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[bookmark: _GoBack]This study presents a practical and simple approach to investigate the energy consumption of a decanter centrifuge during the sludge dewatering process. An experimental plan to measure the energy consumption of the decanter fed with sludge at three different flow rates and different differential speed values between bowl and screw (Δn) was carried out. The trend of the energy withdrawn from power supply as a function of the energy consumed by the bowl motor and the trend of the energy drawn from bowl motor as a function of that recovered from the regenerative braking system has been identified. Finally, the consumption of the bowl motor and of the energy taken from the mains as a function of the flow rate has been determined. The results show that the energy drawn from the grid and the energy regenerated by the regenerative braking system is linearly correlated with the energy consumed by the main electric motor and with the sludge feed rate. In addition, as the flow rate increases, the power recovered is about ¼ of that consumed. A high correlation of the developed models has been detected. The models developed can be used to provide valuable information about energy use patterns and can be used to identify areas where energy efficiency measures can be implemented.
Introduction
According to the International Energy Agency (IEA), the global electricity consumption in 2020 was about 22,315 TWh. This represents a decrease of about 1.5% compared to the previous year, primarily due to the COVID-19 pandemic and its impact on economic activity. The demand for electricity is expected to continue to grow in the coming years, driven by population growth, urbanization, and economic development (IEA. World Energy Outlook 2020, IEA. World Energy Model Documentation). However, the efforts to promote energy efficiency and increase the use of renewable energy sources can help to mitigate this growth and promote a more sustainable energy future (Sarkodie et al., 2020). The reduction of energy consumption can be effective only if a set of strategies are implemented in the energy use chain, which can be large-scale such as the use of energy from renewable sources to small-scale solutions such as optimizing plants of lighting (Qusay et al., 2023; Jun et al., 2020). To optimize the efficiency of the electric motors by reducing electricity consumption, a variable frequency drive (VFD) device can be implemented (Tan et al, 2020; Abdelsalam et al., 2022). A variable frequency drive (VFD) is an electronic device that can control the speed of an electric motor by varying the frequency of the electrical power supplied to the motor. VFDs can help to save energy in several ways:
Energy efficiency: by adjusting the speed of the motor to match the load requirements, VFDs can reduce energy losses and improve the efficiency of the motor.
Load management: VFDs can help to manage the load on a system by adjusting the amount of power supplied to the load, reducing the overall energy consumption.
Soft starting: VFDs can provide a soft start to a motor, gradually increasing the speed and reducing the starting current, which can reduce stress on the motor and improve its lifespan.
A further function of the VFD is to control the electric motors by managing the regenerative braking. In fact the VFDs can be used to control motors that operate in applications where the motor may act as a generator, such as in centrifugal decanter machine. In these cases, the VFD can use regenerative braking of the screw of the decanter to convert the kinetic energy of the load into electrical energy, which can be fed back into the power grid, reducing energy consumption (Tamborrino et al., 2015). The decanter is a machine that performs the separation of solids from liquids by centrifugation and is used in many industrial fields and in the food industry (Squeo et al., 2017; Caponio et al, 2019; Tamborrino et al., 2022; Leone et al., 2022). In the sludge purification process, thickening or dewatering is a phase in which the sludge, coming from the purification cycles, is subjected, which aims to reduce the moisture present in the sludge itself. In purification plants, the dynamic thickening process by centrifugation with three-phase decanters is often used. In the present study, the energy consumption of a decanter machine during sludge dewatering processing in a waste purification industry has been analysed. A mapping of energy consumption was detected to evaluate the energy recovered by the regenerative braking system as a function of the investigated process parameters.
Materials and methods
Decanter machine
[bookmark: OLE_LINK1]During the tests a three-phase decanter machine has been used. The main component of the decanter is a rotating body consisting of an external bowl with a cylindrical and conical shape and an internal screw (Leone et al., 2015). Bowl is driven by a 75 kW "Main Motor M1", while the screw is driven by the "Secondary Motor M2". Both motor M1 and motor M2 are equipped with variable frequency drive (VFD). The M2 VFD is of the regenerative type. Regenerative inverters allow energy to be recovered and poured into the grid, so that it can be used to power other equipment. The drive 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. During the process the VFD of the secondary motor M2, working in regenerative mode, through the connection that is defined as DC BUS in the machine diagram, recovers energy used to feed, totally or in part, the main motor M1. To evaluate the energy consumption of the decanter and investigate about the energy recovery of the regenerative braking system, a sludge dewatering test program was performed. Three different sludge feed rates were investigated from 15m3h-1, 20m3h-1 to 25m3h-1 and for each flow rate the variation of the number of rotations between the drum and the screw (Δn) from 2.8 to 6.0 was adjusted.
Electricity consumption measurement system
Three compact energy meters LV001, LV002 and LV003 had been connected. Figure 1 shows the electrical diagram of the decanter and the position of the energy meters.
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Figure 1 - Layout of the continuous energy monitoring system 

The energy meters have been positioned as shown below:
LV001 downstream of the inverter of the main motor M1;
LV002 upstream of the inverter of the main motor M2;
LV003 upstream of the inverter of the secondary motor M2.
By using a portable energy analyzer (LV004), the energy recovered from the regenerative system was measured on the DC BUS between the two VFDs. Each single measurement test lasted 60 minutes. Each individual test condition was repeated four times. TEmeter® software was used to manage the measurements. For the entire monitoring period, the main quantities of an electric network were detected with frequency per minute as averages of the previous 60 seconds. One measurement per minute was taken. During the measurement the following parameters was detected: a) Equivalent phase voltages and currents; b) Equivalent active and reactive power; c) Total displacement factor (cosφ); d) Frequency; e) Bidirectional active and reactive energy. In all tests the rotation speed of the bowl was 2600 RPM and the wastewater fed to the decanter had a percentage dry matter content between 1.1% and 1.7%. In all the tests carried out, 2.5% of liquid polymer was added to the inlet sludge.
Results and discussion
Figures 2, 3, Figures 4, 5 and Figures 6, 7 show for the flow rates of 15m3 h-1, 20m3 h-1 to 25m3 h-1, respectively, the trend of the power withdrawn from power supply as a function of the power consumed by the main engine M1 and the trend of the power drawn from M1 as a function of that recovered from the regenerative braking system.
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	Figure 2 – Decanter flow rate 15 m3 h-1. Power consumption: mains vs M1
	Figure 3 - Decanter flow rate 15 m3 h-1. Power consumption: recovery vs mains
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	Figure 4 - Decanter flow rate 20 m3 h-1. Power consumption: mains vs M1
	Figure 5 - Decanter flow rate 20 m 3h-1. Power consumption: recovery vs mains
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	Figure 6 - Decanter flow rate 25 m3 h-1. Power consumption: mains vs M1
	Figure 7 - Decanter flow rate 25 m3 h-1. Power consumption: recovery vs mains




As shown in figure 2, 4 and 6, in all flow rate conditions the power drawn from power supply is a function of the power used by the main motor. This trend can be easily explained, in fact, considering the operating principle of the decanter, M1 drives the rotation of the bowl whose effort is proportional to the amount of sludge that stays inside it at a given instant. As reported in the experimental plan, the tests were carried out for each flow rate by varying the differential revolutions between the bowl and screw (Δn) increasing the flow rate, the Δn have been increased, consequently increasing the sludge discharge speed. Therefore, as the Δn increases, the quantity of sludge in the bowl decreases, lowering the rotational effort of the M1 and therefore its power consumption and consequently the withdrawal of power from the main supply and the power recovered. Between power consumption of the M1 and withdrawal from the power supply, a strong linear correlation was identified with a coefficient of correlation R2 always greater than 0.81, confirming the effectiveness of the identified model.
Similarly, as shown in figures 3, 5 and 7, the amount of power recovered is also a function of the one used by the M1 at all three investigated flow rates. This means that the higher the power consumption of the M1, the higher will be the quantity of wastewater present inside the bowl at a given instant, consequently the VFD can use a greater regenerative braking of the screw of the decanter converting the kinetic energy of the load into electrical fed back into the power grid. Between power recovered and one used by the main engine a strong linear correlation was identified with R2 always higher than 0.86
In Figure 8, the withdrawal from the main grid as a function of flow rate is shown and a linear growth trend between decanter flow rate and power withdrawal from the mains with average values of 28.8 kW at 15m3 h-1, 37.4 kW at 20m3 h-1 and 40.7 kW at 25m3 h-1. This trend confirms what previously reported, in fact the higher the decanter flow rate, despite optimizing the relative value of Δn, the higher the amount of wastewater presents in the bowl. Consequently, it is necessary an increasing of the effort of the main motor, whit a higher total amount of power drawn from the grid. The R2 of 0.84 confirms the goodness of the developed model.
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	Figure 8 - Decanter flow rate vs Mains power consumption

	Figure 9 - Decanter flow rate vs Power recovery




In Figure 9, the trend of the power recovered from the regenerative braking system grows linearly with the increase in the decanter feed flow rate. As mentioned earlier the VFD of the motor driving the screw is regenerative braking, which allows it to recover power, up to 4 kW increasing M1 power consumption of 12 kW, during the deceleration of the motor and feed it back into the power supply. As the flow rate increases, the amount of sludge in the bowl increases, increasing the power regenerative capacity. The high correlation coefficient (R2 of 0.79) demonstrates the goodness of the trend developed. Finally, comparing the slopes of the lines in Figures 8 and 9, it is highlighted that from 15m3h-1 to 25m3h-1 the power consumed of M1 increases by about 12 kW, while the recovery by only 3-4 kW. This means that as the flow rate increases, the power recovered is about ¼ of that consumed. The approach to energy consumption prediction based on time series analysis, until develop the trends in energy consumption data has proven to be an effective way to understand the energy consumption of a machine as reported by several authors (Xie et al, 2021; Lee et al., 2015; Imani et al., 2017; Liu et al., 2015; Perone et al., 2022; Tamborrino et al., 2021; Catalano et al., 2021).
Conclusions
Energy consumption and sustainability are closely linked, as the way we consume energy has a significant impact on the environment and the long-term availability of energy resources. Among the various solutions proposed to reduce the energy consumption of industrial machines driven by electric motors is the use of variable frequency drives. Whenever the working mode of the machine allows it, the VFD can operate in regenerative braking way, which allows them to recover energy during the deceleration of the motor and feed it back into the power supply. However, the relationship between energy consumption and machine regulation methods are almost always unknown to the process planner who, in the absence of such information, uses the machine in an inefficient way. Energy consumption modeling makes it possible to discover these relationships by making them available to the process planner. The developed models can be utilized by the process planners to identify the most energy-efficient based process plan before the sludge dewatering machining. Further, in future, to obtain an even broader picture of information the proposed model could be integrated with the productivity and product quality models. In this way, the process planner will be able to evaluate the correct adjustment of the machine to reduce energy consumption based on the proposed production and quality objectives.
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