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A B S T R A C T   

The decanter-centrifuge is widely used for dewatering and thickening of civil and industrial sludge. The latest 
generation decanters, both the bowl motors (main) and the screw (back-drive) are often driven by variable- 
frequency drives (VFD), with the back-drive able to recover the energy during braking. We created a decanter 
centrifuge energy model equipped with a braking recovery system during the sludge dewatering process, with the 
aim of identifying its optimal operating conditions for both energy consumption and product quality. Specific 
models at 15–20–25 m3 h− 1 and various differentials speed (Δn) were used to derive a general model, then 
validated with experiments at 18–20 m3 h− 1. Specific models used to identify the best operating conditions in 
terms of specific energy (e) and energy recovery (ERec) show that at 15–20–25 m3 h− 1 the lowest energy con
sumptions were 1.88–1.76–1.57 kWh m− 3, respectively, instead, ERec was 5.88–0.31–12.10 kW respectively, 
highlighting that a high recovery is not necessarily linked to an increased energy saving. The accuracy of these 
models was confirmed by high values of correlation coefficients R2 and very low Root Mean Square Errors 
(RMSE) in each case. The general model, extrapolated from the specific models, makes it possible to predict 
specific consumptions at different flow rates within the operating range of the decanter. This was validated with 
an experimental test at 18–20 m3 h− 1 with R2 above 97 % and RMSE 2,59E-02 kWh m3. The dry matter content in 
the cake decreases when the Δn or the feed rate increases. 

In conclusion, the decanter centrifuge model could represent a useful tool for optimizing the sludge dehy
dration process.   

1. Introduction 

Electricity consumption in the world has been steadily increasing 
over the past few decades as more countries become industrialized and 
the population continues to grow [1–3]. According to the International 
Energy Agency (IEA) the industrial sector is a major consumer of elec
tricity, accounting for approximately 37 % of global energy consump
tion in 2019. 

While electricity has brought many benefits to modern society, it also 
has significant environmental impacts that must be addressed to ensure 
long-term sustainability [4]. 

One of the biggest environmental impacts of electricity consumption 
is greenhouse gas emissions. In fact, the generation of electricity is a 
major source of these, primarily from the burning of fossil fuels such as 

coal, oil, and natural gas [5–7]. Emissions are the main cause of global 
warming and consequent climate change. The consequences of climate 
change are severe and wide-ranging, including severe weather events, 
droughts, rising sea levels, floods, more frequent and severe natural 
disasters, loss of biodiversity, and negative impacts on human health 
and well-being [8–10]. 

Electric energy saving is an important aspect of sustainability, as it 
can help to reduce the environmental impact of human activities and 
preserve natural resources for future generations. 

Manufacturing industries generate significant environmental im
pacts owing to a considerable energy consumption: about 25 % of total 
worldwide industrial energy consumption is attributed to machining 
processes only [11]. 

A considerable part of the electric energy in the industrial sector is 
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used by electric motors to drive machines. In this case, reducing energy 
consumption can include different strategies such as:  

• Optimize the mechanical design of the machines to make them more 
efficient [12]  

• Optimize motor sizing, by choosing the right size for an application 
can help reduce energy [13].  

• Improve ordinary and extraordinary maintenance programs: in fact 
regular maintenance can ensure that motors are running at their 
optimal level and reduce energy losses [14,15].  

• Utilization of high-efficiency motors [16,17].  
• Implementation of variable-frequency drive (VFD) as a motor 

controller to optimize the use of energy [18]. 

In addition, for machines driven by an electric motor, establishing a 
model of energy consumption according to the different machine oper
ating conditions is the basis to reduce energy consumption. The lack of a 
real and accurate energy consumption model hinders the implementa
tion of effective strategies such as planning and scheduling efficient 
processes for energy consumption and performance [19–21]. 

Energy modelling of machines involves creating a mathematical or 
computer-based model of the machine’s energy consumption and per
formance characteristics [22]. The purpose of energy modelling is to 
optimize the design and operation of the machine to minimize energy 
consumption while maintaining or improving performance [23–25]. 

Energy modelling can be used for a wide range of machines [26,27]. 
By way of explanation but not exhaustively, energy modelling has been 
carried out to optimize the energy performance in food industry 
[28–31], in machining operation [32,33,21] and also in sludge dew
atering [34–16]. 

One of the innumerable machines used both in the industry and food 
processing, and which often has a central role in a plant, even from an 
energy consumption point of view, is the decanter centrifuge (Alan 
Records, Decanters 2001). 

The Decanter Centrifuge is used to separate solid particles from liq
uids in a continuous manner, by using centrifugal forces that can be well 
over 3000 times greater than gravity [35]. The decanter is used widely 
in food processing, especially in liquid food separation, like olive oil, 
juice, palm oil, beverage, casein fractionation etc. [36–40]. 

The decanter is also widely used in all purification plants for the 
dewatering of civil and industrial sludge [41]. The aim of dewatering is 
to increase the solids concentration and to decrease the free water, with 
the aim to facilitate its transportation and to minimize the load on the 
downstream processes, such as composting, anaerobic digestion or 
simply to reduce the volumes to be disposed of or the transfer to in
cinerators [42]. 

The core of the decanter is made up of a horizontal bowl with a 
cylindrical and conical shape with a coaxial screw on its inside. The bowl 
and screw rotate at a differential speed (Δn). During the process the 
sludge is pumped into the bowl through the hollow axis of the screw, the 
centrifugal force causes the solid liquid separation according to their 
density. While the screw transfers the solids to the conical end of the 
bowl forcing them through discharge nozzles, the fluids escape towards 
the outlet placed at the cylindrical end of the bowl [43–45]. 

The Δn regulates the discharge flow rate of solids from the bowl, 
while allowing the sludge feed rate to be adjusted. Furthermore, the 
drying of the solids can be chosen by varying the Δn and consequently 
the residence time of the sludge in the bowl [46]. 

In the latest generation decanters, the bowl is driven by a main motor 
and the screw bis driven by a second motor called a back-drive. Both 
motors are controlled by variable-frequency drives (VFD) with regen
erative braking systems. In a regenerative braking system the electric 
power delivered to the motor is regenerated while the motor decelerates 
by applying negative torque to the motor shaft, and since energy storage 
capacity inside the VFD is very limited, regenerative energy could be 
returned to the grid or quickly dissipated by a braking resistor [47]. 

When a wound rotor induction motor (WRIM) is used, the sliprings 
allow easy recovery of the slip power that can be electronically 
controlled to vary the speed of the induction motor. [48]. Instead of 
dissipating this power in external resistors, it can be regenerated in a slip 
power recovery system (SPRS), such as a regenerative converter [49]. 

When a decanter works in back-drive configuration, the electric 
motor of the screw can take the mechanical torque during the process 
and turn it into electrical energy to return to the main grid or to share 
with the main motor through a DC bus connection between the VFDs 
[28]. During the process the energy regenerated depends on the char
acteristics of the incoming wastewater (% dry matter) and on the com
bination of the machine operating parameters such as load conditions of 
the centrifuge (flow rate) and differential speed (Δn). 

However, since the mapping of energy consumption is not known, 
the process planner, although in the presence of machines with energy 
saving systems, only adjusts the machine according to the final perfor
mance and not according to the relationship between performance and 
energy consumption. The lack of energy mapping does not allow an 
efficient energy saving. 

In the present study, we carried out an energy consumption model
ling of a centrifugal decanter implemented with an energy recovery 
system during the sludge dewatering process. 

The purpose of the study is to identify the optimal operating condi
tions of the decanter to minimize its energy consumption while main
taining performance, thus providing the process planners with a useful 
tool to guide their decisions. 

2. Materials and methods 

2.1. Industrial plant for wastewater treatment 

The experimental plan developed was carried out at an industrial 
plant for the treatment of domestic and industrial wastewater that 
included the following processing stages:  

• coarse and fine screening  
• grease removal  
• clariflocculation  
• flow equalization  
• primary sedimentation  
• aerobic stabilization  
• secondary sedimentation  
• centrifugal dewatering. 

The present research focuses on the centrifugal dewatering, the 
process of which is shown in the Fig. 1. 

After the secondary sedimentation, the outgoing wastewater with 
dry matter in the range 1–3 % was added to a previously water diluted 
liquid polymer and then pumped to the horizontal two-phase centrifuge. 
At the exit of the centrifuge, clarified water and dehydrated solid sludge 
with a dry substance content generally higher than 20 % were collected 
separately. 

Depending on the company management model, the outgoing sludge 
can be disposed of in a field, sent to a composting process or disposed of 
in landfills. 

2.2. Decanter centrifuge with regenerative system 

The phase of the wastewater treatment process involved in the pre
sent study was the centrifugal dewatering of the sludge coming from the 
aerobic stabilization with the use of a regenerative back-drive decanter 
with double electric motor. The rotation of the bowl is driven by a 75 kW 
main motor (M1), while the rotation of the scroll is driven by a 30 kW 
back-drive motor (M2). 

Both motor M1 and motor M2 are equipped with variable-frequency 
drive device VFD1 and VFD2. The VFD2 inverter is of the regenerative 
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type. The VFD2 inverter allows energy to be recovered and fed into the 
grid, so that it can be used to power other equipment. The VFD contains 
all the components needed to operate in regenerative mode, from the 
active power supply to the LCL line filter. The active power supply 
maintains full power flow in both motor and generation modes. There
fore, the back-drive motor M2, working in regenerative mode, recovers 
energy through the DC-BUS to feed the main motor M1 (Fig. 2). 

During the centrifugal dewatering, the rotor of the back-drive motor 
spins faster than the winding frequency, sustaining a magnetic field that 
generates power back into the line. In fact, the back-drive motor rotates 
the scroll at a lower speed compared to the bowl, through a gear box, but 
because of the torques and friction created in rotating the sludge (liquid 
and solids) filling the bowl, the conveyor will want to rotate at the speed 
of the bowl [50]. As a consequence, the back-drive motor usually acts as 
a brake, receiving energy and thus in regenerative mode. 

During regeneration, the regenerative energy available in the 
inverter front end of VFD2, is used to supply M1 through a regenerative 
converter circuit parallel to the drive inverter circuit and the DC bus. 
The two VFDs are connected in a circuit, via the DC bus stage. The 
common DC bus allows the two separate VFDs to share power. So, when 
the regenerative VFD is in regeneration mode, the motoring VFD can 
pull power from the DC bus in addition to the grid. In this way, the 

regeneration power is shared between the VFDs controlling M1 and M2 
motors and not sent back to the mains. 

When also M2 is in motoring mode, the regenerative VFDs transfer 
power from the mains to the motor terminals, without loss in the 
regenerative converter. Regenerative drives replace the input rectifiers 
with insulated-gate bipolar transistors (IGBTs). These IGBTs act as the 
input rectifiers but provide the opportunity for bi-directional power 
flow. The regenerative converter will be activated because the regen
erative energy charges the DC link capacitors of the variable frequency 
drives [47]. Ultimately, when the motor generates power, it flows into 
the regenerative drive and then to M1 by reducing the overall energy 
consumption of the application and hence lowers total energy costs. 

However, to keep the load balanced, each drive rectifier channel 
must share a balance of the load. This load sharing would result in about 
66 % of the load carried by the main drive and 33 % of the load carried 
by the regenerative drive [51]. 

2.1. Electrical measurement system 

In order to measure the energy consumption during the operation of 
the decanter under the different test conditions, an energy measurement 
chain was implemented on the electrical panel of the decanter. In detail, 

Fig. 1. Centrifugal dewatering process.  

Fig. 2. Decanter with backdrive control.  
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4 energy meters (EM001, EM002, EM003and EM004) were installed as 
shown in Fig. 3. 

Three energy meters EM001 and EM003 (Lovato DMG 210, Milano, 
Italy) and EM003 (Lovato DMG 300, Milano, Italy) were installed to 
measure the AC in three different points of the electrical system. EM001 
and EM002 detected the electrical energy absorption from the mains 
upstream of the main motor and back drive VFDs, respectively. Simi
larly, EM003 measured the energy absorbed by the main motor M1. In 
fact, as indicated by the double direction arrow on the line between 
VFD2 and back-drive in Fig. 3, M2 could work in both active or regen
erative mode. The energy balance reported in Eq. (1) allowed to deduce 
the amount of energy recovered or absorbed by the back drive (ERec): 

ERec = EEM003 − (EEM001 +EEM002)

{
if ERec > 0regenerativemode

if ERec < 0activemode (1) 

A portable energy meter EM004 (Fluke model 1732) was used on the 
DC bus connection between the two inverters to measure and validate 
the ERec values through sample measurements made during all tests of 
the regenerative power. TEmeter® software was used to manage the 
measurement chain. TEmeter® is a software system that allows you to 
acquire data through embedded servers, installed in the field, which 
send these to a cloud storage system making them available through a 
web portal on the internet with restricted access. The system acquires 
the data sampled from the instrumentation, with a frequency depending 
on the characteristics of the measuring device and makes them available 
on the web portal in roughly 6 s from their reading. The historical data is 
aggregated every 15 min and stored. The real-time data is available on 
the site through a user-friendly dashboard, updated every 30 s, including 
the historical data. The communication between the embedded servers 
and the cloud system is fully encrypted with SSL, as is access to the web 
portal. 

During the tests, the TEmeter® system was connected to compact 
network analysers for use in three-phase three-wire systems with un
balanced load, to allow real-time display and subsequent archiving of 
the main quantities of an electric network and in particular:  

• Equivalent phase voltages and currents;  
• Equivalent active and reactive power;  
• Total displacement factor (cosφ);  
• Frequency;  
• Bidirectional active and reactive energy. 

2.2. Energy consumption modelling procedure 

To obtain the modelling of the energy consumption of the decanter, 
experimental tests were carried out on sludge dewatering under 
different decanter operating modes. 

The decanter was fed with five different flow rates (in the mini
mum–maximum range allowed by the machine specifications) and at 
different variations of rpm between bowl and screw (Δn). In all tests the 
rotation speed of the bowl was 2600 rpm. 

Table 1 shows the plan of experimental tests. 
Specific models for three flow rate value (15 m3 h− 1, 20 m3 h− 1 and 

25 m3 h− 1) and a general model of all feed flow values were trained and 
tested. 

For the specific model for each sludge flow rate, six Δn values within 
the specific operating range of the decanter were selected of which four 
were used to train the model and two to test the model. 

For the general model the data of the best energy performances at 15 
m3 h− 1, 20 m3 h− 1 and 25 m3 h− 1 were used to train the model, while 
two further measurements at a flow rate of 18 m3 h− 1 and 22 m3 h− 1 

with three Δn values each, were used to test it. For both the specific and 
general models, a quadratic polynomial was used, which is the one that 
best fits all the experimental data. 

The Δn values were chosen by carrying out preliminary sludge 
dehydration tests. Specifically, during the preliminary tests for each 
chosen flow rate value, the minimum value of Δn identified was the one 
below which the decanter went into protection mode due to excessive 
torque resistance on the screw, while the highest value was the one 
above which the decanter went into protection mode due to the sludge 
exiting from the clear liquid weir. Once the minimum and maximum 
limits of Δn were identified, the other intermediate values were chosen. 

Each single measurement test lasted 60 min. Whenever the test 
conditions changed, the first 15 min of processing were not considered, 
as they were necessary for the stabilization of the decanter. Each 

Fig. 3. Wiring diagram implemented with energy measurement chain.  

Table 1 
Experimental plan divided into training and testing trials for both specific and 
general models.  

Δn Sludge flow rate Specific flow rate model General model 

[rpm] [m3 h− 1] [Training/testing] [Training/testing] 

3.0 15 Training Training 
3.2 Training 
3.5 Testing 
4,0 Training 
4,2 Testing 
4.5 Training  

3 18 – Testing 
4 – 
5 –  

3 20 Training Training 
3.5 Testing 
4 Training 
4.5 Testing 
5 Training 
6 Training  

4 22 – Testing 
5 – 
6 –  

4.3 25 Training Training 
4.4 Testing 
4.5 Training 
4.6 Training 
4.8 Testing 
4.9 Training  
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individual test condition was repeated three times. 
From the TEmeter® system, for the entire monitoring period, the 

main quantities of an electric network were detected with frequency per 
minute as averages of the previous 60 s. 

In all the tests carried out, 2.5 % of liquid polymer was added to the 
inlet sludge. 

2.3. Sampling and laboratory analyses 

During the energy consumption monitoring, the incoming sludge and 
the solid and liquid phases exiting the decanter were sampled. For all 
samples taken the moisture content was determined according to UNI 
EN 12880:2002. 

2.4. Statistical analyses 

The energy consumption results were evaluated statistically with 
One-way ANOVA with post-hoc Tukey HSD test, while the dryness of the 
waste and cake data were evaluated statistically with Kruskal Wallis and 
post-hoc Dunn’s test. 

The validation of the proposed model is investigated by using Root 
Mean Square Error (RMSE) and correlation coefficient (R2). 

The root-mean-square error (RMSE) expressed as: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1

(
Ppred,i − Pmeas,i

)2

N

√

(2)  

and the correlation coefficient is calculated using the following equa
tion: 

R2 =

⎛

⎜
⎜
⎜
⎜
⎝

∑N
i=1(Pmeas,i − Pmeas,avg)(Ppred,i − Ppred,avg)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1
(Pmeas,i − Pmeas,avg)

∑N

i=1
(Ppred,i − Ppred,avg)

√

⎞

⎟
⎟
⎟
⎟
⎠

2

(3) 

where Ppred and Pmeas are respectively predicted and measured values. 

3. Results and discussion 

The data processing of the energy measurements aimed to model the 
energy consumption for each flow rate. Subsequently, the specific 
models obtained were used to produce the general model to predict the 
behaviour of the decanter at different sludge flow rates. 

3.1. Energy consumptions at specific flow rates 

In Tables 2, 3 and 4 the energy performance results for each flow rate 
at different Δn are shown. The tables report the mean values (µ) and 
standard deviations (σ) of instantaneous power drawn from the mains by 
VFD1 (EEM001) and VFD2 (EEM002), and the power required by the main 
motor (EEM003). Equation (1) returns the energy recovered from the 
back-drive (ERec), while the sum of the measurements of EM001 and 

EM002, which represent the power absorbed from the grid, allowed to 
evaluate the specific energy (e) for each sludge flow rare (V̇s): 

e =
(EEM001 + EEM002)

V̇s
(4)  

At V̇s equal to 15 m3 h− 1, the energy demand of the main motor M1 
decreased by about 18.7 % from the Δn 3 to the Δn 4.5. However, the 
energy recovered from the back-drive reduced significantly by about 
59.4 %. As a result, the specific energy underwent a slight reduction of 
about 3.67 %. A4 to A6 test settings represent the best conditions at 15 
m3 h− 1 in terms of energy savings (1.88 kWh m− 3). 

At V̇s equal to 20 m3 h− 1 the energy absorbed by the main motor M1 
decreased by about 35.9 % passing from Δn 3.0 to 6.0, while the back- 
drive stopped recovering and started working actively, albeit with a 
small power demand. Since the power reduction requested by M1 was 
greater than the recovered power reduction, in absolute terms, the 
specific energy consumed in any case showed a reduction of about 9.1 
%. The best conditions in terms of energy savings were reached under C5 
configuration (1.76 kWh m− 3), where, although energy recovery was 
essentially nil, the lowest specific consumption for sludge processing 
was observed. Even at Δn 6.0 the specific energy was substantially the 
same (1.77 kWh m− 3), since the total power request by the main motor 
was lower by about the same quantity required by the back drive, 
probably due to torque compensation. 

At 25 m3 h− 1 of sludge flow rate, the energy absorbed by the main 
motor showed a slight decrease, only about 3.6 % passing from Δn 4.3 to 
4.9, while the back-drive recovery remained almost the same up to Δn 
4.6 and then decreased by about 21.2 %. In this configuration the power 
reduction requested by M1 is lesser than the recovered one, and thus the 
specific energy increase was about 1.7 % (1.65 kWh m− 3). In this 
restricted range of operation of the Δn, the greater energy saving is 
reached at Δn equal to 4.6 (1.57 kWh m− 3). 

3.2. Energy modelling at specific flow rates 

The data reported in Tables 1, 2 and 3 were divided into training and 
testing data. For each flow rate 67 % data were used for model devel
opment (training) and 33 % to validate the prediction accuracy of the 
developed model (testing), i.e., 12 values (4 Δn in triplicate) and 6 
values (2 Δn in triplicate), respectively. 

Figs. 4, 5 and 6 show the prediction model of both energy recovery 
and specific energy at 15 m3 h− 1, 20 m3 h− 1 and 25 m3 h− 1 at different 
Δn. 

A second order polynomial was applied with a very high correlation 
coefficient higher than 0.97 and 0.91 for ERec and e, respectively. 

Figs. 7, 8, 9, 10, 11 and 12 show the models of energy recovered and 
specific energy at the flow rate of 15, 20 and 25 m3 h− 1 respectively, to 
which the experimental data used for testing to evaluate the correlation 
coefficient R2 have been added. 

The R2 values, always higher than 0.92, demonstrate the goodness of 
the prediction models developed. 

In Table 5 the model is further validated by the low RMSE values 

Table 2 
Energy consumption at V̇s 15 m3 h− 1.  

Δn EE003 EE001 EE002 ERec e 
[rpm] [kW] [kW] [kW] [kW] [kWh m− 3]  

µ σ µ σ µ σ µ σ µ σ 

3  39.99  0.19  15.12  0.10  14.11  0.07  10.77 0.35 a  1.95 0.01 a 
3.2  38.84  0.20  14.85  0.16  14.06  0.06  9.94 0.40 b  1.93 0.01 ab 
3.5  36.51  0.28  14.71  0.05  13.72  0.18  8.07 0.15 c  1.9 0.01 b 
4  34.06  0.17  14.33  0.12  13.85  0.12  5.88 0.29 d  1.88 0.01 c 
4.2  33.78  0.13  14.27  0.13  14.00  0.14  5.5 0.77 d  1.88 0.01 c 
4.5  32.50  0.17  14.31  0.09  13.83  0.09  4.37 0.24 e  1.88 0.01 c 

Different letters in columns denote significant statistical differences (p < 0.05). 
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found, confirming the reliability of the models in predicting the elec
trical consumption of the decanter during the sludge dewatering phase. 

3.3. Energy modelling versus flow rates 

The general model of the electric consumption of the decanter as a 
function of the flow rate was developed using the best performance data 
of the measurements carried out at the flow rates of 15 m3 h− 1, 20 m3 

h− 1 and 25 m3 h− 1, while for the validation of the model the data of the 
experimental electricity consumption obtained at the flow rates of 18 
m3 h− 1 and 22 m3 h− 1 (See Table 6). 

In Fig. 13 the models of energy recovery and specific energy are 
shown. 

As for the specific models exposed above, also in this case a second 
order polynomial correlates with R2 above 0.99. 

Figs. 14 and 15 show the models developed and integrated with the 
testing data. The correlation coefficient greater than 96 % and low RMSE 

values (Table 7) validate the high accuracy of the prediction model. 
The model developed can therefore be used to predict the energy 

consumption of the decanter as a function of the feed flow rate. 
A better discussion of the obtained results about the potential ap

plications of the developed models will be completed at a later date. 

3.4. Dryness of the waste and cake 

As previously reported, the main performance result of the decanter 
concerns the percentage of dryness of the outgoing cake. Its potential 
uses will depend on this feature. The greater the dryness of the cake, the 
higher its quality and the greater the performance of the decanter. 

In Table 8 the dry matter content of the incoming wastewater and the 
outgoing cake are reported for all the tests carried out at the five chosen 
flow rates. 

The data show that in all the tests carried out there is no significant 
difference in the dry matter content of the incoming wastewater, this 
confirms the goodness of the experimental plan carried out. A difference 
in dry matter of the incoming wastewater for the different tests would 
certainly have influenced the electricity consumption, nullifying the 
entire experimental plan. 

Furthermore, for all the flow rates analysed, as the Δn increases, the 
dry matter content in the cake decreases according to a second-order 
polynomial trend (Figs. 16–20). This result is easily explained given 
that increasing the Δn increases the unloading speed of the auger by 
decreasing the sludge residence time in the bowl, consequently its dry 
matter content is reduced. 

Finally, as the feed rate increases, despite the adjustment of the Δn, 
the dry matter content in the cake is constant up to the rate of 20 m3 h− 1, 
then it has a significant decrease at the rates of 22 m3 h− 1 and 25 m3 h− 1 

as shown in Fig. 21. 

3.5. Discussion and potential applications 

To obtain more information from the achieved results the proposed 
models can be integrated with process indicators such as flow rate of the 
decanter and dryness of the outgoing cake. 

The specific energy models explain that at 15 m3 h− 1 the energy 

Table 3 
Energy consumption at V̇s 20 m3 h− 1.  

Δn EE003 EE001 EE002 ERec e 

[rpm] [kW] [kW] [kW] [kW] [kWh m− 3] 

µ σ µ σ µ σ µ σ µ σ 

3 54.49 0.38 19.78 0.11 19.06 0.05 15.65 0.40a 1.94 0.00a 
3.5 47.50 0.33 19.18 0.04 18.38 0.04 9.93 0.31b 1.88 0.01b 
4 45.38 0.20 18.92 0.07 18.29 0.04 8.17 0.13c 1.86 0.00b 
4.5 42.11 0.21 18.56 0.11 17.96 0.05 5.58 0.05d 1.83 0.01c 
5 35.56 0.26 18.04 0.06 17.21 0.10 0.31 0.32e 1.76 0.01d 
6 34.92 0.07 18.00 0.05 17.34 0.05 − 0.42 0.10f 1.77 0.01d 

Different letters in columns denote significant statistical differences (p < 0.05). 

Table 4 
Energy consumption at V̇s 25 m3 h− 1.  

Δn EE003 EE001 EE002 ERec e 
[rpm] [kW] [kW] [kW] [kW] [kWh m− 3] 

µ σ µ σ µ σ µ σ µ σ  

4.3  52.69  0.08  20.54  0.02  19.95  0.02  12.21 0.23a  1.62 0.01b  
4.4  52.35  0.10  20.49  0.02  19.77  0.01  12.09 0.29a  1.61 0.01bc  
4.5  52.05  0.08  20.63  0.02  19.20  0.02  12.21 0.14a  1.6 0.01c  
4.6  51.44  0.03  20.62  0.01  18.72  0.02  12.1 0.16a  1.58 0.01d  
4.8  50.75  0.08  20.39  0.02  19.82  0.01  10.54 0.17b  1.61 0.00bc  
4.9  50.81  0.08  20.94  0.03  20.24  0.02  9.63 0.36c  1.65 0.01a 

Different letters in columns denote significant statistical differences (p < 0.05). 

Fig. 4. Energy model for ERec and e at V̇s 15 m3 h− 1 in its operating range 
of Δn. 
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recovery and specific energy both decrease when Δn increases in its 
operating range. In particular, the specific energy model has a much 
flatter trend with respect to the recovered energy as Δn increases. This 
implies that once the Δn 4.0 value has been exceeded, the absorption 
from the mains is almost the same and the Δn value can be set according 
to the desired dewatering of the sludge. Since the energy recovered 
above Δn 4.0 continued to decrease while the specific energy was almost 
constant, this means that the main motor request decreased. This is 
mainly due to the fact that a higher differential speed produces less 
dense sludges with a consequent reduction of the resistant torque. At 20 
m3 h− 1, when the Δn reached 5.0 rpm the energy recovery is almost 
zero, and at 6.0 rpm the back-drive starts to request a small amount of 
energy. In general, the specific energy has the same behaviour of the 
energy recovery and above Δn 5.0 its value is almost constant. At the 
maximum flow rate of 25 m3 h− 1 the Δn operating range is very limited 
(since the decanter is near its upper limit) and the value of lower specific 
energy consumption is placed in the middle of it (Δn 4.5–4.6). In 
addition, the energy recovery trend from 4.3 to 4.6 rpm is almost 

constant and then starts to decrease. Therefore, it is advisable to operate 
the decanter in the first part of this range according to the desired 
quality of the output product. As for the general models, when pro
cessing at flow rates between 15 m3 h− 1 and 20 m3 h− 1, the energy 
recovered from the back-drive motor and the specific energy of the 
decanter both tend to decrease; on the contrary, by exceeding the flow 
rate of 20 m3 h− 1 up to 25 m3 h− 1 the recovered energy tends to increase 
while the specific energy continues to gradually decrease. This could be 
explained by the fact that as the flow rate increases, the operating Δn, 
and therefore also that for the best energy consumption, begin to 
decrease causing the resistant torque to increase again. 

On the other hand, however, by increasing the feed rates, the dry 
matter content in the cake tends to decrease significantly. At the flow 
rate of 20 m3 h− 1 from the value of Δn 4.5 onwards the dry matter 
content is less than 20 %, the limit value below which dehydration is no 
longer efficient. 

Therefore, by crossing the energy models with the performance re
sults of the decanter, the specific energy and the cake dryness have 

Fig. 5. Energy model for ERec and e at V̇s 20 m3 h− 1 in its operating range of Δn.  

Fig. 6. Energy model for ERec and e at V̇s 25 m3 h− 1 in its operating range 
of Δn. 

Fig. 7. Energy recovery prediction model at V̇s 15 m3 h− 1 in its operating range 
of Δn. 
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opposite trends and the models developed demonstrate this. 
Based on the surveyed data the developed models can be utilized by 

the process planners to predict energy consumption depending on the 
decanter adjustment parameters and to identify the most energy- 
efficient process which also meets the best dryness result of the cake 
coming out of the decanter. 

4. Conclusion 

Energy consumption leads to an increase in the carbon footprint with 

Fig. 8. Specific energy prediction model at V̇s 15 m3 h− 1 in its operating range 
of Δn. 

Fig. 9. Energy recovery prediction model at V̇s 20 m3 h− 1 in its operating range 
of Δn. 

Fig. 10. Specific energy prediction model at V̇s 15 m3 h− 1 in its operating range 
of Δn. 

Fig. 11. Energy model for ERec and e at V̇s 25 m3 h− 1 in its operating range 
of Δn. 

Fig. 12. Specific energy prediction model at V̇s 25 m3 h− 1 in its operating range 
of Δn. 

Table 5 
Validation test results – RMSE for both recovery energy ERec and specific energy 
e.  

V̇s Training values Testing values Whole dataset 

[m3 

h− 1] 
RMSEERec RMSEe RMSEERec RMSEe RMSEERec RMSEe 

15 2,96E-01 9,65E- 
03 

2,63E-01 1,17E- 
02 

2,86E-01 1,04E- 
02 

20 8,37E-01 1,49E- 
02 

1,56E+00 1,48E- 
02 

1,16E+00 1,46E- 
02 

25 2,09E-01 8,25E- 
03 

2,88E-01 1,07E- 
02 

2,38E-01 9,15E- 
03  
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a high risk linked to climate change. Statistics also predict that in the 
coming years, also as a result of a constant demographic increase, energy 
consumption will continue to increase. 

Implementing energy saving strategies not only on a large scale but 
also on a medium and small scale is the basis for the rationalization of 
energy consumption. The energy modelling of the consumption of 

machines driven by electric motors is recognized by the scientific 
community as a valid method for the accurate prediction of consump
tion; however, in order for the models to be reliable it is necessary to 
adapt them to the individual machines for the different conditions of 
use. 

In this scientific work, we created the energy modelling of a decanter 

Table 6 
Shows the data of the measurements at 18 m3 h− 1 and 22 m3 h− 1.  

V̇s Δn EE003 EE001 EE002 ERec e 
m3 h− 1 [rpm] [kW] [kW] [kW] [kW] [kWh m− 3] 

µ σ µ Σ µ σ µ σ µ σ 

18 3  47.57  0.99  17.36  0.07  16.57  0.08  13.64  0.98  1.88  0.98 
18 4  39.05  0.06  16.58  0.06  15.97  0.05  6.50  0.00  1.81  0.00 
18 5  34.46  0.25  16.19  0.10  15.94  0.10  2.33  0.35  1.79  0.35 
22 4  40.96  0.39  16.71  0.17  16.41  0.12  7.84  0.26  1.51  0.26 
22 5  38.44  0.35  16.79  0.12  16.16  0.06  5.49  0.19  1.50  0.19 
22 6  45.16  0.39  19.97  0.06  19.13  0.16  6.06  0.19  1.78  0.19  

Fig. 13. Energy model for ERec and e versus flow rate.  

Fig. 14. Energy recovery prediction versus flow rate.  Fig. 15. Specific energy prediction model versus flow rate.  
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already implemented with an energy saving system (VFD with regen
erative braking), during the dewatering of urban and industrial sludge. 

The energy models at 15–20–25 m3 h− 1 were used to obtain the 
optimal operational conditions in the specific ranges of differential 
speed Δn between the bowl and screw of the decanter centrifuge. 
Starting from specific models, general models in terms of energy effi
ciency were derived. The main results obtained with general prediction 
models highlight that the specific energy decreases with the increase of 
sludge flow rate, passing from 1.88 kWh m− 3 to 1.57 kWh m− 3 when the 
flow rate changes from 15 to 25 m3 h− 1. As for the energy recovery, it 

Table 7 
Validation of general model – RMSE for both recovery energy ERec and 
specific energy e.   

RMSE R2  

[kW] [-] 

ERec 1,90E-00 96,88 
e 2,59E-02 99,06  

Table 8 
Dry matter content of wastewater and cake.  

Sludge 
flow rate 

Δ n Total Incoming waste (dm) Outgoing cake (dm) Total Outgoing cake (dm) 

[m3 h− 1] [rpm] [%] [%] [%]   

µ σ  µ σ µ σ  

15 3 1.77 % 0.24 % a  22.36 %  0.05 % 20.46 % 1.12 % a 
15 3.2  20.94 %  0.18 % 
15 3.5  20.36 %  0.24 % 
15 4  20.25 %  0.29 % 
15 4.2  19.93 %  0.07 % 
15 4.5  18.77 %  0.17 %  

18 3 1.87 % 0.25 % a  20.63 %  0.18 % 20.47 % 0.21 % ab 
18 4  20.46 %  0.23 % 
18 5  20.33 %  0.15 %  

20 3 1.72 % 0.18 % a  20.63 %  0.51 % 19.46 % 1.35 % ab 
20 3.5  20.43 %  0.14 % 
20 4  20.22 %  0.06 % 
20 4.5  19.63 %  0.22 % 
20 5  18.99 %  0.66 % 
20 6  16.89 %  0.30 %  

22 4 1.74 % 0.43 % a  19.99 %  0.24 % 19.45 % 0.47 % b 
22 5  19.23 %  0.02 % 
22 6  19.13 %  0.39 %  

25 4.3 1.88 % 0.26 % a  19.43 %  0.16 % 19.21 % 0.17 % b 
25 4.4  19.32 %  0.10 % 
25 4.5  19.21 %  0.07 % 
25 4.6  19.16 %  0.05 % 
25 4.8  19.14 %  0.14 % 
25 4.9  19.02 %  0.17 %  

Fig. 16. Dry matter content in the cake versus Δn,V̇s 15 m3 h− 1.  
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decreased until a flow rate of 20 m3 h− 1, after that it started increasing 
again due to a decrease of operative Δn, which implies an increase of the 
resistant torque. The dry matter content in the cake decreases when the 

Δn increases or when the feed rate increases. 
The accuracy of the models was confirmed with correlation co

efficients R2 always above 0.92 and very low values of Root Mean 
Square Error (RMSE). 

Fig. 17. Dry matter content in the cake versus Δn, V̇s 18 m3 h− 1.  

Fig. 18. Dry matter content in the cake versus Δn, V̇s 20 m3 h− 1.  

Fig. 19. Dry matter content in the cake versus Δn, V̇s 22 m3 h− 1.  

Fig. 20. Dry matter content in the cake versus Δn, V̇s 25 m3 h− 1.  
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The developed models, placed in the hands of the process planner, 
could provide useful information to be able to set up the sludge dew
atering process with the aim, on the one hand of reaching the chosen 
level of dryness of the outgoing sludge (currently the only objective), 
and on the other hand of identifying the correct adjustment of the 
decanter which leads, at the same time, to the maximum level of energy 
savings. 

Availability and usage-reliable energy models will add a further step 
to the rationalization of energy consumption and an improvement in 
environmental sustainability. 
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