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Abstract
Evaluation of the parameters affecting the comisiya of dewatered raw sludge from a
wastewater treatment plant has been carried ounégns of a full factorial composite
experimental design. The factors and their cormedpot levels considered in the
experimental design were: bulking agent:sludgerdtom 1:1 to 4:1 by volume), bulking
agent particle size (from 0-5 mm to 10-20 mm) aathgosting volume (in the range of
typical laboratory scale, from 1.5 to 25 L).

Experimental design has permitted obtaining a pmtyial second-order function
that quantitatively describes the influence of¢basidered factors on the compostability of
this waste in laboratory reactors. The function basn numerically optimized to find the
optimal values for composting raw sludge resultinga values of: 0-5 mm for bulking
agent size, 1:1 for ratio bulking agent:sludge amdmposting volume around 10 L.

The use of this technique can be generalized apliedo the composting of other
organic wastes and will permit the comparison ahposting performance of different

wastes.



Introduction

Handling and disposing of large quantities of skigga problem derived from the growing
environmental awareness which is leading to areasing number of wastewater treatment
plants entering in operation (Lasarigi al., 2000). The most extended disposal option
adopted in European countries has been landfiliigoresent, there is a tendency towards
the agricultural use of sludge. The unique legsirietion to direct land application of the
sludge is given by its content on heavy metals @oténtially toxic compounds. European
Union Commission is preparing a new Directive or thological treatment of organic
wastes (European Commission, 2001). According i® Ehrective the hygienisation of
sludge before its application to land will be maioeda Composting is one of the
alternatives proposed by the Directive in ordeatbieve sludge hygienisation. The use of
composting is not widespread in Europe, althoughds are increasing.

The water content of sewage sludge is usually mdhe high for direct composting
even if a dewatering treatment is applied to thatamal. In a majority of cases a bulking
agent is needed to reach optimum water contengspgrand free air space (FAS) (Haug,
1993). A lot of experiences are reflected in tierditure referring the research of optimum
sludge-bulking agent mixtures for urban or indasdtsludge composting. A long list of
waste materials have been proposed as bulking saagenthese experiences including,
among others, green waste (Sedagl., 1997), wheat or barley straw (Lasamtal., 2000;
Miner et al., 2001), rice husks (Morisald al., 1989) or peat moss (Milnet al., 1998),
although the most widely used materials are woag@gschnd sawdust (Atkinsod al.,
1996; Larsen and McCartney, 2000; Wabgl., 1997; Wong and Fang, 2000). In addition

to the type of bulking agent used, its particledias been also empathized as an important



factor in sludge composting. Large bulking agentiglas will provide an excess of FAS
which will result in an oscillating temperature fil® during composting (Jokelet al.,
1997). The proportion of bulking agent in the fimaikture has also been highlighted as a
factor influencing the composting process (Moriseakial., 1989; Jokelaet al., 1997).
Bulking agent:sludge volumetric ratios used in riygorted experiences range from 0.5:1 to
6:1 depending mainly on the water content of thelgé (Wonget al., 1995; Larsen and
McCartney, 2000). An excess of bulking agent valid to a low content on biodegradable
organic matter in the final mixture. Sludge compagsexperiences are presented in some
cases at different scales, laboratory and pilattpl8esayet al., 1997; Jokelat al., 1997).
The main difference observed at different scale®nsperature evolution. The amount of
heat generated and the heat retention capacityeafntiterial increase as the volume of the
treated material increases (Sherman-Hutton, 2000).

If the real influence of such a number of factors sbudge composting has to be
statistically determined a detailed methodologatady will be required including a large
number of experiments.

The objective of this work is to examine the inflae on relative heat generation
(RHG) during raw sludge composting of the next ¢hi@ctors: bulking agent particle size,
bulking agent:sludge volumetric ratio and operatoitume (at laboratory scale). RHG is
directly related to initial mixture water contenédause moisture determines the specific
heat of the material (Haug, 1993). Nevertheless;esthe selected factors for this study
(bulking agent:sludge volumetric ratio and bulkiagent particle size) determine water
content, the effect of this parameter is implinithe obtained results.

A full composite factorial experimental design teicfue has been used to plan the

experiments needed. The experimental design tescbnwgll be used to learn on the



influence of these factors on the sludge compospingcess and to determine the
relationship among them. The variable studied ésititegration of temperature curve as a
measure of relative heat generation. The feasibilitthe experimental design technique
has been widely demonstrated in other fields (eawl., 1999; Sancheet al., 2000a;
Ricou-Hoefferet al., 2001). Its application to the sludge compostiracpss will provide a

methodology to face future studies on the compdgtabf other types of organic waste.

M aterials and M ethods

Materials
The waste material under study was dewatered radgsl from the urban wastewater
treatment plant of La Garriga (Barcelona, Spaire Gewatered raw sludge was obtained
by centrifugation of activated sludge from the bgtal wastewater treatment. Wood chips
from a local carpentry were used as bulking ageiné. chips consist of a variable mixture
of pine and beech tree wood. The characteristitkesfe materials are presented in Table 1
(presented as average values during sampling tifine) parameters summarized in Table 1
were determined according to standard proceduresifAAWWA-WPCF, 1992).

Sludge and wood chips mixtures were handmade aftexening of the bulking
agent. A semi-industrial sieve (Filtra Vibracionf-B00) with a diameter of 400 mm was
used for wood chips screening. Three different estse(20, 10 and 5 mm mesh) were

available. Initial mixtures water content rangeahfr79.6% to 47.3%.



Vessels

Three different vessels were used in the reporigubranents: a 40-L reactor (working
volume: 25L) and 4.5-L and 1.5-L Dewar® vesselschematic representation of the 40-L
reactor is presented in figure 1. The reactor isylindrical methacrylatgdank with a
perforated plate (at point 6) near the bottom thaides the vessel in two compartments.
The upper compartment (A) over the perforate pletetains the material to be composted
while the empty compartment (B) under the perfatgtiate allows excess water content to
leach providing at the same time an air distributthamber when air supply is applied (air
inlet at point 1). Leachate is recovered througlalae (2). The tank is top-covered with a
methacrylate cover perforated in six points towalkxit of exhaust gas and monitoring of
temperature (3) and oxygen concentration (4) intdik. The vessel was thermo-insulated
(5) with Cemiflex ® foam (Cemiflex, Spain).

The Dewar vessels were conditioned for compostingviging a stopper and
placing a rigid wire net near the bottom to semathe material from a possible leachate.
The stopper was perforated in two points for tempge monitoring and for air supply, if
necessary.

Previously to the experiments with sludge, all e¢ssvere validated for their use as
composting tanks processing source-separated erdi@dtion of municipal solid waste

(water content: 78 %, volatile solids content: 7p @@ea, 2001).

Temperature Monitoring
Pt-100 sensors were used for temperature monitacomgnected to a data acquisition
system (DAS-8000, Desin, Spain) which is connetteal standard PC. The system allows,

by means of the proper software (Proasis® Das-Win Resin, Spain), the continuos on-



line visualization and registration of the valuedifferent parameters.€. temperature and
oxygen). Pt-100 sensors were placed in the materiahve a measuring point at 1/3 of the

height of the material in the vessel.

Oxygen Control

Oxygen concentration in intersticial air was moretb with an oxygen sensor (Sensox,
Sensotran, Spain). In Dewar vessels, oxygen cowslcarried out manually, whereas the
40-L reactor is equipped with a feedback oxygertrobmvhich automatically supplies fresh

air to the reactor when oxygen concentration iswel0%.

Experimental Design

Optimization of composting conditions was performegl means of a full composite
factorial experimental design (Sanchazl., 2000a; Sanchea al., 2000b). Briefly, full
factorial experimental design is based on the et@mo of the coefficients fitting a
polynomial function (Y), which is proposed to dekerthe system under study (see, for
instance, Eqg. 2 and 3). This polynomial functioramsalgebraic expression that combines
the different factors (xthat have been taken into account and their pohyal coefficients
(b). The factors considered were chosen accordinthéoresults obtained in previous
experiments in sludge composting. Coefficients me@B) of the function Y is calculated

according to Eg. 1 (Trochim, 2002a; Trochim, 2002b)

B=(M™M) MR, Eq. 1



where M is the matrix of experiments that incluties normalized levels of the considered
factors, and §; is the proposed objective function (in this casttive heat generation). A
number of experiments were replicated to validatgistically the consistence of the
proposed function representing the system.

Calculation of Eq. 1 was carried out by a self-madftware developed with
Microsoft Fortran Powerstation® 4.0 (1994-1995).

Optimization of objective function was carried dayta quasi-Newton method using

IMSL® libraries included in Microsoft Fortran Povetaition® 4.0 (1994-1995).

Results

Previous Experiments
Preliminary experiments (data not presented) shotlwatl during dewatered raw sludge
composting in static laboratory systems the thehmigprange of temperature was not
always reached, even when the same bulking agetgsiratio used in composting full-
scale plants was chosen. Moreover, Haug (1993)redde clear influence of the bulking
agent particle size and the operation scale, espem cases when wet substrates (such as
raw sludge) were used.

The problems detected can be overcome by meanssgétamatic and statistical
study on the influence of these factors on thegoerénce of composting of the waste

under study.



Experimental Design

The study of the factors affecting the compostingcpss of dewatered raw sludge mixed
with wood chips as bulking agent was carried ouni®ans of a full composite factorial
experimental design.

Bulking agent particle size, bulking agent:sludg#umetric ratio, and operation
volume were selected as the main experimental fathat control the composting process.
Bulking agent particle size and the bulking agéutige volumetric ratio directly determine
Free Air Space (FAS) and water content (Haug, 1988)ch are directly related to heat
retention capacity. On the other hand, a high amotimotal composting mass implies a
large thermal inertia, and thus, a higher hygidimenapotential (Sherman-Hunton, 2000).

The levels of the factors considered in the expenit@l design are presented in
Table 2. Wood chips were sieved to typical partislee values found in full-scale
composting plants, whereas values of bulking agkmige volumetric ratio were selected
among the typical referred values found elsewhdrke operation volumes were
determined for the vessels available in the lalooyat

The considered factors and their respective lewelslved the realization of 27
(3x3x3) experiments, which were carried out follogithe evolution of temperature as a
function of time in each case. Due to the high nembf experiments, only the first
thermophilic stage of the composting process wasiitm@d, which in most cases
corresponded approximately to 4 or 5 days. Experimevere carried out without air
supply since it was previously observed that nogexy limitation was found for any
conditions tested in the experimental design (datashown). To statistically validate the
obtained results, 5 experiments were randomly c¢he@s®l carried out as replications to

complete the experimental design, for a total oé$@eriments.



Once the factors to be studied and their levelevediosen, the next step in the
experimental design was the selection of an olyectunction (ky). To evaluate the
composting and hygienization potential of raw skgod chips mixture, relative heat
generation (RHG) based on the temperature achmasdchosen as the objective function.
This parameter has been previously used in the ostimg field as a measure of
composting potential (Larsen and McCartney, 20@hkt al., 2001). In this work, RHG
was defined as the area between the reactor amd temperature curves, as shown in
Figure 2. The RHG value was obtained by the Simpsi@gration method, considering the
end point of the process when reactor temperatugped to a value lower than 10°C over
room temperature. Values of the objective functabstained for each experiment are
presented in Table 3.

The next step in the experimental design was téetieh of a polynomial function
(Y) that properly fitted the experimental resulf&is function was obtained to describe the
process under study and it was used to check theeice of the factors on the composting
process of raw sludge. The quality of the fittimg &ll the tested functions was estimated
from the value of the correlation coefficiert. R

The simplest function proposed was a linear fumctonsidering all the factors

studied and it is represented by Eq. 2:

Y:bo+ZQxi Eqg. 2

A low correlation coefficient, R= 0.62 was obtained in this case, which indicatembor
fitting of experimental data. In consequence, ddfeé new terms were included in the
linear function (Eq. 2), to take into account pbksiinteractions between the considered

factors. The values ofshowed that the best modelling function was adattond-order
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function including quadratic terms and interactidos x;, X, and % (Eq. 3), where the

value of R was 0.77.
3 6

Y=hy+ > % +Y X7 +bxx +oxx, Hopox, Eq. 3
i=1 i=4

The values of coefficients for Eq. 3 are presented in Table 4.

The quality of the fitting was statistically valigal by means of an F-test.
Experimental value of F-test was 8.10, higher ttrentabulated value for a confidence of
99%, which was 3.35. Thus, it could be assumedttietontributions of the factors were
more significant than experimental error in th&érfg of the statistical model. Therefore, a
statistically validated function described by Eq.c8uld be used for the quantitative
representation of the composting of raw sludgegusiaod chips as a bulking agent.

Moreover, analysis ofjlzoefficients (Table 4) indicated that the threetdes under
study affected the composting process in a sirmilder of magnitude. Also, the interaction
between the variables was as significant as thahlas themselves since the interactions
affected the process in a similar order of magmitushalysis of the obtained function (Y)
allows the study of the influence and interactibesveen the factors. For instance, for a
fixed volume (x=0), Fig. 3 shows the combined influence of bulkagent particle size
(x2) and bulking agent:sludge volumetric ratig)(®@n objective function.

The fact that the variables are interrelated isespecial relevance since the
influence of these factors on composting performascoften considered separately or in
the basis of adjusting a proper mixture water aontg C:N ratio (Wonggt al., 1997,
Milne et al., 1998; Kalyuzhnyiet al., 1999; Mineret al., 2001). However, this procedure

does not ensure a correct Free Air Space valuseahttial mixture.
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Optimization

Function Y obtained was used to determine the @tioonditions to carry out the
composting process of a raw sludge:wood chips mextinder laboratory conditions, by
means of an optimization program based on a quesitdh method. The results obtained
were:

bulking agent particle size: 0 — 5 mm

bulking agent:raw sludge ratio: 1:1

operation scale: 10.49 L

The optimum mixture for the composting processiedrout in laboratory scale
vessels consisted of wood chips from 0 to 5 mmgenhix a 1:1 ratio with raw sludge. The
small particle size produced a very homogeneousunaxvith small sized aggregates, with
a high porosity and more accessible to microorgasisand air, breaking the typical
compacted structure of a dewatered sludge. Thestetould be observed when mixing the
materials for the experiments, and it was alscectdld in partial results since maximum
Relative Heat Generation values corresponded toofitenal mixture and the 2:1 ratio
mixture in the three scale levels studied (Tabldt3% worthwhile to mention that the small
sized wood chips can also act as amendment foslege and not only as a bulking agent,
since some carbon source is available for micrausgas and contributes to balance the
excess of nitrogen often found in raw sludge (HA993).

The optimum value found for the operation volumeigated that the mixture 1:1
with 0-5 mm wood chips was suitable for laboratecgle operation when working with the
studied materials. However, at full-scale operatibeeems evident that others factors such
as compression, agitation, etc., can play an irapomole in the available Free Air Space

(McCartney and Chen, 2001).
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The fact that the optimum value was near the lowest of the studied interval of
volumes could be related to the different thermalulation capacity of the used vessels.
Thus, it seemed evident that the 1.5-L and 4.5-l&evessels insulate the material and
prevent heat loses in a more effective way thar28ie reactor. Although the three vessels
had been previously validated composting sourcers¢gd organic fraction of municipal
solid waste (MSW), reaching temperatures above T@°€xtended periods of time, the 25
L reactor did not have enough heat retention fotenels such as raw sludge. Laboratory
experiences show that biodegradation rate in tisé stages of sludge composting process
is lower than MSW, even with the same water contettte initial mixture.

Therefore, it can be concluded that compostinga®f sludge at laboratory scale
requires a proper thermal insulation.

Nevertheless, the optimization of the function oi#d from the factorial
experimental design has permitted the determinatibthe optimal conditions for the
composting of raw sludge, proving to be a usefahtéque that can be applied to other

similar wastes.

Conclusions
Composting process of raw sludge from urban wastwheatment plant has been
systematically studied, determining the factorg@fhg the compostability of this waste. In
this work, it is of special interest the quantifioa of the influence of bulking agent:sludge
ratio and the patrticle size of the added bulkingrag
Experimental design technique has proved to beld vaol to determine the
optimal initial operation conditions for the compng of raw sludge. Moreover, the

systematic study of composting conditions by meahsexperimental design can be
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generalized and applied to the composting of otirganic wastes and will permit the

comparison of composting performance of differeastgs.
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Nomenclature
bi: Coefficients of Y (B, coefficient vector).
FAS: Free Air Space.
M: Matrix of experiments.
MSW: Municipal Solid Waste.
R?% Coefficient of correlation.
RHG: Relative Heat Generation.
Xi. Independent variables of Y.
Y: Modelling function obtained from experimentalsegn.

Fobj: Objective function.
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Tables

Table 1: Average properties of dewatered raw sludge anddwohips used in the

experiments (in brackets, standard deviation values

Property Dewatered Raw Sludge Wood Chips
Water Content (%) 73 (5) 5
Volatile Solids Content (%) 60 (4) 99.4
N-Kjeldhal Content (%) 2.5 (0.4) 0.1

C/N ratio 13 (3) 500
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Table 2: Factors and levels considered in the experimel@sign (normalized values in

parentheses).

Factor Levels

X1 : operation volume (L) 1.5(-1) 4.5 (-0.745) 23 )+
X2 : bulking agent particle size (mm) 0-5(-1) 5{10.333) 10-20 (+1)
X3 : bulking agent:sludge volumetric ratio 1:1(-1) :12-0.333) 4:1 (+1)




Table 3: Experimental results for the full factorial exjpeental design.

19

Experiment Operation Volume Bulking agent particlesize Volumetricratio Objectivefunction
X1 (L) Xz (Mm) X3 (Fobjs RHG)
25/5/1:1 25 0-5 11 78.29
25/5/2:1 25 0-5 2:1 17.29
25/5/4:1 25 0-5 4:1 13.66
25/10/1:1 25 5-10 11 33.26
25/10/2:1 25 5-10 2:1 22.87
25/10/4:1 25 5-10 4:1 0
25/20/1:1 25 10-20 11 27.80
25/20/2:1 25 10-20 2:1 2.88
25/20/4:1 25 10-20 4:1 0
4.5/5/1:1 4.5 0-5 11 124.07
4.5/5/1:1-ii 4.5 0-5 11 100.99
4.5/5/2:1 4.5 0-5 2:1 152.18
4.5/5/4:1 4.5 0-5 4:1 16.25
4.5/5/4:1-ii 4.5 0-5 4:1 70.77
4.5/10/1:1 4.5 5-10 11 136.93
4.5/10/2:1 4.5 5-10 2:1 24.30
4.5/10/2:1-ii 4.5 5-10 2:1 39.12
4.5/10/4:1 4.5 5-10 4:1 10.51
4.5/10/4:1-ii 4.5 5-10 4:1 15.46
4.5/20/1:1 4.5 10-20 11 36.24
4.5/20/1:1-ii 4.5 10-20 11 28.70
4.5/20/2:1 4.5 10-20 2:1 11.17
4.5/20/4:1 4.5 10-20 4:1 5.58
1.5/5/1:1 1.5 0-5 11 86.27
1.5/5/2:1 1.5 0-5 2:1 87.32
1.5/5/4:1 1.5 0-5 4:1 16.25
1.5/10/1:1 15 5-10 11 63.91
1.5/10/2:1 15 5-10 2:1 25.09
1.5/10/4:1 15 5-10 4:1 0
1.5/20/1:1 15 10-20 11 32.83
1.5/20/2:1 15 10-20 2:1 20.68
1.5/20/4:1 15 10-20 4:1 0




Table 4: Values of bcoefficients obtained for Eq. 3.

Coeficient  Coeficient for ~ Value
bo - 49.68
by X1 -5.963
b, X2 -22.73
bs X3 -24.67
by X1 -43.56
bs Xo" 17.00
be Xg* 8.353
b, X1+ Xo 8.755
bg X1+ X3 5.745
bo X2 X3 11.73

20
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Legendsto Figures

Figure 1. Scheme of the 40-L vessel used in compostinglatratory scale. 1-Air inlet, 2-
Leachates outlet, 3-Temperature probe, 4-Air aspitato oxygen sensor, 5-Thermal

insulation, 6-Perforated plate, A-Composting volunilLeachates collection and air

supply.

Figure 2. Evolution of temperature profiles for the expezirh 1.5/5/2:1 (a) and 25/10/2:1
(b). Material Temperature; .......... Room Perature; Vertical line: End Point for the

integration.

Figure 3. Surface response of Eq. 3 for a fixed normalizade of %=0.
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