveioped In the olaioglcai reac- 
:zon vessei. Sulfide produced from this reaction ciffuseä 
:"co buik liqu~d throuqh the SGS surface. .it1mnr 

'cmrian :r<rsi 
Though the oxygen supply was limlted L n  che aioiapicai nac:ion irrrci 

5;oioqrcaL reaction vessei, there was a i i i d s r  älanrcr 
csance of the rnicroorganisms contacting 

s-snt sruäy was conducted to demonstrate c9e 

siudqe process uith HRT of 4.5 hrs. .%B 
ievelopment has been under the staqe af a 
plioc plant wich :he maxmum treat~nq 
capacity of 4 5 0  m3ld. ?>g. 10. Elov aiaqram af 'IRB 



TABLE 5 Oaeracional Conditions and 
3orI~r-ance of ?roto:i'ze URE 

CONDITIONS 
:nfluenc: Settled municipal wastevater 
BOD volumetrie load for cotal volume 0.42 kqlmf.day 

for BV v01ume 0.73 kq/mJ.riay 
Hydrauirc retentlon time 4 . 5  .nou= 
3irsolveä oxyqen concentratlon in AV 5-3 mqll 

PERFORMANCE 
NO. *f ?V :<O. 1 NO. 2 NO. 3 O 4 W. 5  
Total Solidslmq/l1 21,000 14,600 8.900 5,300 T4.300 

Influent iffluenc 
B00 <mq/ll 8 O 14 
D-BOD lmq/ll 5 O 9 
ss 1mqJli 30 4 

DEVELOPMWT OF BIOREACTORS FOR SLUDGE TREATMENT 

FLT. 11. Self -qranulacsa 
sludqe in iIRB 

There were tv0 oo)eccives In the development of anaerobac sludqe drqesc~on 
processes: :o snorten rhe sludqe dlqestlon period to less than 10 days ani :o 
increase the solld decompositlon percentage by l .5 tlmes that of :he conven- 
tlonal process .  Tuo techniques were investlgated in order t0 attain che o03ec- 
tives: liquefaction of feed sludqe and imobllizatlon of b a c f o r l a  relaced co 
anaerooic sludqe diqescron by the binding method. It is wei1 known that lique- 
faccion af feea sludqe. especlally excess b~ological sludqe, is che mosc limlc- 
inq factor m the digescion. As attempts were unsuccessfril :o firid bacter~a 
and enzymes vhrch acceierace the liquefactlon af sludqe. :he dlrectlon was 
chanqea t0 use physical-chemica1 methods. ?he followrnq three methods were 
;nvestiqated: (al Crushinq e x c e s s  sludqe by a mrli i>ith 0.05 N !laOH (Table 61 ,  
M. Heac treatmenc af excess sludqe '41th condit-ons of 50°C for 1 hour. and (CL 
Heat treatment of excess sludqe with condltlons of 90'C for l m u r ana ?rotease 
aadrtlan Zo che heat-created siudqe flowinq to an acldlficat;on process. 

TABLE 5 Llouefactlon of ExCess Sludoe ov Crusnino ulch ::=OH Add~rion 

I tem5 - CRUSHING - - CRUSHING XITH XAOH - 
Imqlll Control Crushea Concrol NaOH Crusned 

Addltron .dlCh NaOH 

TS 24,:OO 23.900 24.800 25.000 
VS 19.700 18.800 19,500 19.300 
VSS 18.400 12.500 18,100 16.400 
DH 6.0 6.2 6 . :  7 :  

Actached medla for baccerla in sludge aiqest~on are drfferenc from those f3r 
bacteria rn uastevacer Ereatment, because sluaqe is mucn more viscous ana 
contains more SS than wascewacer. Cement bails as actacnea me0la for a fluld- 
irea bed type reactor, ana ceramlcs a s  attacnea meala for a flxed bed type 
react0r;dere used. Three pilot plants vere operaced under the :olnc researches 
'dith prlvace companies. 



DEVELOPMENT OF SOLiD-LIQUID SEPARATORS FOR RAW WASTEWATER 

A11 bioreactors for ,wastewater treatment ~evelopeó In Blofocus NT incorporate 
;.moo~lrracion methws in che reactors f3r :icroorganlsm increase. A pro~lem 
may exist in reactor cloggrng due co SS ln influent for sucn reactors, esve- 
cially fixed bed type reactors. In ada1t:on. as a~ssolved orqanlcs are 
decomposea Sy mlcroorganlsms 
faster than partlcuiate orqan- BOD [ 1 4 % / l )  

i c s .  removal of the Olgger COO (72ny,l) 
particles from raw wasrewater 
makes sucn bloreactors more 
efficient. SS ( 9 1 m d l )  

3istr;bat:sn of oartiz~iace T-W (45mz11) 
concaminants in zaw wasre- 

irze olstrloucian of 1-P (3 .3 f l d i )  
SS ~n raw wastewater in reia- . . ..on to contamlnants vas casvor~rion r a t e  ( 8 )  oxam~ned. Tigure i 2  is an 
example af the results. -8-74 > i 4  (P.) 

1 /! 

Percentaqe of particulare 
EOD in raw wastewater was nigher Fig. 1 2  2istrlbution of parciculate 
rhan rhose of partlculate con-camlnants i n  raw vastewarer 
nitrogen ana phosphorus. 

Eiodearaaabilitv of lartlculate TOC. Blodegra6aDllity of ?artlcïlate TOC vas 
oxamlnea unoer aeroolc anä anaerobic con6rt:ans. Figures i? ana 1 4  are exam- 
pies L" an aeroblc conartion and an anaerooic cond~tion. initia1 olodeqraaa- 
tion race of particuiare TOC of part'cle slze more than 1 nicrsmetre was muc- 
iawer than that of smaller than 1  mlcrometre in ooth conditions. 

flg. 13. Drfference af bloaegradatlon 
rates af TOC due t0 parrlc-e slze of 
concamlnancs ~n aeroblc conaition 

Flq. ' 4 .  3~fference af b~oaearaaat~on 
rates of TOC due co a a r z i c l e  slze of 
concamlnants in anaeroolc canditlon 

Solid-ilou;d senarators for raw wastewater. 'lve 
soria-ilquid separaclon processes for raw waste-- 
.water vere developed partlally by :he :alnt r e - '  
searcnes with orlvace comnanies. id. Uoflov seal- 3 ~ ~ 

nentat~on pro;ess, aJ. ~loatlng-ned 'f~ltracron 2 
process, [C). Filtratlon process with tube-shapea ; 
filtracion media, (d). High rate bloflocculacron g 
proces5 with a lamella sectier, and (e). W o  scaqe E, 
filtratlan 3rocess wlth an npflow movlng De9 ana a ' 
dovnflow f~xed bed. Figure 1 5  is an exampre of SS 
removal ootained by b., c. and d. Removal rates 
of SS larqer than 8 >m :n rav wasrewater vere 
nare than 80 % in these three processes. on 
the otner hand, SS smailer :han 8 urn were 
Sifficait to remove oy these processes. 

Fig. 15. SS removal from 
raw wasCewarer 



Siosensors, .anich dse enrvmes ar ~icrsorqanlsms as Ceteccirs 15 zeasure oo3ec- -. .-"e rnaccers. i>ere aeveiopea :,r 3OD. ammonia-nirroqen ana croanic atlas. 

300 sensor. Fiqure 16 shows tke reiacionship between !he sensor 300 anti 
mnuaiiy anaiyzed ZOO5. in case a f  r a v  ;>ascewacer, :>e sensor ZOO snowea 
onoïor 32:;~~ czrrenc. In cases 1: secanaary effiuenc ana rri.er ; iacer. hawev- 
e r .  : C e  csrrenc iifference w a s  50 smarl :nat :ie sensor 503 inc.dea zucn iauer 
- n  -..an :ne nanïal BOD5. 

j 20v,ver i = l0 . scconoar~ 
c t f  luent  

O 
O 10 20 30 40 50 

sensor BOD ( d  1 
ca l ib ra tcd  "0th a r r i f i c i a  wasteiarer 

F1g. 16. Xeiatronsnlp oetveen Sensor 50D ana manuai 30D 
- 

Ammonia sensor. Fiqure 17 shows an examole of the ammonia biosensor ?erform- 
ance. ?he reiationsnlp becween ammonla n~traqen concencracian aelow 70 mal1 
ana a currenc differente was :;near. riccordinq to che oiomass .ncrease, che 
ripper senslble concentrat~on oecame lover, buc the resoiuc~on iecame oeccer. 
As a n ~ t r i f ~ c a c ~ o n  oacterrum rs 'iery sensitzve to ccxic suastances. apprrcaclon 
of the deveioped ammonia biosensor Co a coxlc sensor nas Deen expzcced. 

O r a a n i c  aciü sensor. Figure : 8  snows an example of z.ie ?erf?rmance of the 
arganlc a c i t i  biosensor. R yeasc uas usea as a receptor. 2 linear reiaclonsnip 
'das ooserved betveen an acec;~ acid concencration beiei, i00 aqll ani che 
cirrenc iifference. Buc the sensor had a proolem in ceteccii.q cacai crganic 
acids, iecause eacn arganic a=:< naa a~fferenc resoonse from :-e sensor. 

q .  17. Reiatlonsh-D between sensor 
ammonia ano manuai a m c n r a  

;:q. 18. Caiibracion curve of Droanlc 
acid sensor for acecrc ac:o soiuclon 





JAPAN'S AQUA RENAISSANCE '90 
PROJECT 

Shoji Kirnura 

 qua aenaissance'90 1s a six year 3 & 3 proiect for iiater reuse and energy 
recovery supported by the Japanese Hinlstry of International Trade and 
InCdstry. The ob]ective is to develop loo cost treataent processes utlilzing 
'5ioreactors cou?led :iith xenbrane separation units ta ?roduce re-~sable vater 
fron industr;al vaste water and sewage. Polyner~c a n i  ceranic lennranes In 
capillary, hollou fiber, tubular and plate and frane modules have jeen tested 
in con]ur.ction siith horeactors on a number of actual ,waste vater and sewage 
streans. This paper ,2111 focus on membrane performance ani pover consunption. 
3econt results froc test plant operation indicate that treatnent of 
concentrated vaste xater by membrane separation units ï s e s  less :han a third 
of tne conventional pover requlrenent. 

XIY"O3DS 
Slareactor, nem-irane. tubular nodule. capLllary rnoáule, l l o !  fiber ~odule. 
?late and frame nodule, vaste ,water, sewage, .,,ater reuse, anaerobic 
=iareactor. 

INTRODUCTION 

Aqua-aEna~~san~e'30 ;s a s i x  year R 6 D prolec: for vater reuse  and energy 
recovery, v h ~ c n  iras planned by t3e :l~nistry of Internat~ona; Trade ana 
Ind~stry IIIITiì a s  ane of its :4atianal aesearch and 3evelopnent ?rograns for 
Large-Scale Industriai Tecnnalogy. 

The fundanental objective of this proiect was to find :raus co  meet aiddle- anä 
lonq-range water denand and, at the Same time, solve varer pollut~on 2roblems 
and recover energy from pollatants. The particular oj~ectxve 'was :o develo? 
enerqy-saving and s?ace-savlng :later treatnent Frocesser, utilii~no bioreactors 
coupled vith nenbrane separation units to produce reusable ?iater from 
industrlal vaste vater and sewage. The conceptual flow of thls proiect 1s 
shoim ~n Fiq. 1 .  An anaerobic bioreactor decomposes suspenaed natter in 
varlous k ~ n d s  of :?aste water and produces methane gas and :iater, ,:>hlch is 
clarlfied by a nembrane separation unit to produce reusaole water. 

Following ?hls fundamental scheme, several actuai processes for treating waste 
water and sewage were proposed by the planning conmlttee of the Aqua- 
Xenaissance Research Association under :1ITI, whose nembers are called from 
universities, governmental institutions and private companles. !?ith 
consideratron glven to the capab~lit~es of the presently available bioreactors 
and the power consumpt~on of conventronal sewage plants, object~ve targets for 



reactors a n d  nom3rane nodules wero sot, as shown in Tables 1 and 2 

Table 1 Objective Tarqets of Bioreactors 

90D levei of Voiumetrlc arganic 
waste water loadlng rate 

G ~ S  converslon rate 

for heat& eactor 
i ;l ikg BOD/rnS aay 

>2.000 l 
mg BOD11 1 for non heageä reactor 

! >i ha EODIrn' dav 

Table 2 Obiective Tarqets of Membrane Modules 

a3 Z 

! 
-~ 

! £0: non heaqed reactor 
200-~;IIOO 1 > 2  kg BODim' oa:? 
%g BOD/? 

L 60 % 

The R & D schedule of this project :s ahown In Table 3. The pro2ect got under 
way ~n 1985, and from 1986, various conpanies began t0 develop thezr own 
bioreactor and rnernbrane module facilities, proposals fox which were acceptec 
by the plann~ng commlttee. After lntermeùlate evaluatian af varlous reactors 
and memhrane modules, 7 different bench scale field test plants which treat 
different krnds of waste water and sewage effluent5 were built in 1988 and are 
nov being run until the end of fiscal 1989 to demonstrate their ability. The 
project is nou runnlng one year behind schedule as shown by the dotted lines 
in Table 3. 

Mrcrobe concentratlon Power consumption 
of mixed liquor / per unit flux 

10.000 mg/l l .i kwh/n3 



Table 3 Research and Development Schedule of the Pro~ect 

Fiscal year / 1 9 8 5  1986  1987  i 9 8 9  1989  1 9 9 1  

? a D Category 

? & > o f  
Control Systems l - - - - - - - 

? A D Of 
:;ew Water 
Treatment System 

Table 4 I ~ s t s  ninds of fee6 .dater and their capac;!;es. In ' 9 8 9  
~ijo systems xere seiecteä i.lth a view to buildino and  rïn?.ing larger pilot 
?lants f c r  f i n a l  denonstrat;on ann evaluatlon r y  :re end ~f f;scal 1990 .  

Table 4 -- ?est units farvarious Kinds of Waste Water and 

Comoanies in Charqe 

- -P- 

Type of Capacity companres ;n Charse ~ocation 
Naste water (mJ/day) 

l 
Large-Scale Ebara Corp.. Kawasaki H r a v ï  ?-]25awa 
(Nunlc~pall 20 Ind.,::~t:s Denko Corp., ilty 
Seuage Toshlba C3t-p. 

Wate: Re-use Promor'n Center 
Small-Scale Ish~kawa]ma Harima Heav.I?5. Chiqasaxl 

1 -  IRuralJ 10  DIC-Degromonr Co. ,Mits~~b:s2i c ~ t y  
Seuage Rayon Eng..Hltacni Plant 3 - 5 . .  

MitsU01snl Elec. Corp. 

Fat/Oil 7.5 ch:,ada Corp., ?aka.~ama 
ana ?roteir. Xltto Denko Corp. 

l Pooe steel ~td.,uitsuolsc: iiyogo 
INheat Stars? 5 Rayon Enq.,NGK Insuiators Pref. 

I Ltd.,Mltsub:shl Elec.Ccrp. 

hlcor.ol 5 Sanki Eng. Ca., ~ a n a y a  
Fermenratlon ~urita Water Ind., city 

Kurlta darer Ind.,Shimin Iyo- 
Pulp a Paoer ' 0  Corp..TOTO Ltd.,Toshz~a nlsi11ma 

l Corp. clt.; 

Wate: Re-use Pram. Center A ~ c ? I  
Nlght 5011 0.5 Nishihara Env.Sanit.Er.g., Tref. 

Nltto Denko Cora. 
* 

l*+!  Low-concentratlon waste water 
2 . Mld.-to-hrgh-cancentrat~on i a s t e  water 



DESCRIPTION OF VARIOUS UNITS 

AS seen fron Table 4 the varlous units are divided lnto two grouos, dependlnq 
on the feed water BOD value. There are three unlts for low 3OD feed and 4 
units for hlgr 90D feed. They wil1 be explained in the order shovin In Table 4. 

Field test unlt for iarqe-scale Imunicipall sewaqe 

T is unit is for municipai sewage effluent, and the design capacity is 2 5  9 '  m Iday. It conslsts of pretreatment equlpment for the separation of suspended 
solids. a nyarolyzation reactor for organic solids, an anaerobic bloreactor 
for methane fermentation. a membrane module unit, equlpment for treatlng gas 
and a data processing system. The flow scheme is shown in Fig. 2. Naste water 
1s fed through a prelmlnary screen and separated by a solid separator I n r c  
water and solid slurry, vnich 1s sent to a hydrolyzing reactor. The nydrolyzo? 
solution and water fron the solid separator are mixed and sent to r 
bioreactor where organic matter is converted t0 methane and carbon d1o::lde. 
The reactor used 1s of the sludge blanket type and has a volume of 5.1 m a .  
The supernatant fron the reactor is fed t0 a membrane unit. whose perneate is 
discharged for reuse, while the concentrate is recycled to the reactor for 
concentrat:nq bacteria. Inorgan~c matter tends to accumulate and is 
periodlcally discarded. 

1 T?..,.. w.,.. 
CT0 i ..l.. tr..tm.nt Dl.",> 

M.mbr.n. rn-du,. 

E.C... 

ITO i a m i  ti.atm.ni olint) 

Field test m r t  for mali-scale lrural) sewaqe 

This scheme is shown in Fig. 3 and is very similar t0 the previ US one. The S reactor used is of the fluid-bed type and has a capacity of 1 n . Therc are 
three membrane nodules. One is used after the hydrolyzing unlt, the second is 
used after the reactor and is the main one, and the thrrd one is used after 
nitrogen removal and 1 s  the subsidiary ene. The iirst one uses tubular 
membranes and the last one uses rotating disc membranes. Detailed data on 
these modules are not reported here. 

Field test unit far effluent from a soybean oil refinerx 

This unit is tested for an effluent from a soybean oil refinery, which 



contalns fat, 011 and protein. The bioreactor used here is of :he flxed bed 
type and has two parts, namely acid and methane fermentatlon sectlons. The 
schene shovn m Fig. 4 was the origmal one, but later a membrane unit was 
noved between the acld and the methane section to promoce hydrolyzatlon of 
soybean solids. 



Field test unlt for vneat starch vaste water 

Thls unit is fox an effluent from a factory produclnq starcb. from wheat. A S  

shwn in Fig. 5 lt conslsts of two bioreactors, namely, a fixed bed acldoqenrc 
one anc a sludqe-blanket methanogenic one. A hollow fiber and a cerazic 
rnerarane onl: are iocaced after both the acidlfication and the methanizatic: 
apparatcs. 

- - -. . -. . -. - - - - . - ~ 

- - m  , D.duuitm 
1 ,O"* 

i MWhiTUM 
_.._fm- -.r t..- - - l - -  

rleld test unit for alcohol fermentation vaste water 
This unit is usea for an effluent from an aicohol fermentation factory, irhere 
alcohol is produced by fermentatlon fron nolasses and distilled, leaving 3 
very nrgh BOD effluent. The flou scheme is shown l n  Fig. 6. aefore a 8 n- 
fluid~zed-bed-type bioreactor, there is a desulfurizatlon touer t0 remove 
sulfur I n  the feed, and after the reactor there is a nembrane unit to purify 
:racer and to concentrate tlLSS in the reactor. 

l -.n- 
W U I .  v.= -" , .ut. w.,. r+- t.. '1- 
I, -1 r-- T I " M  r"" 



?ieli test 7znit f o r  oulo and  oaoer -<aste dater 

Thls u n i t  :s :o p r o c e s 5  :laste vator conlng out S S  e v a p o r a t s r  cizaensate f r o n  a 
Kraft p a p e r  ?lant, v h i c n  c o n t a i n s  n i g c  ?OD anc suifur. A 7 3' ilxed-=ei-type 
3loreactsr is useE, and t;io difierer.? men3rar.r unxts are testee. The $102 
sciene is Cnoun in Fig. 7. 

k flou sc .?ere  :s shoun i -  F i g .  8 .  ::zg.?: s o l l .  i c i c i  ; s  s c r z o c e i  te relove 
. . coarse soii2s. :s ie2 ts a 11?~1C-so11C se~aratrf, ans rke so-;S :ract:an is 

crïsnai, ?.ca:-lrzacod ani [;en : E S  ! S  a nydrs1yzar;zr reac rc r .  t e f f l i i e n c  
frsn >.ere ;c ::cat~C 2.i r n e n ~ r a n o  init, a n d  : . e  ;erieare ;s .i:<ec :TL?: 'Ce 
l i = u ~ d  fiacc::n an? ie? :s i sLcreactir :i reco'zer reczane. Th;; reactgr i s  of 
cie s l u c g a  zla:..:or an6  2 5  '.'aiu-e :s 3 . 4  r-. - 

r------ %, no,o*, - - - -  - 



? h e  n e m x r a n e  s o a u i e s  t o s t e e  i n  t h i s  p r o 3 e c t  a r e  l i s t e d  i n  T a b l e  5 .  ? I r c c  
o r g a n i c  a n c  t ~ o  c o r a n l c  n e n b r a n e s  biere u s e c .  :iumber i  i s  a  c a p l ? l a r : ~ - = ? s c  
module ,  n a c e  5:; 11it:o Denko c o r p . ,  :ihose b a s l c  n e m i r a n c  c o n s l s t s  o f  ?olL-.::-yr 
a l c o h o l  c o a c e a  on a  p o r o ï s  p o l y - s u l f o n e  s u b s t r a t e .  C a p i l l a r l e s  a r e  contai:eC 
I n  a p r e s s u r e  v e s s e l  :,hoie d i m e n s i o n s  a r e  0100x1 ,000L ana t o t a l  area :s :>-.'. 

Iiunner i 1s a h 0 i i o : i - f l g e r - t y p e  module ,  made by i ' i i t s u i i s h l  n a p . ?  C a . ,  .,,r.lcr. :s 
made o f  p o i y e t h ï i e n e  a n d  was a r i c r n a l l y  d e v e i o p e t  a s  a nicro: i i : ra i : : r  
necbra-e.  Tne size o f  ? n ?  p r e s s u r e  v o s s e l  i s  i 65x1.00OL. :ar?e 3 o a u l e s  is::: 
t h i s  e l e n e n t  a re  ; r e s e r . r i -  u s e d  f a r  ? u r i f l c a t i o n  3 f  c o o i ~ n o  r IE a:s?.:z 
pover  s t a t l a n s  ir. J a p a n .  

? : u n o e r  3 1: 2 ? i a z e  2 f r a m e - t y p e  s o d u l e  u s i n g  c o m n e r c ; a l  f l a r  ~ 7 . 5 s :  
p o l y s u i f o n e  a e n o r a n e s .  : : o d s l e  d e s i g n  f a c t o r s  such as  i i a t e r  e ,  o u t i e ? .  gr: 
l e n g t h  a n 2  c o n f i ? u r a t r o r .  o f  s p a c e r s  were t h e  n a i n  f a c t o r s  f a l .  o?i i ; l~za: ;~: .  
a g a l n s t  h i g n  SS f o o a .  ?ho j e v e l o p m e n t  ;ras 1 n v e s t i g a t e 6  by Our : ;~  " a t e r  In-. >~ 
f l n a i  c a d u l e  c o n s l s t s  af 2 2  s i a t e s ,  e a c h  o f  :>hich h 2 5  a O.e ,-.L .iemrar<e b r e z ,  
50 1 t 5  t o t a i  a r e a  i s  2 i . 4 n L . .  

T a b l e  5  S p e c i f i c a t l o n s  of l tembrane Modules  Used 

7 
?',l? tlo. COr.f lgurzt10n D i n e n s i o n  Packznq ! ! l a t e r i a ;  !:al.'!t. 

I : l a n u f a c t u r e r ) l  D e i l s l t y  Cu t  Off  
! ! o r  P o r e  

I p mm^ 1 ~ ~ 1 ~ 3 1  I sizei . I 
1  Cap l i l a r ; .  10.3 .  1.3 7 1 4  :PVh/PS 15 .000  2 . 4  

í ! l i t t a E l c . i  11.D. 0.8 
l e n q t h  1 1 , 0 0 0  

! 
l 

*. 2 Hollow F i b e r  0 . 0 .  0.39 1607 0.1 3 .5  
l i l i t s u b ~ s h l  1.5. 0.28 
Rayon Eng.]  l e n g t h  

I 690 

3 P l a t e  a F r a n e  5 9 0 ~ 1 , 4 3 0  6 4  PS 2 0 0 x 1 0 ~  20 
( K u r i t a  I l a t e r  
I n d .  

4 P l a t e  8 Frame 500x160 4 9  l u m l n a  0 .2  11 
INGK I n s u .  3 t  
L t d .  l  

5 T u b u l a r  .D. 5 . 2  1 3 0  l u m i n a  0 .16  2  5 
(TOTO L t d . ]  I . D .  2 . 7  

l e n g t h  P 
P u r e  w a t e r  f l u x  ln:/n: d a y )  measured  a t  1  k g / c n 2 ,  250c 

. P u r e  w a t e r  f l u x  l m  / m  d a y l  n e a s u r e d  a t  0 .5  k g / c n 2 ,  20°C 



In ?he f o ? L o : i l n q .  e x a z s l e s  G £  o r e s e n t 1 . i  a v a l l r r l e  l a r a  -n : c e  3 p e r a t ; o n  
=aranecers 2nd  ~ e r f o r i a n c e s  of  l e n ~ r a n e  nosiles a:? ~?.o:~r.. I; T a b l e  6 ,  
3ps ra t ; r .g  ? a r a m e t o r s  a n i  ' . i a sn i rg  met5ods a r e  : ; s t c < .  :t ;s seo? :na: 20s: 
ztodcles  a r e  c l e a n &  a t  .ver- s n c r t  i n t e r v a i s  by 1 ,  3 a : . ,  : , h l i e  
t'7e p l a t e  : frane- :y?e nodu le  ;s run : i l t h o u t  c i ea r i r .7  f r r  a :szq ? e r i a 6  of 
t1,ne. 

T a b l e  6 Operatina P a r a m e t e r s  of 'tembrane !!oduies Uaed 

Large-Sca ie  
Sooagr 

Phys. 2 
Chenlca;  
C l e a n l n q  
S t o p  ?er? 
Chemical  
Clear.xng 

i e r t o r l a n c e  - a t 2  of nembrpne nodules are sunnar;zea :n T a b l e  7 .  I.? :-is t a b l e .  
;o:ier c o r . s u n p t r a n s  ? e r  .:- ? e r m a t e  i rere  c a i c s i a r e i  f r a n  : rosssr=  -0s5ss and 
f ? o w  race .  a s s u m z n q  :?.ar i i unp  o f f r c i e n c , i  i s  "C:. These <:?ares s;.ouid '>e 
rFec::e? c a r z f u l l y  :liti t i e  t a r q l t  v a l u e s  l i s t e d  i: T a b l e  2 .  j u t  r ?  ;s - ;oss l3 le  
L0 Say t t a t  r h e s e  t a r ~ e t  . , a i u e s  are ainosc c l e a r e c  3 y  t i e  i e a o n s r r z t i a n  d a t a .  



Table 7 Performances of Hembrane Modules Tes ted  

Lar9e-Scaie 483 
Seuage 

Sna l l -Scc l i  1 , 3 7 C  
se5r;.qo 

? a t / O i l  4,223 
anC P r a ' c c ~ .  

vheac S t z r c .  15,900 

1 6 , ? 0 0  

hlcohol !@,O00 
rornenci:;i:~ 

Pul? C ?auSr l j, 000 

1 2 . 1 0 0  

Ty?es of Fee6 Vater Perneato P ress .  ?oi>er ilobule 
' : a s t e w a t e r  SS Visc. COD COD Flux Loss Con. '10. 

i n ? / l )  ( c ? ]  ( n g l l )  ( a g l l l  ( 1 )  12 )  13) 

I 1 I : i n3 /c2  eayi 
i2 I : ikg/c;~/-nodulel  
0 1 :  ikwhlr' perneata l  c a l c u l a t e d  value  assuning punp e f f i c i e n c y  

1s 100  5. 

Xany sciie?es of ;!ater reclarnatlon f r o n  va r lous  k inds  of v a s t e  water and seirago 
>y n s a n s  0 2  v a r i o u s  3 e a 3 r z n e  t e c h n o l o g i e s  have  boen t r i e d  t h r o u g h o u t  t h e  
vor l? .  "he nosz i , -ortant  pro'2len. r~hic'. stiould >e take> I n t 0  account ,  i s  t>.e 
schrne o i  ?retrs2t?.snt .  2 rcess ive  use of p r s t r e a t n e n t  l e i e s  t 0  h loh-cost  
? e r f o r = a x z ,  ..ìnile s in?1e t r s a t x n t  l eads  La s e v e r e  f o u l i n o  of non!kaneo anL 
aocules  anC los! c a > z c l t y  of squipnent .  I n  :!lis Aqua-3enzicsance ? ro ]ec t ,  
non5ranec 2nd nodules ars useG :!itiiout iny  pretrearmenc.  and i n  tiiis eense  :he 
p r o i e c t  i s  nev and '3olC. .?t t h e  sane  t i n e .  :he 3 r o ) e c t  a m s  f o r  re2ucinq tho 
pover consu;i-tion of t h e  nenhrane nodules.  iiliich h23 >een l i x t i n ;  t ' l e i r  
2 ? g l l c a t i o ~ s  t o  converitional v a s t e  v a t e r  t r e a t n e n t  ? o r t u n a t e l y ,  t h e  
r e s u l t s  o',tiine< s o  f z r  in? r e p o r t e s  i e r o  s h o ~ i  t h ~ t  t:>= nei1'3ranes anCi nodu125 
have been ;:or!:inq vzry  wel1 en< sone of t h m  ? r a  c l e i r i n q  t h i  t c r q e t .  

~ A l l  d a t a  r e ? o r t e d  h e r e  i ie re  a u p g l i e d  >y t h e  Xqua-Xenaissance  %ese+rc?.  
A s s o c i a t i o n  ( A I R A ) ,  a n d  t h e  a u t h o r  i s  g r a t e f u l  f o r  t h i s  c o o g e r a t i o n .  ?.s 
aentionec: i n  tiie ?=::t, d a t e  a r e  t o o  T>r?narure t o  'i: ,uj l is!le& i t  til; t i n i  and 
t h e  o f f i c i z l  r e ? o r t  w i l 1  be -u>lished b: AXRA i n  t h e  n e i r  f u t u r e .  

A S  2 nZm'32: d t h e  :+q"--3enaissance 7 e s e a r c h  . ~ s s o c i r t i o n ,  t h e  a u t h o r  t ias 
co-imissioned t o  conouct t h i s  inves t i ' a t ion  >y 'he iiew Energy anS I n d u s t r i e 1  
îeCili1013c:~ 3 e p i r t x n t  Or?aniz;tion. 
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Waste water treatment in the Netherlands 

Waste water treatment in the Netherlands started over a hundred years ago. Towards 
the end of the 19th century, it became evident that the natura1 regeneration capacity 
of surface water was overstretched. Surface water, receiving at that time al1 waste 
water discharges untreated, tumed int0 malodorous, dead water. 
At first, this effect was counteracted by dispersing receiving water through flushing or 
by moving discharge points to larger expanses of surface water. It was not until the 
early 20th century that the Netherlands saw its first biologica1 sewage treatment plants 
(RWZI's). These were fairly simple constructions. Voorburg RWZI, for example, built 
in 1906 to serve a population of 8000, consisted of septic tanks and trickling filters 
(figure 1). Main object of the treatment was the abatement of the odour nuisance 
accompanying waste water release. 

Figure 1 Voorburg sewage treatment plant; tnckling filters (1906). 

Up to the early 1970s, this was as far as sewage treatment went, even though as early 
as the immediate postwar years, rapid population growth and an explosive increase in 
industnal activity charged surface waters with intolerable loads of oxygen- consurning 
substances. The 1970 Pollution of Surface Waters Act (WVO) marked a turning point. 
The act aimed at the eventual treatment of al1 waste water, mainly by rneans of 
collection via municipal sewerage systems and centra1 treatment in RWZI's. The result 



so far is that just over 90% of municipal wastewater is collected via sewerage systems 
and more than 85% treated biologically. At the beginning of 1991, about 470 RWZI's 
were in operation, with a total treatment capacity of almost 24 million population 
equivalents (p.e.). 
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Figure 2 Current estimated capacity of RWZl's in the Netherlands. 

Problems 

The annual costs of water quality management increased gradually to one miljard 
guilders, the larger part of it merging int0 investment and energy costs. This has 
resulted in a more critica1 and scientific look at the minimising of the costs of 



treatment. Not only new construction, but also renovation and partial replacement of 
existing plants offer opportunities to apply entirely new techniques which might be 
more cost-effective and also be able to solve other problems, as environmental 
nuisance, stncter effluent requirements, and sludge disposal. 

Environmental nuisance 
Until recently, a fair distance from residential areas was one of the main requirements 
for new RWZI sites. However, urban expansion has pushed built-up areas out to the 
doorstep of many a once-remote RWZI. As a result, while the capacity of RWZI's to 
expand has been virtually eliminated, environmental requirements have become 
stricter. Future RWZI's, physically more compact with protective roofing, wil1 make 
noise and odour easier to control. 

Effluent requirements 
Effluent quality is one of the areas where regulations have been gradually tightened up 
over the years. Following considerable reductions in the load of oxygen-consuming 
organic pollutants on surface water over the past two decades, government and water- 
authorities now concentrate more on drastically reducing the quantities of nutnents - 
phosphate (P) and nitrogen (N) compounds - discharged. 
A large number of techniques for phosphate-removal can be applied, either apart or 
combined. They include chemical precipitation, crystallisation in a pellet reactor, and 
the biological and magnetic removal of phosphate. Ways of combining P-removal 
techniques both with one another and with biological N-removal techniques involving 
nitnfication and denitnfication are currently topics of studies. 
Effluent quality can be improved in the early future by reducing the amounts of 
organic micropollutants, heavy metals, and suspended solids. Other effluent 
components - such as pathogenic organisms, sulphate, and substances that are either 
not readily biodegradable or highly soluble - may be tackled later. 

Sludee dis~osal 
Municipal RWZI's together produce 280,000 tonnes of dry solids per year, not . . 

inchding sludge prod;ced bi  chemical phosphate-removal. Figure 3 presents an 
o v e ~ e w  of sewage sludge disposal in 1983, 1986, and 1988. 
In 1988, about half of al1 sewage sludge was used in agriculture and processed into 
fertilizer soil. Quality requirements for reusable sludge are to be tightened further in 
the years to come. This, and the decreasing possibilities of agricultural disposal 
because of the gigantic current surplus of animal manure, wil1 shift the focus of 
attention towards better processing methods and treatment processes producing less 
sludge. 



year --+ 

fertilizer soit 

dump 

incinerate 

unknown 1 rest 

Figure 3 Disposal of sewage sludge in 1983, 1986 and 1988. 

Neither these problems nor those likely to develop in the future can be solved using 
today's technology only. New needs wil1 demand new techniques for the next 
generation of Netherlands sewage treatment plants. 

Feasibility study 

In order to draw up a balanced programme of research into new techniques, a 
feasibility study was conducted to find out which existing techniques could be applied 
in the Netherlands and how they might contribute in solving the problems mentioned 
above. The tackling of the feasibility study is explained in chart farm in figure 4. 
An inventory was made of al1 the techniques potentially applicable in the treatment of 
wastewater, v a y n g  from vague ideas to concrete measures. Out of these techniques, 
about 90 were deemed suitable for use in the Netherlands. This means that they could 
handle Dutch wastewater temperatures and the rain waterldry weather discharges of 
the sewerage systems and comply with Dutch legal requirements. About half this 
nurnber was at a closer look eliminated because of their insufficient potential for 
further technological development. Factors taken into account were the state of the art 
of each technique, the simplicity of its integration in the treatment proces, its 



reliability, need for space and sludge handling. 
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Figure 4 Strategy of the feasibility study. 

A final list of 15 potential techniques desening further consideration was arrived at by 
means of an analysis of environmental and cost criteria. It was also concluded that 
savings of between 10 and 20 percent were possible on municipal wastewater 
treatment costs. A research programme was d r a w  up for the 15 finally selected 
techniques. 

RWZI 2000 research programme 

The research programme entitled "Future Treatment Techniques for Municipal Waste 
Water", or "RWZI 2000 for short, was set up to develop technological solutions to 
most of the problems outlined above and is carried out now in a joint effort of the 
Institute of Inland Water Management and Waste Water Treatment (RIZA) and the 
Foundation for Applied Waste Water Research (STORA). 



The programme was launched in 1988, with a 10-million-guilders budget. It has until 
1993 to attain two main objectives: 
- the development of more efficient treatment techniques for wastewater and sludge; 
- the development of techniques which match current techniques for efficiency and 

environmental effects but which are cheaper. 

Such techniques have to meet four essential criteria: 
- treatment costs have to be limited; 
- environmental impact, such as odour and noise nuisance, have to be reduced; 
- effluent quality must be improved; 
- the sludge processing component must have the potential for future further 

development. 

The programme distinguishes three types of research, which vary according to the 
state of the art of the treatment technique under investigation: 
1 - long-term fundamental research based on ideas and principles that are 

different from the old tried-and-trusted ones; 
2 - practica1 research based on successful applications abroad or knowledge from 

other fields such as industrial wastewater treatment; this type of research can 
be carried out in either pilot plants or full-scale plants; 

3 - evaluation study: techniques from both home and abroad are examined 
theoretically for their suitability in specifically Dutch conditions with a view to 
wider-scale application. 

The research programme consists of a number of studies, divided into two main 
categones: waste water treatrnent and sludge managenment studies. There is an 
important difference between techniques applied at the two major stages of waste 
water treatment: water purification and sludge processing. Table 1 presents an 
o v e ~ e w  of these studies, categorised according to the stage at which they take place. 

Table 1 Classification of RWZI 2000 studies. 

1 Fvidaental research 2 P m c t i c a l  research 3 E v a l i a t i m  study 

- reduced siudge product ion through 
W Loss o f  energy o r  h igh  maintenance 
A energy 
T - h igh  performance reactors  
E - b i o l o g i c a l  P - remva l  
R - s imi l taneous ly  heterot rophic  

n i t r i f i c a t i o n  a r d  aerobic 
d e n i t r i f i c a t i o n  

- s ludge-m-ca r r i e r  system - "Deep Shaft"  system 
- "Linpor" process - "AB" system 
- "Mu l t i  reactor" system 
- a u t m t i c  measurement a r d  

adjuctment o f  sludge content 
- b io log ica1  P-remval ,  cmb ined  

w i t h  chemica1 p r e c i p i t a t i o n ,  
c r y s t a l l i s a t i o n  i n  a p e i l e t  
reactor,  and magnetic separat ion 

s - sludge/water separat ion - therniophi l ic sludge d iges t ion  - "Carver Greenf ield"-  
L - "SSP"system system 
U - "Vertech" process 
D - hyd ro l ys i s  o f  sludge 
G us ing ammnia 
E - heavy metals r m v a l  

from sludge us ing 
e l e c t r o l y s i s  



It is noteworthy that international agreements influenced strongly the choice of the 
studies and their character. This is particularly evident from the large number of 
studies concemed with P- and N-removal. It is also noteworthy that next to the RWZI 
2000 studies on P- and N-removal, other application-oriented research is being carried 
out as part of STORA's PNs 1992 research programme. Elsewhere, demonstration 
projects are carried out with pellet reactors and magnetic phosphate removal 
apparatus. 

Waste water treatment 

Reduction of sludee aroduction 
The basic research is focused on reducing sludge production. In principle, this can be 
achieved in several ways. 

The development of treatment systems using types of bacteria specifically selected for 
their low biomass reproduction and maintenance energy requirements leads to lower 
sludge production. In existing sewage treatment plants, bacteria with all sorts of 
characteristics are selected at random. 
In another possible strategy superfluous biomass is to be consumed by organisms 
normally found in sewage treatrnent plants. It is wel1 known that some flagellates, 
many ciliates, and rotifers wil1 consume large arnounts of suspended bacteria, whereas 
smal1 oligochaeta such as Nais and Aelosoma wiil feed on sludge flakes. Dwing the 
transformation of bacterial biomass into other biomass, energy - and thus biomass too 
- is dissipated. By actively managing the feeding behaviour of these organisms in a way 
that does not affect substrate degradation - rather than leaving it to chance - waste 
water engineers can reduce sludge production. Another possible benefit is that the 
presence of higher organisms helps the remaining sludge to settle. 

Alongside these above-mentioned lines, RWZI 2000 also includes a feasibility study 
int0 the possible application of high performance reactors for the treatment of 
municipal waste water. This idea originates from biochemistry. In certain biochemica1 
processes, it tums out to be possible to process very large amounts of organic matter 
in very smal1 reactors with high bacterial matter content. 
In existing municipal wastewater treatment plants, activated biomass per cubic metre 
of aeration volume is significantly lower than in such high performance reactors. By 
using membranous filters rather than the existing secondary sedimentation tanks, it is 
possible to work with higher concentrations of biomass in the aeration area. 
Containing the biomass more efficiently in the treatment plant also offers the 
possibility to work with sludge that has been in the aeration area for a longer time, 
leading to lower sludge production. 

Water treatment techniques 
Another treatment system offering the advantage of lower sludge production is the 
three-stage airlift reactor. This system has been applied for several years in the 



anaerobic and aerobic treatment of industrial wastewater. The treatment process is 
similar to that of conventional activated sludge systems, but distinguishes itself by the 
attachment of biomass to an inert carrier material: sand. Figure 5 shows an outline 
diagram of the three-stage airlift reactor. 
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Figure 5 Principle of a three-stage airlift reactor; biofilm on a camer. 

The reactor stands vertically and consists roughly of two concentric tubes and a 
secondary sedirnentation tank. The waste water to be treated, whether pre-settled or 
not, first flows through the outer tube from top to bottom. Oxygen, in the form of air 
bubbles, is introduced into the bottom of the inner tube. There is an upward stream of 
air, water and carrier covered with biofilm. Directly above the aeration area, 
separation takes place in stages. The air that has been introduced escapes, while the 
carrier material settles. The settled carrier material is transported with the influent n a  
the outer tube back to the aeration area. The effluent flows to the secondary 
sedimentation tank and catches any suspended material. 
The pilot plant study with 25-litre reactors showed promising results. As had been the 
case with industrial waste water, the formation of stable biofilms proved possible with 
municipal waste water, despite the turbulent conditions in the airlift reactor. Dissolved 
components are removed very efficiently; with a hydraulic retention time of 1.5 - 2 
hours, there is a good chance that complete nitrification wil1 take place. However, very 



little suspended solids are removed; this has to be separated either beforehand or 
aftenvards. Surplus sludge production is similar to that in an activated sludge plant 
with a very low load. 
As wel1 as sand, other types of matenal can be used as camers. In the Linpor process, 
small cube-shaped polyurethane pads (2.5 cubic centimetres, 97% porous) are used as 
carriers in order to increase the sludge content in the aeration area. Such pads can 
also be used in a separate tank for effluent nitnfication, since there slowly-growing 
micro-organisms such as nitrifiers are flushed out less easily owing to their firmer 
consistency. 
Results from pilotplant research shows that the pads enhance the stability of the 
process. The rate of chemica1 oxygen demand removed (COD) improves also, 
especially as a result of an improvement in the removal of suspended solids. 
Furthermore, the sponged sludge makes a noticably greater contnbution to the 
nitrification of suspended sludge. 
It can be expected that the Linpor process can be used in specific circumstances. For 
instance, it can reduce the sludge load in overloaded activated sludge systems and 
improve nitrification. However, its relatively high cost constitutes a considerable 
impediment. 

In another study the Multireactor system for treating municipal waste water is 
investigated. This system consists of a 20-metre-deep underground shaft for the 
aerobic degradation of organic substances, and above ground, a flotation unit for 
water-sludge separation. Figure 6 shows an outline diagram of the system. A mixture 
of wastewater and retumed sludge flows countercurrent with the air bubbles in the 
outer tube to the bottom of the shaft. In contrast with the sludge-on-camer system, 
the sludge here is in floc form. 
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Figure 6 Principle of the Multireactor system. 



Because of the high hydrostatic pressure in the liquid column (above), more oxygen 
will dissolve at the bottom than in conventional activated sludge systems. The aerated 
mixture of sludge and water flows upwards through the inner tube and is separated in 
the flotation unit into effluent and returned sludge. The flotation process is succoured 
by the pressure drop as the mixture rises. As a result, the dissolved air escapes in 
smal1 bubbles which will attach to the sludge flocs. 

A similar system is the Deep Shaft system. The most noticeable differences are the 
deeper shaft (50 to 100 metres), the alternation of the downward and upward flow via 
the inner and outer tube respectively, and the conventional sludge-water separation in 
a secondary sedimentation tank. On the basis of practical experience abroad, a study is 
evaluating the possible benefits and disadvantages of using the Deep Shaft system in 
the Netherlands. 

A evaluation has taken place of the adsorption-activated-sludge process (AB-system). 
This is a two-stage activated sludge system with a high-load first stage - "Adsorption" - 
and a low-load second stage - "Belebung". The main activity at the A stage is 
adsorption; the B stage mainly involves substrate degradation and further 
mineralisation. 
Typical features of the AB system are the absence of presettling, the high sludge load 
at the A stage - at least 2 kg of biochemica] oxygen demand (BOD) per kg of dry 
solids per day (d.s.d.) - and the strict separation of activated sludge flows into A and B 
stages. 
None of the three Dutch wastewater treatment plants studied comply with the 
minimum sludge load for the AB system, and for this reason do not benefit from the 
system's specific advantages, such as lower space and energy requirements. 
It cannot be expected that the AB system will be applied on a large scale in the 
Netherlands, due to the high RWADWA (rainldry weather supply) ratios and 
unfavourable BOD/N ratio, as wel1 as the thorough N-removal it involves. The 
advantages of reduced space and energy requirements would be minimal. 

Two subjects that also receive substantial attention in the RWZI 2000 research 
programme are automation and the removal of nutrients. 

Automation 
In sewage treatment plants, effective control of the sludge content in the aeration area 
is essential. Automatic control of this and of surplus activated sludge improves the 
stability of the process, helps to save energy, and makes its operation easier. This in 
turn leads to savings in operating and analysis costs. 

The study of automation evaluated the scope for automatic measurement and 
adjustment, using sludge concentration meters commercially available. These meters 
are based on optical principles and are particularly sensitive to pollution. The most 
promising meter was tested under practical conditions. However, it did not lead to 



discemible improvement in the treatment proces nor to any savings in energy costs. 
Besides this, the research programme looks for the possibility of developing new 
sludge concentration meters, less sensitive to pollutants. 

Nutnent removal 
Simultaneous removal of the nutnents phosphate and nitrogen constitutes an 
important part of the RWZI 2000 research programme. 

The state of the art of al1 current P-removal techniques - some already operational, 
others under development - has been compiled to obtain an accurate scheme of al1 
possible problems/difficulties at the implementation of P-removal techniques in 
practice. The techniques can be divided in following categories: 
- chemica1 precipitation; 
- techniques in development, as crystallisation in a pellet reactor, magnetic separation 

and biologica1 P-removal. 
Chemica1 P-removal is simple and reliable, but it increases the salt load in effluent and 
produces phosphate sludge that cannot be reused. 
Crystallisation in a pellet reactor and magnetic separation do not have these 
disadvantages, but they are both sensitive to policy developments on sludge disposal, 
effluent requirements, and reduced phosphate ratios in influent as a result of the 
introduction of phosphate-free detergents. 
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Figure 7 Phosphate removal by a pellet reactor and magnetic separation. 

The most promising technique would seem to be a combination of biologica1 P- 
removal with one of the three above. 
Biologica1 P-removal is based on the ability of certain micro-organisms (acinetobacter) 
to absorb more phosphate from the sewage water than is necessaiy for cel1 growth and 
to release it under anaerobic circumstances. Phosphate is discharged from saturated 
sludge in a so-called stripper tank. The concentrated flow of phosphate thus released 
can be further treated by chemica1 precipitation, by a pellet reactor or magnetic 
separation. The RWZI 2000 research programme investigates al1 three methodes on 
full scale, with special attention to the interaction between biological P-removal and 
denitnfication. 
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Figure 8 An outline of the principles of biological P-removal. 



Biologica1 P-removal is subject to more fundamental research, aimed at filling up 
missing knowledge in bacteriology and combining knowledge from microbiology, 
biological processing, and water treatment technology to achieve a well-founded design 
model for biological P-removal. Figure 8 shows an outline of the principles of 
biological P-removal. 

The present results of biological N-removal in sewage treatment plants do not 
generally meet expected future standards. The low rates of growth of the nitnfymg 
micro-organisms, their low competitiveness, and their sensitivity to extreme conditions 
are al1 responsible for this. The hnobilisation and concentration of nitnfymg 
organisms may improve results. 

The processing of sewage sludge 

The Netherlands wil1 have in future a sharply diminishing capacity for the disposal of 
sludge - dewatered or not - whether directly in agriculture, or in the manufacture of 
fertilizer soil, or in waste dumps. The reprocessing of sewage sludge is therefore bound 
to account for an increasing share of the costs of waste water treatment in the future. 
Little fundamental is known about sludge-water binding and the improvement of 
sludge dewatering. A remarkably smal1 amount of basic research has been conducted 
in this problem. 
RWZI 2000 is spending about 25% of its research budget on this problem. The main 
objective of this basic research on sludge-water separation is to achieve that the 
improvement in knowledge and understanding of the dewatering of sewage sludge can 
be develope or optimise techniques to raise its dry solids content and reduce its 
volume or mass considerably. 
The following two studies are being conducted: one to identify the main properties of 
sewage sludge, the other to create a physical-mathematica1 model of solid-liquid 
separation in compressible media. 
The properties of sludge to be identified are those of relevante to the dewatering 
proces: its composition, colloid-chemica1 vanables, particle properties, sludge-water 
binding, and the time dependence of these properties. 
The setting up of a physical-mathematica1 model involves a number of factors 
including filter cake properties and model parameters such as specific filtration 
resistance, the compressibility of sludge cake, capillary suction time (CST), and the 
modified filtration test (MFT). 

An examples of practica1 research into the suitability of integrating sludge processing 
techniques in the Netherlands is thermophilic sludge digestion. 

Thermophilic sludge digestion (at a temperature of 54°C) has been studied by means 
of comparative semi-technica1 research int0 mesophilic digestion (at 33°C). The main 
object was to get a better understanding of fermentation rates, methane production, 



the degradation rates of organic material, the reduction of pathogenic bacteria, the 
dewaterability and the suitability for further processing of digested sludge. In addition, 
attention has been paid to process stability, especially the sensitivity of processes to 
toxic substances and temperature fluctuations. 
It can be concluded that the initially mooted advantages of thermophilic sludge 
digestion over its mesophilic counterpart - such as cost-effectiveness and easier 
dewatering - cannot be confirmed. It is true that thermophilic sludge digestion can 
produce 10 to 25 percent more gas and kil1 many more pathogenic micro-organisms. 
However, regarding to this research the economic ieasibility of thermophilic sludge 
digestion is largely hampered by the poor dewaterability of digested sludge. 
In addition, study results indicate that the time needed for normal mesophilic sludge 
digestion can be reduced quite easily from between 20 and 30 days to 10 days for 
sludge contents of about 2.5 kg of organic dry solids per cubic metre per day. The 
results show that the decay of organic materials is sufficient; a disadvantage is the 
poor dewaterability. 

RWZI 2000 evaluation studies into sludge processing - some exploratory - have 
investigated the iollowing techniques: 
- the Carver-Greenfield drying process; 
- the Vertech wet air oxidation process; 
- the hydrolysis of sludge using ammonia, followed by ammonia recovery and 

anaerobic digestion of the hydrolysate; 
- the removal of heavy metals from sewage sludge using electrolysis. 

The Carver-Greenfield drying process is based on the principle of multi-stage vacuum 
evaporation. A carrier liquid, which is not soluble in water and with a high boiling 
pont (usually oil), is added to the sludge to be dried. The sludge mass remains liquid 
throughout evaporation because of the carrier. Once the water has been evaporated, 
the camer liquid is separated from the dned sludge in order to be reused. 
The evaluation study focused on the principle and its implementation, its current 
capacity for drymg sewage sludge, energy and environmental aspects, the scope for its 
integration int0 existing wastewater treatment plants, and the process costs with an 
accompanying sensitivity analysis. 
The assumptions are that the Carver-Greenfield system should be located in an 
existing wastewater treatment plant of 200,000 p.e.; dewatered sludge (20% dry solids) 
coming from 500,000 p.e., is treated five days a week, 24 hours a day; the dried sludge 
(95% dry solids) is to be dumped and the polluted condensate is to be taken back to 
the RWZI. 
The study showed that the Carver-Greenfield process can be integrated into an 
existing RWZI of sufficient capacity. The condensate is not heavily polluted and can 
be released at the RWZI without pretreatment. In the considered situation, this means 
an extra chemica1 oxygen demand (COD) and N-Kj load of one and six percent 
respectively. The autothermal drying of sludge is possible if the sludge's oil and fat 
contents are high (10% or more on a dry solids basis). Sludge oil is then separated 



l and used as an energy source. 
More than 60% of the annual costs are spent on capita1 investment. For this reason, 

l the process needs to be operated on a fully continuous basis, and increases in process 
capacity can yield large reductions in costs. 

l 
A second proces is the Vertech wet air oxidation process. An evaluation of 
environmental and cost criteria has been conducted for this process, using the above 
mentioned assumptions and an initial dry solids content of 5 %. 
In the Vertech system, wet air oxidation takes place in a vertical tube reactor (depth 
of 1200 m) under high pressure and high temperature. The weight of the gas-liquid 
mixture in the tube leads to high pressure (about 80 bars) at the bottom; a high 
temperature (260-300°C) is obtained by the reaction heat released. 
By means of the wet oxidation of fermented sewage sludge, Vertech expects a COD 
reduction of 70 to 75 percent and a 90% degradation rate for suspended organic 
matter. The decantate - ashfree effluent - should be pretreated before it is camed 
back to the RWZI. If no pretreatment takes place COD and N-Kj loads wil1 jurnp by 
20 and 45 percent respectively. 
A significant share (55%) of the Vertech system's annual costs are spent on capita1 
investment. The initial dry solids content and the price of the liquid oxygen have little 
effect on process costs. 
A Vertech plant will be built in the Netherlands, with a maximum oxidation capaciv 
of 13,400 tonnes of COD per year and a capacity of 22,800 tonnes of dry solids per 
year. 

In conclusion 

This article has attempted to shed some light on the RWZI 2000 research programme. 
A start has been made on al1 the separate studies. The intention is to present the 
(intermediate) results of the programme at an international congres dunng Aquatech 
1992 in Amsterdam. 

The future tightening-up of emission regulations will require new efforts in the 
technica1 field. Experience has shown that each specific group of substances requires 
its own specific approach. However, a more integrated approach, concentrating on the 
removal of several pollutants and focusing on future effluent quality targets, will be 
desirable in the future. This approach can reduce the probable risk that the benefits of 
any innovation may cancel out benefits of previous ones, if the adaptations to RWZI's 
follow one another over the years. Besides this, it will be probable cost-effective. 

l A last genera1 remark on the sett-up of the RWZI 2000 programme is that it s e e m  a 
very useful concept for more countries than the Netherlands alone. 
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To reduce chemicals and power consumption which c o n s t i t u t e  major opera t iona l  c o s t s  
i n  b io log ica l  n i t rogen removal, a  new multi-stage "step-feed process" was evaluated,  
i n  which d e n i t r i f i c a t i o n  and n i t r i f i c a t i o n  compartments a r e  a l t e r n a t e l y  arranged 
i n  s e r i e s  and wastewater i s  fed ,  equa l ly  divided,  i n t 0  each of t h e  d e n i t r i f i c a t i o n  
compartments. Nitrogen removal e f f i c i e n c y  (7) f o r  t h e  conventional  one-stage 
( d e n i t r i f i c a t i o n  tank followed by n i t r i f i c a t i o n  tank) r e c i r c u l a t i o n  process can 
genera l ly  be  expressed as >I= 1 - 1 / ( 1 +  r + r n ) ,  where r = recyc l ing  r a t i o ,  
rn = r e t u r n  sludge r a t i o ,  and i n t e n s e  recycl ing of n i t r i f i c a t i o n  tank mixed l i q u o r  
t o  t h e  d e n i t r i f i c a t i o n  tank i s  needed t o  achieve a high degree of n i t rogen  removal. 
I n  t h e  present  multi-qtage step-feed process ,  t h e  n i t rogen  removal e f f i c i e n c y  can 
be described t h e o r e t i c a l l y  a s  ? =  1 - l / n ( l  + r + r n ) ,  where n = number of s t ages ,  
and t h e  res idua l  n i t rogen  can b e  reduced t o  l / n  a s  compared t o  t h e  one-stage 
r e c i r c u l a t i o n  process.  The recycl ing r a t i o  can be g r e a t l y  reduced, and the re fo re  
t h e  power cos t  is lowered ex tens ive ly .  A n i g h t - s o i l  t reatment p l a n t  by t h e  s tep-  
feed process has achieved more than 90% removal of n i t rogen  without using methanol 
and NaOH. The opera t ing d a t a  have proved the  above t h e o r e t i c a 1  considera t ions  t rue .  
This process is  a l s o  app l i cab le  t o  municipal wastewater treatment where t h e  amount 
of r ec i rcu la t ion  has a s i g n i f i c a n t  meaning i n  t h e  power c o s t .  

INTRODUCTION 

Microorganisms involved i n  b io log ica1  nitrification-denitrification reac t ions  
include n i t r i f y i n g  b a c t e r i a ,  d e n i t r i f y i n g  b a c t e r i a  and BOD-decomposing b a c t e r i a .  
The co-called s i n g l e  sludge system l ) ,  2);where these  b a c t e r i a  a r e  u t i l i z e d ,  mixed 
i n  a one u n i t  process, has been apprecia ted  t o  be most economical i n  running cos t  3, . 
The p r inc ipa l  running c o s t s  of b i o l o g i c a l  n i t rogen  removal by n i t r i f i c a t i o n -  
d e n i t r i f i c a t i o n  reac t ions  a r e  concerned wi th  a l k a l i  required t o  n e u t r a l i z e  a c i d  
formed i n  n i t r i f i c a t i o n  reac t ion ,  carbon sources f o r  d e n i t r i f i c a t i o n  reac t ion ,  and 
a e r a t i o n  power f o r  oxygen supply f o r  BOD decomposition and n i t r i f i c a t i o n  reac t ion .  
I n  t h e  s ing le  sludge system proposed by Barnard 1 )  and Toya Z ) ,  carbon sources 
contained i n  wastewater is  u t i l i z e d  i n  t h e  d e n i t r i f i c a t i o n  tank whi le  a l k a l i  formed 
the re  is e f f e c t i v e l y  used i n  t h e  n i t r i f i c a t i o n  tank by forced r e c i r c u l a t i o n  of a 
p a r t  of the  mixed l i q u o r  i n  t h e  n i t r i f i c a t i o n  tank ( h e r e a f t e r  we c a l 1  t h i s  process 
t h e  r e c i r c u l a t i o n  process) . 
Harever, s ince  the  amount of n i t rogen  t o  be removed i n  t h e  d e n i t r i f i c a t i o n  tank 
is  near ly  equivalent  t o  t h a t  of t h e  recycled n i t rogen  i n  t h e  mixed l i q u o r ,  massive 
r e c i r c u l a t i o n  i s  needed t o  achieve a high degree of n i t rogen  removal and therefore 



t h e  c o s t  f o r  pumping power f o r  r ecyc l ing  t h e  mixed l i q u o r  may be  cons ide rab le  f o r  
a  l a r g e  s c a l e  wastewater  t r ea tmen t  p l a n t .  

With t h i s  i n  minds we have eva lua t ed  a  power-saving "step-feed process", a modifi- 
c a t i o n  of t h e  r e c i r c u l a t i o n  process  i n  which n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  t a n k  
i n  t h e  r e c i r c u l a t i o n  p rocess  a r e  e q u a l l y  d iv ided  i n t 0  s e v e r a l  compartments, and t h e  
d e n i t r i f i c a t i o n  and t h e  n i t r i f i c a t i o n  compartments a r e  a r ranged a l t e r n a t e l y  i n  
s e r i e s ,  w i t h  wastewater  be ing  f e d ,  equa l ly  d iv ided ,  t o  each of the d e n i t r i f i c a t i o n  
compartments. By t h i s  method, Rec i r cu la t ion  p rocess  
r e c i r c u l a t i o n  of  mixed l i q u o r  can 
be  g r e a t l y  reduced t o  achieve  t h e  

Q ,  NH*, BOD 

Same degree of  n i t r o g e n  removal 
as t h e  r e c i r c u l a t i o n  process  does. N Z  I NO 3 I v 
Flow diagrams of t h e  r e c i r c u l a t i o n  i rnQ 

and t h e  s tep-feed process  a r e  s h m  rQ 
i n  Fig .  1. Step-feed process  

This  r e p o r t  d i scusses  economic Q. NH,. BOD - - - - m  

cons ide ra t ions  and c h a r a c t e r i s -  1 .  1 .  ------ 
t i c s  of  t h e  s tep- feed  p r o c e s ~  N Z  NO3 N z  NO. 
as we l1  a s  o p e r a t i o n a l  r e s u l t s  
of an a c t u a l  n i g h t - s o i l  t r e a t -  
ment p l a n t  by t h i s  p rocess .  N z :  d e n i t r i f i c a t i o n  tank 

N03: n i t r i f i c a t i o n  tank 

F ig .  1. Flow d i a g r a m  of r e c i r c u l a t i o n  process  
and step-feed process 

BASIC CONSIDERATION OF STEP-FEED PROCESS 

I n  t h e  s tep- ieed  process  shown i n  Fig.  1, wastewater  i s  f ed  equa l ly  d iv ided  t o  
each of t h e  d e n i t r i f i c a t i o n  compartments. wastewater  f l a r s  by g r a v i t y  through the  
n i t r i f i c a t i o n  and t h e  d e n i t r i f i c a t i o n  compartments, success ive ly .  A p a r t  of mixed 
l i q u o r  of t h e  f i n a l  n i t r i f i c a t i o n  compartment (n-th t ank ) ,  and the  s e t t l i n g  tank 
s l u d g e  i s  fo rced  t o  r e t u r n  t o  t h e  f i r s t  d e n i t r i f i c a t i o n  compartment. D e n i t r i f i c a -  
t i o n  and n i t r i f i c a t i o n  r e a c t i o n s  a r e  repea ted  i n  each compartment. Therefore ,  
a f t e r  t h e  f i r s t  d e n i t r i f i c a t i o n  compartment, a  complete removal of n i t r o g e n  
components may b e  expected except  f o r  t h e  f i n a l  s t a g e ,  i f  BOD i n  t h e  wastewater  
is  i n  a s u f f i c i e n t  r a t i o  t o  n i t r o g e n .  

The n i t r o g e n  removal r a t e  can be simply expressed by a  m a t e r i a l  ba lance  equat ion  
(1) as fo l lows,  by assuming 100% e f f i c i e n c y  f o r  n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  
r e a c t i o n s  i n  each cowar tmen t .  

where n  = number of d i v i s i o n  (number of s t e p s ) ,  r = r e t u r n  s ludge  r a t i o ,  r, = 
mixed l i q u o r  r ecyc l ing  r a t i o ,  NT = NH"-N + NO3-N i n  t he  t r e a t e d  water ,  = r a t i o  
of n i t rogen  u t i l i z e d  f o r  b a c t e r i a l  c e l 1  s y n t h e s i s ,  No = total-N i n  t h e  i n f l u c n t  
raw wastewater .  

The r e l a t i o n s h i p  between t h e  n i t r o g e n  removal r a t e  and t h e  r ecyc l ing  r a t i o  i s  
shown in Fig.  2.  The n i t r o g e n  removal r a t e  is  g r e a t l y  inf luenced by t h e  number of 
s t e p s  (n) p a r t i c u l a r l y  i n  t h e  lower r ecyc l ing  r a t i o .  When t h e  BODIN r a t i o  i n  
wastewater  c r i t i c a l l y  l i m i t s  t h e  d e n i t r i f i c a t i o n  r e a c t i o n  o r  when a  l a r g e  number of 
s t e p s  may be permi t ted ,  t h e  r e c i r c u l a t i o n  of mixed l i q u o r  may be omi t ted .  



Fig. 2. 

Recycling r a t i o  (r+rn) 

Relationship b e w e e n  ni t rogen removal r a t e  and recyc l ing  r a t i o  

A CASE STUDY FOR RUNNING COST EVALUATION 

The running cos t  of n i t rogen  removal by b io log ica1  nitrification-denitrification 
i s  mainly determined by t h e  power c o s t  f o r  a e r a t i o n  (Pg) and t h a t  f o r  t h e  rec i r -  
cu la t ion  of  r e t u r n  s ludge and mixed l i q u o r  (PI) a s  wel1 a s  by chemicals such a s  
sodium hydroxide and methanol as required.  

A case  study was made on the  r e l a t i o n s h i p  among the  number of  s t e p s  ( n ) ,  power 
consumption, and a l k a l i  requirement i n  t h e  step-feed process a s  compared wi th  the  
r e c i r c u l a t i o n  process. Conditions f o r  t h e  study a r e  a s  s h a m  i n  Table 1. 

Blower and Pumping Power 

Blower power is  ca lcu la ted  from equa- 
t i o n  (2) ,  where power e f f i c i e n c y  i s  
est imated a t  60%. 

pg = 0.164 ~g [(~/1.034)0.286 - 11 (2) 

Amount of a i r  required (Qg) can be 
expressed a s  follows. 

Qg = C, (BOD - B0Dd)q + C,.NHa-N.q 
+ C3.MLSS.V 

TABLE 1. Conditions f o r  Case Study 

Flow r a t e  Q = 50,000 m3/d 
I n f l u e n t  q u a l i t y  ( a f t e r  p r i m a r y s e t t l i n g )  

BOD 140 mgfl 
Suspended s o l i d s  125 mgfl  
NHu-N 25 mgfl 
Alka l in i ty  110 mgfl 

where P  = blower pressLre, q  = flow r a t e  ( h r ,  C, - C, = constants ,  V = volume 
of n i t r i f i c a t i o n  tank, BODd = BOD removed by d e n i t r i f i c a t i o n  reac t ion .  

Pumpïng power required f o r  mixed l iquor  r e c i r c u l a t i o n  and r e t u r n  s ludge is  . . -  
calcula ted  a s  follows; 

Pumping power (PI)  = 3.88 x  10-~ x ( rnq + r q )  .H 

where, power e f f i c i ency  i s  est imated a t  702, rnq = amount of r e t u r n  s ludge (m3/d), 
rq f amount of mixed l i q u o r  r e c i r c u l a t i o n  (m3/d), H = hydrau l i c  head (mH,O). 
est imated a t  6 meters. 

The r e s u l t s  of these ca lcu la t ions  a r e  summarized i n  Fig. 3 .  A s  can be seen  i n  
Fig.  3 ,  power concumption decreases temporari ly a s  the  n i t rogen  removal r a t e  
inc reases .  However, wi th  a  f u r t h e r  inc rease  i n  n i t rogen removal r a t e ,  power 



consumption shows a  s t e e p  
inc rease  a t  a  c e r t a i n  po in t  
owing t o  an increased 
recycl ing r a t i o  the re .  
The temporary decl ine  i n  power 
consumption i s  due t o  increased 
reduction of BOD a t  t h e  
d e n i t r i f i c a t i o n  s t a g e s ,  
r e s u l t i n g  i n  reduced a e r a t i o n  
requirement . The tendency 
toward power requirement 
reduct ion is  more pronounced 
a s  number of s t e p s  inc reases .  
A s  can be  understood from 
equation ( l ) ,  the required 
r e c i r c u l a t i o n  decreases 
wi th  an inc rease  i n  t h e  
number of s t eps  f o r  a  
d e f i n i t e  nitrogen removal 
r a t e .  

Balance of Alka l in i ty  
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Fig. 3. E f f e c t  of number of s t e p s  on 
power consumption 

Stoichiometr ica l ly ,  7.14 mg ( a s  CaCO,) of a l k a l i n i t y  is  decomposed a s  1 n g  of 
NO,-N i s  produced i n  t h e  n i t r i f i c a t i o n  reac t ion ,  whi le  3.57 mg (as CaCO,) of 
a l k a l i n i t y  is  formed a s  1 m g  of NO,-N i s  reduced t o  n i t rogen  gas i n  the  
d e n i t r i f i c a t i o n  reac t ion .  However, s l i g h t l y  lower values a r e  reported f o r  them 
a s  a c t u a l l y  obtained values  4 ) .  An a l k a l i n i t y  balance can be represented a s  
equation (4) by using the  s t o i c h i m e t r i c  values.  

where, Mo = M-alkalinity as  CaCozin 
i n f l u e n t ,  Mn = M-alkalinity a s  CaCOs 
i n  e f f l u e n t .  

When the e f f l u e n t  a l k a l i n i t y  Mn i s  
negative,  a l k a l i n i t y  adjustment i n  
the  f i r s t  n i t r i f i c a t i o n  compartment 
i s  required.  Figure 4  i l l u s t r a t e s  
t h e  re la t ionsh ip  of equation (4 ) ,  
where i t  i s  c l e a r  t h a t  an  increased 
number of s t eps  decreases t h e  amount 
of a l k a l i  required f o r  neutra l iza t ion.  

From equation (1) and (4) i s  obtained 
equation ( 5 )  wiiich i n d i c a t e s  t h a t  the  
a l k a l i n i t y  requirement i s  propor t ional  
t o  n i t rogen removal and hence t o  the  
number of s t e p s .  

m= 3.57 x >I + MolNo - 7.14 (5) 
QNo 

Fig. 4 .  Ef fec t  of recycling r a t i o  
on a l k a l i  consumption 



i PLANT PERFORMANCE 
l 

Six commercial p lan t s  by t h e  step-feed process a r e  i n  operation and some o the r s  
a r e  under const ruct ion f o r  n igh t - so i l  t reatment.  For small-scale sewage treatment,  
s e v e r a l  p l a n t s  of t h i s  process a r e  a l s o  under const ruct ion.  Operational  r e s u l t s  
of an  a c t u a l  n ight-soi l  t reatment p l a n t  by t h i s  process  w i l 1  be  discussed below 
p a r t i c u l a r l y  with respect  t o  i ts  running cos t s .  

The flow diagram and design c r i t e r i a  of t h i s  p l a n t  a r e  shown i n  Fig.  5 and Table 2,  
respect ively .  I n  add i t ion  t o  b iologica1 treatment,  t h i s  p lan t  includes  advanced 
treatment based on dissolved a i r  f l o t a t i o n  a s s i s t e d  by alum coagulation f o r  
phosphorus removal, f i l t r a t i o n  and ozonation f o r  c o l o r  removal and s t e r i l i z a t i o n .  

t 

1 from blower f o r  ae ra t ion  
2 from blower fo r  mixing 
3 to  blower f o r  mixing 

ing  equipment th ickner  

Fig. 5 .  Flow diagram of n igh t - so i l  t reatment p l a n t  

TABLE 2 Design C r i t e r i a  

Projected wastewater q u a l i t y  
BOD 12,000 mgfl 
Suspended s o l i d s  18,000 mg/l 
Total-N 4,500 mgfl  
NH4-N 3,500 mg11 

Projected flow r a t e  75 msfday 

Design C r i t e r i a  
Minimum water temperature 
Mixed l iquor  suspended s o l i d s  
Sludae r e t e n t i o n  time 

15'C 
5,000 mgfl 
7 . 7  davs - .. -- < -  

Spec i f i c  n i t rogen loading f o r  n i t r i f i c a t i o n  0.05 kg-Nfkg-ss-d 
Spec i f i c  n i t rogen loading f o r  d e n i t r i f i c a t i o n  0.06 kg-Nfkg-ss.d 
Volume of n i t r i f i c a t i o n  tank VN 1,012 m3 
Volume of d e n i t r i f i c a t i o n  tank VD 934 m3 
Blower f o r  n i t r i f i c a t i o n  tank Qg = 55 mvmin a t  4,900 mmAq 
Blower f o r  d e n i t r i f i c a t i o n  f o r  mixing Qg = 11.5 m3/min a t  5,000 mmAq 

The t o t a l  volumes of the  n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  tanks were designed by 
ca lcu la t ion  of the sludge r e t e n t i o n  time (SRT) i n  t h e  n i t r i f i c a t i o n  tank, and by 
t h e  d e n i t r i f i c a t i o n  r e a c t i o n  r a t e  f o r  t h e  expected lowest water temperature, 
respect ively .  The tank f o r  n i t r i f i c a t i o n  was divided equal ly  i n f o  four  compart- 
ments and t h a t  f o r  d e n i t r i f i c a t i o n  i n t o  f i v e  e q u a l  rooms, and they were arranged 



a l t e r n a t e l y  i n  s e r i e s .  I n  t h e  5 t h  d e n i t r i f i c a t i o n  t ank ,  methanol  supply  equipment - - 
was prov ided  t o  e n s u r e  removal o f  remain ing  NO2 and NO3 . An au toma t i c  pH c o n t r o l  
sys tem was prov ided  i n  t h e  1st n i t r i f i c a t i o n  t ank  which was capable  of a d j u s t i n g  
pH by u s ing  NaOH s o l u t i o n .  

O p e r a t i o n a l  R e s u l t s  

The ave rage  i n f l u e n t  was t ewa te r  q u a l i t y  ove r  a  y e a r  of o p e r a t i o n  and o p e r a t i n g  
c o n d i t i o n s  a r e  shown i n  Table  3  and 4 .  The a c t u a l  f l o u  r a t e  was about  97% of  t h e  
p r o j e c t e d  v a l u e  and t h e  n i t r o g e n  l o a d i n g  was about  76% of t h e  p r o j e c t e d .  The 
s l u d g e  r e t e n t i o n  t i m e  was 20 .7  days on an ave rage ,  a  h igh  v a l u e  compared t o  t h e  
p r o j e c t e d  v a l u e ,  and a  very  s t a b l e  n i t r i f i c a t i o n  r e s u l t e d  throughout  t h e  y e a r .  
A p r o b a b i l i t y  d i s t r i b u t i o n  of  NHu-N a s  w e l 1  a s  of  o r g a n i c  n i t r o g e n  is shown i n  
F ig .  6. Concen t r a t i on  of  NHu-N i n  t h e  e f f l u e n t  was 1 .0  mg11 o r  below a t  92% 
p r o b a b i l i t y .  Water sprayed  f o r  t h e  purpose  of  supp re s s ing  foaming a t  t h e  b i o l o -  
g i c a l  s t a g e s  d i l u t e s  t h e  i n f l owing  was t e  3 .75  t imes ( a s  measured by cl- concent ra -  
t i o n ) .  F u r t h e r ,  w a t e r s  from s l u d g e  t h i cken ing ,  s l udge  dewater ing  2nd from o t h e r  
m i sce l l aneous  u s e ,  which e n t e r  t h e  b i o l o g i c a 1  system d i l u t e  t h e  was t e  up t o  5 .93  
t i m e s  i n  volume i n  a c t u a l  o p e r a t i o n .  The e f f l u e n t  q u a l i t i e s  l i s t e d  i n  Table  5  
r e p r e s e n t s  r e s u l t s  o b t a i n e d  under t h e s e  o p e r a t i n g  c o n d i t i o n s .  

To m a i n t a i n  e f f l u e n t  n i t r o g e n  a s  low a s  p o s s i b l e  CH30H was added a t  a  r a t e  2  - 3 
t i m e s  t h e  r e s i d u a l  NO3-N (on weigh t  b a s i s )  i n  t he  5ch d e n i t r i f i c a t i o n  tank .  

TABLE 3 I n f l u e n t  19as t ewa t e r  O u a l i t y  

Average Var iance  I tem - 
X d n - l  

PH 7.64 0.22 
BOD 9,150 1,030 
T-N 3,390 339 
NHu-N 2,760 230 
T-P 375 8 1  
A l k a l i n i t y  7,270 ' 811  
cl-  2,990 450 
S.S. 8 ,440 2,990 

(Uni t  i n  mg11 w i t h o u t  pH) 

O p e r a t i o n a l  r e s u l t s  dur ing  t h e  w i n t e r  
s e a s o n  a r e  s h o m  i n  F ig .  7. The 
e f f l u e n t  N02-N and NOs-N concent ra -  
t i o n s  were  l o v e r  t han  t hose  expec ted  
by e q u a t i o n  ( l ) ,  owing t o  CH3OH 
a d d i t i o n .  The mixed l i q u o r  w a t e r  
q u a l i t i e s  a t  t h e  4 t h  n i t r i f i c a t i o n  
t a n k  b e f o r e  CH3OH a d d i t i o n  can  be 
r ega rded  a s  t h o s e  e x p e c t a b l e  from 
e q u a t i o n  (1 )  which r e p r e s e n t s  a  
m a t e r i a l  ba l ance  i n  t h e  s tep- feed  
p r o c e s s ,  and t h e r e f o r e  t hose  wa t e r  
q u a l i t i e s  a r e  used  i n  t he  fo l l owing  
a n a l y s e s .  

O p e r a t i o n a l  r e s u l t s  ob t a ined  over  

l I l ~ 1 1 1 1 1 1  I I I .  

o r g a n i c  n i t r o g e n  / / i  1 5  U) 20 40 60 80 90 95 NH,-N 99 

P e r c e n t  of  o b s e r v a t i o n  e q u a l  t o  o r  
l e s s  t h a n  s t a t e d  v a l u e  

F ig .  6 .  P r o b a b i l i t y  d i s t r i b u t i o n  f o r  
e f f l u e n t  n i t r o g e n  

a  y e a r  by 1 8  runs  a t  va ry ing  n ixed  l i q u o r  recycling r a t i o s  ( r n )  and s l u d g e  r e t u r n  
r a t i o s  ( r )  a r e  l i s t e d  i n  Table  5 .  F igure  8 summarizes r e l a t i o n s  between t h e s e  
d a t a .  Nitrogen used f o r  c e l 1  s y n t h e s i s  can be  ob ta ined  by che exces s  s l u d g e  



product ion  r a t e  (4.18 k g l m 3 . a  
shown i n  Table 4 ,  and t h e  
n i t rogen  content  i n  a c t i v a t e d  
s ludge  measured previous ly  
(9.2% on an average) .  I t  i s  
i n d i c a t e d  t h a t  11.3% of t he  
i n f l u e n t  cotal-N (3,390 mg/l) 
was used f o r  c e l l  s y n t h e s i s  
on an average .  The n i t rogen  
removal r a t e s  s h m  i n  Table 
5  were c a l c u l a t e d  from t h e  
fo l lowing equacion where a 
c o r r e c t i o n  i s  made f o r  
n i t r o g e n  r educ t ion  due t o  c e l l  
s y n t h e s i s .  

TABLE 4 Operat ing Condit ions 

Average Variance 
I tem - 

X Gn- i 

Flow r a t e  (m3/d) 73.0 2 .3  
HLSS (mgfl) 5,180 5  84 
Excess s ludge product ion  r a t e  4.18 1.76 

(kg-sslm3 -6) 
SRT (day) 20.7 10.1 
S p e c i f i c  loading f o r  0.038 0.008 

n i t r i f i c a t i o n  (kg-Nlkg-SS) , 
D i l u t i o n  r a t e  ' ,  4 

a s  measured by cl- 3.75 0.44 
a s  measured bv flow r a t e  5.93 0.96 

(NO? + NO,) - N x d i l u t i o n  r a t e  7 =  1 - 
T - N x  ( 1  - 0.113) 

A s  can be  seen  i n  Fig.  8 ,  1 1 

obta ined  by t h e  mate- 
r i a 1  balance equat ion  
f o r  n  = 1, f o r  r e f e r -  
ence .  The amount of  
NaOH dosage v a r i e d  
depending on t h e  
amounr of t he  mixed 
l i q u o r  r e c i r c u l a t i o n  
The t e s t  r e s u l t s  a r e  
shown i n  Fig .  9. 
Erom t h e  o p e r a t i o n a l  
r e s u l t s  t h e  follow- 
i n g  equat ion  descr ib-  
i n g  a  r e l a t i o n s h i p  
between a l k a l i  
consumption and t h e  
n i t r o g e n  removal r a t e  
can be obta ined  by 
us ing  equat ion  (5)  
w i th  a  c o r r e l a t i o n  
Factor  of 0.995 

Q M ~ / Q N O  ( i  - 1 s )  = 3 . 4 4 1 -  3.438 ( 7 )  

A l a r g e  p a r t  of t he  BOD components i n  n i g h t - s o i l  i s  c o n s t i t u t e d  of lower f a t t y  
a c i d s ,  and N H 4 +  i n  t he  was te  i s  r a t e d  t o  be converted t o  NHuHCOs i n  t h e  b i o l o g i c a 1  
process  5 ) .  I n  c o n s i d e r a t i o n  of t h e s e  f a c t s ,  t h e  c o e f f i c i e n t  obta ined  by the  

o p e r a t i o n a l  d a t a  w i l 1  be  deemed a s  e x t r e m e l y  approximate t o  an e s t ima t ion  fr0m 

t h e o r e t i c a 1  r e a c t i o n  formulas .  I n  t h e  a p p l i c a t i o n  of t he  s rep-feed  process  £ 0 ~  

n i g h t - s o i l  t rea tment ,  more than  99% removal o f  n i t r o g e n  i s  needed i f  n e u t r a l i z i n g  
NaOH i s  t o  be made ze ro .  

t h e  o p e r a t i o n a l  r e s u l t s  <%C& m t o t a l  n i t r o g e n  -4 

Feb. March A p r i l  M ~ Y  

Operat ion days 

Fig .  7 .  Opera t ional  r e s u l t s  dur ing  a  w in te r  season 

e f f l u e n t  b e f o r e  a d d i t i o n  of  methanol 
O e f f l u e n t  a f t e r  a d d i t i o n  of methanol 

agreed wel1 w i t h  t h e  M 
E 

c a l c u l a t e d  va lues  from - 
Z 

t h e  m a t e r i a l  ba lance  I 

equat ion  ( l ) ,  g iv ing  25CO- 
about 93% removal of N 
n i t r o g e n  wi thout  addi- o  
t i o n  of CH3OH. I n  F i e .  Z 

l O 

2 0 0 0  * ; 3 . m  m m m m m m  
0 O O O m O O ~  o o o o  

o  
NH,-N 

- 

d i l u t e d  i n f l u e n t  
I I 1 

8 is a l s 0  shown a c u N e  H 1 I 



O p e r a t h g  c o s t s  i n c l u d i n g  NaOH 
f o r  n e u t r a l i z a t i o n ,  CH30H f o r  
d e n i t r i f i c a t i o n  and pumping 
p o w e r ' f o r  r e c i r c u l a t i o n  a r e  
c l o s e l y  r e l a t e d  t o  a  n i t r o g e n  
removal r a t e  t o  be  a t t a i n e d ,  2 
and an optimum combinat ion of , 
t h e s e  f a c t o r s  was ob t a ined  
f o r  t h e  p l a n t .  The c o s t  of g 
methanol  dose  is  g iven  a s  g Y 

f o l l ows .  c 

. - 
i 

where  b  is t h e  amount o f  Z 

methanol  needed f o r  N03-N 
r e d u c t i o n  and 2.5 i s  g iven  
f o r  n i g h t - s o i l  t r e a tmen t  51, o 70 deno t e s  t h e  b a s i c  removal 

1 3  5 7  

r a t e  of n i t r o g e n  i n  t h e  s t ep -  Recyc l ing  r a t i o ,  rn + r 
£eed p roce s s ,  a t t a i n a b l e  F ig .  8 .  R e l a t i o n  between n i t r o g e n  removal 
w i t h o u t  a d d i t i o n  of CHsOH. r a t e  and r e c y c l i n g  r a t i o  

The amount of NaOH dose f o r  n e u t r a l i z a t i o n  w i l 1  b e  r e p r e s e n t e d  a s  f o l l o w s  by 
u s i n g  equa t i on  (7)  ob t a ined  by t h e  o p e r a t i o n  d a t a .  

CNaOH = - @ x  0 . 8  x No ( 1  - V s ) ( 3 . 4 4 7 ? -  3.438)Q (9 )  

T B L E  5  Ope ra t i ona l  R e s u l t s  f o r  N i t roaen  Removal Rare 

* ** 
Run Flow Return Recycling r+rn I n f l u e n t  D i l u t i o n  E f f l u e n t  Q u a l i t y  Xi t rogen  

r a t e  s l u d g e  r a t i o  t o t a l -N  r a t e  i n  F r u - N  NO,, removal 
(m3/d) r a t i o  r n  (mg/l)  volume NO,-% r a t e  7 

0 .2  
0 .4  
O .  3  
1 . 7  
1 . 2  
0 . 9  
1 . 2  
0.9 
1 .0  
1.1 
t r .  
t r .  
t r .  
2.2 
t r .  
tr .  

1 7  73.6 0.84 o 0.84 2,710 1 . 9 1  t ~ .  107 91.5 
1 8  74.6 0.82 O 0.82 2,930 2.74 t r .  108  88.6 

* e f f l u e n t  means n ixed  l i q u o r  i n  t h e  4 t h  n i t r i f i c a t i o n  tank b e f o r e  
a d d i t i o n  of  CH30H 

** 7 i s  c a l c u l a t e d  by us ing  e q u a t i o n  (6)  



The negat ive  s i g n  i n  t h e  equa t ion  is  because of c a l c u l a t i o n  of  r educ t ion  i n  
a l k a l i n i t y  a s  NaON requ i r ed .  Power c o s t s  f o r  t h e  r e c i r c u l a t i o n  pumps can be  
descr ibed  a s  fo l lows by  us ing  t h e  m a t e r i a l  ba lance  equa t ion  (1 )  and t h e  power 
c a l c u l a t i o n  equat ion  (3 ) ;  

CPmp = @ X  3.88 X 10-3 
1 

(*i1 - 7  ) l Q X D X H  1 (10) 

where D denotes t h e  d i l u t i o n  r a t e ,  5.93 on an annual  average .  The u n i t  p r i c e s  of 
methanol, NaOH and e l e c t r i c  power were es t imated  a t  YóOIkg, %90/kg and Y13/kwh, 
r e spec t ive ly .  The ope ra t ing  f a c t o r s  f o r  t hese  c a l c u l a t i o n s  were es t imated  at ;  

No = 3,390 x 10-3 kg/m3, - 0.2 z I I I 
7s = 0.113, Q = 73 m$dr = 0.78,  

I - 
l 

CO 

r e s p e c t i v e l y ,  according t o  :he 0  
average ope ra t iona l  d a t a .  The m 

O 
u r e s u l t s  of c a l c u l a t i o n s  a r e  shown m-0.2 - 

o u .  i n  F ig .  10. I n  t h e  c a l c u l a t i o n s  4 1 
U M t h e  s ludge r e t u r n  r a t i o  w a s  assumed ar: 
e V - 0 . 4  - 78%, and t h e  expectable  n i t r o g e n  , - 

removal r a t e  a s  c a l c u l a t e d  from O 
E O 

equat ion  (1) w i l 1  be  87.5% f o r  O z u . -0.6 - - 
t h e  b a s i c  va lue .  u 

d. 
4 
(S$-0 .8  - 

The amount of NaOH requ i r ed  de- d o 

/ 
c r e a s e  l i n e a r l y  w i t h  an i n c r e a s e  -1.0 I I I I 
i n  the n i t rogen  removal rate as 70 80 9 O 100 
can be seen  i n  Fig.  10 .  A s  is  
c l e a r  from Fig. 10,  t h e  r equ i r ed  Ni t rogen removal r a t e  (%) 

amount of methanol r i s e s  i n  F ig .  9 .  R e l a t i o n s h i p  between a l k a l i  
p ropor t ion  t o  the  n i t r o g e n  removal consumption and n i t r o g e n  
r a t e ,  whereas t h e  pumping c o s t  removal r a t e  
sha rp ly  p i cks  up a t  t h e  n i t r o g e n  
removal r a t e  of 95%. Therefore,  
i t  would be  b e t t e r  t o  improve t h e  
n i t r o g e n  removal r a t e  by i n c r e a s i n g  t h e  r ecyc l ing  r a t i o  up t o  a  removal r a t e  of 
95%, and t h e r e a f t e r  by adding methanol t o  f u r t h e r  improve t h e  removal r a t e .  The 
t o t a l  running c o s t  i s  obta ined  a s  sh- i n  t he  Fig .  10 from t h e  bold  l i n e  which 
shows i t d e c r e a s e s  w i t h  an inc reased  n i t r o g e n  removal r a t e  owing t o  lowered NaOH 
C O S t S .  
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CONCLUSION 

~n  economical b i o l o g i c a 1  n i t r o g e n  removal process ,  t h e  s tep- feed  process ,  w a s  
s t u d i e d  t h e o r e t i c a l l y  and eva lua t ed  on t h e  b a s i s  of a c t u a l  p l a n t  ope ra t ion  d a t a .  
The fo l lowing i s  a  conclus ion  obta ined  from t h e s e  obse rva t ions .  

(1)  The fo l lowing equa t ion  was v e r i f i e d  by t h e  a c t u a l  p l a n t  ope ra t ion  d a t a  
concerning t h e  r e l a t i o n  among t h e  n i t r o g e n  removal r a t e ,  t h e  number of s t e p s  
n  and t h e  r e c y c l i n g  r a t i o  of mixed l i q u o r  rn, and a  g r e a t  r educ t ion  i n  t h e  
mixed l i q u o r  r e c y c l i n g  r a t i o  could be achieved compared t o  t h e  conventional  
processes  w i t h  a comparable n i t r o g e n  removal r a t e .  

( 2 )  I n  t h e  case  of n i g h t - s o i l  t rea tment ,  t he  running c o s t  of  t he  s tep- feed  pi-ocess 
w i th  4  s t e p s  w a s  proved t o  dec rease  as the  n i t r o g e n  removal r a t e  i n c r e a s e s  
through an optimum s e l e c t i o n  of ne thano l  dosage and the  r ecyc l ing  r a t i o .  
An o v e r a l l  n i t r o g e n  removal r a t e  of 99% could be maintained.  
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Abstract 

A new method to increase solid concentration of waste activated 
sludge thickened in the gravitational thickening proces is proposed 
through experiments. and two basic designs of the thickening system 
based on the method are proposed to solve problems of low concentration 
of sludge thickened in Japan. The method utilizes the characteristics of 
gas production by waste activated sludge in the anoxic and anaerobic 
stages. Thickening of sludge by the method is conducted during a period 
in which the rate of gas production from sludge reduces. following a 
period of denitrification and being followed by the proces of methane 
gas production. The period available for thickening ranges from 30 hours 
to 75 hours, depending on the temperature and initia1 nitrate concentration 
in sludge. Simulation results of the thickening proces indicate that the 
solid concentration of sludge thickened by the method corresponds to 
that in the case of no gas production. 

1. Introduet ion 

Solid concentration of waste activated sludge (WAS) thickened in gravitational 
thickeners is reported to range from 1.0 to 4.5% as total solids (TC) in Japan". The 
solid concentration is low in comparison with that in European and American coun- 
~ . i ~ z . 3 1  and still has a tendency to decrease. This is due to the gradual change in 
living customs and diet of the Japanese. Because gravitational thickners in Japan have 
been designed for sludge to be withdrawn a t  4% of TC, the decrease in the TC of the 
thickened sludge causes severe problems for sludge and waste water treatment such that 
the solid concentration of influent to digesters is lower than the design value and that 
retumed liquid, that is, supernatant in thickners, to primary settling tanks is very high 
in solid concentration. Figurel, for example, shows changes of TC and organic content 
of WAS in a municipal waste water treatment plant in Nagoya4'. As a trend, the organic 
content of WAS in this case has been increasing while the TC, on the contrary, decreasing 
year after year. Until 1976, the increase in organic content of WAS had been related 
with the decrease in TC. This might be deeply related to the density changes in the 
sludge. Since 1976, the organic content of WAS periodically and concurrently increases 
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Fig. 1 Changes of TC in thickened sludge and organic content of %'AC. 

with TC in winter, and decreases in summer Since the recent seasonal changes of 
organic content of WAS and TS are related to water temperature and biological activity, 
the decreace in TS in summer is considered to he caused by gas production from sludge, 
not by the decrease in the density of sludge. Since the characteristics of sludge have 
been changing, research must have been conducted on processing and managing WAS. 
In the thickening process of WAS, the gravitational thickening process consumes Iess 
energy than mechanica1 ones. Although the former has been replaced to the latter to 
avoid low concentration problems for SS in Japan, the process should he employed on as 
large a scale a s  possible in order to save energy. 

The  foundamental method to increase or, a t  least, not to decrease the concentration 
of concentrated sludge in thickeners is to increase or not to decrease sludge particle 
density, the permeability of sludge, and solid fraction a t  which effective pressure begins 
to appear in sludge. 

The  most important one is the first one. Gas production in the thickening process 
decreases the h a l  concentration of WAS. In previous ~ o r k s ~ , ~ ' ,  the gas production from 
primary and mixed sludges and aged WAS in the stage of fermentation was studied for 
thickening. They expressed that the gas production rate in primary sludge during thickening 
is larger than that in WAS. Constituents of the gas are  mainly CO, and CH,. The 
CO2 production rate depends on the concentrations of dissolved matters and dissolved 
total phosphate, and the CH, production rate depends on the concentrations of dissolved 
matters and COD. The gas production from fresh WAS in gravitational thickening, how- 
ever, is Iess investigated. This study is directed a t  developing a new method to increase 
the withdrawal concentration of fresh WAS in the gravitational thickening process. 

2. Gas Production from Sludge 

Experiments were conducted in order to examine the mechanism of gas production 
in sludge. 

2. 1. Apparatus, Method a n d  Material  

WAS from return sludge pits in the Eastern waste water treatment plant of Fukuoka 



in western Japan was employed as experimental material. The WAS was conditioned 
by either aeration for a prescribed period or nitrate addition. A gas collector to measure 
the volume of gas produced and to sample the gas, as illustrated in Fig.2, consists of 
two parts. the main tank (1.6 1 in volume) and a manometer which is able to tilt to keep 
gas pressure equivalent to that of atmosphere. Another one. to sample sludge a t  prescribed 
times. as shown in Fig.3. is 5 l in volume with a balloon inside it to compensate for the 
loss volume of sludge withdrawn. Produced gas constituents were analyzed by a gas- 
chromatograph with TCD and Molecular Sieve 5A and Silicagel columns. The sampled 
sludge was centrifuged, and alkalinity, nitrate-nitrogen, nitrite-nitrogen, and ammoniacal- 
nitrogen in it were analyzed. All experiments were conducted at  20°C. 

AIR COCK 

MANOMETER 

( STIRRER I 
Fig. 2 Gas sampling device. 

SLUDGE m' . 
3RAIN COCK 

Fig. 3 Sludge tank. 

2. 2. Experimental Results and Discusion 

The properties of sludge employed in the experiments are listed in Tablel. The 
accumulated volume of gas produced by sludge is depicted in Fig. 4 for Series 1 (nitrate 
addition) and in Fig.5 for Series 2 (preaeration). Gas production for each run shows a 
similar pattern. The constituents of gas produced are depicted in Fig.6 and Fig.7. In 
case of Run 3 in Series 1, gas is produced rapidly for the first 25 hours which includes 
nitrogen (95 %) and carbon dioxide (5 %). After that, the gas production rate drops dras- 
tically. This period is hereafter called the period of reduced rate of gas production, 
followed by the period of methane gas production which shows a large gas production 
rate again, after 110 hours from the test started. In case of Run 2 in Series 2 as shown 
in Fig. 5, the period of large gas production rate is l0 hours, and the period of reduced 
rate of gas production is 35hours. The concentrations of NH,-N, NO2-N, and NO,-N, 
and alkalinity concurrently measured with gas production volume in interstitial water are 
displayed in Figs.8 to 12. Initia1 concentrations of nitrate-nitrogen of Runs 1,2 and 3 in 
Fig.9 were 12, 34, and 54 mg/l. The first one, 12mg/l, is the concentration in raw sludge. 
In other runs, nitrate-nitrogen was added to raw sludge. After the depletion of dissolved 
oxygen within 30 min after tests started, the reduction of nitrate-nitrogen started and 



Table 1 Properties of sludge 

Vei Sludze Fluid 
)rmitj. Densiti ' ~ : ~ ~ ~ ~ ~ d  Aeration Added A l k a i n ~ i y  SO,S SH.-% 
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Fig. 4 Accumulated volume of gas produced (Series 1). 
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Fig. 5 Accurnulated volume of gas produced (Series 2) 



Fig. 6 Change of gas constituents (Series 1) 
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Fig. 7 Change of gas constituents (Series 2) 

Fig. 8 Ammonium nitrogen concentration in interstitial water (Series 1) 
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Fig. 9 Niirate- and nttrite- nitrogen concentrations in interstitial water i&ries 1). 
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Fig. 10 Alkalinity in interstitial water (Series 1) 
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Fig. 11 Ammonium and nitrate nitrogen in interstitial water (Ceries 2). 
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Fig. 12 Alkalinity in interstitial water (Series 2) 

h i s h e d  after 6, 18, and 25hours depending on each initia1 concentration. Alkalinity in 
these runs in Fig. l0 increases a s  time elapses. The results in Fig. 4,  6, 8, and 9 express 
that gas in the period of large gas production rate is produced by denitrification and the 
increase in NH,-N results from the decornposition of organic matter under anaerobic 
condition. Even in Series 2 in which pre-aeration was  conducted, the concentrations of 
NH,-N and NO,-N and alkalinity change in sirnilar ways to those in Series 1. This 
explains that ammoniacal nitrogen is  converted to nitrate nitrogen by aeration, and that 
aeration corresponds to nitrate addition. The nitrate-nitrogen reduction in these series is 
the 0 t h  order reaction because of a smal1 value of the saturation constant, about 0.1 
mg/( of the Monod equation". A rate constant of the reaction is 0.00035g NO3-N/g VSS 
hr. The reduction of 1 m g  NO3 makes 0.858~11 of N, gas a t  20°C. Produced gas volume 
shown in Fig. l3  is in good agreement with the theoretica1 value. Up to 3 m g / l  of 
NO3-N, no gas production is observed. This corresponds to the soluble amount of nitrogen 
gas. Since the rate of denitrification is linear with respect to NO,-N concentration, the 

INITIAL CONCWTRATION 
OF N03N (mg/l) 

Fig. 13 Produced gas volume. 



denitrification period is related to the NO,-N concentration per unit mass of VSS a s  
shown in Fig. 14. Alkalinity after denitrification increases in propotion to the initial 
NO3-N concentration. The alkalinity increased to 3.57mg for I mg of NO,.': in these 
series, which coincides with the theoretica1 value. The period of floatation of sludge is 
defined a s  a period from the completion of denitrification to the initiation of floatation of 
sludge by the attachment of al1 bubbles of gas produced. Figure l5  illustrates the relation- 
ship between the period of no floatation of sludge and the initial concentration of 
NO3-N. The minimum period of no floatation is 30 hours. In Series 1. the relationship 
is not related to the initial concentration of NO3-N, in Series 2, hosever,  it is. The 
inhibition of methane production by nitrate addition8) and the reduction of the rate of 
methane production by ammoniagi were not clearly detected in this study. As a result 
of these experiments. the gas production process is divided into three phases: the period 
of large gas production rate by denitrification ; the period of reduced rate of gas production ; 
the period of methane gas production. According to the results mentioned above. gravita- 

tional thickening should be conducted after purging gas bubbles by denitrification besides 
within the period of reduced rate of gas production. The completion of denitrification is 
detxted by the change of NO3-N concentration and ORP change. Tanaka et a1.I0' obtained 
-60 to -200mV of ORP as  values of the end of nitrification. In this study, -100mV 
was obtained for it. its accuracy, however, is not high. 
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Fig. 14 Denitrification period Fig. 15 Sludge floatation time in the period of 

reàuceà rate of gas production. 

3. Sludge Thickening Test 

Sludge thickening tests in the period of reduced rate of gas production were conducted 
and the test results were compared with those of simulation without gas production. 

3. 1. Apparatus, Method and  Material  

WAS from the Same treatment plant mentioned before was employed a s  experimental 
material. After the completion of denitrification and gas purging, WAS was poured into 
a test column (21.5 cm inner diameter and 3 m in height) which was installed short pipes 
along its wal1 to detect excess water pressure as  shown in Fig. 16. A pressure transducer 
is wire gauge type one (PC-1OGC. Kyowadengyo Co.). Sludge particle movement was  
measured by the movement of markers which are 3 mm in diameter and l c m  long and 
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Fig. 16 Settling column 

made of polystyrene with steel strips for the adjustment of submerged density. At the 
initia1 stage, these makers are fixed along the wal1 by magnet. When sludge goes int0 
the thickening phase, the makers are released and move with sludge particles. After the 
end of test, thickened sludge was taken out layer by layer and its water content and 
density were measured. Gas production tests were concunently conducted with the thicken- 
ing tests. 

3. 2. Theoretica] Expression of Gravitational Thickening Process 

Sludge consists of t h e e  phases, solid, liquid, and gas phases. Kinetic and mass 
conservation equations for the thickening proces are to be established for each phase. 
Assumptions to establish the equations are as follows: 
1) The properties of sludge are homogeneous; 

2) No compression of solid parts of sludge exists; 

3) Interstitial water is drained one-dimensionally ; 
4) Sludge thickens one-dimensionally ; 

5) Reynolds numbers of the movements of liquid and solids are smaller than unity; 

6) Produced gas distributes homogeneously ; 

7)  Produced gas completely attaches to solid particles of sludge and moves with them; 

8) The outer boundaries of gas bubbles function like solid boundary in movement due 
to very smal1 bubbles; 

9) The volume reduction of sludge by gas production is negligible; 

10) Wal1 effects on movement is not considered; 

11) The compression of gas produced by water pressure is negligible; 
12) Sludge is saturated with gas produced during the period of reduced gas production. 
Since the submerged weight of solid particles is supported by effective stress and exces  
pressure, the kinetic equations of total, solid and liquid phases are written as f o l l ~ w s ~ ~ '  : 



T O T A L  : 

SOLID : 

LIQUID : 

M a s  conservation equations of total. solid, liquid. and gas phases are derived as  follows: 

TOTAL : 

SOLID : 

LIQUID : 

GAS 

where V: Volume flux per unit area, u :  real velocity, E :  solid fraction, p :  density. suffixes 
g, s, and I: gas, solid, and liquid phases. P, : effective pressure, P, : e x c e s  pressure in 
liquid phase, p : viscocity, K: coefficient of permeability, qb : total volume flux per unit 
area a t  the bottorn, q, : gas production rate, a: gas production coefficient. 

The coordinate (x, t )  is, for the convenience of computation. to he converted. to a 
m a s  coordinate (w t ) ,  where w is m a s  of sludge, based on the follouing equation. 

Differentiation of the kinetic and m a s  conservation equations is converted as follows; 



3. 3. Experimental Results and Discussion 

The properties of sludge employed in experiments are listed in Table2. Since p is 
given, PI and v, are directly measured, K, coefíïcient of permeability. is obtained from 
Eqs. 3.7,8,10, and 11, letting q,=O. In a similar way, putting 

and US g Eq.2, P, is obtained. 

Table 2 Properties of sludge 

Gas production in Run 1 of Series 3 is given in Fig. 17. The period of reduced rate 
of gas production starts l0 hours after the test is started. A coefficient of permeability 
and effective pressure were obtained as shown in Figs. 18-20. The results are, for Run 
1 of Series 3, 
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Fig. 17 Accurnulated volume of gas produced (Series 3, Run 1) 
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Fig. 18 Coefficient of pcrrneability 
(Series 3. Run 1). 

Fig. 19 Coefficient of permeability 
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where E& : critical solid fraction a t  which effective pressure is generated. Gas production 
coefficient, a, in the period of reduced rate of gas production is for Run 1 of Series 3, 

a= 7.718 r 10-8 (ml/& (20) 

for Run 2 of Series 3, 

a= 1.2025 x 10-' (ml/gs) (21) 

4. Numer ica l  S imula t ion  of Th i cken ing  P r o c e s  

Gravitational thickening in the period of reduced rate of gas production is simulated 
and diccussed here, based on the relationships expressed in the previous section. 

4. 1. Simulation Scheme on Batch Test 

When E ,  a t  time t is known and K and PS are given a s  functions of E , ,  V, a t  
time t is expressed by Eq.22 by use of the relationships in terms of the mass coordinate 
(w, t ) .  

where, s a x  t, m means the mth division a t  time t, and indicates the border between 
mth  and m + l  th divisions, A w is an increment of sludge mass. q,(zu) is the volume 
of gas produced per unit mass and unity time. 

where N is the total division number of sludge Iayers. 
E S  a t  time t + l  is expressed as Eq. 24 in terms of forward differente. 

When the solid fraction of sludge a t  a time a s  the initia1 condition, and the solid 
fraction of sludge a t  the interface and the flux of the solid phase a t  the bottom a s  
boundary conditions are given, computation on the simulation is to be conducted. 

4. 2. Sirnulation Results on Batch Test 

Simulation results on Run 1 and Run 2 in Series 3 are illustrated in Figs.21 and 22. 
The interface movement in computation coincides. as a whole with that in experiment, 
however, the experimental value becomes larger around the consolidation point and smaller 
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Fig. 22 Kurnerical sirnulation results on batch 
test (Series 3,  Run  2) 
Lines: refer to Fig 2 1  

than the computed one a t  the end of the test. Gas production in the period of reduced 
rate is shown nat  to influence thickening results. The difference of solid fraction a t  the 
bottom in Run 1, is 0.03. Because the difference becomes larger as the gas production 
rate becomes large, the control of gas production from sludge is required, especially in 
summer. 

4. 3. Simulation Scheme in a Continuous Flow 

When q, is not zero in a steady state, the computation scheme 1s xvritten as  follows: 

In a steady state, VS and V,  take constant values in the entire region 
On the other hand, V,  depends on position in the column. 

4. 4. Simulation Results in a Continuous Flow 

An example of computation results is shown in Fig. 23, in which q, stands for wet 
solid fraction of inflow. Solid loading rates, 60-90 k g / m 2  day correspond to 0.00001-0.000015 
m 3 / m 2 / s  of q,. In computation. the hydraulic retention time is taken as  12 hours. Gas 
production in the period of reduced rate does not deteriorate thickenability. In this case, 
the major factor determines thickenability is the solid loading rate. 

5. Appl ica t ion  t o  P r a c t i c a 1  Use 

In the previous section, the performance of gravitational thickening in the period of 
reduced rate of gas production is shown to be as  almost Same as  that without gas 
production. Sludge with nitrate and nitrite can produce gas under anaerobic condition. 

Such sludge should not be thickened before the completion of denitrification. When sludge 
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Fig. 23 Numerical simulation results in a continuous flow 
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is not in a fermentation stage, that is, sludge is fresh, the sludge should be thickened in 
the period of reduced rate of gas production. Once methane fermentation starts, such a 
period is not found. 

As the application of the method developed here, a couple of practica1 designs are 
considered. The fint one is an addition of a gas purging tank between the final settling 
tank and the thickener as shown in Fig.24. W.4S in the denitrification period is stored 
in the gas purging tank and after denitrification and gas purging, the WAS is transported 
to the thickener and thickened. The sludge retention time in the gas purging tank is to 
be slightly longer than the denitrification period. The second one is a double rake system 
in thickeners. Double rakes consist of the lower and the upper one which rotates much 
faster than the lower to make produced gas purged. The lower works for the disniption 
of floc structure and the establishment of water channels as conventional. 

SETTLIG TANK SETTLIIG TANK 

Fig. 24 A proposed process with a gas purging tank 



Gas product ion tests .  t h i cken ing  tests .  a n d  s imula t ion for th i cken ing  w e r e  conducted.  

Resul ts  ob ta ined  a r e  as fo l lows :  

1) T h e  gas production p r o c e s  b y  fresh WAS consis ts  of 3 periods,  a period of l a rge  gas 
product ion r a t e  by denit if ication.  a period of reduced rate g a s  production,  a n d  a period 
of m e t h a n e  gas production ; 

2) T h e  v o l u m e  of gas product ion a n d  t h e  g a s  production period a r e  func t ions  of t h e  

initia1 concen t ra t ion  of n i t r a t e  ; 

3) T h e  per iod of reduced r a t e  of g a s  production con t inued  m o r e  than 30 hours  d u r i n g  

w h i c h  t h e  th i cken ing  ope ra t ion  is ab le  t o  be  c o n d u c t e d ;  

4) T h e  p e r f o r m a n c e  of th i cken ing  in t h e  period of reduced r a t e  of g a s  production is as 
a l m o s t  S a m e  as t h a t  \vithout gas p r o d u c t i o n ;  

5) N e w l y  developed th i cken ing  processes a r e  proposed,  the  addi t ion  of a g a s  purg ing  

t a n k  be tween  t h e  final se t t l ing  t a n k  a n d  the  th ickener .  a n d  a th ickener  ~ v i t h  tu.0 

rakes .  t h e  upper  o n e  of ivhich ro ta t e s  f a s t e r  than  t h e  lo i ï e r  t o  purge gas produced.  

T h i s  r e sea rch  w a s  pa r t ly  suppor ted  a g r a n t  f r o m  t h e  Minis t ry  of Const ruct ion 
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SUMMARY 

An overview is given of major fundamental aspects of sludge dewatering. First the 
presence of water in sludge and filter cakes is treated schematically. Subsequently 
attention is paid to the changes taking place during filtration and expression, the 
major changes being those in local porosity inside flocs and between the flocs. For 
the description of the flow through a bed of permeable flocs a new, simple 
approximating model is proposed : the 'DUAL FLOW model". This allows the 
estimation of the effective permeability of a bed with permeable particles; from 
simulation follows that for compressed beds the contribution of the flow through 
the flocs can be much higher than that of the flow in the small open spaces 
between the flocs. Simulations of the expression of a floc indicate that during 
filtration and expression the local floc porosity wil1 very fast reach equilibrium with 
the local compression pressure. From these considerations it follows that major 
focussing points for further study are : 
- a more detailed insight into the relations between porosity, permeability and 
pressure distribution during filtration and expression 
- theoretical and experimental insight in the size, strength and permeability of flocs, 
in dependence of structure parameters and pretreatment. 

1. INTRODUCTION 

1.1. General 

In the beginning of 1990 we started a study of some fundamental aspects of 
sludge dewatering in our laboratory, within the larger Dutch national project 
"Municipal Waste Water Treatment 2000 (RWZI-2000)". A team of three full-time 
project members (ir. Arend J.M. Herwijn, ir. Erik J. La Heg, ing. Paul M.H. Janssen) 
took up the study in cooperation with dr.ir. W. Jan Coumans and myself. Basic aim 
of the study is the understanding of physical and physico-chemica1 phenomena 
occurring on microscale, and how these phenomena manifest themselves on the 
macrosopic scale. As desired results we see the links between various characteri- 
sation methods and physical parameters, and the development of theoretical and 
simulation models predicting fiitration and expression behaviour. These type of 
models could then be used in the optimisation of dewatering processes and 
equipment parameters. One of the methods used in our study is the drying of filter 
cakes or parts, which gives fundamental insights in water transport and binding, 
but aiso gives information from which drying processes for sludge can be modelled 
and optimised. 



As will become clear in the following an important element will be the colloid- 
chemica1 aspects of floc formation, strength and structure, and the consequences 
for the engineering aspects. 

1.2. The Dresence of water 

In Fig.1 we present schematically the way that water may be present in sludge and 
sludge cakes. In a suspension or in a filter cake we may distinguish a water phase 
and a floc phase. The porosity or volume ïraction of the water phase is denoted by 

/The presence of water 

wet floc 

i 

1 -  if 
interstitial 
water 

,, and so the volume fraction of the flocs is equal to (1 - E,,). 

We also use the void ratio eb, 
the volume of water phase per 
unit of volume of floc ~ h a s e  : 

additive layer 
with water 

additive particles 

r inside 

layers particles 

g. 1. Schematic representation of water in sludge 

The flocs in turn consist of a 
wet skeleton, between which 
interstitial liquid is present in 
the floc pores. We have then 
the internal floc porosity ct,  
which is the fraction of the floc 
volume, taken up by the iiquid. 
The volume fraction of the wet 
skeleton is thus (1 - ~ 3 .  The 
floc void ratio ef is then given 
by : 

Looking in more detail into the 
flocs we have a coliection of 
elernentary particles, made up 
of basic sludge particles and 
additives. The basic sludge 

particles stem from the waste water plant itself, and thus wil1 vary with place, time 
of year, and other conditions. The additives are dependent on the specific sludge 
treatment given before solid-liquid separations. Now we have water inside the basic 
particles, like microbial cells, or pieces of wood,etc. Also we may have spots andlor 
particles of additives. which may contain water. Further we wil1 have hydratation 
layers at the particle surfaces. For a quantitative account of the amount of water in 
the system, one should theoretically make a detailed mass balance of al1 substan- 
ces in a sludge or filter cake. ARhough this is useful for scientific purposes, and 
also for a possible drying step, for the processes of fikation and expression we 
may reasonably approximate the water content of a system by : 



In thii equation : 
%,cdre = water content of cake 

%,i = intemal water content of particles 
Xadd.1 = amount of dry additivesikg dry sludge, 

remaining in the sludge Rocc 
%,add = water content of addiiive particles or hyers 

PI = density of water phase 
ei = fioc void ratio 
eb = bed void ratio 
Prk = density of (wet) fioc skeleton 

[kakg dry solids] 
[kakg dry solids] 

I k g m  dS1 
[kam3] 
[m3 liquid/m3 ds] 
[m3 bed liquid/rn3 flocs] 
Ikg/rn31 

1.3. Factors influencina dewaterina steps 

From the above picture we can derive several important factors, al1 influencing the 
dewatering process. 

Floc formation 

The flocs are formed from the basic sludge particles, in many cases with the 
addition of additives. Thus the nature of the basic sludge particles is one of the 
prime factors. This wil1 depend on the treatment plant, the waste water stream fed, 
the conditions changing over time. The amount and nature of additives, combined 
with the way the process is carried out, is for a given set of basic sludge particles, 
at a given concentration determining for the floc formation process. This implies the 
way the floc skeleton is built up, the floc size, the initial floc porosity, the chain 
length of aggregates, the number of links per volume of floc, and the bond 
strength between the elementary floc particles. 
Thus the floc formation process determines the initial floc porosity, size and 
strength. 
Examples of floc size distributions as measured in our lab by means of a Malvern 
Mastersizer are given in Figs. 2 and 3, with FeC13/Ca(OH)2 and polyelectrolyte as 
additives. We see that with increasing addition of FeCI3 up to a certain point the 
distribution tends to go to increasing size; for the polyelectrolyte this effect is much 
more markedly. Also interesting is the amounts of both additives needed to obtain 
an effect; for polyelectrolytes this is roughly 11100 of that for the iron compound. It 
is clear that other mechanisms wil1 be operating in both cases, and also that in the 
case of iron addition the iron hydroxide wil1 form a considerable part of the sludge 
flocs. 
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ig. 2. Floc size distribution by flocculation with FeCI3 
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;g. 3 Floc size disfibution in case of polyelecirolyte addition 



Dewatering 

In general after a sedimentation step dewatering is performed by rneans of filtrati- 
on, expression and in many cases drying. In fiitration and expression the water 
phase moves relative to the solids under the influence of a gradient in liquid 
pressure. This can be represented by the following equations : 

in which : 
'4 
K 
rl 
Pi 
z 
R 
L 

= superficial iiquid veloci [m/S] 
= permeabilhy 
= dynamic viscosity 

[m2] 
[PaSI 

= liquid pressure [Pal 
= distance coordinate lm] 
= fitration resistance of cake (= UK) [m"] 
= cake thicknes [ml 

m e n  is also used the specific fikration resistance a : 

with a = speciiic fikration resistance 
W = mass of cake per d area 

We rnay write the relation between a and K by : 

wiih p, = dencity of 'bed patiicies' 
C = porosity 

1km31 
[-l 

For the permeability we rnay write the Blake - Kozeny equation : 

with d, = effective particle diameter irn1 

The conditions chosen in practice with regard to additives and filter aids reflect the 
search for a compromise : the material should filter well, which would mean a low 



degree of deformation of flocs and beds, but on the other hand the final water 
content should be as low as possible, which means a considerable towering of the 
porosity upon expression. This can be seen from Eq.(3), in which for a low 
deformable filter cake the main term in the numerator is that containing the void 
ratios: the major part of the water is present in the pores of the bed and in the 
interstitial pores inside the flocs. 
During filtration there is a build-up of the cake. causing a conversion of liquid 
pressure into solid pressure, which tends to cornpress the cake. This compression 
can be viewed as a combination of simukaneous phenomena : 
- expression and volume change of flocs 
- bed compaction associated with floc deformation 
- bed compaction associated with shear induced relative floc displacement 
Next to the rnaterial properties of the flocs, also the choice of process conditions is 
determining the way the pressure profiles are buik up. A higher fikration rate tends 
to increase the pressure gradients, thereby increasing the solid pressure on the 
particles, which in turn leads to a decrease in porosity and thus permeability K, 
which increases the pressure drop even more. At constant pressure filtration or 
expression, the resistance of the filter medium determines the initial flow rate and 
thereby also the steepness of pressure gradients in the initial phase of the process. 

It is important to realise that it is the combined effect of floc properties and 
process conditions, which determines the filtration rate andlor pressure, and the 
final water content. 

Although the description of filtration and expression requires a more detailed 
analysis, interesting observations for practice can be obtained frorn laboratory 
tests, such as filtration of a sample under constant pressure. By fitting the curve of 
filtrate volume over time, we find an average value of the specific cake resistance 
a,,. In Figs. 4 and 5 we see the influence of additives on this average resistance, 
again for the addition of FeCI3, and for polyelectrolyte (Rohm KF-9454, both at a 
filtration pressure of 2 bar. 

:.?+:s 
f filtration pressure 2 bar 

ig. 4. Specfic cake resistance a,, in case of addition of FeC!, 



1 filtration pressure 2 bar 

9. 5. Specific cake resistance a,, in case of addition of polyelectrc 

It is clear that the resistance decreases upon addition up to a certain amount. The 
decrease is quite strong; comparison with the particle size data shows that there is 
n0 quantitative correspondence between the average particle size and the resistan- 
Ce. For FeCI3 the effect is larger than expected from Eqs. (5) to (7), for polyelectro- 
lyte it is lower. Apparently the deformation of the flocc and the bed under shear are 
also determining factors. 
In Fig. 6 we have plotted the average specific cake resistance in dependence on 
the filtration pressure, which shows a typical power dependence with a power 0.8. 

I filtration pressure (bar) 
Fig. 6. Dependence of the specfic cake resistance on the filtratie, 
pressure, for addifion of 10 % Fe on d.s. 

Aithough this and analogous tests give a practica1 insight into filtration and expres- 
sion resistances, for treatment of more difficuit situations, development of new 



l 
equipment and optimization, more detailed knowledge is required of the distribution 
of pressure and permeabiliîy over the material and of the development in the 
course of time. 

2. SOME HYDRODYNAMIC CONSIDERATIONS 

2.1. Flow throuah a bed of ~errneable flocs : the DUAL - FLOW model 

In considering the modelling of the filtration process we were faced with the 
problem that the Blake - Kozeny equation for a bed was in principle derived for 
particles with a closed surface, and is based on the concept of the hydraulic radius 
of the pores in a bed, connected with the 'betted particle surface" [l]. Now it is 
known that flocs may have a quite open structure, and so an extension was sought 
of the theory. The basic assumption is that water flows both through the pores 
between flocs and through the flocs themselves. This has two effects for a given 
liquid pressure gradient : - the liquid between the flocs is less decelerated at the floc surface - liquid flows through the flocs themselves 
From a simple approximation starting with laminar flow through a pore of which the 
walk are formed by porous flocs we can derive : 

Herein Kb,sol is the permeability of a bed consisting of particles of the Same size as 
the flocs, but with a closed surface, and Kf is the permeability of the flocs. The K's 
are given by : 

wah d, = floc diameter Iml 
d, = efiect~e diameter of elementary floc particles [m] 

For the effective permeability of the floc bed in relation to that of a similar bed 
consisting of closed particles we obtain : 



In order to estimate the irnportance of this effect we plotted in Fig. 7 this ratio vs. 
the bed porosity, for a floc porosrty of 0.80, with the ratio of floc size to elementary 
particle size as parameter. We can see that for very high bed porosity there is 
hardly any influence, the bed behaves the Same as for closed particles. For lower 
bed porosity, especially for eb c 0.1 we see that the flow through the flocs causes 
a large increase of the bed permeability, especialiy at decreasing floc size. 
l 

l 

Fig. Z Relative permeability of porous floc bed compared t o 
closed particles, as functiön of bed porosity with relafive floc 
size as parameter 

Suppose that we can approximate the equilibrium void ratio of the flocs by : 

e; = efo (1 + a PS) - rt (1 + %O) (11) 

with e, = iniiial floc void ratio [-l 
PS = solid pressure 
a = coeiíicienl 

Pa1 
[Pa-'] 

Yt = floc compression coefficienl [-l 

In this hypothetical relationship is reflected that a more open floc wil1 be weaker. 
Now for a bed we may assume that a small deformation and displacement of flocs 
causes a much iarger change in bed porosrty than in floc porosity : 



wth  p = bed compression exponent (>l) [-l 

In Fig.8 the simulated effects of the cornpression pressure on the porosity of the 
flocs and of the bed is shown. 

Fl - 
and of bed 

O 
l 
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ig. 8. Sirnulated effect of local solid pressure onporosityöf floc 

In Fig.9 the permeability of the bed with porous flocs is now compared with the 
initia1 permeability, for different local (uniform) solid pressures. The dotted lines 
represent the change in permeability of the spaces between the flocs, the drawn 
lines show the permeability through the whole bed. it is again clear that for th small 
flocs considered in this sirnulation a considerable amount of the total flow goes 
through the flocs. Also a considerable decrease is seen of the bed perrneability 
with increasing pressure. 

In Fig.10 again the relative permeability is plotted vs. the compression pressure. 
but now for larger flocs. We now see that the difference between a bed of flocs 
and a bed of closed particles is considerably less; the contribution of floc flow is 
here relatively low. This leads however to a rnuch stronger decrease in overall 
perrneability than in the case of smaller íiocs. 
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Fig. 9. Simulated effect of solid pressure on permeability of a bei 
of porous flocs. Smal1 floc size. 
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g. 10. Influence of the solid pressure on permeability of a flo< 
bed. Larger flocs. 

In conclusion we may state that this model is a good base for further refinement 
and experimental study. It wil1 be especially of interest to investigate the separate 
deformations and porostty changes of flocs and beds, and the changes this brings 



in overall perrneability. 

2.2. Dvnamic flow throuoh comaressible beds: a~alication to floc exaression 

2.2.1. Description of theory 

The theory of dynamic changes in pressure and porosily profiles during filtration 
and expression has been reported by several authors [2-41. The basic equation for 
the porosity change in one-dimensional flow reads : 

Herein r is the distance coordinate with respect to a fixed coordinate systern. 
We assume a rnodified version of D'Arcy 's law : 

wnh v, = linear liquid velocny [mlcl 
v, = linear velocity of solids [m/cl 

The relation between the linear and superficial velocities reads : 

UI 

= T 
(1 5 )  

Assurning no net volume production we have : 

U, + uS = U, f f (r) (1 6)  

Herein u, is the total net convective flow per m*, which for filtration is equal to the 
filtrate fiow per rn2. and for expression is equal to O. 
Neglecting gravity terms we have for the force balance : 

Pi + PS = Pt 

Combination of Eqs.(13) - (17) leads to the differential equation : 



in which it is assumed that there is a unique relation between E and p,. 

The boundary conditions depend on the type of operation. For filtration we have : 

wiih R, = resistance of fiker medium [m /P&] 
r = O place of fiiîer medium 
R(t) = coordinate of cake front [ml 

For the case of expression we have : 

w t h  r = O coordinate of irnpermeable surface or of syrnmetry plane 
RJt) = cwrdinate of expression front [ml 
c = porosty in equilibrium with applied solid pressure 1-1 

The latter boundary conditions apply when the resistance of the medium with which 
pressure is applied is very low. In case there is a considerable resistance, a 
condition similar to Eq.(19) should be applied. 

Solution of the differential equation can only be done numerically. Before doing that 
however a change of coordinates is necessary, taking the solids volume or mass 
as measure. 

2.2.2. A~piication t0 expression of a sludae floc 

As follows from the considerations of the DUAL FLOW model, for a theoretica1 
description of a filtration or expression process of a bed one should know the 
changes both in bed and in floc porosity. Therefore it was thought interesting to 
model the expression of a floc. The system considered is that of a flat floc, which 
has a thickness 2 Rf, and is expressed symmetrically in the r-direction. The 
equations of 2.2.1. were transformed to solids volume coordinates, and a modified 
Crank-Nicholson finite differente scheme was used to solve the equations. For the 
effect of solid pressure on the equilibrium void ratio Eq.(ll) was used. In Fig.1 l the 
calculated porosity profiles for a floc with an initia1 thickness of 200 prn are given. 
Initially there is a very steep gradient at the expression surface, but in progress of 



time the porosity profile penetrates int0 the heart of the floc 
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Fig. 11. PorosRy profiles msrde a floc durmg expresslon 

In Fig. 12 we see the profiles of the solid pressure as this penetrates into the floc. 
we see that the pressure profile remains very steep near the floc surface, and only 
relaxes in the last phase of the expression. 
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I 

Fig. 12 Profiles Of solid pressure inside a floc during expressi- 
on. 

In Fig.13 the average porosrty of the floc is given VS the expression time. We see 
that for this case the largest part of the expression takes place within 1 ms. From 
this, and other simulations we conclude that within a larger scale filtration or 



expression the local floc porosity mav be considered to reach equilibrium with the 
local compression pressu;e with.in a very short time. . 
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Fig. 13. Average porosity of a floc during expression in th 
course of time. 

3. ELEMENTS OF FURTHER RESEARCH 

3.1. Ex~erirnental 

The general target for further experimental work may be formulated as : 

obtaining insight into the relation between composition, treatment and physi- 
cal properfies of flocs and cakes. 

As follows from the various considerations given above we may see as important 
physical properties : 
1. Particle size distribution and particle morpholoav 
These represent the initia1 conditions of the flocs as they enter the dewatering 
process. Next to laser-diffraction equipment also analysis of optical images and 
electron microscopy are important to get impressions of irregularities in shape, and 
of structural aspects. 
2. Phvsico-chemica1 aspects 
it is of great importante to lay the relation between the various factors influencing 
floc formation and the floc size, strength and structure. This means that measure- 
ments should include zeta-potential measurements for various additives, the 
measurements under L and rheological measurements. Important is also to study 
the properties in relation to diierent floc preparation methods. Maybe special 
methods should be devised to rneasure floc strength directly. 
3. Water binding and transport 
Since water may be present in various ways, it is of interest to determine the 



amounts. This may for a part be done by indirect methods. Experiments on 
freezing curves and the determination of water vapour sorption isotherms may 
provide information on the amounts of free and bound water. Drying experiments 
of fiker cakes may be analysed in terms of the effective diffusion coefficient, which 
is related to the pore size distribution [5] .  An example of some typical drying 
curves is given in Fig.14. The upper curve is for the more open part of a cake, the 
lower one for a sample near the filter. k is clear that the drying rate is influenced 
strongly by the diierences in cornpression. Drying experiments thus offer a 
possibilty of obtaining insight int0 the pore sizes and the liquid flow for cakes with 
different histories. Of course the information i also needed to design and optimize 
drying equipment. 
4. h4acrosco~ic water transDort and fikration ~ r o ~ e r t i e s  
A systematic investigation is needed int0 porosrty, permeabilrty and deformation of 
flocs and beds, as influenced by the initia1 floc properties and the process varia- 
bles. One aspect is to carry out standard tests, such as the Capillary Suction Time, 
the (Modified) Fikration test. However for better understanding special experimental 
methods have to be devised to measure properties of cakes under homogeneous 
pressure conditions. Also i! should be verified whether indeed the rate-controlling 
factor for cake and floc deformation is the time needed for water displacement, or 
whether purely mechanica1 properties may also play a role. Experimental investiga- 
tion of the DUAL FLOW model could be done with model systems. 
5. Filtration and exoression rate 
In order to verify more fundamental models, of course fikration and expression 
experiments under various process conditions should be performed, both in 
dedicated laboratory equipment and in well-instrumented practica1 scale equipment. 
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Fig. 14. Drying curves of different parfs of a filter cake 

3.2. Theoretica1 rnodellinq 

o The DUAL FLOW model must be tested and possibly refined. 
o For the description of filtration and expression dynamics also the transport 
through the flocs should be accounted for. 



U As in reality filtration is not a one-dimensional process, a model should be 
formulated for the transport and deformation in 2- and 3-dimensional situations. 
o Models for the strength of flocs as dependent on structure may be set up, as 
related to efforts in food and polymer technology. 
o Models for the analysis of drying experiments wil1 provide insight int0 the liquid 
motion in smal pores. 
o For the various standard tests more detailed models must be made in order to 
relate the macroscopic outcome to local properties and dynamics. 
o Models for the binding of water must be compared with the outcome of freezing 
and sorption isotherm experiments. 
o Equipment models must finally be made for the description of large scale 
dewatering. These rnodels can then be used for analysis of existing situations and 
as a simulation t001 for the definition of process conditions or the design of new 
equipment. 

4. FINAL REMARKS 

Although considerable work has been carried out in the past, it is clear that on the 
fundamental side still a lot is to be done. As some new elements in this paper the 
DUAL-FLOW model was introduced, and a consideration of the expression of a 
floc. 
In the framework as sketched here I think it is possible to make a link between al1 
kinds of tests, fundamental properties, and theoretica1 descriptions for practical 
dewatering processes. This wil1 lead to a much larger predictability of these 
processes, and combined with the insight frorn the physico-chemica1 effects to 
practical solutions in diíficult situations. 
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1. INTRODUCTI ON 

In Japan, the sewer system and its treatment systems have been rapidly 
installed in the last 30 years. In 1990, the population equiped with the sewer 
sytem reached 40 % of total popula tion. Centra1 government plans the sewered 

population will be 54 % in 1993 and 70 % in 2000, respectively. 
The construction of sewer piping and municipal wastewater treatment plant 

results in the increase of sewage sludge. Statistical data shows that annual 

sludge generation amounted to 240 mi lMon tons ( 0.5 X sol id basis ) in 1988, 
and increased by 7 % a year. 
Treatment and disposal of municipal sewage sludge in a safe manner are very 

important to protect our environment. Currently, most local municipal i ties 
dispose sludges as a form of either dewatered cake or incinerated ash. For 

local municipalities, landfill disposal of sludge becomes much difficult in 
finding sites and in controlling secondary pollutions. Incineration, which 

enables to reduce the volume of sludge and to stabilize the organic compounds, 

has widely spreaded in Japan. Currently, approximately 54 % of total sludge is 
treated by incineration. This number is higher than European countries and USA. 
Incineration is suitable in highly populated area and complies with stringent 

regulations for aquous environment. Though incinera tion requires costs for 

construction and operation, the Japanese social si tuation will make 

incineration more popular in the future. 

This paper describes the overview of sludge handling, and focuses on the 

incineration. Three types of incinerators are explained, nul tiple Hearth 

Furnace, Fluidired Bed Incinerator, and nelting Furnace. From the 
environmental v i e ~  point, concerns arise for the control of gaseous emissions 

and leaching from residues. Drying process prior to incinera tion is recommended 
to improve the energy efficiency, and to enhance the capacity. 



2. S L U D G E  TREATMENT OVERVIEW 

2-1. SLUDGE TREATIIENT SYSTEH 

The sludge treatment system consists of several units  processes, such as 
Thickening, Digestion, Conditioning, Dewatering, Drying, Composting, and 
Incineration. Among these processes, most POTWs have Thickening, Conditioning, 

and De~atering processes. On the other hand, the selection of Digestion, 

Drying, or lncineration depends on each specific case. ~ a b l e - l  shows the break- 

down of sludge treatment system and i t s  number of POTWs in Japan. 14 % of POTWs 

have Incineration, while 54 % of generated sludge i s  incinerated. This means 

Incineration is mainly applied i n t 0  large scale POTWs. Drying i s  adapted as a 

pre-treatmant of composting or incineration. Composting has only 4 X share, due 

t o  marketing problems. Figure-l summarizes sludge treatment system. 

Gravi ty thickening is  s t i l l  popular in Japan as shom in Table-2. Recently, 

mechanica1 thickening has been applied mainly in waste activated sludge, which 

is  di f f  icul t  to separate i t s  moisture. Dr.Shimizu has calculated the energy 

consumption of total sludge treatment system, and ernphasized the importance of 

thickening process. The selection of mechanica] thickening brings dis t inct  

energy saving to the total sludge treatment system. 

Ef fects of the conventional anaerobic diges tion were disinfection, recovery of 

methane gas, and reduction of solid amount. On the contrary, the heat energy 

is necessary to enhance sludge teaiperature, and the dewatering perfomance i s  
often deter iorated.  On energy view poin t ,  the amount of methan gas i s  

generally not enough to aaintain the temperature of digestion tank. Several 

al terna tives are proposed and investiga ted such as, 

(1) Tw phase diges tions ( aerobic and anaerobic digestions ) 

(2) Addition of chmicals or enzymes to improve gasfication ratio 

(3) kchanical thickening to decrease tbe energy to heat up 



2-4. CONDITIONING AND DEKATERING 

The conventional inorganic chemica] dozing has been changed int0 the organic 

polymer dozing, together with the selection of dewatering machine. Since 

considerable amount of inorganic chemicals ( Ca, Fe ) remains in the dewatered 
cake and the incinerated ash, the inorganic dozing causes the increase in the 
disposed volume. As zhown in Table-3, the vacuume filter with inorganic dozing 

has been replaced by the bel t filter press wi th organic dozing. 



3. CHARACTERISTICS OF SEWAGE SLUDGE 

The sewage sludge consists of water and dry solid. Dry solid is devided int0 
organic ( combustible ) compounds and ash compounds. Here, the sludge means the 

mixed sludge of primary sludge and waste activated sludge. The amount of the 
primary sludge and that of waste activated sludge was formerly equal, but 
recently the ratio of waste activated sludge is increasing. Therefore, the 

ratio of organic compounds in dry solid is also rising, and its value is noN 

70-80 X .  Figure-2 shows the yearly change in the generating ratio and the 

composition of dry solid at the sewage treatment plant in the Tokyo 
netropoli tan District. This rising trend of organic compounds has brought two 

phenomena which have affected sludge treatment practice. One is the difficulty 

of solid/liquid separation ( at thickening and dewatering ), and the other is a 

rise in the sludge calorific value ( at incineration ). 

Nurakami,PhD has investigated the thermal characteristics of dewatered cake at 
sewage treatment plants. Various types of sludges were gathered according to 
the sewer collection system ( separated or combined ) ,  digestion, conditioning 

( inorganic or polymer ) , and dewatering machine. Consequently, one in teres ting 
classification was found with conditioning process. Figure-3 shows the 
relation between the Volatile Solids and the Higher Calorific Value ( HCY ) of 

dry solid. HCV of polymer dozing cake is larger than that of lime dozing cake. 
Follo~ing equations are proposed to explain the relation. 

Polymer Cake ; HCV = 58.3 x VS - 193 
Lime Cake : HCV = 56.4 x VS - 513 

where, HCV ; Higher Calorific Value of Dry Sloid ( Kcal/Kg-D.S.) 
VS ; Volatile compounds inDry Solid ( % )  

A t  the incineration process, the sludge calorific value is the factor to 
deteriine the auxiliary fuel consumption. The Lower Calorific Value of 

dewatered sludge is calculated by the following equation, 

uv = SOL. x 

where, LCV 

( HCV - HYD. X 18/2 X LAT. - ( 100 - SOL. x LAT. 

; Lower Calorific Value of Deawtered Wet Cake ( Kcal/Kg-Met ) 



SOL.; Solid Content in Dewatered Het Cake ( X  
HYD.; Hydrogen Content in Dry Solid ( X )  
LAT. : Latent Heat of Moisture ( appro. 6Oû ( Kcal/Kg ) 

Table-5 sunmarizes the sludge cha rac t e r i s t i c s  in Japan according to the 

Conditioning and Dewatering Machine. I f  LCV equals zero ( 0 ) ,  i t  ieans that 
the sludge has the calor ie  to evaporate i t s  moisture a t  O' C. Usually, 

autogeneous combustion point of incinerator i t se l f  i s  the LCV of 600 to 900 

Kcal/Kg-Wet, where exhaust gas temperature i s  300 to 500 " C. 



4.  S L U D G E  I N C I N E R A T I  O N  

4-  1. ADVAKTAGES OF INCINERATION 

hdvan tages of incineration are the reduc tion of volume and the s tabil iza tion 

of organic compounds. noisture is evaporated, and most organic compounds are 
decomposed and turned int0 stable gaseous forms. Pigure-4 explains the volume 
reduction effect  through incineration, and the dewatered sludge cake i s  reduced 

int0 6 % by weight and 10 % by volume, respectively. This volume reduction 
effect  means advantages in reducing (1) disposal s i  t e  cost, (2) transportation 
cost to disposal s i te .  Furthermore, i f  the melting furnace i s  employed, more 
margin of volume reduction effect can be obtained. 

In spi t e  of these advantages, careful  considerations should be taken fo r  

planning the incinerator. One i s  the economical evalua tion compared wi th other 
options. In Japan, the disposal cost i s  generally high compared to the burden 
of construction and operation cost. The other is  secondary pollution caused by 

incineration, such as the gaseous enissions and the leaching of toxic ma terials  
from incinerated ash. 

4-2. TYPES OF IKCIIRATOR 

There are two types of incinerator commonly used in Japan, Multiple Hearth 

Furnace ( MHF and Fluidized Bed Furnace ( FBF ). 
The f i r s t  incinerator of MF was installed in 1965, and MHF was dominating the 

market in the 1960s to the 1970s. That i s ,  for the incineration of deaïtered 

cake which has high moisture content and low ca lo r i f i c  value, HHF was most 

suitable as f a r  as structure and function. MHF has a lso been modified and 
improved to  meet the time-to-time demands, such as the energy-saving and the 
prevention of heavy ie ta l  leaching. Som of these improveients are Pyrolysis, 
Starved Air mode operations, and Re-Circulation of exhaust gas. 

In the 1980s, the conditioning process and the dewatering machine were 

changed. The Previous Lime-dozed vacuume f i l t e r  was replaced by a Pofymer- 

dozed bel t f i l t e r  press. This change resul  ted i n  the increase of sludge 

ca lor i f ic  value. In some cases, the ca lo r i f i c  value of sludge exceeded the 

se l f - sus ta ined  combustion point ,  and caused the r i s e  in  furnace o u t l e t  

temperature. I t  was diffcult to incinerate the high calorie cake with \HF. 



In  the 1960s to the 1970s, FBF was applied only in smal1 scale applications, 

in which the intermi t t e n t  operat ion was required.  FBF had a l so  the 

disadvantage that i t  needs more auxiliary fuel than MHF. In the 1980s. to 

incinerate the high calory cake smoothly, FBF had taken the place of M1F. The 

scale-up of the Furnace, and the pre-drying to save the energy had been 

acwmpl ished. Nowadays, mos t of the newly insta1 led incinerator are FBFs. 
Helting Furnace i s  the newest type of incinerator ,  where the furnace 

temperature exceeds t te  me1 ting point of ash. Hel ting %urnace can realize the 

maximum volume reduction ratio. tíany furnaces have been developed, and swe of - 
them are currently being operated. 

4-3. REGULATORY FRANE 

The exhaust gas from the incinerator and the leaching of heavy metals from ash 

are of concern. Table-5 & 6 are regulations s e t  forth in the exhaust gas of 

sludge incinerator and the leachate from ash. 

To comply with emission regulations , gas treatment devices are applied 

together w i  t h  improvements of incinerating condi tions. For acid gases ( SOx, 

HCI  ) and dust, most incinerators in Japan are already combined with the alkali 

scrubber and the electro s ta t ic  precipitator. Odor problems are serious i n  case 

of IIHF incinerating the polymer dozed cake. After-burning of exhaust gas ( 

exit gas of scrubber or catalytic mmbustion i s  sometimes applied. Though 

the mechanism of NOx formation is  not completely clear yet, data shows the lime 

dozed cake generats higher NOx than the polymer dozed cake in FBF. Some 

incinerators equip a catal ytic converter. 

Table-7 is  the limit of leaching, when sludge is  disposed on a landfill s i t e .  

I f  the sludge does not meet this regulation, sludge shall be disposed in the 

engineered b a n i e r  ( usually concrete structure ) w i  th treatment devices for 

leaching water. I n  Japan, soaie POTk, which receive industrial wastewater, are 

concerned wi th chromium leaching. 



5. M U L T I P L E  H E A R T H  F U R N A C E  

5- 1. STRUCTURE Ah'D FUNCTION 

The HHF i s  a cylindrically rigid multi-hearth type supported by a column as 

shown in Figure-5. Inside the steel shell i s  lined wi t h  heat-insulating bricks 
and heat-resisting bricks. Furnace is  devided into a number of hearths by the 

floors of f i r e  bricks. The center shaft, which i s  double p ip4  structure cooled 
by air ,  are provided from .the bottom to  the top of furnace. Two or four sets of 

rabble arms are attached in each hearth to s t i r  and feed sludge. The exit of 

gas and the inlet  of sludge cake are provided on the top of furnace. The hot 

a i r ,  together wi th combustion gas of auxiliary fuel, i s  introduced from the main 

burner. 

The sludge i s  fed a t  the periphery of the top hearth, scattered over the 

furnace floor by the rotation of the arm, and makes a spiral movement toward 

the drop hole a t  the center. On the second hearth, sludge is  noved outward to 

the holes a t  the periphery of the hearth. ( see Figure-6 ) The al  ternating 

location of the drop holes and the a l ternat ing sp i ra l  direction of sludge 

movemen t ensures a long retention time of sludge. 

The furnace consists of four zones ( shown in Figure-7 ). The top of the 

furnace i s  the f i r s t  zone of drying , where most moisture in sludge i s  

evaporated. The second zone i s  the combustion zone, where the remainig 

moisture i s  completely evaporated and most organic compounds are combusted. 

Usually, the temperature is  the highest in this zone. The third zone i s  the 

carbon combustion zone to combust the remaining carbon in sludge. The 

incineration i tse l f  i s  finished in this zone, and the sludge i s  turned int0 
innert ash. The las t  zone is the ash cooling zone, and the ash is  cooled by the 
combustion ai r .  

The features of HHF are as follows, 

(1) The retention time of sludge i s  approximately one (1) hour, and this long 

retention time enables the flexible operation for the fluctuation of cake 

feed rate. 

(2) Relatively low dust content i n  the exhaust gas. 

(3) Less horse power i s  required cumpared with FBF. 
(4) Less fuel oil  consumption, unless the odor is  of concern. 



5-2. STARVED AIR COÌIBUSTION OF HHF 

In ear ly  days, HHF was operated a t  the a i r - r a t i o  of 2.5 ( 2.5  times of 

theoretically required amount ). Thi s  conventional a i r - r a t i o  was selected in 

order t o  increase the capacity of the furnace and to prevent the cl inkers 

caused by local heating. But, such operation of high a i r - r a t i o  had demerits 

o f ,  

(1) exhaust-gas volume increase. 

(2) large gas treatment devices were required. 

(3) extra auxiliary fuel was necessary to heat up the surplus air .  

Since the oi l  shock of 1972, strong demand has risen to reduce the auxiliary 

fuel consumpt ion a t  incinerators. The starved a i r  combustion has been applied 

into many plants to reply to th i s  demand and to solve the demerits of the 

conven tional opera tion men tioned above. 

The starved a i r  combustion is  the operation under the low a i r - ra t io  of 1.5 to 

1.8. The existing HHF was modified for a i r  tightness. The simple reduction of 

the combustion a i r  caused these difficul ties asfollows, 

(1) Clinker trouble 

The temperature of the combustion zone is  increased by reducing 

the excess a i r  amount. I f  the temperature of the combustion zone 

exceeds 950" C, some ash cornpounds s ta r t  to melt. 

(2) Decrease in dry ing perf ornance 

I n  the drying zone, decratered cake contacts with the combustion gas. The 

evaporating rate is  represented by the equation of, 

R d  = A X Go.' X T m  
Where, Rd ; Evaporating Rate ( Kg-water/& Hr 

A ; Rate constant 

G ; Gas Height Velocity ( Kg-gas/& Hr ) 

Tm ; Rveraged temperature difference between gas E sludge 

I f  the a i r - ra t io  is  reduced from 2.5 to 1.5, the gas weight velocity i s  

reduced by 40 %, and this results in the decrease of the evaporating rate 

by 3.5 %. 
To solve these condi tions, the exhaust gas circulation system was employed. 



The exi t  gas of either the furnace or the scrubber was re-circulated int0 the 

bottom of the furnace. The average gas temperature i n  the combustion zone i s  

decreased by the diluting e f fec t  of the ciculated gas, and the sufficient gas 

amount i s  provided. Table-8 exp la in s  the  e f f e c t  of the  exhaust gas 

c i r cu l a t i on ,  concerning the  temperature of the combustion zone and the  

evaporation r a t e  in the drying zone. The s ta rved  a i r  combustion was 
es tab1 ised, and many zxis ting HHFs were modified. Figure-8 shows the f lowshee t 
of the starved a i r  cocabustion. - 

The starved a i r  combustion can reduce the amount of exhaust gas and the amount 

of a u x i l i a r y  f u e l ,  Figure-9 explains  these e f e c t s  compared with the  
conven tional operation. 

5-3. PYROLYSIS 

Most Japanese sewer systems receive industrial wastewater. In the 1970s, the 
tanning and metal-finishing industries caused the problem of chrome compounds i n  

sewage sludge. When the sludge containing chrome compounds ( usually as a form 

of tri-chromium ) was incinerated, chromium was oxidized into toxic hexavalent 

chromium and remained in the ash as such. The concern was the possi bi l i  ty of 

leaching of hexavalent chromium from ash a t  the disposal s i te .  The solution for 

this problem was urgently needed. A nurnber of methods have been proposed, and 

the pyrolysis system is  the one most frequently used in actual applications. 

Generally, the word of 'Pyrolysis' i s  used for the thermal decomposi tion of 

organic materials under the absense of oxygen. In this paper, the 'Pyrolysis' 

means the thermal decomposi tion of sludge under the reduction ataosphere. And 

sludge i s  turned int0 the pyrolysis gas, the tar, and the fixed carbon. 

5-3-1. Laboratory Test Results 

Laboratory t e s t s  have been car r ied  out t o  prove the effect iveness  of 

pyrolysis. Figure-l0 shows the tes t  resul ts .  The experiments on thermal 

dewmposition of sludge under various atniospheres revealed the following facts 

on the behavior of chrwe. 

(1) In case of oxygen free atmosphere, no hexavalent chromium is foraed. 

(2) I n  case of partial combustion, i n  which the oxygenhitrogen ratio i s  less 

than normal a i r  and the part of pyrolysis gas is inflamed, no hexavalent 

chromium is  formed during the period, in which a reducing atmosphere i s  



maintained by the remaining pyrolysis gas. The formation of hexavalent 

chromium dose starts when pyrolysis gas disappears. 

(3) Hexavalen t chromium is fomed under incinera t ion atmosphere. 

Also, the formation of hexavalent chromium is substantially facilitated by the 

existance of calcium, which is usually used in the tanning industries and is 

of ten added tB sludge at the condi tioning process. 
It has been confiraed that the oxidation of tri-chromium int0 hexavalent- 

chromium does not occur in the oxygen-free atmosphere or the partial combustion 
atmosphere, as long as the reactor is maintained in non-oridizing ( reducing ) 
condi tion. 

5-3-2. Pilot Plant Test 
The pilot plant was installed to confirm the performance of pyrolysis. Prior 

to MHF, dewatered cake was dryed by the indirect steam dryer in order to 

decrease the moisture content to 30 - 40%. UHF had the capacity of 2 tondday, 
and was designed to enable to change the air ratio for sludge combustibles. 

Figure-l1 shows the chromium behavior according to various air ratio. Under the 

reducing atmosphere ( air ratio < l ) ,  the formation of the hexavalent chromium 

is prevented. Through the pilot plant test, the following design criteria of 

!iHF is obtainted, 

* Air ratio for sludge combustibles 0.4 t0 0.8 
* Capaci ty of nHF 25 Kg-Dry Solid/mZ Hr 
* Maximum temperature 900 " C 

* Moisture content of inlet sludge 30 to 40 % 
Another important point in the test is the gasification ratio of sludge 

combustible. To use the heat energy of sludge effectively, this ratio should be 

high. Combustible compounds consist of the volatile matters and the fixed 

carbon. The gasif ication of the fixed carbon react nainly by equations of, 

C t Hz0 + CO + Hz 
C t CO* + 2CO 

In case of sludge pyrolysis, Ca and Fe compounds in sludge cake catarytically 

facilitate those reactions. Consequently, the sludge pyrolysis can achieve 
sini lar deconiposi tion rate to the conventional incineration. 

5-3-3. Drying-Pyrolysis System 

The Drying-Pyrolysis System has been established and applied int0 several 



plants in Japan. Figure-12 shows the flowsheet of the system. F i r s t ,  the 

dewatered sludge cake i s  fed to  the dryer, then the dryed cake with the 

moisture content of 30 to 40 % i s  fed to the pyrolysis furnace which i s  

usuallly a four hearth [HF. The indirect steam heating dryer has been adapted 

for this process. The advantages of using the dryer are, 

(a) Host of sludge moisture i s  evaporated a t  the dryer, the following 
pyrolysis furnace can be compact. 

(b) The temperature of the evaporated moisture a t  the dryer is  much lower 

than that a t  pyrolysis furnace, and the large energy saving can be 

expected. 

The exhaust gas from the dryer, which has high humidity, is water-scrubbed and 
induced int0 the furnace as the partial combustion air. 

In  the pyrolysis furnace, the combustibles in sludge are gasified and 40 to 60 
X of generated gas i s  combusted in the furnace. Here, the ash compounds are 

kept under the reduction atmosphere, and the formation of toxic hexavalent 

chromium i s  prevented. The exhaust gas from the pyrolysis furnace s t i l  l 

contains the combustible gas compounds, and i t  is completely burned out a t  the 

after-burner kith the a i r - ra t io  of 1.2 - 1.3 a t  the temperature of 900 C .  The 

combusted gas is  then introduced int0 the waste heat boiler to recover the 

steam which i s  used a t  the dryer and the heat exchanger. The exhaust gas from 

the boiler is  cleaned up through the gas treatment devices. 

The Drying-Pyrolysis System can solve the chromium problem in some areas of 

Japan, and also reduce the auxiliary fuel amounts compared with the conventional 

incineration. The fuel o i l  amounts of the Drying-Pyrolysis System and the 

conventional incineration are calculated and shown i n  Figure-13. 



6. F L U I D I Z E D  BED F U R N A C E  

6-1. STRUCTURE A N D  FUNCTION 

The FBF wns is t s  of a rigid cylindrical main body which is  covered with a 

steel shell. Inside the shell, the wal1 i s  lined with the fire-resisting bricks 
and the heat insulati3g bricks. The furnace i s  devided into two sections, the 

vacant free board on the top and the sand layer on the b o t h .  In the middle of 

the sand layer ,  the a i r  feeding P ipes  a r e  arranged to d i s t r i bu te  the 

combustion ai r .  The sand layer above the pipe is  called the sand bed, which 

achieves the heat transfer and mixing media during the operation. The lower 

part of the layer i s  the fixed bed ( dead space ) in ususal operation. The 

feeder of sludge and the auxil iary fuel burner ( and/or oil gun ) are installed 

on the side wall. 

The combustion a i r  is  usually pre-heated at  the heat exchanger, in which the 

exhaust gas of FBF i s  induced. Fed sludge i s  radically crushed and st irred in 

the bubbling sand bed. The moisture of sludge i s  evaporated and the 

combustibles are gasified i n  a short time. Host of the gas is  combusted in the 

sand bed and remaining is  in the free board. The incinerated ash i s  in the 

form of very fine particles and transfered with the exhaust gas flou. The 

auxiliary fuel oil  i s  used to  control the sand bed tenperature between 700 - 800 

" C. 
Hain design cri teria of FBF is listed below. 

* Air Ratio for sludge 1.3 
* Free Board Tempera ture 800 - 850" C 

* Combustion Air Temperature 400 - 600" C 

* Free Board Gas Velocity 0.8 - 1.0 n/sec. 

* Sand Bed Height appro. 1.0 m ( a t  stoppage ) 

* Capaci ty 170 - 200 Kg-wisture evaporationh2 Hr. 
These values are available for the sewage sludge combustion, which moisture 

range i s  65 X or more. 

The features of FBF are as fol lws,  

(1) Higher Incineration Perf omnce  

Since the sewage sludge and high &perature sand are stirred and mixed 

rapidly, the drying and the mmbustion of sludge can be finished quickly 



and more completely. 

(2) Clean Exhaust Gas 

The combustion gas is  retained for several seconds under 800 - 900" C. 
The volatile compounds in exhaust gas are completely burned out. Odor 

of exhaust gas i s  extremely low. 

(3) Easy lntemi ttent Operation 
Since the thermal capacity of the sand bed is  large, the temperature 

drop after stopping the operation i s  slow. The intemittent operation 

( day time operation ) can be achieved easily. 

6-2. FBF IEINERATION SYSTEH 

TWO different incineration sys tems has been used for FBF. One i s  the Direct 

FBF system and the other i s  the Drying FBF system. Figure-15 shows the 

flowheet of these two sys tems. The furnace tempera ture and the air-ra t io are  

essentially the same between the two systems. The selection of the system 

depends on each specific case, considering the capacity of the furnace and the 

operati on schedules, etc.. 

I n  the Direct FBF system, the dewatered sludge cake i s  directly fed into the 

furnace. The exhaust gas from the furnace is  heat-exchanged a t  the primary and 

sec'ondary heat-exchangers to increase the temperature of the combustion a i r  and 

the a i r  for the mist prevention ( pluae control 1, respectively. The exhaust 

gas i s  introduced into the gas treatment devices, which include the Cyclone, 

the Scrubber, the Alkali Absorption Tower, and the Electro Static Precipitator. 

Finally, the treated gas and the hot a i r  ( from the secondary heat exchanger ) 

are mixed and discharged from the stack. 

I n  the Drying FBF system, prior to the furnace, part of the dewatered cake i s  

dryed by the indirect s tem dryer, and iixed with remining part. The feeding 

rate and the dryed cake moisture are controlled to maintain the furnace i n  the 

self sustained combustion range. The exhaust gas from the furnace is led to the 

heat exchanger, where the combustion a i r  is heated up to 400 ' C. Then, the 

exhaust gas is induced into the waste heat recovery boiler, which generates the 

s tem used for the indirect s t em dryer, etc.. The exit  gas of the boiler is 
treated through the sa i e  gas t reat ient  devices as  the Direct FBF system. 

Finally, the pre-beated a i r  from the steam a i r  heater i s  mixed with the exhaust 



gas to prevent mist, and discharged. into atmoshere. 

The selection of the system depends on each specific case, such as the plant 

scale, the sludge characteris t ics,  the economical condi tions ( including fuel 

o i l  price 1, and the operation schedule. The environmental impacts, such as 

the ash characteristics and the exhaust gas quality, are the s m e  between the 

two systems. Figuïe-16 shows the auxi l iary  fuel o i l  consumption of FBF 
systems, according to various moistures and calor i f ic  values of the dewatered 

cake. In the Drying FBF System, the moisture evaporated in the dryer i s  

discharged a t  the temperature of 1ûû0 C, and the remaining moisture evaporated 

a t  the furnace and discharged a t  250 ' C af ter  the boiler. On the other hand, 

the moisture in the Direct FBF System i s  dischaged a t  450 ' C. This temperature 

difference real izes the substantial fuel oil saving in the Drying FBF System. 

Though the Drying FBF sys te i  can save fuel o i l  as shown in Figure-16, i t  

exhibi ts  higher i n i t i a 1  cost  due to the cos t  of the dryer and boiler .  

Therefore, the Drying FBF system is  economical in large scale applications and 

for relatively lok calory sludge. 

6-3. LARGE SCALE APPLICATION 

6-3-1 Background 

As mentioned above, FBF option was not been popular in the 1970s. I n  those 

days, large c i t i e s  selected mainly NHF, in which there were already a lo t  of 

large scale applications and NHF required less  fuel comsumption wi th lower 

furnace exit gas temperature. On the other hand, FBF was applied in smal1 scale 

plants and had excess fuel consumption. 

In the 1980s, the sludge conditioning process had been changed from the 

inorganic dozing int0 the polymer dozing and the Bel t Fil ter  Press replacing the 

conventional Vacuuae F i l t e r .  As a resul t of these tendencies, the lower 

calorif ic  value of the dewatered cake had increased drastical ly. 

In !W. the furnace temperature rose and this caused problems of, 

(a) Clinker formation in the copibustion zone 

(b) Evaporation of organic coopounds in the drying zone 

Though nHF was iaproved in a manner of the starved a i r  coabustion and the 

extraction of exhaust gas from the coaibustion zone, the operation of HF became 

difficult  and complicated. 



I n  FBF, the fuel o i l  consurnption has been reduced by the increase of sludge 

LCV and the progress of heat recovery equipment. The remaining drawback to FBF 
was scale. 

6-3-2 Large Scale Drying FBF Sytem 

The largest  fluidized bed incinerator for sludge was constructed a t  the 
Shingashi plant of t t e  Tokyo Retropolitan Dis t r ic t  in 1986. Two units of the 
indirect steam dryer are equipped prior to the fluidized bed furnace. A part of - 
dewatered cake is  fed int0 dryers to reduce i t s  moisture to 40 - 50 X .  The 

dryed cake i s  mixed with remaining dewatered cake, and the moisture of mixture 
i s  adjusted wi thin the range of 70 - 75 %. The system i s  designed to treat the 

deuatered cake of 250 Tons/Day. The specifications of the main parts and the 
design conditions are shown in Table-9 & 10. The fluidized bed furnace has a 
diameter of 6200 mm a t  the sand bed. Though, i n  a smal1 plant, sludge i s  fed 

into the furnace by a screw feeder, the cake spreader ( Figure-17 ) was 
developed i n  this plant to distribute sludge on bed equally. 

Table-l1 shows the actual  operation data of t h i s  plant ,  and the data i s  

summarized i n  Figure-18. I n  this figure, the actual fuel consumption i s  lower 

than the design value. From the actual data, LCV for autogenous combustion i s  

calculated as 320 Kcal/Kg-wet. That value i s  substant ia l ly  lower than the 

conventional !HF of 620 Kcal/Kg and the Direct FBF System of 900 Xcal/Xg. The 
bounds of this autogenous combustion points are shown i n  Figure-18. 

6-4. ECONOHICAL ASPECTS FOR ENERGY RECOVERY 

Recently, the improvement of the heat recovery equipment and the increase i n  

the sludge ca lor i f ic  value may suggest the future  direction of FBF system, 

which wil1 be not only the treatment facil i ty but the energy recovery system to 

supply  heat or electrici ty. Kasakura, PhD has engaged in the economie evaluat ion 

to verify the merit of the energy recovery system. Re has compared four (4) 
systenis. Two (2) of them are planned to recover the electrici ty f r m  the s t e m  
which i s  generated a t  boiler, and the other two (2) systems are designed only 

for treatment use as shown i n  Table-9. The econoaiical analysis has been carried 

out, considering the i n i t i a l  cost, i t s  annual amortizing cost, the operation 
and ia intenance cos t ,  and the incoae of energy supply. When the local  

iunicipality constructs the incineration system, a certain part of the in i t i a l  



cost is supported by the centra1 government of Japan. The calculation result 
shows that the the systems with electrical generation has the economical 

advantage, when the local municipality can receive large subsidy. But, systems 
without electric generation are low cost i n  case of the lower subsidy. 



7 .  M E L T I N G  F U R N A C E  

The melting furnace, which inside temperature exceeds 1350 to 1400' C, nelts 
the ash in sludge into the liquid fom. I n  las t  10 years, the melting furnace 

of sludge has been the object of nany discussion. Central government and local 
municipalities have conducted a number of reseach projects together with private 
s ec to r s .  Several commercial p lan ts  a r e  cur ren t ly  operated in Japan. 

Rdvantages of the k l t i n g  Furnace are, 

(1) The maximum volume reduction can be obtained. 

(2) Slag is  stable, and the leaching of heavy metals can be wmpletely 

s topped. 
(3) Slag can be used as construction materials. 

The Melting Furnace has been interested by major c i t ies ,  who are troubled with 
the shortage of disposal s i  te. Though the ie l  ting furnace can solve the sludge 

disposal problems, such high temperature operation i s  s t i l l  the obstacle for 
decreasing the fuel consumption, and establishing the O & H manners. 

7- 1. RELTIKG PROFILE OF ASH COHPOUNDS 

Table-13 shows composi tion, basici ty, and nel ting point of ash compounds i n  

sekage sludge. The ash composition of sludge i s  generally affected by the l i f e  
s tyle of inhabi tants, the sewer system, the soil condi tion, and the condi tioning 
process in sludge treatment. Among them, the conditioning process i s  a factor 
to affect i t  most significantly. For inorganic dozing, Ca and Fe are added a t  
the conditioning process and remains in ash. Basicity i s  given by ( CaO/Si02 1 
. The nielting point i s  the temperature a t  which a circular cone of ash halves 
i t s  height. 

To evaluate the melting characteristics practically, the Flow-Out Test ( shown 
in Figure-20 1 i s  proposed. Considering an actual operation of the melting 
furnace, the temperature i s  kept a t  constant point. The viscosity of melted 
slag a t  this temperature i s  a key to successful operation. The highest flow-out 
ra t io  is obtained a t  the basicity of 0.8 to 1.0. Usually, the inorganic dozed 
sludge has higer basicity than that of suitable operation range, and the polymer 

dozed sludge has h e r  basici ty. Therefore, the .el t i n g  addi tive i s  necessary 
to adjust the sludge basicity. Pumice ( s i l ica  hased glassy sand ) i s  used for 

the inorganic sludge, and l iae is used for  the polymer sludge, respectively. 



7-2. TYPES OF HELTING FURKACE 

There are several melting furnaces currently developed as  i n  Table-14. For 

al1 furnaces, the melting of either the dryed cake or the incinerated ash i s  

applicable. Since there are few uwnercial plants and relatively short term of 

operation, i t  is  diffJcult to discuss the comparative superiority of each type. 

The principle and feature of furnaces are described belw. - 

7-2-1. Cyclone bel ting Furnace 

The cyclone furnace was originally developed several decades ago, and used for 

the coal f i red boiler. The cyclone furnace is usually devided into three 

portions, primary, secondary, and ter t iary chambers. The conf igulations of 

each chamber are different among manufacturen. 

Deciatered sludge cake shall be dryed to 10% moisture content, and crushed. 

The cake and the combustion a i r  i s  injected tangentially into the prinary 

combustion chamber ( so-called cyclone ) to make a spiral flou. The sludge 

combustible i s  burned immediately and ash is  melted by the combustion heat. 

The furnace i s  kept a t  the temperature of 1400 to 1500" C, and the melted slag 

is captured on the inner wall and flowed down. I n  the secondary chanber, the 

slag from the primary chamber is  discharged from the gate. The combustion gas 

collides against the wall, where the slag, in mist form, i s  also captured and 

f lows down to the gate. I n  the tert iary chamber, the combustion gas i s  mixed 

w i t h  a part of dryer exit gas to decompose i t s  d o r  conpounds. The upper part 

of the chamber i s  equipped with a heat recovery boiler to generate steam for 

the drying equipment. 

The cyclone me1 ting furnace is  compact furnace and u t i l i zes  sludge calorie 

e f fec t ive ly .  O n  the other hand, the pre-treatment process ( drying and 

crushing ) beume larger than other types. 

7-2-2. Film Surface k 1  ting Furnace 

The film surface furnace consists of the primary & secondary conbustion 

chambers. Feeding sludge cake shall  be d ry rd  to approximately 20% moisture 

content. The primary wmbustion chamber has a double cyclindrical stmcture of 

ve r t i ca l  type. The outer cylinder and the botton bed r o t a t e  a t  1 to 4 
revolutions per hour. Fed material ( dryed cake or ash ) i s  f i l l e d  i n  the 



vacant space between the outer and inner cylinders, and conveyed towards the 

center by the rotation of the outer cylinder. As cake i s  exposed to high 

temperature in the center, moisture and volati les are gasif ied. Ash compounds 
a r e  me1 ted and flowed down i n t 0  the secondary combustion chaiber. The 

secondary combustion chamber i s  located below the primary chamber, and its 

function is  to m p l e t e  cosibustion and nelting. The slag i s  water quenched and 
discharged by the slay conveyor. 

The film surface furnace features the f l ex ib i l i t y  to t reat  wide range of 

sludge property and feedrate. However, the s t r u c t u r e  of the furnace is 

relatively complicated than others. 

7-2-3. Coke Bed nelting Furnace 

The coke bed furnace i s  widely used as the cupola furnace in steel industry, 

and applied into sludge treatment field. The furnace is  a vertical cylinder. 

Sludge with 50 % moisture and coke are fed to the furnace one after the other. 

The primary combustion a i r  i s  supplied to the bottom of the furnace. The sludge 
i s  heated by gas from the bottom, and f inally me1 ted a t  high ternperature of 

coke combustion. The upper portion of the bed is called as f ree  board, in 

uhich the secondary a i r  i s  injected to complete the combustion. 

The moisture content of the fed cake can be higher than that  of other 

furhaces. So, drying equipment prior to the furnace shall  be smaller than 

others. The furnace requires a t  least  a fixed amount of coke to naintain a 

coke bed. Usually, the furnace generates more heat than required for dryer or 

o ther dev ices. 

7-2-4. Arc nel ting Furnace 

The arc furnace i s  also widely used in the steel industry. Though the furnace 

can treat dryed cake in principle, the drying and the gas treatment equipment 

becoie larger and expensive. Usually, the furnace i s  recommended fo r  the 

treatment of incinerated ash. 

When electricity is  loaded to graphite electrodes, arc discharge occurs across 

electrodes and base ietal .  Ash is heated and melted a t  selected teisperature. 

The arc furnace has advantages of higher teaperature and lower exhaust gas. 

However, the energy cost i s  expensive capared with other furnaces. 
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M e a s u r i n g  c o n d i t i o n s  f o r  f l o w - o u t  r a t i o  

M e l t i n g  t e m p e r a t u r e  140U0C 

M e l t i n g  t i m e  Z o m i n .  

C r u c i b l e  A l u m i n a  B-1(20@ X 3 O m  

S a m p l e  w e i g h t  2 0  g 

- 

i n . )  

W e i g h t  s l a g  f l o w e d  o u t  o f  c r u c i b l e  
F l o w - o u t  r a t i o =  XlOO% 

W e i g h t  o f  s a m p l e  c h a r g e d  i n  c r u c i b l e  

M e a s u r i n g  p r o c e d u r e  f o r  f l o w - o u t  r a t i o  

S c r u c i b l e  t o  d i s -  S W e i g h t  o f  s l a g  Fl3F1 rj 

Basici t y  

F i g u r e 2 O  , B A S I C I T Y  V .  S .  F L O W - O U T  R A T I O  



Table - l SLUDGE TREATMENT SYSTEM IN JAPASN 

Treatment System 
L 

1) Thickening 

2) Thickening - Dewaterinp 

Number of 
POTWs 

3) Thickening - Dewatering - Incineration 

4) Thickening - Dewatering - Urying 

5) Thickening - Dewatering - Composting 

6) Thickening - Dewatering - Incineration or Composting 

Percentage 
in Total (16) 1 

34 

218 

7) Thickening - Digestion 

8) Thickening - Digestion - Dewatering - Drying 

9) Thickening - Digestion - Dewatering 

4.6 

29.6 

63 

8 

11 

2 

10) Thickening - Digestion - Dewatering - Incineratinp 

1 15) Thickening - Heat Treatment - Dewatering - Incineration l 1.1 1 

8.5 

1.1 

1.5 

0.3 

9 

17 

197 

29 1 3.9 

11) Thickening- Digestion - Dewatering- Composting 

12) Thickening - Digestion - Dewatering - Incineration 
or Composting 

13) Thickening - Drying (Sand bed ) 

14) Thickening - HeatTreatment - Dewatering 

1.2 

2.3 

26.8 

1 19) Dewatering 1 I1 I 2.2 1 

13 

2 

4 

3 

17) Digestion - Dewatering 

1.8 

0.3 

0.5 

0.4 

16 

20) Drying ( sand bed ) 

21) Others 

Total 

1.1 

18) Digestion - Dewatering - Composting 

System Including Digestion 

System Including Dewatering 

2 1 0.4 

6 

80 

736 

System Including Composting 

0.3 

10.9 

100.0 

288 

600 

39.1 

81.5 

30 4.1 

System including Incineration 104 1 14.1 



Table - 2 THICKENING PROCESS IN JAPAN 

v! 1981 
Method 

(l) Gravity 1 402 
I 

(2) Pressured 
Air Floatation 2 

l 

(3) Centrifuge 1 
I 

Two Stem or Parallel 1 

( Numbers of POTW ) 



i Table- 3 DEWATERING U N ~ F  IN JAPAN 

Others 18 1 O 1 O 20 3 8 

Total 1,415 1,463 1,489 1,548 1,611 1,638 1,713 

( Number of Unit ) 



Table - 4  INCINERATION IN JAPAN 

Numbers of Incineration System Persentage in x 1982 / 1983 1 1984 11985 1 1986 1 1987 1 1988 Totai('%) 
1 

Multiple Hearth 
54 Furnace 55 55 57 61 71 72 41.6 

FluidizedBed 
27 27 36 36 44 52 53 30.0 

Furnace 

1 Rotary Kiln 1 14 1 15 1 15 1 16 / 16 1 20 1 20 1 11.6 



Dewatering Machine 

Vacuume Filter 

Centrifuge 

Belt Filter Press 

Frame & Filter Press 

Screw Press 

Table - 5 CALORIFIC VALUE O F  SLUDGE 

Conditioning 

Chemica1 
Dozing 

Dozing 
Ratio 
('%J) 

Inorganic 
FeC13 : 10 % 

Ca(0II)z : 50 % 

organic 
P o l F e r  

FeC13 : 10 % 
Inorganic 

Ca(0II)z : 35  % 1 

Anion : - 
Cation : 1.0 % 

Organic 
P o l p e r  

Anion : - 

Cation : 0.8 % 

Organic 
Polymer 

Amount of 
LCV of I Dewatered Cake. Moisture 

of 
Dewatered Cake 

( " /U )  

Anion : 0.4 % 

Cation : 0.8 % 

HCV of 
Dry Solid 

( kcal 1 k g - ~ s  ) Dewatered ( kcal l kg-Wet Cake ) kg-Dewatered Cake 

kg-Original Solid 



Table- 6 REGURATION FOR EXHAUST GAS IN JAPAN 

Items 

Dust 
a t 0 2  = 1 2 %  

s o x  

NOx 

Odor 

P 

Tokyo M.D. 

Q < 40,000 Nm3h 
0.15 g/NmJ 

Q 1 40,000 Nm3h 
0.08 gíNm3 

q = K X  10-3He2 
K = 1.17 
He : modified stack 

hight 

x 
300 - 1,000 times 

~~P 

Osalta City 1 Nagoya City 

same as the left same as the left 

same as the left same as the left 

Same as the left I as the left 

1,000 times I 1,000 times 

x Dilution ratio to vanish away the odor 



Table - 7 REGULATION FOR LAND DISPOSAL 

I R - H g  N.D. 

The values in table show the regulatory 
Org - P lirnits of the leaching test. 

In leaching test, sludge is dilluted by 
CV (V ) 1.5 10 times water and stirred for 8 Hours. 

Then the soluble concentration of each 
As 1.5 compound is measured. 

CN 



Table - 8 EFFECT OF TIIE EXHAUST GAS CIRCULATION 

System 

Condition Gas Circulation ( % ) 

Operational 

Temperature at the 

Combustion Zone ( "C ) 

Air Ratio ( - ) 

x Rd : Drying Velocity at Each Condition 

Conventional Stawed Air Incineration 
System System 

Rc : Drying Velocity at the Conventional System 
Moisture : 78 % 

HCV : 3,500 kcal I kg-DS 

Rd: Rd = AxGo.8XAtm 



Table 9 SPECIFICATION OF MAIN PART 

Name 

d r y e r  ( 2 )  

d e h u m i d i f i n r  t o * e r  

f n r n a c e  

a i r  p r e h e a t e r  

n a s t e  h e a t  b o i l e r  

c y c l o n e  (2 )  

d r y  t y p e  E.S.P.  

a b s o r b e r  

w e t  t y p e  E.S.P. 

i n d u c e d  b l o m e r  

a s h  h o p p e r  ( 2 )  

e x c l u s i v e  b o i l e r  

i n d i r e c t  s t e a m  h e a t i n g  t y p e  

v e r t i c a l  c y l i n d e r  t y p e  

f l u i d i r e d  b e d  t y p e  

- 
r a d i a t i o n  t y p e  

w a t e r  t u b e  t y p e  

2  t o v e s  c o n n e c t e d  i n  s e r i e s  

h o r i z o n t a l  f l o w  t y p e  

v e r t i c a l  c y l i n d e r  t y p e  

down f l o w  t y p e  

t u r b o  b l o w e r  

t u i n  t y p e  e l v a t e d  t i g h t  t a n k  

f ! u e  a n d  s m o k e  t u b e  t y p e  

v a p o r i z e d  w a t e r  1 . 3 5 t / h r  

1 . 6 0 0 1 ~ ~  0 X 8 , O O O m H  

2 0 0 t  ( w e t  c t k e ) / d  

2 5 0 t  ( d r i e d  c a k e ) / d  

e x c b a n l e d  h e a t  1. 61  X I 0 6 k c a l / h r  

r e c o v e r e d  s t e a m  4 . 9 t / h r  

2 2 , 1 5 O N d / h r  ( a t  2 5 0 C )  

2 7 . 1 6 0 N d / h r  ( a t  2 5 0 C )  

3 . 0 0 0 1 ~ ~  0 x 1 8 . 0 0 0 m m H  

1 9 . 3 3 0 N m ' / h r  ( a t  40°C) 

4 5 0 6 / a i n x  1,300mmAq 

50 ni 

g e n e r a t e d  s t e a m  3 . 0 t / h r  

Table 1 0  DESIGN CONDITIONS 

1. d e m a t e r e d  c a k e :  c a k e  d e x a t e r e d  x i t h  c e n t r i f u g a l  s p a r a t a r  

c h e m i c a l s :  a r g a n i c  p o l y m e r  

m o i s t u r e  c o n t e n t :  s t a n d a r d  7 8 5 9  ( r a n g e  7 5 - 8 2 % )  

c o ~ p o s i t i o n  a f  s o l i d :  c o a b u s t i b l e s  7 0 % ,  a s h  3 0 %  

h i g h  c z l a r i f i c  v a l u e  o f  s o l i d :  4 , 0 0 O k c a l / k g  ( r a n g e  3 , 5 0 0 - 4 , 5 0 O k c a l / k g )  

2 .  a u x i i i a r y  f u e l  

f o r  t h e  f o r n ~ c e :  l o m  s u l f e r  A o i l  

f o r  t h e  e x c l u s i v e  b o i l e r :  k e r o s e n e  

3 .  i n c i n e r a t i n g  c a p a c i t y  

i n  t h e  c a s e  o f  s t e a m  d r y i n g  p r o c e s s :  2 5 0 t / d  

i n  t h e  c a s e  o f  d i r e c t  c a k e  f e e d  p r o c e s s :  2 0 0 t / d  

4 .  opera tin^ c o n d i t i o n  o f  t h e  f n r n a c e  

a i r  r a t i o :  m = 1 . 3  

g a s  o u t  l e t  t e m p e r a t u r e :  8 0 0 ° C  



Ta b l e 1 1 OPERAT I DN DATA 
furnice  f e d  

c a k e  moia -  

t u l e  centert 

(%) 

73.9 

73.7 

71.8 

71.3 

73.9 

73.2 

74.8 

76.4 

77.8 

78.3 

78. S 

77.6 

77.2 

71.0 

76.1 

75.9 

74.7 

74.2 

75.9 

71. B 

74.5 

77.2 

78.3 

75.5 

73.2 

71.8 

71.9 

69.7 

68.8 

69.4 

72. O 

72. O 

73.7 

72.2 

71. l 

71.4 

73.0 

73. o 
73.8 

68.8 

70.2 

73.0 

12.4 



Table - 12 FRF SYSTEMS FOR ECONOMTC ANALYSIS 

System Name 

System Merit 

Block Flow 

Direct FBF + Generator 

Electricity Recoverv 

Air Rntio 

- 600 % 800 'C 

, -  Wasted Heat Boiler 

l 
250'C 

I 
I Exhaust Gas Trentment 

l 

:+[~urbine ,  Generator ] 

I Steam Condensor I 

Direct FBF 

Simple 

Dewatercd Sludge Q 
Air Rntio 

FDF 1 . 3  

600 'C BOO'C 'I, 
250 *C 

Exhaust GasTreatment 

Drying FBF 

Energy Saving 

Dewatered Shdge  Q 

Air Ratio 

FUF 

400'C 800% 

Wasted Heat Boiler I 
I 

l atg 
I 

1 250 C 

Exhaust Gas Treatment c 

High Pressure Dewatering 

Electricity Recovery 

Dewatered Sludge 

Secondly Dewatering T 
Air Ratio 

I 
I 
I 
I 
I L +  Turbine, Generator l 

Steam Condensor 
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NEW TECHNIQUES OF SLUDGE MANAGEMENT IN 
THENETHERLANDS 

W.G. Werumeus Buning 
Water Authority "Hollandse Eilanden en Waarden" 



In 1988 the aïuxmt of dgnestic cewage slwe prcduad i n  the N e t h e r l a n l s  

was 280,000 ~IJTIS cm a dry m a t t e r  basis. phmFhate rennvai fronn effluentc 

can increase the amxnit of dmstic sluäge by 100,000 tms per year. In the 

year 2000 the aïuxmt of daaestic -ge sludge prduced is e x p c t d  to be 

400,000 tonc on a &.y matter bis. 

Table 1 iniicates the variouc ways in whic5-1 darestic sewage sludge was 

dispoced of in  the pericd 1981-1988. 

Table 1: Production and of -ge slwe in the Netherlanìs 

(1000 tors dry matter) .  

Coi l  timm der 
~rcduction 

1981 175 67 (38%) 37 (21%) 62 (36%) 5 (3%) 4 (2%) 

1982 195 77 (39%) 43 (22%) 63 (32%) 6 (3%) 7 (3%) 

1983 199 72 (36%) 53 (27%) 61  (30%) 6 (3%) 8 (4%) 

1984 202 65 (32%) 62 (31%) 66 (33%) 6 (3%) 3 (1%) 

1985 2 17 69 (32%) 72 (33%) 68 (31%) S (2%) 2 (1%) 

1986 237 82 (35%) 53 (22%) 92 (39%) 9 (4%) O (0%) 

1987 252 70 (28%) 53 (21%) ll9 (47%) 8 (3%) i (1%) 

1988 282 66 (23%) 55 (20%) 151 (54%) 8 (3%) l (0%) 

in recent yearc the cantrolled t iming of sludge (after dewater*) hac 

kaxme relatively intensive. Zhe agriculbxal use of sludge in the Nether- 

lanis is subject to the strict Caiddines of the Water Authorities Acsocia- 

tion. aiese Ciuidelines set limit values for the heavy metal content of the 

clwe ard for the maXimnn quantity w h i h  may be ap l ied  per hazbre per 

year: 2 t a n s ~ m a t t e r p r h e c t a r e p e r y a a r f o r ~ a n l l t O n d r y m a t t e r  

per hectare pr year for grascland. aie new Soil protection Act placec mre 
strirqent limits cm heavy metal cmcentmtions, extenis the limit values 



Table 2 gives precent ani Mure limit values for heavy metals ard arsenic 

in seimge s l w e  for agricultmai use. 

LiMt values Limit values Limit valuec 

prior to 1991 p- 1995 

J- 1, 1991 t0 1995 t0 2000 

aie cbjeaive is  IJ -te a sibxitim in the year 2000 in which the use of 

fer t i l izers  w i l 1  intmduce n0 more pollutmts into the soil than is reuoved 

by-cropc. 

Ihe quality of the -ge sluïge has irpmed in recent years awing to a 

reduction in the discharge of heavy metais by irùusìq. Nwerthelesc, a 

tightening of the regulaticms for the agriculbxal use of sewage slirage 

w i l l  result in a significant r d u d i o n  in the guantity of slixlge which is 

rerised. Ouier m a n s  of cìkpsal d 1  have to be fapd. ?he sms situation 

w i l 1  occur w i t h  the reuse of sludge in canpcst ani soil proauction. New 

legislation wil1 also br- an eni to this d k p x a l  rrzthcd w i t h i n  a few 

years. aiic nmzans that sewage sludge will cfmqe fmm a ' fe r t i l izer '  into a 

waste prohict. A minimization of the vol- of the sewage slcdge is thus 

h a m i l q  increacin3ly important. 



In the follmirq cecticms attention w i ì l  be @d to the state of the art of 

slidge dewaterbq, sludge dry*, sludge a q z s t b q ,  sludge incineration 

ani scnne prcmicing new kchniques. 

A t  t h k  mnaent, in the Netherlarids, the cewage cluige frcan apprmrimately 

100 wasbaater tre~.tment plants (Wï'Ps) k t h e Q 1 l y  daratered. In moct 

cases belt filter presses are uictalled. F i l t e r  presses ani centrifuges are 
used l e s  fmqumtly. lhe use of centrifucles is on the irrreace. 

Tabie 3 presents reCults abtained a 1989 ctuay of 28 belt filter 

P-. 

Wle 3: Lky colid w of -ge sludge dramtered by k e l t  filter 

1pesse1a (mmbr of inctallationc : 28) 

Oxidation ditch sluege 18% (range 16-21%) 
di- sludge 21% ( m e  18-22%) 

TIE dosage of p o l y e l e c t r o l ~  is + 4 kg/tnn &y matter for both oxidation 

di td l  sl* ani digected sl*. 

mis89anlis90somefullE;QletectswereperfanmeducingbeLtfilter 

pressec ani centrifuges to procgc different Sipes of sewage sludge. It was 

fami that, berause the daraterhg of sewage slidge k hamhq increacin- 



gly important, it is both r e e s s a y  ard pssible tn optimize bath %t 

f i l t e r  preCSes ard centrifuges. 

Mie 4 precents a srlmpcis of the test m=dts. 

Table 4: Full d e  dewatering test Mts: d q  mater omtents 

Nwbx of tests 

Cocidaticm dit& 24-34% 3 

digested sluàge 29-40% 9 

mixgi sludge 30-32% 3 

aerobicaily stabilizeä sludge 30% 1 

aie dry matter concentrations obtainsd in  the N1 scale tests are 5 to 10% 

higher than the results achieveù in arrrent practioe. Centrifuges achieve 

the highest dry natter canceritrations, aïthc9lgh polyelectmlytes have t0 be 

used a t  a 50-100% higher dosage as ccnnpared w i t h  Mt filter presces in 

order that centrifuges can achieve these resultc. 

'!Xe fu l l  d e  testc 4Lco irrlicated that  a constarrt sludge ccwp3sition is 

of great inprtance for the cp tbnu  prionrame of td21 telt filter presses 

ard centrifuges. In the design of a sludge dewatering facili ty one factor 

w h i d i  thuc hac to be taken intn ac<xxnit is a clcdge buffer to wen out the 

sl-e ccwpocition, axrpled w i t h  a 24 hmr p r  &y operation of the 

dewatering unit. 

A semrd factor which is also kexanhg  more impUrtant äue to Me need to 

inprove the operation of WI'Ps is the pollution genera- by the sluïge 

t r e a m .  In partiailar, the w c a l  dewatering of digested cluige 

reintrochroes a m - q l i g i b l e  axmmt of nitr0ge.n intn the w a t e r  lh of the 

WrP. 

One of the uethcds by which the volume of the c l w e  can be reduced is by 

thermicai drying aiter niechanid dmaterirg. In principle there are two 

drying rethds. Pie oldest methcxi is direct dry-, in which there is a 

direct amtact betvea the hut air or gas ard the sludge. aie seccnd methcd . . 
isindirectdrying. Inthismethcdthereismdirectcorrtactbetweenthe 



hot air or fl= gas ard the sludge. 

A disadvaneage of the direct drying m is that the dry* medium (air 

or f luegas )  is ' tedwith odairw mrnparn.ic, whichrEans that, 

before the medium can be disalarged int0 the open air, it is nececsary to 

treat the flaiing gas. 1t is exactly this odan aspect which militates 

against the use of a direct drying system. ?here is W an in=reacirq 

t e n d e r q ~ t h e u c e o f  iniirectdryur3.srctems. 

Generallyspeakingtheuseof an i rd i rec tdry iqsys temismteammicfor  

dry- sludge to a dry colids cmcentmtion of uore than 50%. However, nsi 
. . 
iniirect dry* syCtems have been developed w h i c h  can reach dry solids 
oxcerkations of up to 95% in an emmmical manner. surh system, 
called the Fxexqy m, uces precsurized suprhated trancport steam t0 
feed in the dewatered sluige. 'Ihe s1-e is dried in a m l t i s t a g e  procecs. 

As part of the W P  2000 Reseanh Progranm~ a desk study has been 

to examine the poccibilities of the U.S. -developed Qnrer-Qxmfield 

pmcess urder c-. Piis process, just like the E x e q y  

syctem, is a nnilti-stage dry- prcess.  Ihe characteristic of the QNer- 
Greenfield poces, hrNiwer, is that a high boilhq water insoluble carrier 

li@ is uced (nnst f r q w r k l y  o i l ) .  lñis makes it poccible to keep the 

sludge liquid chirirq the dry- prccesc. 

Ihe pmces exists in both a li*t ard a heavy o i l  variant. Ihe systm 

ucing l ight o i l  as carrier liquid p r d a e s  a dried sludge w i t h  less than 1% 

oil.  Ihe use of heavy o i l  meanc that the carentration of the o i l  in the 

dried sludge can rise to 35%. aie drieü sluige fmm thic procesc hac to be 

M a s  a fuel. 

In the W l F  2000 studymoct attention was @d 'ca the l ight o i l  system, 
which prwidec a dried sludge wtLich can be dumpi. Ihe light o i l  systw, 

houever, is mt a prwen teAmolcgy, &nxeas c<ane experience has been 
gained with the heavy o i l  syctem, which is i n  operation in Japan, for 

mie. 

Preliminzuy indicaticms shm a price per ton of dry colid which lies in the 

same range as other sludge hatdling teauiiques. For that reacon the 
cuggestion was made that, before htm3xur3. the proces int0 the Nethes- 
lm, mre  informtion charld be gained atw.rt operatimal exprience in 



the U.S.A. ani Japan. 

Slidge aqcstiq is nioctly used t0 pruïuce rrmpoct as fer t i l izer  or for 

use in Me soi l  pxriwtion. Becauce of the irn?=asirgly strict regulations 

m the beneficia1 use of aqcskd sludge, the use of as a fer t i l i -  

zer is M l q e r  -. -, -er, m also be used to 

rechrce the volume of the cluige. 

C a p x t h q  is an aercbic micmbiolcgical procesc c k r h g  whicii part of the 

organic matter present in the slidge becunes coridized. A certain amarnt of 

heat k alco proauced. Zhic remlts in a temp.lm of 50-70' C in the 

ampcdAqheap. ?he reduction i n thevo lme  i s d y  aa l iwedbythe  

evaporation of w a k .  

Zhe pruvince of Utreait is ta M d  a uqxstiq instailation, due to come 

intn aperation in 1992, the *city of ~ c h  w i U  be 15, o00 tons äry 

m a t t e r  per year. For the c m p d k q  pro=esc the slidge uill be mixed w i t h  

woorl chip in a wocd : s1-e ratio of 3 : l .  lhe installation w i l l  k e  a 

ampleteïy cl- cystem thraicpi which the sludge uill be transported by a 

'walking floor'. Since the installation is cloced it is n s ç s a x y  t0 use 
forced ventilation. Ihe total amxart of offgas is reìuced by usirq air 

recirculatim. Zhe o f f g a s .  w i l l  be tretaì in f i l te rs .  Before the 

sludge is transported to a lanrlfill the mcd cfupä d 1  be recarered. 

Figure 1 ChCkFj a schematic of the p- used in the cuqxst inctallation. 



Figure 1: Schem of tbe rmxess used in the am!wst installation of the 
ProvYice of Utredit 
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After w c a l  dewaterhg with belt f i l t e r  presses ar t ' -  des the 

sluege hac a dry matter crmtmt of 16-22% (see section 2) .  ?bis mans tha t  

it is not poscible to hm the sludge Wi thaR the addition of extra fuel. 

'Ihe introaiction of a new g m t i o n  dewaterirg uni t  might make it pcssible 

to kinerate the sludge autothermally in tbe future. 

One karrier to the -tien of an autothermal incineraticm p r c e s  is 

f o m  by the new restrictions placed on the offgases before they can be 

di ' ,ed. Cool- of the flue gases follawed by reheat* fo r  the 

pupoces of t reatmmt @lies a large 1- of heat. 'Lhis mearic that it is 
m=esaxy t0 dewater the sludge t0 more than 30-35% dry m a t t e r  before an 

autotheznial k h t i o n  kcares yxssible. 'Be introduction of sineiltanous 

chanical phosphate remmai dennds an wen hi- dry matter amxntmt ion  

for  autothermal i n c h t i o n .  

Present c- anl the (m) future nevertheless Constrain the 

designer of an k i n e r a t i o n  plant to start on the basis of sewage sludge 
. . 

mrhaining apprmrimately 18-20% dry matter, ~ c h  means tha t  external 

enerqy w i l 1  ke needed for the incineration ptocesc. It therefore pays to 
build an inctallation w i t h  an optinnan energy hxiget. 

In the N e t h e r l a r c i s  there are a t  precent three slidge k i n e r a t i o n  plants in 
aperation. Yearly abaut 10,000 tans of ds. soli& is kinerated. me 
example of a mxiem sludge k i n e r a t i o n  plant in the Netherlards is the 

plant a c h  is tn be -t in Dordrecht. T b s  design criteria for  this plant 

are presented in Table 5. 



Table 5: Design criteria for the Cmdr&~t sludge incineratim plant 

- design capacity 

-ramiberoffinnaces 

- opacity per furnace 

- operation hairc 
- dry matter -0n dewatered 

sluäge 

- range dry matter -tim 

dewatered sluäge 

- organic m a t t e r  alxmtration 

(incllxiirxj cfiemical phocEhate 

-) 

- amxnit of sludge 
- reserve capacity 



Figure 2 chow the proces flawheet of the plant. 

Figure 2: Pmzes flckisheet of EadrecM sliicbe inzineration plant 
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Ihe mechanically -tered sludge, havirq a dry matter ccmtent of about 

B%, willbedriedinanindirects ldgedryerto4O%ckymatter.  Ihe 

d m  used for cityhg the s l w e  is stemn dllch is partly derived fraan a 

-ge incineratian plant and partly fron heat m e r y  fmsa the hot flue 

gaces. A f t e r  d r y h g  the cluige wïll be hixmzited in a fluidize3 bed. Ihic 

is at present the cmïy type of ircineraticm qstm w h i c h  can achiwe the 

very strict emissicm sh&mìs, after treatment of the flue gases. 

Ihe treatment of the fìue gas is a very ' , 
' rt part of the incineraticni 

plant. ple emissim sh&mìs for flue gaces in the Netherlairlc (C;uideline 

cm Incineratian, August 1989) a n i  the Gennan TA IIift are g i m  in Table 6. 

W l e  6: nnissicm standard for flue gases (in &) 

ûuideline cm Ircixmzition, 

Auguct l989 

- total soli& 5 

- Hcl 10 

-HF 1 

-03  50 

- oiqanic (as C) 10 

- w, 40 

-No,  70 

- heavy metals: 
C t r t ~ V + S n + A s + N i + c e y r e  1.0 

al 0.05 

RI 0.05 

- FCDn5 ark FCDFs 0-1 W e 

It w i l 1  be mticed that the IXrtdi anission standardc for flue gases are 
amrq the most strict in the mrld. 'Ihe - required for the achiwe- 

ment of thic ctardard are  discus& belm for sgae specific carpxinents. 

- Total colids. Normally it is pocsible to abtain a wmmt?ation of total 

soli& of 5 n y / d  w i t h  the use of an electrostatic precipitator and a 

twostage wet  W c a l  suxkhr .  E e a u s e  an active carbon f i l t e r  is 
necesaq (see belu.4) a cloth f i l t e r  is required ämmsbam in order to 
eliminate smal1 abive cazbon prticles. 

- Hcl, HF, CO,. 'Ihese canpanentc are eliminated in the tun>stage w e t  



chemical scrubber. In order t, dimlliish the Cox emission fron the fluidi- 

z e i  bed a lime injector will ke hda i led  in the fluidized bed. 

- W, C&. Nozmally the anission of these ocrmponentc frcm a fluidizei bed 

isrmpmblem. A n a f t e i a y n e r ~ w ï u b e i r m r p o r a t e d i n t h e  

installation. In t h k  alamber the nue gas Kill attain a temperature of 

more than 850°C for a mininum of 2 -. 
- Heavy metals. 'Ihe heavy meteLc are nnstly attacfied tn the colids (fly 
ash) . Ihus the remwal of the Mal soli.& aLso remmes rmst of the heavy 

metals. 

Me?xmy (Hg) ani Caàmium (a) have a certalli wlatïl i ty in the tesnperak- 

re range of the flue gas. l k s e  are rrPctly elimir!ateü in the 

acid ccrubber. Ihere is sane daibt about the stability of the removal of 

mercury in these cQubber units. Since the emission stankrd for mercury 

is very ctrict an active olixol f i l t e r  w i l 1  be installei for reasonc of 

safes.  

- FCDW ani KFB. '&ere is a lwerproduction of FCCDs anl FCDFswhen 

sludge is incinerated than there is w i t h  the imirieration of *ge 

since sludge Containc m qnthetic polymerie cnganahlorine materials. 

Ihe shap of the f u r ~ e  cel& provides an extra safety factor. Ihe 

c- inider Wtiich the incinexation is wrduct&, tm, in ccmbina- 

t i m  w i t h  the aftertxuner &amber, p i d e s  a m .  risk of PCM) ard 

FCDF production. In aso$ination w i t h  the active f i l t e r  thic al lms 

the strict ctardard for FUXk ard FCDFs to be attained. 

- NOx. me kineration cmditions uced allm the pmdmtion of NO, t, ie 

avoided to a large degree. It is very diffiaïit t, p m c t  the q 
concentration inthe flue gas in  advance. ?he mal is f i r s t t o t a k e  

the incineration plant int0 operation a d  t0 measure the NOx mmzakrati- 
on in the flue gas. If, -y, the NOx esnision ctardard is nat 

achiwed, then extra measures w i U  have t, be taken. 

An bpxtant factor in the d i s a s i o n  of any cystan for handling sludge is 

the envinirmerhal impact of the system. In the kirieration of sliidge a 

very important factor is the amant of pollution h t r d u c d  by the sta& 

into the envirormient. Smetbes these emkcions of pollutants in the flue 

gas fom the reason for a decision in favair of slidge &y*, for example. 

Figure 3 iiluchates the balance of came heavy metals wer wastewater 

treabmt ani slidge hanilhg prceses. 'Ihe 100% level reprecents the 

t o t a l a m x a i t o f ~ ~ t a l s c c a n i n g i r r t o v k e ~ t e r t r e a t w n t p l a n t  

with the influent. It will ie noticed that only for mercur- is the total 



Figure 3: Heaw metal bal-. sludcre wastemter treatment arXt sludae 
incineration. 
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l m e  cost of the incineratian plant in mrdreait is calculated a t  this 

mcanent to be D.F1. 660,00/tor1 dry solids. Table 7 presemb the division of 
thic cost wer several areas. 

Table 7: Estimate2 coct of the D~rdrecilt sludge incineration plant 

f/ton &y colid 

- capilal cost 342 
- 71 

-m 20 
- -dectricity 54 

- chemicals 60 

- trancport sludge to inzineration plant 40 

- transport and dispocal residuai rcducts 56 

- siindries - 18 

total 660 

A new sludge hanilirq technigue Wtiich will cane intn operation in 1991 in 
the Netherlanis is the Vertech w e t  coudaticm process. aie Water Authority 

of the Veluwe has apted fo r  this p n x s s .  

m e  techriolcgy of the p- the use of the priciple of aqueais-@ase 

oxidation (m) called w e t  air &dation has been develcped in the 
U.S.A. Ihe first fullscale installation to investigate this prazss was 

built in ïagmnt (U.S.A. ) . 'lhis installaticm has a capacity of 23,000 tonc 

äry matter per year. Figure 4 gives a sichemtic imprescicm of the installa- 

tion. 



Figure 4: Verte& Reactor 

Under nonml conditions organic capan& like cewage sluäge wil1 nut react 

significantly with oxygen d e r  aqu- mnditions. Ihe cpecial -s 

conditions used in the AR3 praesc makes direct d d a t i o n  poccible. Ihese 

mnditims are: 

- tanperature higher than 200' C: 
- pressure higher than the correcponling vapr pressme of water: 

- expare  time loriger than 5 minutes. 

Essentially, the Verteai reactor mists of two concentric p i p  (d- 

m & upaaner) having a 1- of 1200 m. The sludge, having a dry matter 
content of akrut 5%, enten the de- wel1 reactor thrmqh the central pipe 



(cïmmxmr). A t  a certain depth pne axygen is added. Init ially,  the 

p- is heated by an external heater via a heat excfiange syctem. 

Afterthepro=eschasctartedhtisexdzm@betweentheeffluent 

leavirq the reaction z e  ard #e h n a h q  sludge. 'Ihe axidation prooess 

starts a t  a temperature of appraximately 175' C. As soan as the &dation 

takes place, the temperature of the procecc mixure will irulreace as  a 

renrlt of exathermic amixstion reactior~, whi& take plaae in the lm 

part of the reactor. 

Taripera~&precsureiru=reaceastheprraessmixureilBdaJnthrough 

the reactor. N e a r  the tuttau the weight of the liquid column ereates a 

pressure of 100 bar. l ñ i s  high pressure is achiwed w i t b a r t  hxrrbq 

high p 1 i . q  Casts. Ihe feed pma needs to aupnsa te  for the s m a l 1  
pressure differentia1 betmen iníluent ard effluent. Ihe temperature near 

the botkm is m r t x i m t e l y  275" C. 

me oxidized liquid flws back to the surface thraqh the of the 

reactor systm. ?he effluent frnm the reaction vesseï flm directly to the 

qas/liquid/colids separator. aie gas is strip@ off, the sepzaated soli& 

(ash) is s e c ~ ~ i c a l l y  dewater& k a filter p- ani L& r e m a h i q  

effluent is treaW in a wastemter treatment plant. 

aie cocts of the procecs are apprtximtdy D.Fl. 680.00/tnn dry matter. 

As a msult of the very strict G a v e  regulatianc it d l  be very 

diff icul t  in the nar future to use sludge as a fe r t i l i ze r  in the Nether- 

lanis. 'Ihic xa?ans that, regardles of the q s t e m  uced for sludge har&*, 

the endprcducts wïU have to be aIrmped. ?here is a stardard in  the 

Netherlandc which s t i p l a t e s  that the dimipirq sites have to be omdxwkd 

ani operated acn~rdirg to certain d e s .  anis the dmphq sites have tn be 

isolated by of W C  or  a clay layer. Zhe ufiole dmp- site has to be 

omtmlled co that if, for ewmple, there is a ledkage of percnlatim water 

it choeild be d t o r e d .  

We have no experience in the Netherlm with the W h q  of large quanti- 

ties of dried sluige whi& cmtains a large pemçntage of orqanic matter 

(> 50%) . %hen organic m a t t e r  is cìmpe3 it starts to ferment, deperiaing on 

the ambient inmLidity. One poccible risk is that the high &y matter 



concentraticm w i l l  d t  in a relatively long hydmlysis anl acid 

tion phace. lhk is indecirable. Ihe dunping of ach fran incineration 
plank does seem t0 be feasible. 

New mre stringent legislation for the leute of seuage sluige wil1 br- 

an end t0 the d k p s l  of this uateriai as fertilizer. Saimge sluage 
wil1 change frcnn a fertïlizer into a waste pmduct. For the short term 

mechanical dewa- ard dunping s e n s  t0 be the only colution. Over 
t h e l o r q t e r m t h e r e w i l l b e a t e r r i e n c y t a r a r d c a n ~ ~ o v ~ h t h e  

mechanical dewatering of sludge ard to a remiction of the quantity of 
the colids by dry-, aaopoCting ani inzineration. In al1 
caces the er4~roduct w i .U  be controlled tipped. 
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l INTRODUCTION 

There has been a serious problem in Japan that eutrophication 
occurs in enclosed water bodies such as Kasumiga-Ura, Tokyo Bay, 
Seto Inland Sea, and Lake Biwa. In the conventional wastewater 
treatment the main purpose is the removal of organic substancec. 
Rut in order to prevent eutrophication, it is important to 
reduce nitrogen and phosphorus in wastewter. 

One of the nitrogen removal methods is the physical and/or 
chemical methods. Another is the biologica1 rnethods. But the 
physical and/or chemical methods cost more and make more sludge. 
So recently the biologica1 methods are more favorable. 

Biologica1 nitrogen removal can be generally classified int0 the 
following two systems. The first is the multi-tank system, which 
usually uses two or more tanks. For example,the A2/0 process and 
the Bardenpho process are included in this systern. In the multi- 
tank system, nitrification and denitrification occur in different 
tanks. The role of the tanks is separated by space. 

The second system is the single tank system. This containc batch 
systems and intermittent aeration systems. In the single tank 
system, nitrification and denitrification occur in the Same tank. 
The role of the tank is separated by time. The single tank system 
is simple in construction, easy to contro; and does not need 
recycling of mixed liquor. This paper introduces the operational 
results of two rnethods of the single tank system in Japan. 



2 SIMULTANJZOUS N I T R O G E N  AND PBOSPHORUS REMOVAL 
B Y  THE I N T E R M I T E N T  C Y C L I C  P R O C E S S  

2 . 1  I N T R O D U C T I O N  

We have developed the Intermittent Cyclic process to remove 
nitrogen and phosphorus simultaneously.(Hayakawa a al., 1986) 
This process is one of the batch activated sludge treatment 
processes, and it consists of four processes: mixing, aeration. 
settling and drawing in one cycle. We conducted both 20-liters 
laboratory studies and 18-m3 pilot plant study. 

2 . 2  O U T L I N E  O F  I N E K M I ' I T E N T  C Y C L I C  P R O C E S S  

Figure 1 shows a schematic diagram of the Intermittent Cyclic 
process. The reactors are operated under time control, in one 
cycle consisting of four processes: mixing, aeration, settling 
and drawing. 

Two reactors are used and operated alternately. fhile reactor A 
is in mixing and aeration, reactor B is in settling and drawing, 
and influent wastewater is fed to reactor A. After predetermined 
time is passed, reactor A turns to settling and drawing, reactor 
B turns to mixing and aeration. and feeding of influent 
wastewater is switched to reactor B. In this manner. two reactors 
are operated alternately. so that continuously fed wastewater can 
be treated. 

Reactor A Reactor B 

Fig.1 Schematic diagram of the Interrnittent 
Cyclic process 



The mixing and aeration are repeated 3 times in one cycle to make 
anaerobic and aerobic conditions for simultaneous removal of 
organic substances. nitrogen and phosphorus. In the settling, 
solid-liquid separation occurs. In the drawing. the decanter 
lowers slowly and draws out the clear effluent from the top 
quietly. When the decanter lowers at the predetermined low water 
level, the decanter automatically goes up to the standby 
position. This completes one cycle. Several cycles of operation 
are performed in one day. 

2.3 MATERIALS AND METñODS 

Laboratory apparatus 

Figure 2 shows a schematic diagram of laboratory scale reactors. 
The volume of each reactor was 20 liters at high water level, 15 
liters at low water level. The reactors were stirred by the 
mixers during mixing and aeration, and had electric solenoid 
valves for drawing the supernatant except Run 1. A solid separa- 
tor with a pad to separate the supernatant from the activated 
sludge was used only in Run 1 for continuous aeration process. 
The microtube pumps fed the influent to the reactors. Al1 
apparatus were controlled by  times. 

Effluent 

\ Solid 
Separator 

Motor 

Effluent 

Run 1 R u n 2 - 5  

Fig.2 Schematic diagram of the iaboratory 
apparatus 

Pilot plant 

Existing 
aeiation 
grit cnamber 

Existing 
equallzng P 
tank 

Fig.3 Flow diagram of the experimental pilot plant 

A flow diagram of the experimental pilot plant is shown in Figure 
3. As illustrated in Figure 1, this process originally uses two 
reactors. But the experiment used only one reactor on the 
assumption that two reactors are under the Same conditions. 

The reactor was a steel plate tank, 1.5 m wide X 5.6 m long x 2.5 
m high. The volume of the reactor was 18 m3 at high water level, 
12 m3 at low water level. The reactor had a baffle on the 
wastewater inlet side (see Figure 1). The baffle was open at the 
bottom to allow wastewater intake. The reactor had a decanter 
consisting of a weir to draw out the supernatant, pipes and scum 



stopper floats. The decanter was driven by a hydraulic cylinder, 
and moved up and down between the predetermined levels at a 
constant speed. It quietly drew out the supernatant. Excess 
sludge was withdrawn by a submersible sludge pump. 

Experimental conditions 

The experimental conditions are shown in Table 1 and the 
operating conditions are shown in Figure 4. The water temperature 
was 20 "C in laboratory studies and 11.2 - 24.0 "C in the pilot 
plant study. The number of cycles was 4 cycles per dar. The 
operating conditions were continuous aeration (Run l), 3 hours of 
aeration (Run 21, 3 times of 15 minutes of mixing and 45 minutes 
of aeration (Run 3), 3 times of 30 minutes of mixing and 30 
minutes of aeration (Run 41, 3 times of 45 minutes of mixing and 
15 minutes of aeration (Run 5 and the pilot plant study). 
Settling was 1 hour and drauing was 2 hours. The aeration time 
ratio can be defined by the following equation. 

aeration time in one cycle(hours/cycle) aeration time ratio(-) = one cycle time(hours/cycle) 

Thus the aeration time ratio was 1 as Run 1, 4/8 as Run 2, 3 / 8  as 
Run 3 .  2/8 as Run 4, 1/8 as Run 5 and the pilot plant study. 
Influent was fed continuous (Run l), in mixing and aeration (Run 
2 - 5 and the pilot plant study). The composition of synthetic 
wastewater which was used in laboratory studies is shown in Table 
2. Domestic wastewater was fed in the pilot plant study. 

TABLE 1 Experimental Conditions 

Run number 1 2 3 4 5 pilot 

Water tem~erature(~C1 2 O 2 O 20 2 0 20 11-24 
Kumber of cycles (cycles/day) - 4 4 4 4 4 
Flow rate í l/day) 20 20 2 O 20 20 18m3 
Volume of reactoril at HHL) 20 20 2 O 2 O 20 18m3 

(1 at L K L J  - l5 15 15 15 121113 
Aeration time ratio ( - )  1 4/8 3/8 2/8 1/8 1/8 
BOD-SS load (gBOD/gSS/day) 0.096 0.090 0.085 0.083 0.083 0.059 

O 1 2 3 4 5 6  
Time (hr) 

Fig.4 Operating conditions 



TABLE 2 The Composition of Synthetic Wastewater 
(Laboratory Studies) 

Composition Concentration(mg/l) 

Peptone 180 
Meat extract 120 
Na2HP04.12H20 25.2 
CaC12.2H20 5.56 
MgS04.7H20 6.2 
KC1 4.2 
NaC1 9 0 
NaHC03 250 

Measured values(mg/l) : BOD = 169, T-K = 35.8, T-P = 4.5 

Analytica1 methods 

All analysis was done in accordance with JIS K0102 or 
Analytica1 Methods for Sewage (in Japan). 

2.4 RESULTS AND DISCUSSION 

Aeration time ratio and uitrosen. phosphorus removal 

In laboratory studies, several operating conditions were 
compared. Run 1 was the conventional continuous aeration process. 
Run 2 was the batch process that had only aeration. Run 3 - 5 had 
repeated mixing and aeration for simultaneous nitrogen and 
phosphorus removal. 

Figure 5 shows the relationship between the aeration time ratio 
and the nitrogen and phosphorus removal rate. Figure 6 shows the 
relationship between the aeration time ratio and the T-P content 
of sludge and the yield of sludge. The TKN removal rate was 
constantly high even under the condition that the aeration time 
ratio was 1/8. The T-N removal rate decreased largely as the 
aeration time ratio increased, and was lowered about 10 % in the 
condition that the aeration time ratio was 1, that is, in the 
continuous aeration process (Run 1). 

Aeration time ratio ( - ) Aeration time ratio ( - ) 
Fig.5 Relationship between aeration time ratio and Fig.6 Relationship between aeration time ratio and 

nitrogen and phosphorus removal rate T-P content of sludge and yield of sludge 



Similarly the phosphorus removal rate decreased rapidly as the 
aeratibn time rate increased, and no phosphorus removal occurred 
in the condition that the aeration time ratio was 1. It is due to 
NOx-T ( =  XO2-S + N03-N) not being denitrified enough in mixing 
when the aeration time ratio increased and the remaining KOx-N 
preventing release of phosphorus. This also proved that T-P 
content of sludge was 4 % in Run J ,  although 2.5 % in Run 1 from 
Figure 6. But the yield of sludge increased as the aeration time 
ratio decreased. 

From laboratory studies. Run 5 showed the highest removal rate of 
nitrogen and phosphorus, so the operating condition of Run 5 was 
adopted in the pilot plant study. 

Results of pilot plant operation 

Figure 7 shows variations in the water temperature and influent 
and effluent BOD for eight months. The influent showed a little 
variation. The figure is represented by monthly means. The 
reactor water temperature in the experiment was between 11.2 OC 
and 2 4 . 0  OC. The results of the removal of organic substances 
were good. The influent BOD values were in the range of 1 7 0  - 2 9 0  
mg/l, the effluent BOD values were below 20  rng/l, its average was 
8 . 1  nig/l. 

Figure 8 shows variations in influent and effluent T-N. The 
influent T-ìi values were in the range of 3 0  - 4 2  mg/l, the 
effluent T-N values were below 1 0  mg/l with some dispersion. its 
average was 5 . 0  mg/l. The mean of the nitrogen removal rate was 
86 % .  It was the Same value as in Run 5 of laboratory studies. 

Figure 9 shows variations in influent and effluent T-P. The 
influent T-P values were in the range of 4 - 5 mg/l, the effluent 
T-P values were almost below 1.5 mg/l with some dispersion, its 
average was 0 . 7 9  mg/l. The mean phosphorus removal rate was as 
high as 82 % .  Simultaneous nitrogen and phosphorus removal was 
also achieved in the pilot plant study. 
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Fig.7 Variations in water temperature and Fig.8 Variations in influent and effluent T-N 
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Variations in one cyclc 

Figure 10 shows BOD, NOx-N and T-P variations in one cycle. The 
samples. obtained from the reactor mixed liquor, were filtered 
through filter paper No. 5 C and subjected to an analysis of 
soluble components. First, BOD concentration decreased linearly, 
when aerobic or anaerobic conditions were conducted. 

KOx-N declined like zero-order reaction caused by denitrifica- 
tion in mixing, and rose like zero-order reaction by nitrifica- 
tion in aeration. In the repetition of alternated aerobic/ 
anaerobic conditions during mixing and aeration, NOx-N rose 
and declined concurrently. 

T-P changed in reverse compared with that of NOx-N. In other 
words, T-P was raised by the release of phosphorus from cells in 
the anaerobic condition of mixing, while T-P was lowered through 
the rapid uptake of phosphorus caused by biologica1 luxury uptake 
in the aerobic condition. Similarly to NOx-N . T-P declined and 
rose in the repeated alternation of .aerobic and anaerobic 
conditions with its variation diminishing hourly. 

During the settling and drawing, phosphorus was released in the 
sludge zone in the bottom of the reactor, and T-P of the superna- 
tant was rnaintained low. It proves that phosphorus relcased in 
the sludge zone would not enter the supernatant at least during 
settling and drawing. 



2.5 CONCLUSIONS 

Our study conducted 20 liters laboratory studies and 18 m3 pilot 
plant study. We used the Intermittent Cyclic process designed for 
wastewater treatment. The process included alternating aeration 
and mixing. The results were the following: 

(1) In laboratory studies, the aeration time ratio from 1 to 1/8 
were compared. Nitrogen and phosphorus removals increased as 
the aeration time ratio decreased. 

( 2 )  Nitrogen and phosphorus removal rates were most heightened 
in the operation condition, Run 5 ,  that is. 3 times of 45 
minutes of mixing and 13 minutes of aeration in laboratory 
studies. 

( 3 )  Eight months of operation in the pilot plant recorded high 
nitrogen removal rate: mean 86% and maximum 96%, phosphorus 
removal rate: mean 82% and maximum 93% about Same as 
laboratory studies. 

( 4 )  In one cycle, NOx-N of the reactor declined in the anaerobic 
condition and rose in the aerobic condition. The T-P 
concentration showed, in reverse. an increase during mixing 
and a decrease during aeration. 



3 NITROGEN REMOVAL BY AUTOMATIC CONTROL O F  AERATION T I M E  
I N  THE INTERMITïENT A E M T I O N  ACTIVATED SLUDGE P R O C E S S  

3.1 INTRODUCTION 

Recently, the activated sludge process using the intermittent 
aeration has attracted genera1 attention (for example Iwai g 
al., 1981). With the intermittent aeration, the process can 
L 

achieve not only high nitrogen removal but also reductions in the 
electric power costs of the blowers. In previous intermittent 
aeration operations, timers have been used to switch on and off 
at preset times. however these system could not adjust to actual 
variations in flow rate, influent quality and the activated 
sludge concentrations (MLSS) frequently seen in wastewater 
treatment plants. 

To make the treatment process appropriate for variations in flow 
rate, influent quality and MLSS, we have developed the system in 
which we measure and calculate the respiration rate of the 
microorganisms within every brief segment of the aeration 
period,and by calculating the integral of the respiration rate. 
obtain the oxygen consumption amount during the aeration period 
of the present cycle.(Hamamoto a., 1990) 
This allows US to calculate the necessary aeration time for the 
next cycle and to control the aeration time with an on-off 
control of the aeration equipment. We applied this system to nine 
existing wastewater treatment plants to control the aeration 
times automatically, and achieved high nitrogen removal. 



3.2 CONTROL TUEORY 

The dissolved oxygen (DO) mass balance in a complete mixing 
aeration tank is shown in Figure 11. Variations in DO concentra- 
tion can be expressed as in equation (1) from the DO mass 
balance. 

where Q : flow rate (m3/day) 
V : volume of the aeration tank (m3) 
r : sludge recycle ratio ( - ) 
C : DO concentration in the aeration tank (mg/l) 
Co : DO concentration in the liquor transported to the 

aeration tank (mn/l) 
Cs : saturated DO concentration (mg/l) 
Rr : respiration rate (mg/l-hour) 
dC/dt:variations in DO concentration in the aeration tank 

(mg/l-hour) 
KLa: overall oxygen transfer coefficient (l/hour) 

Aeration tank 
effluent 
Q(l +r) 

K ~ a ( c s - C )  

Ai r 

Fig.1 l Dissolved oxygen rnass balance in 
a complete mixing aeration tank 

The respiration rate (Rr)of the activated sludge can be expressed 
as in equation (2) from equation (l). 

Rr = 1/24 Q(l+r)/V (Co-C) + KL~(C,-C) - dC/dt ( 2 )  

Here attention should be paid to the magnitude of each coeffi- 
cient. For example, in the wastewater treatment plant of the 
extended aeration process under the supposition that the terms 
are usually given in the following ranges: 

Q0 : design flow rate (m3/dayj 

The coefficient of the first term of the equation (2) is 1/24 
Q(l+r)/V = 0.017 - 0.17 and the coefficient of the second term is 
KLa = 1.5 - 5. 

Because the coefficient associated with the first term is only 
0.003 - 0.11 as large as the coefficient of the second term, the 



first term can usually be ignored. Then equation (2) can then be 
expressed as in equation (3). 

The oxygen consumption amount (02) completed by the activated 
sludge during one aeration cycle can be expressed as in equation 
(4). 

T0 
O2 = V S Rrdt 

0 
(4) 

O2 : oxygen consumption amount within one cycle 
(kgOz/cycle) 

To : aeration time within one cycle (hours/cycle) 

The oxygen transferred to the aeration tank (OC) can be expressed 
as in equation ( 5 ) .  

OC : oxygen transferred to the aeration tank (kg02/hour) 

The necessary aeration time within one cycle (Ta) can be 
expressed as in equation (6). 

Ta : necessary aeration time within one cycle (hour/cycle) 
Sf : surplus factor ( - 1  

KLa can be expressed as in the equation (7) after correction is 
made for the water temperature and wastewater (Eckenfelder and 
O'Connor.1961). 

a : ( K L ~  in waste water)/(K~a in tap water) ( - )  
0 : temperature coefficient of KLa ( - )  
T : temperature in the aeration tank ('C ) 
KLa(20) : KLa at 20 "C in tap water (l/hour) 

Saturated DO (Cs) in the aeration tank can be expressed as in 
equation (8) after correcting for the water temperature, air- 
diffused submergence depth and wastewater (Eckenfelder and 
O'Connor,l961). 

B : (Cs in waste water)/(Cs in tap water) ( - 1  
H : air-diffused submergence depth (m) 

Using equations ( 3 )  through ( 8 1 ,  the aeration tank volume (V) and 
air-diffused submergence depth (H) can be specified for a 
particular plant. When the KLa of the plant is determined 
through measurements, and the DO (C) and the water temperature 
(T) in the aeration tank are evaluated, the necessary aeration 
time can be calculated. This aeration time can be used for the 
next aeration cycle 



This concept can be explained by a simple figure, Figure 12 
Figure 12 means the following: 

Supposing that there is an aeration tank filled with tap 
water without DO and the aeration is started, the DO 
concentration of the tank will increase according to the 
theoretica1 ascending DO curve like 1. 

When the activated sludge exists in the tank and influent 
wastewater enters int0 the tank, the DO will increase 
according to the curve like 2. 

AL any brief segment the difference between curve 1 and 
curve 2 corresponds to the respiration rate of the activated 
sludge. 

Area 3 which is surrounded by curve 1 and curve 2 means the 
total oxygen consumption in the first aeration cycle. 

The oxygen transferred to the tank can be calculated by 
using K L a  The aeration time 4 in the second cycle is 
calculated to divide the total oxygen consumption of the 
first cycle by the oxygen transferred to the tank. 

After the second aeration cycle, the Same processes from (1) 
to ( 3 )  are repeated, so the aeration time is decided one b y  
one. 

In Figure 12, when the DO is high like in the first cycle. the 
total oxygen consumption is small, so the next aeration time is 
shortened. When the DO is low like in the second cycle, the total 
oxygen consumption is large, so the next aeration time is 
prolonged. 

This system assumes that the influent load of the next cycle 
roughly equals the load of the present cycle. But the influent 
load of a plant sometimes increases or decreases suddenly. In 
these cases if we use only calculated aeration times, aeration is 
not enough or is in excess. 

To correct these defects, we have a backup system in this 
process. If the DO of the tank is lower than the predetermined 
minimum DO level at the time which aeration stops, the aeration 
time is prolonged. If the DO is higher than the predetermined 
maximum DO level, the aeration time is shortened. 
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3 . 3  MATERIALS MD METHODS 

Experimental plants 

An outline of the experimental plants is shown in Table 3. There 
were seven experimental plants of the extended aeration process 
with a design flow rate from 54 to 590 m3/day, and two plants of 
the conventional activated sludge process with a design flow rate 
from 2,565 to 3,100 m3/day. The seven plants treated wastewater 
from houses, the two from schools, the one from stores and public 
halls. 

An example of the flow diagram of the experimental plants is 
shown in Figure 13. The DO and water temperature sensors were 
located at the last compartment of the aeration tanks in al1 
plants. The measured values of the DO and water temperature were 
sent to the microcomputer. The microcomputer calculated the 
values by equations from ( 3 )  to ( 8 ) .  and sent control signals to 
blowers. 

TABLE 3 Outline of the Experimental Plants 

- 

Plant name K0 SG K I C S N SI Y 

Treatment system conv.' conv. exten.*exten. exten. exten. exten. exten. exten. 

Facilities houses houses stores houses school houses houses school houses 

Design flow 2.565 3,100 590 538 390 313 200 107 54 
rate (m3/day) 

Volume of aera- 943 1,034 702 542 343 321 215 75 57 
tion tank(m3) 

conv. = the conventional activated sludge process 
exten.= the extended aeration activated sludge process 

Blowers Miciocompuler 

---------P 

Fig.13 Example of flow diagram of 
the experimental plants 

Experimental conditions 

The experimental conditions are shown in Table 4. The operating 
cycles were set at 12 cycles/day in the conventional activated 
sludge plants, and at 6 cycles/day in the extended aeration 
plants. 



TABLE 4 Experimental Conditions 

Plant name K0 C G  K I C S S S I Y 

Number of cycles 12 12 6 6 6 6 6 6 6 
(cycles/day) 

Recycled sludge con-* aera-• aera- aera- aera- aera- aera- aera- aera- 
operat ion tinoustion tion tion tion tion tion tion tion 

KLa(20) (l/hour) 3.23 2.00 2 . 4 4  1.80 1.70 2.84 2 .73  2.80 2 . 4 1  

* continuous = sludge recycling occurred continuously. 
aeration = sludge recycling occurred only when aeration aas performed. 

The pumps for recycled sludge were air-lift pumps except for in 
K0 plant. Some of this air was also sent by the Same blowers for 
aeration. Thus, sludge recycling occurred only when aeration was 
performed. Only K0 plant had motored pumps for recycled sludge, 
thus in K0 plant sludge recycling occurred continuously. The 
values of K~a(20) used by automatic control in each plant are 
shown in Table 4. 

The coefficients used in this experiment were as follows: 

Analytica1 methods 

Al1 analysis was done in accordance with JIS K0102 or 
Analytical Methods for Sewage (in Japan). 

3 . 4  RESULTS RND DISCUSSION 

KLa measurement - 

KLa in al1 plants was derived under the condition in which both 
influent and sludge recycling were stopped. and the activated 
sludge was present. It was calculated using the triple division 
-overall addition method (Iwamoto, 19821 after obtaining the 
ascending DO concentration curve under unsteady-state. The 
ascending DO concentration curve used for calculating KLa in K 
plant is shown in Figure 1 4 .  From this analysis, K~a(20) in K 
plant was found to be 2 . 4 4  l/hour. 

K~a(20) values measured by the Same method in al1 plants were 
shown in Table 4. The values of K~a(20) of each plant were 
entered in the microcomputer and were used in automatic aeration 
time control. 



Time (min) 
Fig.14 Ascending DO curve from which 

K L ~  is calculated 

Variations in respiration rate during the aeration cycle 

Figure 15 shows variations in the DO concentration in the 
aeration tank during one cycle in K 0  plant, and Figure 16 shows 
variations in respiration rate derived from equation ( 3 )  based on 
the above DO concentration. We measured the respiration rate 
according to The Analytica1 Methods for Sewage (in Japan) in the 
Same cycle. It is shown in Figure 16. 

The respiration rates derived by calculation varied slightly, but 
they were integrated before they were used so that their 
variations, when moderate, have no i11 effects when used for 
automatic control. The respiration rates by equation ( 3 )  were 
almost the same as the respiration rates b; The Analytica1 
Methods for Sewage (in Japan). 

1'0 20 3'0 40 s0 60 ik 
Aeration time (min) 

Fig.15 Variations in DO in the aeration 
tank during one cycie 

0- 
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Aeration time (min) 

Fig.16 Variations in respiration rate in the 
aeration tank during one cycle 



Automatic control of aeration time 

Figure 17. 18, 19 and 20 show examples of automatic control of 
aeration time during 1 week in KO, I. C and K plants. respective- 
ly. CO and I plants were facilities for treating wastewater from 
houses. In these cases aeration times were controlled by daily 
variations in the flow rate. C plant was a facility for treating 
wastewater from a college. In this case the influent load had 
daytime peaks on weekdays, thus aeration times were controlled 
according to these peaks. K plant was a facility for treating 
wastewater from stores and public halls. In this case the 
influent load was large on weekends (Saturdays and Sundays). Thus 
aeration times were controlled by ~veekly variations in the 
influent load. In al1 the experimental plants aeration times were 
coritrolled by the influent load which \ras characteristic to each 
plant 

Day of the week 

Fig.17 Aeration time control of one week 
(K0 plant) 

don Tue Vied Tinu F r  Sat Sun 

Day of the week 

Fig.19 Aeration time control of one week 
(C plantj 

Day of the week 

Fig.18 Aeration time control of one week 
(i plant) 

Day of the week 

Fig.20 Aeration time control of one week 
(K plantj 
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Fig.21 Daily flow rate and total daily aeration 

time by day of the week (K plant) 

In K plant, the influent load varied according to the day of the 
week. Thus, the flow rates and total daily aeration times of 
every day of the week are plotted in Figure 21. 

Figure 21 shows that the flow rate was highest on Sundays, and 
lowest on Wednesdays. The total daily aeration time was shortest 
on Thursdays. This is due to the hydraulic detention time of 
wastewater in the aeration tank which was about one day including 
recycled sludge; thus variations in the aeration time that 
followed the changes in the flow rate was delayed in proportion 
to the hydraulic detention time. 

From this analysis it becomes evident that the aeration time was 
effectively adjusted by the automatic control system to meet such 
large weekly variations in the influent load as seen in K plant. 

Figure 22 shows the relationship between the average BOD load 
ratio and the total daily aeration time in each plant. Here the 
average BOD load ratio means the following equation. 

average flow rate * average influent BOD 
average 'Oad ratio = design flow rare design influent BOD 

In Figure 22, when the average BOD load ratio was larger, the 
total daily aeration time was longer. From this analysis, the 
total daily aeration time was controlled by the average BOD load 
ratio. This means that in any plant aeration time is controlled 
properly from the early times of the plant start-up to the period 
in which the flow rate is gradually increased as the time 
proceeds. 



Average treatrnent results in each plant are shown in Table 5. 
Figure 23 and 24 show variations in effluent BOD and T-N in I and 
N plant. respectively. And Figure 23 and 26 show variations in 
influent and effluent organic substances and nitrogen in K0 
plant, respectively. 

In al1 plants, effluent organic substances were stable and low. 
The average effluent BOD values \+ere in the range of 2.3 - 7.0 
mg/l, average COD-Vn(100 "C , KVnOqi values were in the range of 
6.0 - 10.3 mg/l, average SS values were in the range of 2.7 - 7.2 
rng/l. The rernoval of organic substances was quite satisfactory. 

The average effluent T-N vai~ues in each plant irere in the range 
of 1.6 - 6 . 1  rng/l. From Figure 26, the nitrogen removal rate in 
K0 plant was 29% in conventional operations, and 72% in automat- 
ic control. The nitrogen rernoval rate increased over 40%. 
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Fig.23 Variations in effluent BOD and T-N 
(l plant) 

Time (day) 

1nl:;enlEOD Enluer2T-r1 EY;uo-I I.HIH E W e z l  t iC?r l  
i ..*.. t -* - 

t !  

Ë - 15 
f 

T - N  l 

t- 
D 

n 10 

O 
3 

A.. .A . . . . 5i+---4& 1 
5 

00 2.g 40 EO 80 100 

Time (day) 

Fig.24 Variations in effluent BOD and T-N 
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TABLE 5 Average Treatment Results 

Plant name K0 CG K I C S N SI Y 

Design flow 2,565 3,100 590 538 390 313 200 107 54 
rate(mS/day) 

Flow rate 2,240 2,280 274 278 134 176 134 31 32 
(m3/day ì 
Total daily aera- 11.3 16.7 10.2 8.8 3.6 10.5 8.2 8.3 8.6 
tion time(hours/day) 

removal í % )  93.7 97.8 99.2 97.0 97.2 - 97.6 96.9 - 

influent(mg/l) 67 205 190 197 114 - 195 126 - 
SSeffluent(mg/l)3.4 3.8 4.8 4.1 3.5 3.1 2.7 6.8 7.2 

removal ( % )  94.8 98.2 97.5 97.9 96.9 - 98.6 94.6 - 

influent(mg/1)30.4 40.1 34.7 33.0 41.8 - 20.3 40.3 - 
T-N effluent(mg/l) 7.7 8.1 3.4 1.6 3.8 3.7 2.5 4.4 4.7 

removal ( % )  74.6 79.8 90.2 95.2 90.9 - 87.7 89.1 - 

The relationship between the influent C/N ratio and the effluent 
T-N in each plant is shown in Figure 27. In conventional 
operations the effluent T-N increased as the influent C/N ratio 
was lowered. In automatic control, the effluent T-N was low and 
stable under these experimental conditions with the influent C/N 
ratio between 2 and 10. 

From these results, if you apply this system to an existing 
wastewater treatment plant, the nitrogen removal rate wil1 be 
greatly heightened without reconstructing the plant on a large 
scale. 

Influent CIN ratio (-) 

Fig.27 Relationship beiween influent 
CIN ratio and effluent T-N 



Reductions in electric power consumption 

The reductions in electric power consumption by automatic control 
are shown in Table 6. Electric power consumption was reduced by 
1,700 - 22,900 kWh/month in each plant. 

TABLE 6 Reductions of Electric Power Consumption 

Plant name K0 S G K I C S I S I Y 

- 

Design flow 2,568 3.100 590 538 390 313 200 107 54 
rate(m3/day) 

Flou rate 2,240 2,280 274 278 134 176 134 3 1 32 
(m3/day) 

Total daily aera- 11.3 16.7 10.2 8.8 3.6 10.5 8.2 8.3 8.6 
tion time(hours/day) 

Electric power 6 O 69 3 0 26 22.5 l5 11 3.7 3.7 
of blowers(kK) 

Reductions of 22,900 15,000 12,400 11,800 13.800 6.100 5,200 1,700 1,700 
electric power 
consumption 
(kKh/rnonth) 

This system requires only a minimum amount of aeration, which 
helps to reduce electric power consumption. The reduction in 
power consumption achieved by the system will increase with the 
size of the plant and the lowering of the influent load. 

From these results, if you apply this system to a new wastewater 
treatment plant. electric power consumption will be reduced 
largely in the early times after the plant start-up, and will be 
reduced according to the influent load afterward. 

Operation and maintenances 

In order to achieve satisfactory treatment in wastewater 
treatment plants like K plant for which the weekly and annual 
variations In the influent load were large. it is necessary for 
the plant operators to depend on 24-hour timers so that they can 
frequently adjust the operation time of the blowers. 

The other plants have their own characteristic influent 
conditions. If operators want to achieve satisfactory treatment. 
they must find characteristic influent conditions and adjust 
operations frequently. This system, however, automatically 
controls the operation of the blowers, thus simplifying plant 
operation. Farther, it will be helpful with the lack of expert 
operators in the future. 

The DO sensor and water temperature sensor require maintenances 
in the present system. However, the water temperature sensor 
remains practically unaffected in its sensitivity even when it is 
covered with dust or slime. 



TABLE 7 The Results of DO Sensor Calibrations in K Plant 

Day fron Interval The values before 
starting between calibration 
to use calibrations zero span* 

( day (day) í m d l )  ( &l) 
487 27 0.02 10.33 
515 28 0.00 10.58 
571 56 0.10 10.68 

1357 188 0.06 0.06 
Span was calibrated to 10.00 mg/l in the air. 

The results of the DO sensor calibrations in K plant are shown in 
Table 7. We have been using the Same DO sensor for the last three 
and a half years, including the experimental period. The sensor 
was made for industrial use and had no automatic cleaning units. 
The sensor was cleaned and calibrated about once per month during 
the initia1 one and a half years. Since no problems were seen 
during that period, the cleaning interval was gradually prolonged 
until it became two to six months long. 

The result showed that the sensor became defective owing to 
adhering slime only when the interval was prolonged to six 
months. In the other plants, no problems were seen in cleaning 
and calibrating about once per a month or two months. From this 
we concluded that to use this system in existing plants, would 
require cleaning and calibrating the DO sensor about once a month 
ensure sufficient safety. 



3 . 5  CONCLUSIONS 

We measured and calculated the respiration rate of microorgan- 
isms. Based on this calculation, we developed a system to 
automatically control the aeration time during intermittent 
aeration co that enough oxygen would be supplied to the 
microorganisms. We applied the system in nine existing wastewater 
treatment plants with a design flow rate from 54 to 3.100m3/day. 
We found the following results: 

The system could automatically control the aeration time in 
accordance with characteristic variations of the influent 
load in each plant. 

Total daily aeration time was controlled according to the 
BOD load ratio in each plant. 

In automatic control the average effluent BOD values in each 
plant were in the range of 2 - 7 mg/l. COD-?In values were in 
the range of 6 - 10 mg/l and SS values were in the range of 
2 - 7 mg/l. The removals of organic substances were quite 
satisfactory. 

The average effluent T-N values in each plant were in the 
range of 1 - 8 mg/l. thus indicating an excellent removal of 
nitrogens. The nitrogen removal rate was greatly heightened 
as compared with that in conventional operations. 

If you apply this system to an existing wastewater treatment 
plant, the nitrogen removal rate wil1 be greatly heightened 
without reconstructing the plant on a large scale. 

This system requires only a minimum amount of aeration, thus 
electric power consumption of blowers in each plant was 
reduced by 1.700 - 22.900 kWh/month. 

This system automatically controls operations of blowers, 
thus can simplify plant operations. It wil1 be helpful with 
the lack of expert operators in the future. 

Maintenance of this system requires only cleaning and 
calibrating the DO sensor about once a month. 
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2 .  PRESENT SITUATION 1 
A t  p resent  the re  a r e  480 wastewater t reatment  p l a n t s  i n  opera t ion  i n  the  
Netherlands. Data u n t i l  t h e  end of 1988 a v a i l a b l e  from t h e  CBS survey (Ref. 1 
6 )  a r e  summarized i n  t a b l e s  2.1 and 2.2. I 
Table 2.1: number and capaci ty  of municipal wastewater t reatment  p l a n t s  i n  1 

t he  Netherlands. 31 December 1988 l 

primary treatment  
t r i c k l i n g  f i l t e r s  
a e r a t i o n  tanks 
oxidat ion  tanks 
oxidat ion  d i t c h e s  
ca r rouse l s  
two-stage treatment 
var ious  
t o t a l  

Capacity ( p . e . )  I 

( *  1000) 

Table 2.2: average e f f l u e n t  composition of wastewater t reatment  i n  the  
Netherlands 

rarte.arcr t c e a t r n t  p l m ~  l pH COD BOD Kleldahl  N to t .  N to t .  P 

oxidatlon d i t c h u  
(cmtirmara) 121 960 220 7.5 66 9 9.5 17.7 5.5 
e.rrmse1s 86 4.509 1.016 7.5 67 10 8 . 4  l 4.9 
oxi&Uon dircha 32 43 14 7.6 115 24 18.6 22.6 5 .4  



Table 2.3: total nitrogen concentration in effluent from various wastewater 
treatment systems in the Netherlands , 1985 

total nitrogen (mg/l) < 10 10-15 15-20 > 20 

activated sludge 1 
oxidation ditches 29 
trickling filters - 
two-stage treatment - 

The average annual total nitrogen removal from various types of wastewater 
treatment systems is substantially better with oxidation ditches than with 
other systems. Some oxidation ditches achieve an average annual total 
nitrogen concentration in the effluent of < 15 mg/l. Smal1 oxidation ditches 
usually produce total nitrogen concentrations of > 20 mg/l. Because of the 
low sludge loading, denitrification is good. and extensive reduction in total 
nitrogen is due to anoxic zones in the oxidation ditches. 

A few activated sludge plants reach an average annual total N of less than 
20 mg/l. There are still plants with higher sludge loadings ( >  0.15 kg BOD/kg 
d.s.d.) but these are not designed for full nitrification. Only a smal1 
number of the two-stage nitrification installations achieve satisfactory 
reduction of total N. 

Extensive nitrogen reduction cannot be achieved with trickling filters. Even 
where nitrification occurs in low-loaded plants, conditions cannot be created 
for denitrification. 

In the few two-stage plants in operation in the Netherlands (trickling 
filter/activated sludge and trickling filter/oxidation ditch) the BOD level 
is insufficient in the second stage to produce satisfactory denitrification. 
These two-stage installations therefore give high total nitrogen levels. 



3. NITROGEN FEMOVAL TECHNIQUES 

3.1 N i t ~ g e n  r e m v a l  i n  present  systems 

I n  t h e  Netherlands extens ive  n i t rogen reduction i s  achieved i n  oxidat ion  
d i t c h e s  and low-loaded ac t iva ted  sludge p l a n t s .  The p r i n c i p l e  used i s  
b io log ica1  n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n .  Oxidation d i t ches  and r e l a t e d  
p l a n t s ,  whether by acc ident  o r  des ign ,  have between t h e i r  aerobic  zones 
anoxic zones i n  which d e n i t r i f i c a t i o n  occurs.  D e n i t r i f i c a t i o n  a l s o  occurs i n  
t h e  anoxic c e n t r e  of t h e  s ludge p a r t i c l e s  i f  the  oxygen concentrat ion is 
s u f f i c i e n t l y  low. I n  a c t i v a t e d  sludge p l a n t s  the re  a r e  a  number of poss ib le  
conf igura t ions  whereby the  n i t r a t e -con ta in ing  water from the  n i t r i f i c a t i o n  
zone i s  brought i n t 0  con tac t  with BOD i n  an anoxic area .  

The fol lowing techniques a r e  used i n  the  Netherlands t o  provide 
d e n i t r i f i c a t i o n :  

- P r e - d e n i t r i f i c a t i o n  i n  a  p r e - d e n i t r i f i c a t i o n  tank 
Ef f luen t  with a  high n i t r a t e  content  flows back t o  t h e  f i r s t  s t a g e  of the  
process ,  where the  n i t r a t e  i s  converted i n t 0  n i t rogen gas while removing 
BOD. Examples are :  Schreiber .  Rotoflow, ac t iva ted  sludge systems with pre- 
d e n i t r i f i c a t i o n  tanks  such a s  i n  t h e  wastewater t reatment  p l a n t s  a t  Alkmaar 
and Emmen. With s u f f i c i e n t l y  l a r g e  n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  zones. 
t h e  supply o f  BOD, and s u f f i c i e n t  r e c i r c u l a t i o n ,  t o t a l  n i t rogen va lues  i n  
t h e  o rde r  of 10 mg/l can be obtained (design c r i t e r i a ,  Barger Es p l a n t ) .  

- Simultaneous d e n i t r i f i c a t i o n  
By a l t e r n a t i n g  aera ted  and non-aerated zones on both s i d e s  of the  a e r a t o r s ,  
both n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  can occur i n  a  low-loaded ae ra t ion  
c i r c u i t .  Under favourable condi t ions ,  t o t a l  n i t rogen can be reduced < 10 
mgjl. The process can be adjusted by con t ro l l ing  ae ra t ion  and by loca t ing  
t h e  i n f l u e n t  feed i n  an anoxic zone. 

3.2 Nitrogen removal i n  new systems 

New types of systems f o r  extens ive  n i t rogen reduction a r e  being t e s t e d  i n  
e x i s t i n g  wastewater t reatment  p l a n t s  o r  a r e  s t i l l  a t  t h e  p i l o t  s t a g e .  The 
most important  developments a r e  summarized below. 

Activated sludge p l a n t s  with a l t e r n a t i n g  ae ra t ion  
By t h e  use of a  number of ae ra t ion  tanks which a r e  a l t e r n a t e l y  aerobic  and 
anoxic,  n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  can occur consecutively i n  the  same 
tank. The wastewater passes  through t h e  ae ra t ion  tanks i n  d i f f e r e n t  phases of 
the  process  s o  t h a t  both the  d i r e c t i o n  of flow and the  time of ae ra t ion  i n  
the  tanks a r e  a l t e r n a t e d .  

An example o f  t h i s  i s  the  Bio-Denitro process ( s e e  Figure 3 .1) .  I n  Denmark 
t h i s  process  has  produced t o t a l  n i t rogen e f f l u e n t  concent ra t ions  of 3.4 mg11 
i n  e x i s t i n g  i n s t a l l a t i o n s  and 3.5-6.8 mg/l i n  experiments.  A p l a n t  of t h i s  
type. with a  p ro jec ted  capaci ty  of 330.000 p.e .  is now being cons t ruc ted  i n  
Aalborg. The p l a n t ' s  pro jec ted  t o t a l  n i t rogen concentrat ion is 8 mg/l. A 
number of succesfu l  p i l o t  p l a n t  experiments have been c a r r i e d  o u t  i n  the  
Netherlands (Ede wastewater t reatment  p l a n t .  f o r  example). 

The Tricycle-Verfahren process is a l s o  based on a l t e r n a t e l y  a e r a t i n g  the  
a e r a t i o n  tanks and render ing  them anoxic. The system c o n s i s t s  of t h r e e  tanks 
which a r e  a l t e r n a t e l y  fed (no a e r a t i o n ,  d e n i t r i f i c a t i o n )  and aera ted  
( n i t r i f i c a t i o n ) .  The flow i s  regula ted  by on-l ine measurement of t h e  ammonium 
and n i t r a t e  concent ra t ions .  Tes t  d a t a  a r e  not  y e t  a v a i l a b l e .  but  i t  is 
expected t h a t  the  t o t a l  n i t rogen e f f l u e n t  concent ra t ion  w i l 1  be only a few 
m i l l i g r a m  pe r  l i t r e .  



Figure 3.1: Bio-Denitro production process 

out*: 

s l u d ~ .  

DN: D.nitritiCatlon 
N : Nitrification 

In teg ra ted  b iof i lm systems 
Extensive reduction o f  BOD and t o t a l  n i t r o ~ e n  can be achieved i n  svstems with - 
two submerged f i l t e r s .  The first f i l t e r  i s  anoxic. with a downward flow. The 
second f i l t e r  i s  ae ra ted .  with an upward flow. P a r t  of the  e f f l u e n t  is 
r e c i r c u l a t e d .  A t o t a l  n i t rogen e f f l u e n t  concentrat ion of 9-15 mg/l can be 
a t t a i n e d .  depending on the  r e c i r c u l a t i o n  f a c t o r  used. An experimental p l a n t  
of t h i s  type (Sulzer  method) with a capaci ty  of 63 m3/h has been i n  use i n  
Geneva s i n c e  1988. The n i t r i f i c a t i o n  e f f i c i ency  is 85-983. with an ammonium 
e f f luen t  concent ra t ion  o f  < 3 mg/l. The d e n i t r i f i c a t i o n  e f f i c i e n c y  is 50-60%. 
and t h e  t o t a l  n i t rogen  reduction e f f i c i ency  is 42-603. 

The Biocarbone process i s  another  type of biofi lm r e a c t o r  f o r  n i t rogen 
reduction.  It c o n s i s t s  of a s i n g l e  upward-flow f i l ter .  t h e  lower p a r t  of 
which is anoxic and t h e  upper p a r t  aerobic.  D e n i t r i f i c a t i o n  occurs as t h e  
e f f l u e n t  i s  r e c i r c u l a t e d .  Experben t s  with p r e s e t t l e d  household wastewater 
have shown an average t o t a l  n i t rogen reduction e f f i c i e n c y  of about 60 3. 
corresponding t o  about 15 ng / l  t o t a l  n i t rogen.  

Separate b iof i lm systems 
I n  add i t ion  t o  the  processes described above. which i n t e g r a t e  b io logica1  
n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  i n  one system, extens ive  t o t a l  n i t rogen 
reduction can a l s o  b e  obtained by sepa ra t ing  the  n i t r i f i c a t i o n  and 
d e n i t r i f i c a t i o n  s t e p s .  For the  n i t r i f i c a t i o n  s t e p .  a common low-loaded 
secondary p u r i f i c a t i o n  method (ac t iva ted  sludge p l a n t s .  oxida t ion  d i t c h e s .  
t r i c k l i n g  f i l t e r s .  two-stage systems) can be w e d ,  o r  high-loaded secondary 
p u r i f i c a t i o n  followed by t e r t i a r y  pur i f i ca t ion .  A number of opt ions  f o r  
t e r t i a r y  n i t r i f i c a t i o n  are given i n  t a b l e  3.1. 



Table 3.1: opt ions  f o r  t e r t i a r y  n i t r i f i c a t i o n  

loading NHq-inf NHq-eff e f f i c i e n c y  l i t .  
kg NH4-N/m3d mg/l mg/l % 

f l u i d i z e d  bed 1 . 0  25 4.5 82 12 
biocarbone 0.46-0.73 28-39 O- 4 86-100 20 
b i o r o t o r s  < 5 >90 21 
b i o f o r  0.41 14-32 2 90 22 
b i o f o r  0.24 4-12 0-11 82 22 

I n  al1 these  methods Kjeldahl N i s  extens ive ly  n i t r i f i e d ,  r e s u l t i n g  i n  high 
concent ra t ions  of n i t r a t e .  To remove these  i n  an a d d i t i o n a l  d e n i t r i f i c a t i o n  
s t e p .  a carbon source must be added; genera l ly  methanol i s  used. The 
disadvantage of adding carbon is the  high c o s t s  involved. while  the  advantage 
o f  i n t e g r a t e d  systems is t h a t  BOD from the  i n f l u e n t  i s  used a s  a carbon 
source.  A f u r t h e r  advantage i s  the  f a c t  t h a t  t h e  BOD i s  p a r t l y  broken down 
dur ing  d e n i t r i f i c a t i o n ,  which saves on the  energy requi red  f o r  a e r a t i o n .  

Many d i f f e r e n t  systems can be used f o r  the  e x t r a  d e n i t r i f i c a t i o n  s t e p  with 
t h e  add i t ion  of carbon. inc luding anoxic f i l t e r s ,  f l u i d i z e d  bed systems. and 
b i o r o t o r s .  

The major advantage of reducing n i t rogen sepa ra te ly  i s  t h a t  ex tens ive  t o t a l  
n i t rogen reduction can be achieved i n  a r e a c t o r  of l i m i t e d  s i z e .  A 
disadvantage is the  need f o r  an ex te rna l  carbon source  of carbon f o r  
d e n i t r i f i c a t i o n .  

3.3 Physiochemical n i t m g e n  removal 

There a r e  i n  p r i n c i p l e  t h r e e  methods of physiochemical n i t rogen removal: 
- t h e  use of ion  exchange columns; 
- t h e  s t r i p p i n g  of ammonium; 
- t h e  chemica1 p r e c i p i t a t i o n  of ammonium. 

Ion exchange columns a r e  not  commonly used f o r  n i t rogen reduct ion  i n  
wastewater t reatment .  The c o s t s  a r e  high and t h e  columns requ i re  frequent  
c leaning.  Furthermore. t he  removed n i t rogen has t o  be processed i n  a 
regenera t ion  phase. C l i n o p t i l o l i t h  i s  an anorganic ion  exchange ma te r i a l  
which binds the  ammonia, which can then be r e t r i eved  by backwashing. Ion 
exchange t o  f i x  n i t r a t e  i s  used i n  the  t reatment  of dr inking water.  
Regeneration is c a r r i e d  ou t  by b io logica1  d e n i t r i f i c a t i o n  with the  
app l i ca t ion  of methanol. 

For t h e  s t r i p p i n g  of ammonium, the  pH of the  wastewater must be increased  t o  
10-11. The amount of a i r  required is 100 t o  1000 times h ighe r  than t h e  amount 
needed f o r  b io logica1  d e n i t r i f i c a t i o n  i n  an a c t i v a t e d  s ludge  p l a n t .  The a i r  
must then be washed with ac id  i n  order  t o  claim t h e  ammonia: i t  is 
environmentally undes i rable  t o  r e l e a s e  i t  i n t 0  t h e  atmosphere. 

Chemica1 p r e c i p i t a t i o n  of ammonium i s  poss ib le  through t h e  formation of the  
poorly-soluble magnesium ammonium phosphate (MgNH4P04.6H20) ( 2 3 ) .  This  
p r e c i p i t a t e  i s  deposi ted i n  c r y s t a l l i n e  form which does no t  include 
p o l l u t a n t s  such a s  BOD o r  heavy metals.  



The concentration ratio for NH4:MG:POb with an ammonium concentration of 42 
mg/l must be 42:73:96. To attain these concentrations in wastewater. both 
phosphoric acid and magnesium-oxide should be added. This method is 
expensive, but costs can be reduced if the crystalline precipitate can be 
sold to the fertilizer industry. The consequences of the addition of 
phosphate to the phosphate concentration of the effluent are difficult to 
predict, and depend on the controllability of the precipitation process. The 
stringent requirements for phosphate concentration in the effluent limits the 
practica1 applicability of this method. 

Thus for the time being, there are insufficient prospects for the 
physiochemical techniques for nitrogen reduction in wastewater t0 be used 
efficiently and economically. 

3.4 Evaluation of technically feasible techniques 

The following conclusions can be dram about the feasibility of achieving 
effluent levels of 5. 10. or 15 total N/1 (see Table 3.2): - 15 mg N/1 is attainable through limited adaption of activated sludge and 
oxidation ditch systems. At least one extra purification step is required 
in trickling filter systems. 

- 10 mg N/1 requires pre-denitrification in activated sludge systems; 
adaptation of aeration and influent feed is sufficient in oxidation ditch 
systems. 

- 5 mg N/1 is possible under favourable circumstances in oxidation ditch 
systems with proper control of aerobic and anoxic zones and the addition of 
BOD in the anoxic phase. Activated sludge systems require provisions for 
extensive pre-denitrification and return flow. - An effluent level of 5 mg N/1 or less als0 seems feasible in new systems. 
but few data are available at present. 

Table 3.2: feasibility of achieving effluent levels 5. 10 and 15 mg N/1 
type of wit 20 mgfl 15 mgfl 10 mg11 

activated 6ludge - l a  loading - 1w lcading - v e n  1- loading 
- conrrallsble and lou - pre-denirrif ication - large pre-denitr if icl t ion 

oxygen concentration - recírculation of - high reoirrulat ion r e t i o  
(simultaneoup den i t i i f i -  n i t r i t e  c a t a i n i n g  
cation) 

t r ick l ing  f i l t e r s  

t r o  .Uge 

- suff ic ient  recirculst ion 
(thmugh return sludge ar 
rrcyc1ing syste.1 

- serst ion adapted t o  - inrluent input in dontri- 
n i t r i f i c a t i on  md f ica t ion  zones 
deni t r i f ica t ion  zones - contml  of ie ra t ion  on (de) 

n i t r i f i c a t i m .  bared m 02. 
m4 andlor N03 measwerent 

.I- 
* 

' I  - - 
'I - - 
' I -  ./- 

- orten only r l t h  aerhanol - ofren only ria methanol 
dosage i n  d m i t r i r i c a t i n i  dosage in d e n i t r i f i c a t i a  
r tsge arage 

ave=- erf lusnt  concent rer ia  at tainable 
averope effluent concentration a t  or amund t h i s  valus - werope effluent concent ra t ia  not at tainnbls 

11 resul t s  based an experiwntal  plant  
2 )  Yaii- practical  resul t s  
31 inticipated reaults  
4)  sys t e l l  such es f lu id  bed. (anlaembic f i l t e r s .  biorofors. etc 



4. RESEARCH 

The research on nitrogen reduction in the effluent from wastewater treatment 
plants is currently being undertaken in the Netherlands within the framework 
of the PNS-1992 investigation programme sponsored by Stora. This work 
includes : 
collecting practical experience; 
semitechnical pre-denitrification investigations; 
compact systems for nitrification/denitrification; 
measurement and control systems. 

4.1 Practica1 experience 

Experience has been gained in the reduction of phosphate and nitrogen. Since 
phosphate reduction has to be introduced shortly and nitrogen reductions must 
also be adopted in the near future, it is important that experience and new 
developments are documentated. Moreover, the potential of various systems 
(for example. extensive nitrogen reduction in circuits) must be investigated 
further and incorporated int0 a practical manual. These investigations need 
to be coordinated to ensure efficient expenditure of resources and wide 
circulation of information. To this end, a users' forum of technologists has 
been set up. 

The forum coordinates and evaluates research, acts as a sounding board for 
users, evaluates available information. and disseminates knowledge and 
experience. A technical secretariat initiates activities. collects data, 
coordinates research. and prepares progress reports on practical experience 
and research results. 

Collective experience. investigation data. and guidelines on plant size will 
be gathered together int0 two handbooks, one on phosphate reduction and the 
other on nitrogen reduction. which will farm the basis for the implementation 
of such measures in about 1995. The work group meets three to six times a 
year. 

The forum addresses the following issues on nitrogen deduction: 

Collected data on nitrogen removal in the Netherlands 
Primary process conditions and results 
- design of system 
- composition of influent 
- effect of process variables (pH, alkalinity, temperature) 
- dry weather flow/maximum hydraulic capacity 
Secondary technological effects 
- effect of phosphate removal (prior and simultaneous precipitation) 
- effect on effluent BOD, NH4. 02 
Management factors 
- monitoring of ammonium. nitrate. oxygen 
- regulation of aeration, recirculation 
Investigation on nitrogen removal 
Performed by users in cooperation with the technical secretariat; 
coordination. reporting. and evaluation by technical secretariat. 
Investigation on extensive nitrogen reduction at specific plants 
- nitrogen reduction systems under consideration 

# pre-denitrification (Alkmaar. Barger Es. etc.) 
# modified carrousels and oxidation ditches 
# systems with a central denitrification zone 

- survey programme: about one year 
- evaluation. reports. recommendations for design 



b.2 Influence on effluent quality of peak loads and internal process flows 
(including sludge water); 

b.3 Effect of phosphate reduction on nitrogen reduction in existing 
installations 
- identification of plants with problems with nitrogen in relation to 
phosphate reduction 

- on-site investigation (process data, supplementary analyses, 
measurement of nitrification and denitrification capacity) 

- variation of process factors 
- evaluation of research data and recommendations 

C. Preparation of nitrogen removal handbook 
- collection of data on the practical application of nitrogen 
reduction 

- comparison of systems (circuits, pre-denitrification. alternately 
aerated systems etc.) and guidelines for dimensioning related to 
effluent requirements 

- technica1 factors: initia1 activities finished after about six 
months; later adjustment based on new results 

d. Practica1 research on nitrogen removal 
- research on problems in practice and requiring investigation - - - 
- a few possible experiments 

# further investigation on nitrogen reduction kinetics in pre- 
denitrification and circuits 

# adaptation of existing plants for improved nitrogen reduction 
# establishment of test procedure for nitrification and denitri- 
fication capacity of sludge 

4.2 Semitechnical pre-denitrification investigation 

Modifying activated sludge plants to systems for extensive nitrogen reduction 
usually involves the addition of a pre-denitrification tank. Guidelines are 
partly based on research carried out in West Germany. but there is 
insufficient information on the applicability of these guidelines to the 
Dutch situation and the effect of local variations in wastewater composition. 
Research is being done on the potential and limitations of activated sludge 
systems in combination with denitrification under Dutch conditions so that 
design guidelines of such systems can be prepared. The work is being 
undertaken on a semitechnical scale in order to reduce time and costs. The 
results and practical aspects of full-scale pre-denitrification fa11 under 
the practical research of the forum on nitrogen reduction (see Section 4.1). 

The investigation is on a scale of at least several hundred p.e. (flow 1-5 
m3/h, aeration volume 10-20 m3) in order to give a reasonable approximation 
of actual circumstances. The installation is set up at a wastewater treatment 
plant and fed with (presettled) wastewater. As a parallel unit. an activated 
sludge system is being used as a control. 

The following aspects are being investigated: 
# primary process parameters (sludge loading, nitrogen loading of both 
nitrification and denitrification zones, pH) 

# process variables (recirculation, oxygen supply) 
# effect of wastewater composition (BOD/N, temperature) 

The experiments are being carried out at 3 to 5 sites in order to assess the 
effect of different types of wastewater and purification methods. The effects 
of the primary process parameters (check on design guidelines) are being 
investigated in a pilot plant at one location. 



4.3 N i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  i n  a  compact system 

N i t r i f i c a t i o n  can be improved i n  r e l a t i v e l y  high-loaded a c t i v a t e d  sludge 
systems by reducing the  sludge loading.  This r equ i re s  a  s u b s t a n t i a l  i nc rease  
i n  t h e  s i z e  of the  ae ra t ion  tanks.  which is c o s t l y .  Moreover. many p l a n t s  
have i n s u f f i c i e n t  space t o  accommodate these  tanks.  This unfavourable 
combination of f a c t o r s  app l i e s  p a r t i c u l a r l y  t o  l a r g e  p l a n t s  i n  urban a r e a s .  
which a r e  respons ib le  f o r  a  s u b s t a n t i a l  amount of t h e  t o t a l  n i t rogen  
emission. N i t r i f y i n g  sludge on-ca r r i e r  systems y i e l d  a  considerably h igher  
biomass pe r  volume u n i t  than do ac t iva ted  sludge systems. Also, no e x t r a  - 
sedimentat ion phase i s  needed because there  is very l i t t l e  s ludge  growth. 
This  makes n i t r i f y i n g  sludge on-ca r r i e r  systems s u i t a b l e  a s  an a d d i t i o n a l  
phase t o  upgrade a  p u r i f i c a t i o n  system with an inadequate n i t r i f i c a t i o n  
capaci ty .  F lu id  bed systems produce the  g r e a t e s t  a c t i v i t y  p e r  volume u n i t  
(about ten  times a s  high a s  ac t iva ted  s ludge) .  

D e n i t r i f i c a t i o n  can be improved i n  n i t r i f y i n g  systems such a s  a c t i v a t e d  
sludge systems by i n s t a l l i n g  a  p r e - d e n i t r i f i c a t i o n  tank.  The a e r a t i o n  tanks 
w i l l  r equ i re  about 30-50 more space and the  c o s t s  a r e  cons iderable .  
Moreover, many p l a n t s  do not have enough room f o r  t h i s  ex tens ion .  
Den i t r i fy ing  sludge on-car r ie r  systems with an e x t r a  source of BOD ( e . g .  
methanol) can achieve a  s u b s t a n t i a l l y  higher  biomass per  volume u n i t  than can 
p r e - d e n i t r i f i c a t i o n .  

Combined n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n  systems i n  the  form of packed bed 
o r  f l u i d  bed systems a r e  s t i l l  i n  the  development s t a g e  and a r e  not  y e t  i n  
use  i n  t h e  Netherlands. The favourable prospects  f o r  these  systems. 
p a r t i c u l a r l y  f o r  p l an t s  with l imi t ed  space,  make a  demonstration p r o j e c t  on a  
smal1 p r a c t i c a l  s c a l e  des i r ab le .  

This  i n v e s t i g a t i o n  w i l l  comprise t h r e e  phases. 

Phase 1 (pre l iminary  phase) 

F i r s t .  prel iminary inves t iga t ions  w i l l  be c a r r i e d  ou t  i n t 0  t h e  a v a i l a b l e  
technology. Systems w i l l  be inves t iga ted  on s i t e ,  and t h e i r  use evaluated.  An 
evaluat ion  r epor t  w i l l  be  d r a m  up and a  t e s t  design made f o r  a  p r a c t i c a l  
i n v e s t i g a t i o n .  

Phase 2  ( p r a c t i c a l  i nves t iga t ion )  

N i t r i f i c a t i o n  
A p i l o t  u n i t  based on an e x i s t i n g  process (minimum volume 10 m 3 )  w i l l  be set 
up i n  a  wastewater treatment p l a n t  and fed with poor t o  moderate n i t r i f i e d  
e f f l u e n t .  The n i t rogen loading of t h e  r eac to r  can be  adjus ted .  

D e n i t r i f i c a t i o n  
A p i l o t  u n i t  based on an e x i s t i n g  process with one o r  more r e a c t o r  systems 
(volume 1-5 m3 each; about 5,000-20,000 p . e . )  w i l l  be  b u i l t  and fed with the  
n i t r i f i e d  e f f l u e n t .  A f l u i d  bed o r  a  packed bed r e a c t o r  w i l l  be used 
depending on the  r e s u l t s  of phase 1. 

The t e s t i n g  w i l l  last f o r  a t  l e a s t  a  year .  dur ing  which time t h e  fol lowing 
aspec t s  w i l l  be inves t iga ted :  
- opera t ion  sub jec t  t o  hydraulic  and b io logica1  loading;  
- e f f e c t  of temperature, r e c i r c u l a t i o n ,  and o t h e r  production f a c t o r s ;  
- p r a c t i c a l  a spec t s  of t h e  f l u i d  bed (process  c o n t r o l .  s ludge  growth. 

behaviour o f  the  bed, washing e t c . ) .  
Tes t s  may be c a r r i e d  out  a t  s eve ra l  l oca t ions .  



Phase 3 (evaluation) 

The test results will be evaluated. The potential, limitations, and costs of 
adaptation to the practical situation in the Netherlands will be determined. 
and guidelines on design and installation dram up. 

4 . 4  Measurement and control systems 

A first condition for low effluent concentrations is an appropriate system 
and size of installation. Even then. the great variation in flow and load 
makes it difficult to achieve a consistently good performance. Consequently, 
optima1 steering and control is essential. 

Steering here means that an action causes a systematic reaction. There is no 
check on the result of the action. Control refers to the maintenance of a 
situation by taking action. if measurements show a variation from an 
established value. The investigation of measurement and control systems is 
directed particularly at practical applicability. and involves the following 
aspects : 
# testing measuring equipment under practical conditions (ammonium. nitrate, 
turbidity); at first purely as a measuring device; 

# testing control systems, with or without the use of new measuring 
equipment; this is clearly related to system set-up and process control; 
this will be tested particularly in practical situations. 

4 . 5  Genera1 review 

The nitrogen investigation will be guided by a steering committee, PN 1992, 
which confers regularly on progress and initiates and approves parts of the 
project. Stora will pay out a total of about fl. 3,500,000 for research in 
the period 1990-1992. Since part-contributions are involved in some projects 
the total research input for nitrogen reduction is estimated to be about fl. 
5,000,000 to fl. 6,000.000. 
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