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ABSTRACT

The performance of the centrifuge dewatering unit in Sungai Udang centralized sludge
treatment facility has been studied using multivariate statistical approach. The relationships
between bio-solids production and 14 parameters were analyzed using principle component
analysis (PCA) and multiple linear regression (MLR) analysis. PCA was used to simplify
the complexity among variables affecting the production of bio-solids in the treatment facil-
ity. All varimax factor (VF) values obtained from the PCA were used as independent vari-
ables in MLR analysis. It was found that VF1 (wet sludge and mixed liquor suspended
solids) and VF4 (polymer dosage) had significant linear relationships with bio-solids pro-
duction, which accounted for 74.32% of variations in the bio-solids production. This
approach could be used to precisely estimate the amount of sludge produced by the centri-
fuge dewatering unit and for better evaluation of system performance that meets the design
criteria and future requirements for sludge disposal.

Keywords: Centrifuge dewatering unit; Bio-solids; Principle component analysis; Multiple
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1. Introduction

In the recent years, due to extensive development
over the world, the numbers of wastewater treatment
plants (WWTPs) have been increasing significantly.
This has raised many issues and major concerns in
proper sludge management. It is expected that a large
amount of municipal sewage sludge would be gener-
ated in the next decade with the increasing numbers of
wastewater treatment facilities currently being devel-

oped [1]. The selection of an appropriate technology
for sludge management depends not only on the mini-
mization of total capital of operation and maintenance
cost, but also depends on other important factors such
as local geography, climate, land use, regulatory con-
straints, as well as public acceptance of various prac-
tices [2,3]. The treatment of excess sludge can account
for up to 60% of the operational costs of the facility,
mainly associated with conditioning, dewatering, dis-
posal [4], and treatment of odor generated during the
solids handling processes [5]. The on-site management
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of sludge in wastewater treatment system is a key fac-
tor affecting maintenance and operation requirements
of the system [6]. Municipal sludge may contain liquid,
organic and inorganic solids, in which the quality of
the sludge in WWTPs depends on suitable colonization
of the flocs by micro-organism activities [7–10].
According to Ødegaard et al. [11], in principal there
are three final disposal strategies for wastewater
sludge and its components which are deposited on
land (e.g. landfills or special sludge deposits), in the
sea (e.g. ocean disposal), or to a certain extent in the
air (e.g. consequence of incineration).

Many studies have been associated with the deter-
mination of sludge accumulation in decentralized
wastewater treatment systems [e.g. 12–14]. However,
this paper attempts to further analyze and estimate the
bio-solids production in a centralized sludge treatment
facility (CSTF) before being disposed at trenching site.
In view of the pressing needs to formulate suitable
strategies to adopt the cradle to grave approach in
managing sludge and bio-solids, it is important to
determine the actual amount of sludge and bio-solids
produced by the sludge facility. This is to make sure
that the existing capacity of landfill and trenching site
are adequate to cater for the bio-solids production in
the future. At the same time, other approaches or strat-
egies could be implemented (e.g. recycling or reusing)
for the excess sludge produced as fertilizers. This will
help to reduce the negative impacts on the environ-
ment due to improper sludge disposal.

According to Hammer [15], Eckenfelder and San-
thanam [16] and environmental protection agency [17],
sand-drying beds produce sludge cakes within
25–46% solids and can exceed up to 60% solids with
additional drying times. However, there are efforts in
recent decades to reduce the excess sludge in munici-
pal WWTPs through mechanical dewatering equip-
ment such as centrifuge dewatering unit and filter
press [1]. Sludge dewatering process by mechanical
dewatering units depends primarily upon the nature
of the sludge, its original solids content and whether
or not polymer is used [3,9,18]. The enhancement
methods such as chemical (e.g. ozone and base treat-
ment), physical (e.g. sonication, mechanical shearing),
and biological methods (e.g. extended solids retention
time) are usually costly and could also result in poor
sludge settling and increased nitrogen concentration
in the effluent or filtrate water [19].

The centrifuge dewatering technology has been
widely used in Malaysian palm oil-related wastewater
but not in sewage treatment processes. Therefore, it is
interesting to understand the performance of this tech-
nology currently being adopted in sewage treatment
plant in Malaysia. The studied CSTF was built in 2008

and it is intended to assess the treatment facility perfor-
mance over its early years operation since commission-
ing. Specifically, this study aims to evaluate the
performance of the centrifuge dewatering unit in Sun-
gai Udang CSTF and to estimate the amount of bio-sol-
ids produced by the centrifuge dewatering unit
according to their interrelations with other parameters
using multivariate statistical approach. For this pur-
pose, principal component analysis (PCA) of 14 param-
eters was performed and provided the most
meaningful parameters for the production of bio-solids.
Then, the new groups of parameters were used as inde-
pendent variables in multiple linear regression (MLR)
models to further analyze the parameters significant for
the production of the bio-solids.

2. Methods

2.1. Site description

Sungai Udang CSTF (2˚17´26´´N to 2˚17´38´´N and
102˚8´84´´E to 102˚9´5´´E) is located in Central Malacca
District at the western coast of Peninsular Malaysia
(Fig. 1) and is approximately 150 km from Kuala Lum-
pur. It is bordered by the Straits of Malacca to the
west, State of Negeri Sembilan to the north, and State
of Johor to the south. Sungai Udang CSTF receives
tankered sludge from individual septic tanks (IST),
sewage treatment plants (STP), and communal septic
tanks (CST) mostly from rural and Malacca town con-
servation areas that generally rely on pour-flush and
pit latrines. The site is undulating and dissected by
two rivers (Air Batu River and Udang River), the flow
that drains to the Straits of Malacca. The facility is
designed for 300,000 population equivalents or
190 m3/day of wastewater. Fig. 2 depicts the sludge
treatment process flow in this facility, where the pre-
treated sludge from sludge holding tank is thickened
using polymer and dewatered by centrifuge systems.
The CSTF is managed and operated by Malacca Indah
Water Konsortium (IWK) Sdn. Bhd., Malaysia.

The wastewater produced during sludge dewater-
ing is highly polluted. A biological treatment system
with a long sludge age and total nitrification capability
such as extended aeration (EA) activated sludge sys-
tem complemented with anoxic zones for denitrifica-
tion process is provided to treat the filtrate water.
There are, however, no specific design criteria in
Malaysia for CSTF. The basic treatment processes are
essentially the same as adopted for typical sewage
treatment. The effluent from clarifier of Sungai Udang
CSTF is discharged by gravity to Air Batu River and
must be in compliance with Standard B, Third Sche-
dule of Environment Quality Act (EQA) 1974 [20].
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2.2. Data

The data were recorded daily from October 2008 to
February 2012 for 14 parameters by the plant operator
of the CSTF. These include the amount of wet sludge
received, influent readings of biochemical oxygen
demand (BOD), chemical oxygen demand (COD), sus-
pended solids (SS), ammonia (NH3), mixed liquor sus-
pended solids (MLSS), pH from receiving station, and
effluent readings of BOD, COD, SS, and NH3 which
were taken after an EA treatment system. Other
parameters measured from centrifuge dewatering unit
such as polymer dosage, percent of solids concentra-
tion, and bio-solids production were recorded weekly.
The raw data were arranged and transformed accord-
ingly where data below detection limit were set off or
displaced as values to halve the detection limit [21,22].
Normal distribution tests were carried out using

W (Shapiro–Wilk), A2 (Anderson-Darling) and D
(Lilliefors test). In order to present a large data-set, a
univariate statistical analysis was applied to represent
the data in the form of mean and standard deviation
[22–24]. All statistical analysis was performed using
XLSTAT 2012.6.02 application and other add-ins appli-
cations in Microsoft Excel 2007.

2.3. Principal component analysis

PCA was used, as this method shows linear rela-
tionships between variables. Barttlet’s sphericity test,
χ2 with degrees of freedom =½ [p(p−1)] was used to
verify the applicability of PCA to raw data [33]. The
principle components (PCs) can be expressed as:

Zij ¼ ai1x1j þ ai2x2j þ ai3x3j þ aimxmj (1)

Fig. 1. Location of Sungai Udang CSTF in Malacca (adapted from Indah Water Konsortium Sdn. Bhd. Malacca).
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where z is the component score, a is the component
loading, x is the measured variable, i is the component
number, and m is the total number of variables. The
equation provides a correlation matrix which has a
linear relationship among variables that can classify
the original set of data based on eigen analysis of the
correlation [25]. PCs generated by PCA are sometimes
not readily interpreted; therefore, it is advisable to
rotate the PCs. For PCs with eigen value more than
one, it is rotated using varimax rotation. This rotation
is applied to reduce variables with less contribution
by increasing the participation of variables with higher
contribution without changing the percentage of total
variance [26]. The new numbers of variables or vari-
max factors (VFs) can explain more information
related to the intended data. Factor loadings after the
varimax rotation can show how much the variable
contributes to the particular PC. The factor loadings
that are greater than 0.7 are considered to be “strong”
and from the corresponding loading plot, responsible
variables are easily detected and those below than 0.3
can be considered as “weak” significant factor load-
ings [27].

2.4. Multiple linear regression analysis

MLR analysis was used to predict the bio-solids
production from the best predictor of PC scores using

add-ins applications in Microsoft Excel. In this
approach, five selected PCs with eigen value more
than one were included as independent variables.
According to Çamdevýren et al. [28], Chen et al. [33]
and Liu et al. [34], the MLR models can be written as:

Bio-solids ðYÞ ¼ aþ b1s1 þ b2s2 þ b3s3 þ b4s4 þ b5s5 þ e

(2)

where a is the constant term, bk is the regression coef-
ficient of scores value of kth PC; sk is the scores value
of kth, and e is the error of the model. This mathemati-
cal relationship expresses the output variable as a
function of the value of input variables. t-test was
used in testing the performance of the treatment pro-
cesses.

3. Results and discussion

3.1. Performance of centrifuge dewatering unit

The descriptive statistics of the Sungai Udang
CSTF performance data for 14 parameters are summa-
rized in Table 1. The mean pH value is 6.82, indicating
that all influent discharge is within optimum pH
range of 6–9 and suitable for aerobic and anaerobic
bacterial growth. Temperature is not taken as one of
the variables due to no variation in data and Malaysia
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Fig. 2. Flow diagram of process design of Sungai Udang CSTF.
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has stable weather and sufficient sunlight year round.
Optimum temperatures for bacterial activity are in the
range of 25–35˚C [29]. The average values of incoming
BOD, COD, NH3, SS, and MLSS are 1,538, 14,625, 123,
15,130, and 8,404 mg/l, respectively. The values were
relatively high when compared to typical sewage due
to the wet sludge originating from the existing ISTs,
STPs, and CSTs. The high concentration of solids in
the sludge indicates low dewaterability and high spe-
cific resistance to filtration [9]. Hydraulic retention
time (HRT) is another important variable in the per-
formance assessment of such a treatment system
[3,30,31]. Minimum HRT design limits for sludge sta-
bilization and dewatering is 30 days [32], and the IST
must be desludged every two years to ensure that the
tank is able to meet 24 h HRT. However, for most
cases in Malacca, the accumulations of sludge volume
are more than two years period. Conversely, the efflu-
ent readings of BOD, COD, and SS complied with the
standard limits of Standard B, Environment Quality
Act 1974 (Revised 2009) except for the maximum
value of COD and SS. The average removal efficiency
of BOD, COD, NH3, and SS are 98.86, 98.02, 73.27, and
98.75%, respectively. All parameters showed reduction
efficiency within satisfactory limits and were signifi-
cantly different (p-value < 0.05).

The operating parameters of the centrifuge unit
were varied systematically to achieve the driest per-
centage of dry cake [9]. The performance data of the
centrifuge dewatering unit are summarized in Table 2.
The average loading received in the CSTF is 2.58 m3/h
and the capacity of the dewatering equipment is
32.20 m3/h. The centrifuge unit produced approxi-
mately 22.70–34.80% of solids content using in average
3.62 kg/m3 of polymer dosage. The data shows that

the solids content produced from the centrifuge unit
are relatively dry when compared to other centrifuge
performance e.g. in Jahra treatment plant, Kuwait [9].
The bio-solids produced from Sungai Udang CSTF is
ready to be used for recycling application or directly
sent to nearby landfills without any additional drying
time. Generally, the performance of the centrifuge
dewatering unit was considered good. The sludge
cake concentration has achieved the design criteria
which is 20% of dryness and above 25% that is suit-
able for landfill and/or trenching disposal. Overall,
the centrifuge dewatering unit has produced 2,532
metric tons of bio-solids from September 2008 until
February 2012 (Fig. 3). The production of the bio-sol-
ids varies every month depending on the amount of
wet sludge received.

3.2. Principle component analysis

Correlation coefficient matrix between the variables
was performed using PCA and the results are shown
in Table 3. Correlation matrix is useful to show strong
relationships between variables where overall coher-
ence of data-set and participation of the variables in
several influencing factors can be shown [33]. Value of
χ2 that is calculated as 277.5 by Barttlett’s sphericity
test (df = 91 and p-value < 0.0001) implies that PCA is
applicable to the data. Out of the 14 parameters, only
5 PCs have eigen value of more than one as shown in
Table 4. The five selected PCs explained 71.24% of
total variation of variables in PCA. Then, the five
selected PCs were rotated by varimax method and the
results are shown in Table 5. These PCs were rotated
to obtain the absolute value of varimax loadings by

Table 1
Descriptive statistics of daily average of Sungai Udang CSTF data (October 2008–February 2012)

Variables Ave. Min. Max Med. Std. Dev.

Wet sludge (m3/d) 63.86 9.68 120.04 63.19 22.93
BOD influent (mg/l) 1,538.17 120.00 8,251.00 634.00 2,023.13
COD influent (mg/l) 14,625.93 701.00 61,901.00 8,864.00 16,237.81
NH3 influent (mg/l) 123.61 2.00 406.00 114.00 59.07
SS influent (mg/l) 15,130.36 524.00 70,200.00 8,847.00 16,902.60
MLSS (mg/l) 8,404.17 16.00 21,646.00 8,053.00 5,357.08
pH 6.82 4.00 7.80 7.00 0.79
BOD effluent (mg/l) 5.72 2.00 37.00 3.00 7.19
COD effluent (mg/l) 66.23 20.00 137.00 63.00 27.49
NH3 effluent (mg/l) 18.15 1.00 73.00 12.00 19.08
SS effluent (mg/l) 36.43 3.00 106.00 27.00 28.93
Polymer (kg/m3) 3.62 1.05 12.54 3.16 1.85
Concentration (%) 28.66 22.70 34.80 28.73 2.47
Capacity of dewatering unit (kg/m3) 66.71 20.50 118.00 61.50 24.87
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determining values greater than 0.67 as strong correla-
tion between the varimax factors (VFs) [34]. The bold
marked values indicate strong correlation between the
variables and corresponding PCs.

Group VF1 with 20.59% of total variance has posi-
tive loadings on wet sludge and MLSS. These vari-
ables positively related to each other and directly
contributed to the amount of sludge production. The
solids accumulation rate depends on the quantity of
these variables. MLSS represent the organic and inor-
ganic solids in the wet sludge received which is mea-
sured from sludge receiving station and could be a
significant indicator of dead bacteria. A better way to
control MLSS is through evaluation of food/micro-
organisms (F/M) ratio. Group VF2 explains 19.88% of
total variance with strong positive loadings on influent
BOD, COD, and SS readings. These variables are the
dominant parameters for the design of CSTF.

Group VF3 shows a total variance of 13.37% with
strong positive factor loadings on effluent BOD, COD,
and SS. This factor was found to be significant on the
quality of effluent discharge using an EA system.
Group VF4 shows the total variance of 9.16% with

positive loading of polymer dosage. This factor might
be associated with the use of the lubricant substance
in the dewatering equipment. The total variance of
group VF5 with 8.25% shows a positive loading on
pH and negative loading on NH3 influent readings.
This could be attributed to the suitable environmental
condition for the bacterial growth and related to deni-
trification and nitrification processes. These variables
from PCA were then used as independent variables in
MLR to estimate the sludge production from the cen-
trifuge dewatering units.

3.3. Multiple linear regressions

As discussed earlier, strong correlations between
variables and corresponding components were evalu-
ated as a group (VF1–VF5). All the five groups were
then included in the MLR for further analysis of the
variables significant for the bio-solids production. The
results of the R2 and p-values are shown in Table 6.
Group VF1–VF5 show the R2 values of less than 30%
variation in bio-solids production. However, if VF1
and VF4 were included in the model, coefficient deter-
mination would rise up to 74.32%. Group VF1 and
VF4 showed a significant linear relationship with bio-
solids production (i.e. p-value < 0.0001).

Group VF1 (wet sludge and MLSS) showed a posi-
tive relationship and would lead to increased amount
of bio-solids production as the variable values
increase. However, group VF4 (polymer dosage) has
negative relationship with bio-solids production. This
means that the amount of bio-solids production will
decrease when the amount of VF4 is increased. Note
that typically an optimum polymer dosage is applied
for the intended amount of sludge. Thus, it is impor-
tant to determine the exact (optimum) amount of

Fig. 3. Sludge production in centrifuge dewatering unit from September 2008 to February 2012.

Table 2
Centrifuge dewatering unit performance data

Description Unit

Value

Ave. Max. Min.

Loading m3/h 2.588 3.950 1.446
Capacity of dewatering unit m3/h 32.20 42.7 25.0
Concentration solids kg/h 173.5 222.2 128.0
Disposed sludge cake ton/d 1.2 2.3 0.7
Dewatering sludge %solids 28.66 34.80 22.7
Polymer dosage kg/m3 3.62 12.54 1.05
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VF4 during the operation of centrifuge sludge dewa-
tering system in order to avoid excess sludge produc-
tion. Whilst as previously discussed, the variables of
VF2, VF3, and VF5 have no significant relationship
with bio-solids production and were excluded in the
regression analysis. Predicted amount of bio-solids
production was then obtained from the model as fol-
lows:

Bio-solids ðYÞ ¼ 44:7534þ 1:1226ðVF1Þ � 12:5481ðVF4Þ
(3)

By using the variables in PCA analysis, 74.32% of vari-
ations in bio-solids production in the CSTF since the
beginning of its operation have been precisely deter-
mined. Notably, the amount of wet sludge and MLSS
are critical variables in such a system together with
the aid of polymer addition for the production of bio-
solids that meet the criteria for final disposal. For this
CSTF, the observed and predicted bio-solids produc-
tions are shown in Table 7 for comparison.

It is known that sludge dewatering and digestion
would be essential for the reduction of excess sludge
production often associated with the utilization of acti-
vated sludge process for wastewater treatment [35].
There are various factors that may influence the qual-
ity of the dewatered sludge. Operating condition is an
important factor in many cases. A study found that
dewaterability of sewage sludge might be improved
by sludge disintegration for the production of biogas
[36]. Sludge pre-treatment with alkali–ozone was able
to reduce 30% of SS and resulted in 40% COD solubili-
zation for domestic wastewater being treated in a
membrane bioreactor (MBR) ultimately leading to a
reduced sludge [35]. The MBR was operated with
MLSS concentrations in the range of 7,000–7,200 mg/l
(cf. average of 8,404 mg/l in the studied CSTF). A
hydrothermal process coupled with mechanical
expression process at increased temperature may also
help to enhance the dewatering process of excess
sludge with relatively lower energy input [37]. The
type of sludge, i.e. primary or secondary sludge

Table 5
Factor loading after varimax rotation

Variables VF1 VF2 VF3 VF4 VF5

Wet sludge 0.772 −0.169 −0.149 0.356 0.182
BOD influent 0.019 0.907 −0.076 0.135 0.121
COD influent −0.172 0.921 0.023 0.076 0.055
NH3 influent −0.023 −0.265 0.244 0.189 −0.737
SS influent 0.073 0.911 0.131 −0.042 0.014
MLSS 0.719 0.146 −0.094 −0.156 −0.129
pH 0.151 0.042 0.094 0.164 0.862
BOD effluent −0.129 −0.145 0.779 −0.104 0.198
COD effluent −0.016 0.036 0.897 −0.135 −0.087
NH3 effluent 0.608 −0.034 −0.175 −0.035 0.237
SS effluent −0.104 0.151 0.865 0.137 −0.100
Polymer 0.051 0.178 −0.068 0.858 0.057
Concentration 0.414 −0.144 0.057 0.296 0.026
Capacity of dewatering unit 0.588 −0.063 0.014 −0.435 0.252

Note: Bold values represent strong correlation between variables and PCs.

Table 6
Results of R2 and p-values of multiple linear regressions

Group Variables p-value R2

VF1 Wet sludge and MLSS 0.0015 0.2560
VF2 BOD influent, COD influent, and SS influent 0.7763 0.0250
VF3 BOD effluent, COD effluent, and SS effluent 0.1217 0.1249
VF4 Polymer 0.0066 0.1526
VF5 NH3 influent and pH 0.1009 0.0990
VF1 + VF4 Wet Sludge, MLSS, and polymer <0.0001 0.7432

3912 S. Rahmat et al. / Desalination and Water Treatment 57 (2016) 3904–3915



involved in the sequence of treatment processes and
treatment configuration may also influence the sludge
production. It was found that insufficient primary
treatment would result in sludge with relatively high
water content (poor dewaterability), lower energy con-
tent, and decreased bio-solids production [38]. The
study observed the sludge cake production in the

range of 12,000–22,500 m3/year (raw sludge produc-
tion between 3,000 and 5,500 tonnes per annum).

The effect of polymer addition into wastewater has
also been investigated in many studies. Niu et al. [39]
found that the type of coagulant for chemical condi-
tioning (e.g. FeCl3, polyaluminum chloride (PACl),
and high performance PACl (HPACl)) would have

Table 7
Observed and predicted bio-solids for centrifuge sludge dewatering unit

Observations Observed values (kg/h) Predicted values (kg/h)

1 124.80 118.72
2 109.33 111.47
3 59.64 85.53
4 198.85 131.41
5 83.37 94.82
6 84.40 101.52
7 20.52 70.23
8 151.62 136.94
9 37.04 89.62
10 88.07 98.37
11 39.38 70.46
12 116.67 78.87
13 74.90 77.80
14 74.24 100.44
15 65.83 41.82
16 111.04 78.08
17 95.43 89.82
18 59.53 70.43
19 72.65 77.67
20 124.21 114.18
21 106.98 109.14
22 99.78 110.71
23 47.57 58.87
24 59.02 79.02
25 64.95 70.64
26 35.52 52.89
27 38.17 38.75
28 31.50 43.21
29 47.95 62.10
30 96.76 98.72
31 80.54 80.07
32 45.20 78.48
33 95.15 96.78
34 45.82 53.95
35 30.71 26.28
36 29.58 33.42
37 35.89 29.92
38 40.59 31.61
39 79.20 61.42
40 65.76 58.63
41 54.35 56.44
42 56.26 57.72
43 57.23 57.39
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impact on the size of flocs formation and hence the
sludge dewaterability. Peeters et al. [40] found that
PACl addition to waste sludge would be very effective
to avoid fouling problems in sludge decanter centri-
fuge. They also found that a dose ranging from 50 to
150 g PACl/kg MLSS would mitigate the stickiness of
partially dried sludge with a dry solid content
between 25 and 60% dry solids.

4. Conclusion

The concentration of the bio-solids in Sungai
Udang CSTF has achieved the design criteria which
are above 20% of dryness and is ready to be reused or
disposed without extension time. From the MLR anal-
ysis, only VF1 (wet sludge and MLSS) and VF4 (poly-
mer dose) have significant relationships with the
production of bio-solids with 95% confidence level. In
conclusion, the amount of bio-solids production in the
CSTF have been precisely estimated by taking into
account of significant variables affecting the sludge
production and to make sure of adequate space avail-
ability for the disposal of sludge in the future.
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