
TREATMENT OF ANIMAL MANURE AND WASTES FOR 
ULTIMATE DISPOSAL

—Review —

J. Winter1, R. Hilpert2 and H. Schmitz

,Address reprint requests to Prof. J. Winter, Depa
rtment of Microbiology, University of Regensburg 
Universitatsstr. 31, D-8400 Regensburg, Federal Republic 
of Germany.

2Messerschmidt-B61kow-Blohm (MBB), Central 
Analytic Laboratory and Neue Technologien, Postfach 
801109, D-8000 Munchen 80, Federal Republic of 
Germany.

Received March 7, 1991
Accepted J지luary 21, 1992

University Regensburg, Universitatsstr. 31, D-8400 Regensburg 
Federal Republic of Germany

Summary

Sources of organic waste materials for aerobic and/or anaerobic degradation, or for composting 
of solid wastes in Germany were estimated. The basic microbiology and the energetics of these pro
cesses were compared with special emphasis on anaerobic degradation, for which a general degradation 
scheme of carbohydrates is presented. Advantanges of anaerobic over aerobic treatment processes are 
pointed out and conditions for maintaining a highly stable anaerobic process as well as producing 
a sanitized, hygienic product are discussed.

Reactor systems suitable for efficient treatment of wastes with a high or low proportion of sus
pended solids are principally compared and results of laboratory studies on the degradation of several 
wastes and animal manures summarized. Finally, a piggery slurry treatment factory for an ultimate 
slurry processing to obtain a dry fertilizer and a harmless, disposable liquid, as it is in operation in 
Helmond/Holland, is presented and preliminary process data are presented.
(Key Words : Anaerobic Degradation, Microbiology, Physiology, Organic Wastes, Biogas, Acetogenic 
Phase, Inhibition, Reactor Types, Efficiency of Treatment)

Introduction

Except for the last 2-3 decades in European 
countries animals were raised on predominantly 
small-size family farms that owed enough farm
land to produce all of the animal feed. Urine, 
dung or manure (urine + dung from grit-floor 
stables) from cattle, pigs or chicken and occasion
ally ，sewage sludge from municipal treatment 
plants were used as the only fertilizers. The 
animal wastes were normally not sufficient for 
an optimal fertilization and thus determined the 
grain and hey yield that could be harvested from 
fields and meadows. In particular nitrogenous 
compounds were short under these farming con
ditions and - if the manure was distributed only 
in the growing season - these were quantitatively 
consumed by the crops. Only if the manure was 

applied to farmland during the winter season, 
due to shortage of storage capacity, washout of 
nitrate and nutrients into the ground water 
occured. This mode of farming garanteed a well- 
balanced, farm land-coupled animal breeding for 
meat and dairy production.

In Europe the period of soil fertilization with 
exclusively organic dung and urine, supplemented 
occasionally with human night soil and domestic 
sewage sludge, was followed by decades, where 
the natural cycle of carbon and minerals was 
successively superimposed by the use of chemically 
produced inorganic fertilizers, e.g. phosphates, 
potassium salts, nitrate- or ammonia-salts and 
urea. Application of high amounts of chemical 
fertilizers together with the availability of im
proved seed material increased the crop yield 
considerably and many more animals could be 
raised per acre of farm land, either for milk and 
dairy production or for meat supply. Furthermore, 
a better knowledge of nutritional requirements 
of animals allowed improvement of the animal 
feed composition and efficiency, e.g. by addition 
of minerals,' growth promotors and of feed anti
biotics.

In many states of Europe availability of 
imported cattle feed, e. g. of soy beans or cassava 
starch finally led away from the family-operated, 
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small to medium-sized farms towards a farming 
industry, where the herd size was no longer 
correlated to crop land. While, for instance, in 
Southern Germany family farms with enough 
private or rented land for growing crops are still 
the predominant way of animal breeding or 
raising, in some regions of Northern Germany 
industrial cattle breeding with abundantly or 
exclusively imported animal feed is performed. 
Those "meat production units" raise up to 20000 
hogs per unit and year, but do not have 
enough own or rented farm land for growing 
feed and - meanwhile even more important - 
disposal of animal manure. Huge quantities of 
animal manures are spread on small, restricted 
areas of farm land several times per year, leading 
to over-fertilization and severe pollution problems. 
The amount of nutrients in the applied manure 
is much too high for utilization by plants, even 
during the growth season, and in particlular 
nitrate is washed into the ground water, there 
creating huge problems for the supply of potable 
water.

Quite a few industrially operated animal farms 
with up to 20000 heads of pigs exist in the 
western part of Germany, Holland and Jugoslavia, 
whereas in the former German Democratic Re
public even more animals are raised in centrali
zed VEB farms, producing millions of cubic 
meters of surplus manure, that can no longer 
be used as a fertilizer. In Neustadt/Orla, for 
instance, the VEB Schweinezucht and - Mast 
raised 175000 pigs in 17 sheds of up to 300 m 
length and produced 1.1 Million cubic meters 
of raw pig slurry annually, containing 3500 tons 
of nitrogen ("Die Zeit", edition 9.3. 1990). This 
situation requires high-tech animal waste treatment 
and management systems to conserve the environ
ment for human life, no matter of costs.

In this contribution the microbiology and 
physiology of anaerobic farm waste stabilization 
is shortly reviewed and a possible technical solu
tion for an overall treatment of piggery slurry, 
as it was verified in Helmond/Holland is de
scribed. First results of this complex piggery slurry 
management system are presented.

Main sources, quantities and typical com
position of organic wastes in the western 
countries of Germany

Wet waste organic biomass in the western part 
of Germany includes sewage sludge, cattle, pig 
and chicken manures, wastewater from breweries, 
slaughter houses and the dairy industry. The vast 
amount of wastewater from chemical factories 
requires specially adapted microbial treatment 
processes, due to highly toxic substances for 
microorganisms, e. g. the chlorinated compounds 
in wastewater from cellulose or paper production 
or heavy metals in tannery wastewater, and will 
not be discussed here. Furthermore, the high 
quantities of semi-dry domestic refuse and garbage 
are a major source of organic waste biomass, 
causing severe disposal problems in the highly 
industrialized countries and it can be predicted 
that very soon garbage and domestic refuse will 
also create acute environmental problems in 
developing countries. Annually produced amounts 
of organic wastes in the western part of Germany, 
that would be suitable for aerobic or preferably 
anaerobic treatment are summarized in table 1. 
Although animal manures form the major pro
portion within these organic wastes, acute over
production problems are only relevant in some 
areas of nothern Germany. In Germany and in 
Holland over-fertilization of farm land, causing 
nitrate pollution of ground water, is meanwhile 
a general problem. To overcome this problem 
piggery manure must be processed to yield a 
clean, disposable liquid and a dry, highly con
centrated natural fertilizer to be shiped where 
applicable.

Depending on the animals and the type of 
shed or stable animal wastes may differ consi
derably. In modern grit-floor sheds dung and urine 
of cattie or pigs are collected together and are 
leaving the shed as manure. Whereas the solids 
in pig manure sediment rapidly, cattle manure 
is more stable and tends to form sediments and 
a scum layer during storage. In contrast, wastes 
from egg or chicken farms have a very low water 
content and contain high quantities of nitrogenous 
compounds. A comparison of the typical com
position of cow manure, pig slurry, chicken dung 
and of domestic sewage sludge is given in table 
2. While sewage sludge, cattle manure and chicken 
dung are rich in lignin components, that are 
hardly biodegradable during aerobic or anaerobic 
treatment, pig slurry and slaughterhouse wastes 
normally do not contain such high amounts of 
lignin or lignocellulose and can be treated bio-
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TABLE 1. ORGANIC WASTES IN GERMANY THAT ARE SUITABLE FOR ANAEROBIC DIGESTION

Raw substrates
Total amount 
million m3/a 
wet weight

Average 
dry matter 

content (%)

Total amount 
million m3/a 
dry weight

Sewage sludge 50 3 1.5
Cattle, pig and chicken manure 200 10 20
Slaughter house wastewater and residues 4 10 0.4
Wastewater of breweries 90 0.45 0.4
Wastewater from dairy industry 30 1.50 0.45
Domestic refuse 24 28 6.70

Compiled from: Biologische Abfallbehandlung (Bundesniinisterium fur Forschung und Technologic, ed.), Bonn 
1978. Bioconversion (Bundcsministerium fiir Forschung und Technologic, ed.), Bonn 1978. Biogas in Theorie und 
Praxis (W. Baader, E. Dohne und M. Brenndorfer eds.), Kuratorium fiir Technik und Bauwesen in der Landwir- 
tschaft e. V., Darmstadt-Kranichstein, 1978.

TABLE 2. AVERAGE COMPOSITION OF ANIMAL MANURES AND SEWAGE SLUDGE

Parameter
Raw material

Sewage 
sludge

Cattle 
manure

Pig 
slurries

Chicken 
dung

Slaughter 
house wastes

Organic dry matter (g/kg) 22-32 56-90 16-70 > 120 105
Nitrogen content (% DM) 7.2 4 10 6-15 7-12
Carbohydrates (% DM) 30-41 50 20 15 30

(Fibres)
Raw fat (% DM) 20-27 4-7 10 5 27
Raw protein (% DM) 30-48 17-22 16-40 20-40 40
Lignin (% DM) 20 16-30 < 5 10-14 < 5

DM = Dry matter. Numbers are average values and were taken from Temper (1983), Steiner (1983), Baader 
et al., (1978) and Winter and Wildenauer, (1985).

logically with a high grade of efficiency. Cow 
manure and the solid fraction of slaughterhouse 
wastes (dung and rumen content) contain the 
highest fibre content. The content of raw fat of 
the three animal wastes is in the order of 4-10 
%, while the protein content is between 16-50% 
(table 2). Animal excrement treatment systems 
have to deal almost exclusively with manures, 
since sheds with a separation of dung and urine 
are only found on very small farms, that are not 
confronted with manure disposal problems.

Biological manure stabilization : Aerobic 
versus anaerobic treatment

Organic wastes including farm animal manures 
can either be treated aerobically or anaerobically. 
Aerobic treatment would lead to a complete 
mineralization of the biodegradable proportion 

of the organic components, as exemplarily outlined 
in Equation I for glucose.

I) Glucose + 6 O2
aerobic 

respiration + 6 C0 +

6 H2O + biomass + heat

△G°' = -2874 kJ/mole hexose

During aerobic degradation of organic material 
up to 50% of the carbon of the degraded carbo
hydrates, fat or protein is incorporated into cell 
mass, forming surplus sludge. These hugh amounts 
of surplus sludge themselves create disposal pro
blems. In addition a high proportion of the 
inorganic nitrogen of the waste water is utilized 
for biomass production, in particular for protein 
biosynthesis and thus is not directly available for 
nitrification/denitrification. Aerobic treatment 
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systems consume much electric energy for aeration 
with air or oxygen and the waste gas, containing 
volatile and sometimes odorous components may 
have to be passed over an absorber unit or 
biofilters for purification. If a highly concentrated 
waste or waste water has to be treated, self
heating during aerobic degradation of the waste
water to more than 60-70X3 may occur and 
thus require a cooling system for the reactor.

While the aerobic degradation of organic 
compounds yields CO2, H2O and much biomass, 
the main product of anaerobic degradation is 
biogas (Equation R) and little surplus biomass 
in the order of 5-10% of the degraded substances. 
Consequently, much less nitrogenous compounds 
are incorporated into cells and ammonia is ge
nerated instead. Furthermore, only little heat, not 
enough for self-heating of the reactor to 30-37*3 
is released.

H) Glucose
anaerobic 

digestion
+ 3 CO2 + 3 CH4

+ little biomass + little heat

△G°' = —405 kJ/mol hexose

Most of the energy of the degraded organic 
substances is conserved in the biogas, that can 
be used as a source of bioenergy. Approximately 
20-30% of the total biogas are required for 
process energy, e. g. to keep the reactor content 
in the mesophilic temperature range of 30-3"). 
The surplus biogas from 80-300 m3 biogas plants 
on European family farms is considered a wel
come by-product of anaerobic digestion that can 
be used for house-heating or warm water pre
paration. The main purpose of these biogas plants 
is, however, the production of a sanitized fertili
zer, that is better applicable to farm land, whereas 
energy production is the main purpose of the 
more than 1 million nonheated biogas reactors 
of 4-18 m3 in China, India or Africa. Due to 
inadequate construction causing leakage of gas 
the produced biogas often is hardly sufficient for 
cooking and illumination. Fresh cattle and pig 
manure contains high amounts of volatile fatty 
acids, urea and ammonia, which may cause 
damages of plant leaves and stems if the manure 
is distributed as a fertilizer in the growth season. 
Anaerobic treatment leads to even higher ammo
nia concentrations but reduces the volatile fatty 
acid and urea content. In addition the viscosity 

is reduced due to the fact, that up to 50% of 
the organic components are degraded to biogas. 
The manure used as a fertilizer drops of the plant 
leaves more rapidly and more quantitatively and 
thus volatile fatty acids as well as ammonia 
cannot cause such severe destruction of leave 
tissue as observed during fertilization with non
treated manure. Most nitrogenous compounds 
are converted to ammonia during the anaerobic 
degradation and since ammonia (NHJ) is better 
absorbed by soil components than nitrate (NO[), 
anaerobically treated manure has a nitrogen
depositing effect, while the nitrate of aerobically 
treated manure may be washed out rapidly by 
rain.

Biogas reactors f()r anaerobic treatment of 
manures should preferentially be operated at 
mesophilic temperatures of around 30-37 Q to 
obtain rapid degradation rates. In regions with 
moderate climate about 20-30% of the biogas 
are required to keep an optimally insulated re
actor at mesophilic temperature. Thus, 70-80% 
of the biogas may be used otherwise, e.g. for 
warm water preparation or house-heating. How
ever, in the moderate climate of Europe anti- 
cyclic availability of biogas to outside-temperatures 
would require costly high- or medium-pressure 
gas storage tanks. In the winter season with a 
high energy demand for house heating, a higher 
proportion of the biogas is required to thermo
state the reactor at 30-37 °C and farmers quite 
often run out of biogas, while in the summer 
season there is a surplus of gas. Storage of biogas 
during summer for utilization during winter time 
would be the solution, but is economically non- 
feasable. The anaerobic treatment of animal 
manures leads to a significant reduction of the 
carbon content and to an almost complete con
version of nitrogenous compounds to ammonia. 
Anaerobically treated manure is an excellent 
natural fertilizer, but is far away from a final 
disposal quality if not applicable as a natural 
fertilizer to crop land.

The three-phase model of anaerobic de
gradation of biopolymers

Although anaerobic degradation of biopolymers 
in natural or man-controlled ecosystems is a 
rather complex process, the carbon flow can be 
represented by a relatively simple degradation 
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scheme with three distinct metabolic phases 
(Bryant, 1979). Figure 1 shows a modified scheme 
of the carbon flow for the anaerobic breakdown 
of carbohydrates in ecosystems with (a) abundant 
and (b) limited substrate supply.

In the "fermentative phase" of the scheme 
of Bryant (1979) biopolymers are hydrolysed 
through catalysis by exoenzymes and the mono
mers are subsequently fermented. Fermentation 
can either be catalysed by the exoenzyme-pro- 
ducing or by other bacteria of the consortium 
via various degradation pathways to yield a 
spectrum of intermediates, that is dependent on 
the source of substrates, the quantity of supplied 
substrates and on the capacity of interspecies 
hydrogen transfer reactions between fermentative 
and methanogenic or sulfate-reducing bacteria. 
With a surplus supply of substrate, e. g. at high 
loading rates or when acidogenic bacteria and 
methanogens are inhibited (figure la) the capacity 
of interspecies H2-transfer is exceeded and highly 
"reduced" metabolites such as ethanol, lactate, 
propionate and butyrate are formed. When, on 

the other hand, the substrate supply is limited, 
the pool of intermediary metabolites is low and 
hydrogen is quantitatively used up for methano
genesis or sulfate reduction. The hydrogen partial 
pressure is kept low enough so that there is no 
necessity for the formation and accumulation of 
highly "reduced" intermediates (figure lb).

The effect of interspecies hydrogen transfer 
on the metabolism of mesophilic bacteria from 
the fermentative phase has been shown experi
mentally by comparison of the metabolites that 
were produced by pure cultures and by consortia 
with hydrogenotrophic and acetotrophic metha
nogens (Zellner and Winter, 1987). In the batch 
growth experiments of pure and of mixed cultures 
without substrate limitation the stoichiometry of 
product formation was almost identical. When 
the situation in an anaerobic reactor was simul
ated in continuous culture in a glucose-limited 
chemostat which allows an optimal interspecies 
hydrogen transfer, butyrate was no longer formed 
(Zellner and Winter, 1987). From these experi
ments it was concluded that interspecies hydrogen 

Figure 1. Scheme of carbon flow during anaerobic degradation of carbohydrates with surplus (a) or 
limited (b) substrate supply.
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transfer during the anaerobic degradation of 
organic waste components may not only be an 
obligate requirement for the degradation of fatty 
acids and alcohols to acetate, CO2 and H2 - once 
these metabolites have been formed by the fer
mentative bacteria - but was also a means to 
prevent the formation of butyrate (Zellner and 
Winter, 1987), ethanol, lactate, formate (Winter, 
1980) and presumably of propionate from carbo
hydrates by the fermentative bacteria in metha
nogenic ecosystems. Another effect of an opti
mally functioning interspecies hydrogen transfer 
in syntrophic methanogenic cultures was the 
prevention of the formation of acetate from CO2 
and H2 during homoacetic acid fermentation of 
Acelobacterium woodii (Winter and Wolfe, 1979; 
Winter and Wolfe, 1980), an inhabitant of 
many methanogenic ecosystems (Winter et al., 
unpublished). Furthermore, interspecies H2-transfer 
seems to play a major role for methanogenic 
degradation of single amino acids after proteolysis, 
such as alanine, glycine or i-leucine (Wildenauer 
and Winter, 1986; Winter et al., 1987), of aroma
tic compounds like phenol (Knoll and Winter, 
1987, 1989), of chlorinated aromatic substances 
like o-chlorophenol (Dietrich and Winter, 1990) and 
for /^-oxidation of fatty acids that are produced 
during lipid degradation (Bryant, 1979), whereas 
demethoxylation of 3-methoxybenzoate by a 
coculture proceeded presumably via a commen- 
salistic rather than a syntrophic interaction with 
interspecies hydrogen transfer (Sembiring and 
Winter, 1990).

During well balanced, highly loaded but not 
overloaded thermophilic methanogenic degradation 
of glucose (Zinder, 1986) or of complex substrates 
such as sewage sludge (Temper, 1983; Temper 
et al., 1983) mainly acetate, CO2 and H2 were 
the intermediates, while a rather broad spectrum 
of intermediates, including propionate, butyrate, 
ethanol and lactate, was observed under similar 
conditions in mesophilic methanogenic environ
ments, e. g. in the rumen (Wolin, 1982), in sew
age sludge or in wastewater reactors (Temper et 
al., 1983; Wildenauer and Winter, 1985; Zellner 
et al., 1987). Under mesophilic conditions, carbo
hydrates were too fast degraded to allow for 
a quantitative utilization of hydrogen through 
interspecies hydrogen transfer by sulfate-reducing 
and methanogenic bacteria. Lactate, propionate 
and butyrate accumulated and for a complete 

degradation a shift of the population towards 
obligately proton-reducing acetogens was necessary. 
Under thermophilic conditions degradation rates 
of carbohydrates were in the same order of 
magnitude, but hydrogen evolution at the higher 
temperature was apparently facilitated, as expected 
from thermodynamic considerations. So glucose 
conversion to 2 mol acetate, 2 mol CO2 as well 
as 4 mol H2 at 601) could be demonstrated for 
the first time in a pure culture of a thermophilic 
sewage sludge isolate, Acetom icrobium flavidum 
(Soutschek et al., 1984).

In the "acetogenic phase" of mesophilic, 
anaerobic degradation obligate syntrophic, pro
ton-reducing bacteria such as Syntrophomonas 
ivolfei (McInerney et al., 1981), Syntrophobacter 
ivolinii (Boone and Bryant, 1980), Syntrophus 
buswellii (Mountfort et al., 1984), the s-organism 
(Bryant et al., 1967) and others were responsible 
for the anaerobic oxidation of fatty acids and 
alcohols. n-Butyrate and ethanol were oxidized 
to acetate and Ha and propionate to acetate, CO2 
and H2 in syntrophic associations of these organ
isms with methanogens. Since fatty acid oxida
tion was only exergonic at an extremely low 
hydrogen partial pressure, growth of obligately 
proton-reducing acetogens was strictly dependent 
on hydrogen-consuming organisms like methano
gens or sulfate reducers. In pure cultures of 
sulfate reducers the reducing equivalents that were 
generated during oxidation of lactate, ethanol or 
formate were used for the reduction of sulfate. 
In the absence of sulfate, hydrogen was formed 
and the increasing H2-partial pressure prevented 
growth. However, growth on lactate in the ab
sence of sulfate did occur if the hydrogen was 
consumed by methanogens, that acted as electron 
sinks (Winter, 1980; Cappenberg and Prins, 
1974; Bryant et al., 1977; Winfrey and Zeikus, 
1977). While obligately proton-reducing acetogens 
were strictly dependent fbr their growth on either 
methanogens or sulfate reducers (McInerney et 
al., 1981; Boone and Bryant, 1980), a reducable 
cosubstrate or an inorganic catalyst (Kaspar et 
al., 1987) for fatty acid oxidation or for substrate 
disproportionation (Beaty and McInerney, 1987), 
sulfate reducers could also act as acetogens 
if growing in pure culture in the presence of 
sulfate. In the absence of sulfate they depended 
on syntrophy with methanogens (Bryant et al., 
1977). To date this has experimentally been shown 
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only in mesophilic methanogenic fermentations, 
but a similar function of sulfate reducers might 
also be assumed for thermophilic fermentations. 
Lactate was presumably oxidized to pyruvate and 
pyruvate decarboxylated to acetate, CO2 and H2 
(Equation ID) in the presence of an electron sink. 
Acetate as well as CO2 and H2 was 나len metab
olized by methanogens according to equations 
IV and V.

HI) CH3-CHOH-COOH + H2O -+ CH3- 
COOH + C0 + 2 H2 
△G。' = -4.2 kJ/mol (67)

IV) CH3-COOH + 2 HQ - 2 CO? + 4 H2 
△G°' = +104.9 kJ/mol (67)

V) 1.5 SO/" + 6 % — 1.5 *+ 6 HQ 
△G。’ = -151.9 kJ/mol (67)

In the final "methanogenic phase" of anaerobic 
digestion of carbohydrates, raw fat and protein, 
the gaseous intermediates CO2 plus H2 as well 
as formate and acetate were fermented to methane 
by methanogenic bacteria. In addition, some other 
metabolites, that were produced in minor quan
tities, like methanol or methylamines might serve 
as substrates for methanogenesis. O이y recently 
2-propanol, 2-butanol, cyclopentanol (Widdel, 
1986; Bleicher et al., 1989) and ethanol (Widdel, 
1986; Widdel et al., 1988) were shown to serve 
as hydrogen substitutes for CO2-reduction for a 
few methanogenic species or strains (table 3). The 
flow of carbon during degradation of biopolymers 

in anaerobic ecosystems demonstrates the close 
metabolic interdependence of the "fermentative" 
and "acetogenic" bacteria with sulfate reducers 
or methanogens. Interspecies hydrogen transfer 
was recognized by Bryant (1979) as the most 
inportant regulatory parameter for a complete 
biopolymer degradation.

Mesophilic versus thermophilic degradation 
of biopolymers from manures

Anaerobic degradation of biopolymers in 
nature proceeds either mesophilically, as in lake 
sediments, peat bogs, sewage sludge digesters, 
wastewater reactors and in the rumen of cattle 
or thermophilically as in sol fata ric fields, hot 
springs, hot volcanic lakes and hot sea shores. 
Although thermophilic fermentation of cattle 
manure (Varel et al., 1977; Shelef et al., 1980) 
and domestic refuse (Cooney and Wise, 1975; 
Cooney and Ackerman, 1975) was reported to 
proceed at higher reaction rates than mesophilic 
fermentation, other authors emphasized that only 
little improvement of conversion rates at ther
mophilic temperatures was obtained at very high 
loading rates (Varel et al., 1980) but that the 
overall degree of degradation was reduced.

In a series of comparative studies with sewage 
sludge of the city of Munich Temper (1983) 
demonstrated clearly, that methanation at tem
peratures ranging from 22-60^ and at a hydraulic 
retention time of 7 days proceeded at similar 
rates (Temper et al., 1983). No improvement of 

TABLE 3. REACTIONS THAT MAY BE CATALYSED BY SINGLE SPECIES OF METHANE BACTERIA

Stoichiometry of reaction
Free energy (△G。') 

(kJ/mol methane)1

CO2 + 4 H2 - CFL + 2 HQ -135.6
4 HCOOH 一 CH, + 3 CO2 + 2 HQ -130.7
CH3-COOH 一 ch4 + co2 -31.0
4 CH3OH - 3 CH, + CO2 + 2 HQ -103.5
ch3oh + h2 一 ch4 + h2o -103.5
4 CH3NH2 + 2 HQ 一 3 CH, + CO? + 4 NH3 -76.7
2 (CH3)2NH + 2 H2O -* 3 CH. + CQ + 2 NH3 -72.2
4 (CH3)3N + 6 HQ 一 9 CH, + 3 CO2 + 4 NH3 — 73.1
4 CH3-CHOH-CH3 + CO2 一 CH, + 4 CH3-CO-CH3 + 2 H2O -36.5
4 CH3-CH2-CHOH-CH3 + 3 CQ- CH4 + 4 CH3-CH2-CO-CH3 + 2 H2O n.d.

From Winter ( 1984), Widde) (1986).
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conversion rates at higher reactor temperatures 
was measured. The only advantage of thermophilic 
anaerobic treatment of sewage sludge or animal 
manures at temperatures of 5Q°C or above was 
the hygienic quality of the effluent. At 50 
pathogens revealed decimal reduction times of 
45-50 minutes compared to > 500 minutes if the 
digestion temperature was in the mesophilic range, 
e. g. at 35 °C (table 4). Inactivation of pathogens 
in sewage sludge or animal manures proceeded 
at the same rate. Earlier, Therkelsen and Carlson 
(1979) had reported already better hygienization 
and in addition a better dewatering behaviour 
of thermopilically digested sludge. A faster se
paration of solids and liquid in thermophilically 
digested sewage sludge compared to mesophilically 
digested sewage sludge was also observed by 
Temper (1983), but the COD in the liquid phase 
was very high and the wastewater was rather 
turbid from sm지 1, suspended particles, that had 
a bad sedimentation behaviour.

A review on advantages (shorter retention 
times, better dewatering of sludge, destruction 
of pathogens) and disadvantages of thermophilic 
digestion (closer control of reaction parameters, 

higher energy demand) in comparision to meso- 
phiiic digestion and kinetic models on the degra
dation of organic compounds for both tempera
ture ranges has been presented by Buhr and 
Andrews (1977). In general anaerobic treatment 
of animal wastes by thermophilic digestion re
quired much more heat energy and the fermenta
tion process was not as stable as during meso
philic digestion (Temper, 1983). Thus, a thermo
philic manure treatment process should be chosen 
only if there is an absolute requirement of a 
higienically safe effluent. In such a case thermo
philic digestion may even be energetically advan
tageous over mesophilic digestion, if the energy 
demand for pasteurization was included into the 
consideration.

Disturbances of the anaerobic degradation 
process by feed antibiotics and chemothe
rapeutics

Acidification during the anaerobic degradation 
of organic material in animal manures may not 
only be due to overloading that causes a more 
rapid volatile fatty acid formation than degra

OR SALMONELLA TYPHIMURIUM BY MESOPHILIC ORTABLE 4. INACTIVATION OF ESCHERICHIA COll

THEMOPHILIC ANAEROBIC TREATMENT

Organism
Type of 
slurry

Fermentation 
temperature 

(°C)

Decimal
reduction time
Dj0 (Minutes)

Source

Escherichia coll Sewage sludge 22 6900 Temper (1983)
ATCC 25922 35 500

50 45
Piggery slurry 35 320 Temper (1983)

50 40

Escherichia coli Sewage sludge 33 1000-1200 Munch and Schlundt
53 50 (1983)

Cattle manure 33 1450

Salmonella Sewage sludge 33 2880 Munch and Schlundt
typhimurium 53 45 (1983)

Cattle manure 33 5760
53 45

Escherichia coli Slaughter-house 35 630 Steiner (1983)
ATCC 11775 wastes 55 20

Salmonella Slaughter-house .55 45 Steiner (1983)
typhimurium wastes
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dation by the acetogenic and methanogenic 
population. The same situation may arise in 
reactors with limited substrate supply if an inhi
bition of acetogenic and methanogenic bacteria 
occurs. While during sewage treatment inhibition 
of the microbial activity by heavy metal ions may 
occur, failure of methanogenesis from animal 
manures may be caused by feed antibiotics, 
chemotherapeutics and disinfectants (Hilpert et 
al., 1984). Many pure cultures of methanogens 
are sensitive towards antibiotics that inhibit cell 
wall and protein biosynthesis and membrane 
function (Hilpert et al., 1983), due to differences 
in the cell wall structure, protein biosynthesis and 
membrane structure and function (Hainmes et 
al., 1979; Hilpert et al., 1981). For monensin 
either an adaption to or an inactivation of the 
antibiotic by methanogens upon prolonged incu
bation was found (Hilpert, 1983). However, the 
monensin in cattle feed was only partially inac
tivated during passage of rumen and digestive 
tract. Inhibition of methanogenesis by feed anti
biotics, that have: been administered to digesting 
sewage sludge in concentrations that occur in 
cattle manure, if suggested amounts of the pro
ducing companies were applied, occured at a 
different extent (table 5). Flavomycin and lasalocid 
were the least inhibiting substances, whereas other 
feed antibiotics prevented methane fermentation 
more effectively. Similarly synthetic chemothera
peutics of cattle feed may inhibit methane fer
mentation quite drastically (table 5).

Reactor types for anaerobic wastewater 
and sludge treatment

Anaerobic digestion of sewage sludge in 
municipal treatment facilities is practised in 
Europe since about 5 decades and a lot of ex
perience is available. Anaerobic sewage sludge 
treatment is either performed in cylindrical or 
egg-shaped conventional reactors, that are ther
mostated at 30-37 °C (figure 2A). The sewage 
sludge is kept in homogenous suspension by 
mechanical, hydraulic or pneumatic mixing devices 
to avoid scum layers on top and sedimentation 
of sludge particles at the bottom of the reactor. 
By this procedure, hydraulic and solids retention 
times are the same and in practice may be in 
the range of 10-30 days. Whereas sewage sludge 

in European countries in abundantly treated with 
the conventional reactor system, in the United 
States of America the so-called contact process 
is applied. The basis of this process is a conven
tional :cylindic, . completely mixed reactor, in 
which the degradation rates are intensified by 
recycling of concentrated biomass from the efflu
ent, obtained either by sludge centrifugation, 
filtration or by passage over a decanter (figure 
2B). A two-stage variant of the conventional 
anaerobic reactor is the MBB-system (figure 2C) 
usually constructed as shown in figure 2D. The 
reactor systems shown in figure 2A-D are suitable 
for treatment of wastes, that contain a high 
proportion of solids or particles, such as sewage 
sludge, cattle manure, piggery slurries, chicken 
dung or suspended organic domestic refuse and 
that require relatively long retention times for 
(partial) degradation of its components.

For anaerobic stabilization of highly polluted 
wastewater from the food industry, that contains 
mainly soluble, readily degradable compounds, 
several alternative processes have been developed 
in recent years. Very high elimination rates of 
pollutants have been reported for wastewater from 
sugar production in an upflow anaerobic sludge 
blanket reactor (UASB-reactor, figure. 2F) by 
Lettinga et al. (1980). Alternatively, anaerobic 
fixed-bed, fluidized bed or expanded bed reactors 
may be used for treatment of wastewater that 
does not contain suspended solids (figure 2E). 
The microbial population in such reactors is 
supposed to form granules (autoimmobilization, 
e. g. in UASB-reactors) or to grow on the surface 
and/or in the pores of either a static or fluidi
zed hydrophilic carrier material. This allows for 
the accumulation of high concentrations of active 
biomass in the reactor and assures optimal eli
mination rates of the pollutants. To avoid concen
tration and pH gradients and to obtain rapid 
separation of biogas the wastewater is circulated 
either upflow or downflow. With undiluted sour 
shey in a fixed-bed anaerobic upflow reactor with 
porous clay beads COD loading rates of 14 kg/m3. 
d were obtained within 2 month after start, 
equivalent to 5 days hydraulic retention time 
(Wildenauer and Winter, 1985) and 95% of the 
COD-load were converted to biogas. Higher 
loadings would require a faster gas separation, 
since the gas production is so vigorously that 
the reactor content begins to foam and the liquid
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TABLE 5. EFFECT OF ANT旧IOTICS AND CHEMOTHERAPEUTICS IN CATTLE FEED ON METHANE FERMEN

TATION

Antibiotic 
(Trade name)

Max. Cone.
(mg/?

Appl. Cone.
(mg/1)

Methane Prod. 
(% of control)

Bacitracin 29 100 68
(Zinc Bacitracin) 10 68

3 80
Flavomycin 11 50 104
(Flavophospholipol) 10 101

3 100
Lasalocid 6 100 25
(Avatec) 10 102

3 105
Monensin 8 5 35
(Rumensin) 2 35

0.5 38
Spiramycin 29 50 44
(Spiramix) 10 46

2.5 46
Tylosin 23 100 65
(Tylan) 10 67

3 90
Virginiamycin 29 50 46
(Stafac) 10 73

3 81
Avoparcin n.d. n.d. n.d.
(Avotan)
Arsanilic acid 144 100 54
(in Animedica S-22) 10 88

3 90
Furazolidone 144 200 41
(in Animedica S-2) 50 93

3 97
Sulfamethazol 144 100 101
(in Animedica S-33) 20 99

3 102
Olaquindox 58 100 4
(Bayo-N-ox) 10 32

1 35

1 Maximum concentration in manure (dung + urine), if no inactivation or degradation in rumen or digestive
tract occurs.

2 Contains per kg: 50 g furazolidone, 50 g arsanilic acid. Recommended dosage: 0.2：% for prophylactic,
0.5% for therapeutic purposes.

3 Contains per kg: 50 g Sulfamethazine, 40 g furazolidone, 40 g arsanilic acid. Recommended dosage: 0.15- 
0.25 % for prophylactic, 0.25-0.5% for therapeutic purposes.

Maximum concentrations in manure were calculated from maximum recommended application, feed intake 
(e. g. 2 kg/150-600 kg cow • d or 2.3 kg/50 kg pig、d) and average manure production (50 1/large animal unit 
(1 cow) or 40 1/large animal unit (6 pigs).

Methane production was measured from 100 ml sewage sludge that was supplemented with the respective 
amounts of antibiotics or chemotherapeutics and incubated at 37°C・ The incubation time was 2 days.

Compiled from Hilpert et al. 1983, 1984.
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Fig니re 2. Reactor systems for the anaerobic methanation of animal manure, sewage sludge or less 

concentrated wastewater.

A-D suitable for wastes with a high suspended solids content and E-F suitable for wastewater with a low 
suspended solids content.

A = Conventional mixed tank reactor; B = Contact process with biomass recycling to intensify degradation; 
C = MBB-System with short-term pre-fennentation in the center space (volume variable to obtain mainly acidi
fication) and methane fermentation in the outer space. The gas from fermentation in the center contains almost 
all of the H2S (sulfate reducing zone) and some H2 whereas the biogas from fermentation in the periphery is 
nearly pure; D = Two-stage reactors, either aerobic-anaerobic, anaerobic-aerobic or anaerobic-anaerobic; E = 
Fixed-bed, fluidized-bed or expanded-bed reactor with porous, hydrophilic carrier material, either static (upflow 
or down-flow mode) or fluidized (upflow mode), depending on the specific weight of the carrier material and 
the recirculation speed; E = Upflow anaerobic sludge blanket reactor with autoimmobilized biomass in form of 
bacterial granules.

is displaced. Results obtained with the different 
reactor types were reviewed previously (e. g. 
Speece, 1983; Sahm, 1984; Winter, 1984).

Comparative laboratory st니dies on anaer
obic degradation of sewage 이니dge, sla
ughterhouse wastes, cattle manure and 
piggery slurries

Anaerobic degradation of animal wastes was 
compared in our laboratory in 1-31 completely 
mixed reactors (table 6). The highest COD-re- 
moval efficiency was obtained with slaughterhouse 
wastes. If the wastewater was passed through a 
screen with 2 mm pores to remove most of the 
suspended solids prior to digestion the COD 
removal efficiency approached 95% (table 6). 
During mesophilic digestion at 10 d hydraulic 
retention time with piggery slurry and sewage 

sludge COD-removal efficiencies of 44-54% were 
obtained while with cattle manure the COD 
removal was in the order of 34%. During degra
dation of piggery slurry more than 3 g/1 of 
ammonia were formed, presumably fr이n cleavage 
of urea and from protein degradation, while the 
ammonia content of digested sewage sludge, 
slaughterhouse waste and cattle manure was in 
the order of 1-1.5 g/1. For a prolonged hydraulic 
retention time of 20 d the COD removal was 
little higher and approched 40% with cattle 
manure.

Industrial-scale piggery slurry management 
—Practical verification in Helmond/Hol
land and first results

To avoid further contamination of the ground
water by nitrate due to over-fertilization of
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TABLE 6. PERFORMANCE OF COMPLETELY MIXED REACTORS FED WITH SEWAGE SLUDGE, SLAUGTHER- 
HOUSE WASTES, CATTLE MANURE AND PIGGERY SLURRY

Substrate
Sewage 
sludge

Slaugher- 
house wastes1

Cattle 
manure

Piggery 
slurry

a)1 b) a) b)
Volatile solids (%) 3.2 4.3 11.1 7.0 7.0 3.0
HRT (d) 11 7 10.0 10.0 10 10
COD-Removal (%) 44 46 66 95 34 53
Ammonia (g/1) 9.95 1.0 1.55 1.7 i.O 3.1
Biogas (1/1 • d) 1.0 2.0 4.6 4.9 1.4 0.7

HRT = hydraulic retention time, COD = chemical oxygen demand,
containing suspended solids of > 2 mm and b) passed through a screen of 2 mm pore size. All substrates 

were homogenized and frozen until use. Adequate portions were added manually once per day to 2 1 fermenters 
to obtain the desired HRT. Fermenters were thermostates at 37莒 and the content was slowly stirred to prevent 
sedimentation of solids and scum formation.

farm land with cattle manure and piggery slurry 
from big breeding and fattening farms huge 
amounts of manure must be processed to make 
possible alternatives for utilization. In Holland, 
for instance, an amount of 20-50 million tons 
of piggery slurry in excess of the amount that 
may be used as a fertilizer on farm land has to 
be treated every year to yield a high-quality dry 
fertilizer, rich in nitrogen, and "clear water" with 
less than 20 mg/1 COD and less than 5 mg/1 
Kjeldahlnitrogen (threshold values set by the 
government law authorities). To meet these re
quirements, in 1987/1988 PROMEST BV began, 
to built a first "Proeffabrik" for the treatment 
of 100000 m3 piggery slurry per annum in Hel- 
mond/HoIiand, which is supposed to reach its 
final capacity of 1200000 m3/a in 1992. This is 
the amount of surplus piggery slurry produced 
in an area of 10 km around Helmond that 
cannot be recycled as a fertilizer on farm land 
due to severe problems with over-fertilization. 
In the Proeffabrik 300 m3 of piggery slurry with 
a COD of 103 kg/m3 and a dry matter content 
of 11% (average values; approximately 18 tons 
of volatile solids/day) have to be processed daily 
to reduce the total COD of the incoming slurry 
from 31000 kg to < 600 kg COD in the effluent. 
Furthermore, the nitrogen content in the effluent 
is not allowed to exceed 1.5 kg/d totally.

The central treatment facilities are two anae
robic MBB-reactors with a capacity of 1250 m3 
for each reactor. Both were started in August 
1988. A third biogas reactor of 2500 m3 volume 

was built later on and is in operation now. The 
projected hydraulic retention time was 15-17 days 
for a mesophilic digestion at 33t). From anaer
obic digestion of daily 300 m3 of piggery slurry 
about 6000 m3 of biogas were expected to be 
produced per day (1.2 m3/m3 • d). The biogas is 
used to generate energy for heating the reactors 
and for slurry processing.

An aerial overview of the "Proeffabrik" in 
Helmond is shown in figure 3 and a sclieme of 
the subsequent slurry processing steps in figure 
4. The Proeffabrik is located in the vicinity of 
a channel and upon reaching the final expansion 
should be supplied with manure and slurry by 
ship and truck. Presently, portions of 35 tons 
are collected by truck, weighed (1) and pumped 
(2) to the hydrosieve (3) for removal of bristles 
and rough particulate solids. From a closed 
concret container, serving as a buffer tank (4), 
the slurry is pumped into the two MBB-reactors
(5) or alternatively into the 2500 m3 reactor
(6) for anaerobic treatment. The anaerobically 
digested sludge is collected again in a buffer tank
(7) and pumped to the sludge centrifuge (8) in 
the processing building for separation of solids 
and liquid. The solid fraction from centrifugation 
and other solids are dried in a drum-dryer (9) 
and grinded before package as a fertilizer. The 
highly polluted evaporates from the dryer are 
condensed and are pumped into the nitrification 
tanks (10) together with the clear liquid fraction 
leaving the slurry centrifuge. For nitrification the 
pH is controlled between 6.5-6.9 by addition of
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Figure 3. Aerial view of the "Proeffabrik" for the treatment of pigg이〉slurry in Helmond / Holland.

lime milk (11). After nitrification the wastewater 
is pumped into a sedimentation tank (12) for 
separation of biomass (aerobic bacteria) and Ca 
(NO3)2 from the liquid by gravity. The sedimented 
sludge and the calcium nitrate is mixed with the 
anaerobically treated piggery slurry for solid/liquid 
separation by centrifugation (8) or directly pum
ped into the drum dryer (9) for dewatering. The 
liquid from the sedimentation tank (12) is pumped 
to the low-pressure evaporator (13). The evap
orated water fraction is condensed in cooling 
towers (14). The condensate should finally reach 
a COD content of < 20 mg/1 and a nitrogen 
content of < 5 mg/1 and could then be disposed 
in the nearby channel. During the experimental 
phase it was guided via the collection pool (15) 
into the municipal sewage treatment plant. The 
concentrate of the evaporator contained the 
majority of the N-load (as calcium nitrate) and 
was dryed together with the solid fractions of 
digested primary and secondary piggery slurry 
in the drum-dryer (9) and grinded for package 

as a fertilizer. The average composition of the 
organic fertilizer is shown in table 7.

The biogas from the anaerobic reactors is 
collected in plastic foil storage tanks (16), washed 
free of H2S with sodium hydroxide (17) and is 
used to drive a steam generator (18) or two 
MAN gas engines (19) for electricity generation. 
Sodium hydroxide from gas purification (17) may 
be used for pH-adjustment in the nitrification 
tanks (10). Odorous waste gas from nitrification 
is passed through biofilters (20) that contain peat 
material and bark peaces.

Results obtained after start-up in 1989 were 
averaged and are summarized in table 8. The 
COD of the raw piggery slurry (which was not 
fresh but stored for up to 4 month) of 103 g/1 
was reduced to around 67 g/1 by anaerobic di
gestion, equivalent to a COD reduction of 35%. 
At the first glance this might indicate a rather 
low digestion efficiency. However, since only aged 
piggery slurry was available, the obtained COD- 
-rem oval efficiency indicated a rather good per-
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Fig니re 4. Process arrangement in the Proeffa아ik Helmond / Holland.

1 Weigh station.
2 Pumping station.
3 Hydrosieve for bristle and solids removal.
4 Concrete storage container for slurry.
5 MBB anaerobic reactors, volume each 1250 m3.
6 Anaerobic reactor, volume 2500 m3. ，
7 Buffer tank for digested slurry.
8 Slurry centrifuge.
9 Drum dryer for solids from the centrifuge (8), slurry sediment from the sedimentation tank (12) and the 

concentrate from the evaporator (13).
10 Nitrification tanks.
11 Lime milk tank for pH-adjustment.
12 Clearing pool for sedimentation of aerobic surplus sludge and calcium nitrate by gravity.
13 Low-pressure evaporator for liquid phase from (12).
14 Cooling towers.
15 Water collection pool.
16 Plastic foil gas collection tanks.
17 Gas purification unit.
18 Steam generator.
19 MAN gas engines.
20 Biofilters for odorous waste gas.

fomance of the anaerobic reactors. The MBB 
anaerobic reactors were operated on average with 
17-18 d HRT by addition of 70 m3 of piggery 
slurry per day into each of 나le two reactors. 
From the total amount of 14420 kg COD added 
per day 4900 kg were degraded to biogas 
(=34% COD-reduction). Assuming exclusively 

carbohydrate degradation from 4900 kg glucose- 
-units 3330 m3 biogas should be generated with 
50% methane content. On average, 3000 m3 biogas 
were produced per day, indicating some CO2- 
retention in the liquid, due to a pH above 7. 
For the above mentioned conditions of carbo
hydrate degradation the gas should contain at least 
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60% methane. Actually the methane content was 
even higher, which is a result of lipid and protein 
degradation in addition to carbohydrate removal. 
The fresh piggery waste contained 5.6 g/1 amm
onia and no nitrate. The dried biofertilizer con
tained no or only little ammonia and up 
to 109 g/kg nitrate (average 5%), due to the 
processing of concentrate from the evaporator 
and of separated calcium nitrate from nitrification.

At present the biofertilizer produced in Hel- 
mond sells for 175 dutch guilders (approximately 
100 US $) per ton dry matter, not including 
transport costs. If it would be distributed com
mercially a prize of up to 300 guilders (approx
imately 175 US $) would seem reasonable. Up 
to the present stage most of this fertilizer was 
sold to Spain for raising wine grapes.

The process costs for piggery slurry, including 
transport to the treatment facility in Helmond

TABLE 7. COMPOSITION OF THE ORGANIC FERTILI
ZER PROFERT THAT IS PRODUCED FROM 
PIGGERY SLURRY IN HELMOND1

Constituent Amount (%)

Water content 10-15
Organics 60
Nitrogen total 5

as nitrate 3
as ammonia 0
heterogenous 2

Potassium (as KQ) 7
Phosphate (as P2O5) 5
Magnesium (as MgO) 2
Calcium (as CaO) 8
Chloride 1

1 Data from Mestverwerking PROMEST B.V., 
Graandijk 6, 5704 RB Helmond, Holland

TABLE 8. RESULTS OF PIGGERY SLURRY TREATMENT IN 1989 IN HELMOND / HOLLAND

Parameters
Piggery slurry 

fresh treated in 
MBB-reactors

Centrifugation 
of treated slurry

Clearing Concentrate Condensate Fertilizer 
from 
dryer1

pool 
liquid 

(No. 12)

from 
evaporator 

(No. 13)

from 
dryer 
(No.9)I n liquid pellet

Dry matter (%) 10.8 9.6 9.2 4.6 25.6 4.2 29.9 0.1 84.1
Ash in DM (%) 34 33 37 45 40 61 56 0.0 43.5
Susp. Solids (%) 5.9 5.5 5.2 0.6 — 0.5 2.7 0.1 —

COD total (g/1) 103.1 68.5 65.9 50.0 一 8.2 64.4 0.7 —
COD soluble 44.2 33.8 32.8 29.2 一 1.9 — 一 —

NH3 (g/1; g/kg) 5.6 6.4 6.7 6.1 8.7 0.04 0.27 4.4 8.5
Kjeldahl-N 8.4 8.1 9.1 7.7 13.1 0.17 9.26 4.4 23.1
NC須(g/1; g/kg) 0.02 0.02 0.02 0.26 18.9 144.18 0.02 109.3

Cu (mg/kg) 39 42 43 35 87 8 55.0 1 229
(g/kg DM) 3.6 4.5 4.6 7.7 2 . 5 1.8 1.9 0 2.7

Fe (mg/kg) 386 369 400 248 1290 63 371.0 1 2772.0
(g/kg DM) 36.1 38.6 43.7 53.9 36.3 13.4 12.7 0 33.0

Zn (mg/kg) 62 58 60 49 139 10 68.0 1 3 시.0
(g/kg DM) 5.9 6.1 6.4 10.5 4 . 1 2.1 2.3 0 4.1

DM = Total dry matter.
1 Contains non-digested solids from anaerobically treated piggery slurry, surplus sludge, precipitated calcium 

nitrate from nitrification and the concentrate from the evaporator of the whole liquid steam.

add up to 40 guilders per m3 (23.5 US $). Pro
cessing of one m3 of slurry ends up with an 
organic fertilizer worth of about 20 guilders, 
leaving about 20 guilders uncovered. To cover 

this defizit every farmer has to pay fees in the 
order of 12-15 guilders per m3 of slurry if the 
dry matter content is < 11% or 6-7 guilders per 
m3 if the dry matter content is > 11% for pro
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cessing. In addition each farmer has to put money 
into a fonds, worth of about 10 guilders per m3 
of slurry.

The projected costs for the piggery slurry 
process plant in Helmond were 21 million guilders 
(21.3 Million US $)、of which the 2 MBB reactors 
for anaerobic treatment consumed about 3 million 
guilders.

Urged by overfertilization with animal manures 
and wash-out of not only the nitrogenous com
pounds into the ground water, Promest in Hel
mond demonstrated for the first time, that animal 
manure treatment may end with little solid org
anic fertilizer and a liquid fraction that is purified 
far enough to be pumped into a river or channel 
without causing harm to the flora and fauna of 
these ecosystems. If there is no market for the 
produced fertilizer the ultimate treatment in the 
future will require a denitrification process in 
addition to what is realized in Hehnond now.
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