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Simulation of the behaviour of sewage sludges in a soil:
variation with sludge treatment.
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Abstract

A simulation model describing the dynamics of organic matter in soil has been used
to compare the behaviour of different sewage sludges (SS) issued from the same
waste waters in a soil. Three sewage sludges were used coming from the treatment
of the waste waters of Plaisir (Yvelynes, France): a liquid SS, a dehydrated SS and
a limed SS. Their mineralization and the evolution of N availability were followed
during their incubation in a loamy soil under controlled laboratory conditions. The
experimental results were used to calculate the degradation rate of the organic
fraction of the SS with the simulation model NCSOIL. The model NCSOIL describes
the organic matter dynamics in a soil. Three organic compartments are considered:
the microbial biomass, a fraction of labile organic matter and an exogenous organic
matter (the sludge in our case). The degradation rates of the SS organic fraction
were estimated with NCSOIL. The degradation of the liquid SS was more rapid (37
10-2 d-1) than the degradation of the two solid SS (0.7 10-2 and 1.6 10-2 d-1 for the
dehydrated and the limed SS, respectively). The efficiency of SS incorporation into
the microbial biomass was larger for the liquid SS (60%) than for the two solid SS
(30%).
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Résumé

Les objectifs de ce travail sont d’utiliser un modèle décrivant la dynamique de la
matière organique du sol pour comparer l’évolution de différentes boues
d’épuration urbaines provenant des mêmes eaux usées dans un sol.

Les 3 boues proviennent de l’épuration des mêmes eaux usées de la ville de Plaisir
(boue liquide digérée anaérobie, boue déshydratée et boue déshydratée chaulée).
Leur minéralisation et la disponibilité de leur N sont étudiées expérimentalement au
laboratoire au cours d’incubations de sol (sol limono-argileux) additionné des
boues. A partir de ces résultats expérimentaux, on calcule à l’aide du modèle
NCSOIL, le coefficient de dégradation de la fraction organique de ces boues.
NCSOIL est un modèle décrivant la dynamique de la matière organique dans un
sol. Les 3 principaux compartiments de matière organique considérés dans
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NCSOIL sont : la biomasse microbienne du sol, un compartiment de matière
organique labile et un compartiment de matière organique exogène au sol, la
fraction organique de la boue dan ce cas. L’azote potentiellement minéralisable du
sol provient de la minéralisation des 2 compartiments organiques du sol. La
dégradation de la fraction organique de la boue conduit à la formation de biomasse
microbienne, puis à son incorporation dans la matière organique labile du sol.

Le modèle NCSOIL permet d’estimer la vitesse de dégradation de la fraction
organique des différentes boues. Celle-ci est beaucoup plus rapide pour la boue
liquide (37 10-2 j-1) que pour les 2 boues déshydratées (0.9 10-2 et 1.8 10-2 j-1 pour la
boue déshydratée et chaulée respectivement). Le chaulage semble avoir un effet
positif sur la vitesse de dégradation de la matière organique de la boue. Enfin, le
rendement d’incorporation dans la biomasse microbienne est supérieur pour la
boue liquide (60%) par rapport aux boues déshydratées (30%).

Mots-clés : boue d’épuration urbaine, modélisation, azote, biomasse microbienne.

1. Introduction

Sewage sludge application on cultivated soils represents an alternative to their
incineration or landfilling and has been frequently used to recycle nutrients such as
nitrogen through crop production. The rates of sludge application on soils have to
be adjusted to the crop needs to avoid production of excess NO3

- which could
leachate towards the ground waters. Heavy metal and organic pollutant
accumulation after repeated sludge application has also received a lot of attention
recently. The availability of sludge N varies with the sludge characteristics resulting
from the process of waste water treatment (Wiart et al., 1996). The soil and the
climatic conditions also influence sludge evolution after their application on soils
(Bourgeois et al., 1996). Laboratory incubations have been often used to estimate
the N available in soils or organic amendments. The mineralization kinetics are
adjusted to first order kinetics and N0, potentially mineralizable N determined.

Simulation allows to better understand N fluxes in soils which are not available
through measurement or calculation (Bjarnason, 1988) and to consider them
simultaneously. Numerous models have been elaborated to describe C and N
dynamics in soils. They can be used for better understanding the behaviour of
organic amendments in soils (Hsieh et al., 1981a; 1981b; Hoffmann and Ritchie,
1993; Houot et al., 1995).

In the present work, the NCSOIL model describing the dynamics of organic matter
in soil (Molina and Smith, 1998) was used to compare the behaviour of three
different sewage sludges issued from the same waste waters in a soil.
2. Materials and methods

Soil and sludges
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The soil was sampled in the upper 30 cm of a liquid sludge treated plot in a long
term field experiment located in Grignon (Yvelines, France). This field experiment
has been initiated in 1986 to determine the N availability of a liquid sewage sludge
for cultivated crops (wheat-maize rotation until 1993 and continuous maize since
1993) as compared to classical mineral fertilizer (Michelin, 1996). The soil was
passed through a 5 mm sieve immediately after sampling in March 1996 before
sludge application, then kept moist at 4°C until use. The loamy soil was classified
as Typic Eutrochrept (Soil Taxonomy) and had the following analytical
characteristics (in g kg-1 of soil): clay, 220; silt, 730; sand, 50; organic C, 13.4; total
N, 1.3. The soil pH (in water) was 7.3.

Three sewage sludges were used, all coming from the same waste water treatment
plant located in Plaisir (Yvelines, France): a liquid sewage sludge anaerobically
digested (liquid SS), the same sludge after dehydration by filtration press
(dehydrated SS) and the dehydrated sludge after lime addition (limed SS). Their
main analytical characteristics are presented in the table 1.

Liquid SS Dehydrated SS Limed SS
Dry Matter (% fresh material) 1.7 21.7 26.6
Organic Matter (% DM) 63.8 63.0 50.6
Organic Carbon (% DM) 35.7 36.9 30.4
Total N (% DM) 9.1 5.4 3.5
N -NH4+ (% DM) 5.1 1.2 0.4
Organic N (% DM) 4.0 4.2 3.1
C/N total 3.9 6.8 8.6
C/N organic 9.0 8.8 9.6

Table 1.
Analytical characteristics of the sewage sludges coming from the waste water

treatment plant of Plaisir (Yvelines, France).

Incubations

Incubations were realized in triplicate with 50g of fresh soil corresponding to 42g of
dry soil in 500 ml jars hermetically stoppered in controlled conditions (28°C,
humidity equivalent to 85% of field capacity, in the dark) during 63 days. In the
treatments with sludges, 2g of fresh dehydrated or limed SS was added to the soil,
approximately doubling the rate of application in field conditions. In the liquid SS
treatment, the soil was previously air dried before incubation in order to be able to
add 2.3 g of liquid SS without running the incubations under waterlogged
conditions.
The C-CO2 evolved during the incubation resulting from the mineralization of soil
and sludge organic matter was trapped in 10 ml of NaOH 0.5M replaced after 3, 7,
10, 14, 21, 28, 42 and 63 days of incubation and analyzed by colorimetry on a
continuous flow analyzor (Skalar, Breda, the Netherlands) using the method
described by Chaussod et al. (1986). Mineral N was extracted after 0, 7, 14, 28, 42
and 63 days of incubation in 200 ml of K2SO4 0.025M. The extracts were
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recovered after decantation and filtration and mineral N was analyzed by
colorimetry using the indophenol blue method for NH4

+ and the Griess-Ilosvay
method for NO3

-.

The microbial biomass was measured in the initial soil then after 7, 28 and 63 days
of incubation in the different treatments, using the fumigation-extraction method
(Vance et al., 1987; Wu et al., 1990).

NCSOIL model

The simulation model NCSOIL-MIT was used to analyze the data. The model has
been described previously (Hadas et al., 1987; Houot et al., 1989; Barak et al.,
1990; Molina et al., 1990). In this model, two soil organic matter pools and one
exogenous organic matter pool (EOM) are considered (Figure 1). The two organic
pools correspond to the microbial biomass and the labile organic matter,
respectively. The labile organic matter pool is a fraction of the humified organic
matter which remains easily mineralizable and from which most of the soil
potentially mineralizable nitrogen comes from. All the organic pools decay with first
order kinetics (Table 2). The N fluxes are driven by the decomposition of the
organic pools and only mineral N can be incorporated into the microbial biomass.

Figure 1.
Structure of NCSOIL-MIT model for the C (dotted lines)

 and N flows (continuous lines).
Organic and mineral flows are distinguished by thick and thin lines, respectively.

At each timestep (one day), part of the degraded sewage sludge is incorporated
into the microbial biomass simulating the use of the exogenous C source for
microbial growth (EFFAC, Table 2), the complement of the degraded fraction being
mineralized as CO2. Similarly, part of the degraded microbial biomass is
incorporated into the labile organic matter, simulating the humification process
(EFSINK), part is recycled into the microbial biomass (EFFAC) and the complement
is mineralized. The degraded labile organic matter is also partly incorporated into
the microbial biomass (EFFAC) and partly mineralized.
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The experimental kinetics of C and N mineralization during the control treatment
(soil alone) were used to estimate the size of the labile organic matter in the soil
with the model. Then the experimental kinetics of C and N mineralization during the
incubation of soil treated with the different sludges were used to estimate the
constant rate of sludge degradation. The optimum values for the parameters were
searched by the Marquardt algorithm modified to accept data from simulation
models (Barak et al., 1990). The optimization was directed by the following figure-
of-merit function :

X2= SjSm{(Yjm-Yj(m,A))/SDj}2)
where j= 1,... is the state variable index, m = 1, 2,... is the sampling’s index (6
sampling days), Yjm are the measured values, Yj(m,A) are the simulated values for
the set of model’s constants A, and SDj is the standart deviation of the experimental
data. Low X2 values indicated a good fit between experimental and simulated data.
Various optimization process were conducted for different values of sludge EFFAC
(sludge degraded fraction incorporated into the microbial biomass).The results
presented correspond to the combination of constant rate of sludge degradation
and EFFAC parameter leading to the lowest X2 values.

Microbial
Biomass

Labile Organic
Matter

Sludge

Initail level (mg C kg-1 dry soil) 180 Optimized total added C
organic C/ organic N 6 11 cf Table 1
Constant rate of degradation (day-1) 0.332 or 0.040* 0.03 Optimized
EFSINK (fraction of the degraded biomass
incorporated into the labile organic matter)

0.2 -** -**

EFFAC (fraction of the degraded organic
compartment incorporated into the
microbial biomass)

0.6 0.4 Optimized

* the microbial biomass is divided into 56% of labile fraction (constant rate of degradation = 0.332) and
44% of resistant fraction (constant rate of degradation = 0.040)
** does not apply

Table 2.
NCSOIL parameters describing the evolution of the organic pools. Three

parameters were optimized against experimental data: the initial level of the labile
organic matter, the constant rate of degradation of the sludges and the fraction of

degraded sludge incorporated into the microbial biomass (EFFAC).

3. Results and Discussion

Sludge evolution during the incubations

The experimental kinetics of C-CO2 and mineral N evolution during the incubation
of soil alone and soil added of the different sludges are presented in Figure 2. The
mineralization of sludge organic C was estimated by substracting the C-CO2
evolved during the incubation of soil alone from the C-CO2 evolved during the
incubation of sludge treated soil. At the end of the incubations, 48% of the liquid SS
carbon was mineralized and 34% of the dehydrated and limed SS carbon. The
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organic C of the liquid SS was more easily mineralized than the organic C of the
dehydrated and limed SS. Dehydration decreased the biodegradability of sludge
organic C but the addition of lime did not seem to affect it.

All the sludge contained NH4
+ which was rapidly nitrified during the first days of

incubation (Fig. 2). The evolution of N-NO3
- coming from the sludge was estimated

as for C mineralization by substracting the N-NO3
- issued from the soil organic

matter mineralization during the control incubations to the evolution of N-NO3
-

during the incubation of sludge treated soils. The results were then described with
first order kinetics N= N0 * (1-exp(-k*t)) where N is the N-NO3 issued from the
sludge expressed in mg per kg of sludge dry matter, N0 the sludge potentially
mineralizable N and k the constant rate of N-NO3 formation including NH4
nitrification and organic N mineralization (Table 3).

From their analytical characteristics, the three sludges were suceptible to produce
mineral N, since they are characterized by high N contents and low C to N ratio
(Chaussod et al., 1986). At the end of the incubations, most of the liquid SS
nitrogen was present as NO3 and 93.8% of the sludge N was potentially
mineralizable. This proportion was larger than the 70% previously encountered in a
study with similar sludge (Houot et al., 1996). As a matter of fact, 56% of the sludge
N was already present as NH4 and would be immediately available for plants in field
conditions if no lost by volatilization occured. With the hypothesis that 100% of N-
NH4 was included in N0, the fraction of sludge organic N easily mineralizable in the
liquid SS represented 85% of the organic N which was larger than the 27%
proposed by Hutchings (1984).
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Figure 2
Experimental and simulated kinetics of C mineralization and of mineral N

evolution during the incubation of the soil alone or added of the different sludges.
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N0 k r2

Sludges (g N kg-1 dry
matter)

(% total
sludge N)

(day-1)

Liquid SS 85.2 93.8 0.101 0.89
Dehydrated SS 18.1 33.2 0.043 0.87
Limed SS 17.9 51.0 0.076 0.92

Table 3.
Parameters of the first order kinetics used to describe N-NO3 evolution  from the

different sludges: N=N0 * (1-exp(-k*t)) where N is the N-NO3 issued from the sludge.

Dehydration decreased the N content of the sludge, mainly because of the lost of
N-NH4 in the liquid phase (Table 1). This was partly responsible for the decrease of
the percentage of easily mineralizable N in the sludge which represented 33% of
total N, proportion previously reported by Furrer and Bolliger (1978). On the other
hand, only 14% of the sludge organic N was easily mineralizable (estimated as
previously) and dehydration seemed to modify the sludge organic matter as
compared to the liquid SS, confirming the results of C mineralization.

Contradictory results have been observed about N availability in sewage sludge
after lime addition, with examples of enhancement or decrease of the N availability
(Bourgeois et al., 1996). Lime addition to the dehydrated sludge resulted in
volatilization of the remaining NH4 and diluted the organic N content which
decreased. However, contrary to the identical C mineralization in the limed and
dehydrated sludge, the potentially available N increased in the limed SS as
compared to the dehydrated SS and 51% of the organic N was potentially
mineralizable. The N mineralization was faster in the limed SS than in the
dehydrated SS as shown by the larger constant rate of mineralization k (Table 3).
This larger apparent availability of organic N in the limed SS could be related to the
microbial immobilization of N observed at the beginning of the incubation with the
dehydrated SS but not with the limed SS (results not shown).

Simulation of the behaviour of the sewage sludges in the soil

The simulated kinetics of C and N mineralization are compared to the experimental
results in the Figure 2. The initial level of the labile soil organic matter was
optimized against the results of C and N mineralization during the control
incubations, represented 25% of the total soil organic C and resulted in a good
simulation of the experimental results as revealed by the low X2 value of 1.9 10-3. In
comparison, the simulations of C and N mineralization in the sludge treated soils
were not as good as revealed by the larger X2 values (Table 4). However,
simulation with the NCSOIL model allowed to consider both the sludge C and N
evolution and to distinguish the behaviour of mineral and organic N from the sludge.
The organic matter was more easily degradable in Liquid SS than in the two other
sludges as shown by its larger constant rate of degradation and larger incorporation
into the microbial biomass.
Sludges Constant rate of

degradation (day-1)
EFFAC X2
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Liquid SS 37 10-2 0.60 0.11
Dehydrated SS 0.7 10-2 0.30 0.35
Limed SS 1.6 10-2 0.30 0.23

Table 4.
Optimization with NCSOIL of the constant rate of degradation of the organic fraction
of the different sludges and of the fraction of decomposed sludge incorporated into

the microbial biomass (EFFAC).
The lowest the X2 values are, the best is the simulation.

Figure 3
Evolution of the microbial biomass during the incubation of sludge treated

soil : simulated and experimental results.

4. Conclusion

The potentially mineralizable N of liquid SS was larger than this of dehydrated or
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limed SS. In field condition, most of the liquid SS would be available for plants
during the year after sludge application when only 30 to 50% of the dehydrated or
limed SS nitrogen was easily mineralizable. For these two sludges, the
mineralization of the organic N should be taken into account during the years
following sludge application. Lime addition seemed to increase the sludge N
availability. The NCSOIL model confirms the very fast degradation of the liquid
sludge organic fraction and the larger degradability of the limed SS than of the
dehydrated SS. The experimental kinetics of C and N mineralization observed
during the incubation of sludge treated soil were rather well simulated.
Nevertheless, the discrepancies observed between the experimental and the
simulated results of microbial biomass evolution showed that the model could be
ameliorated. Even if some experimental results are well simulated, simulation
results should always be considered with carefulness and not accepted without
large validation work.
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