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Energy efficiency is nowadays an essential requirement for sustainable food processing. This article introduces a numerical model for the optimization of electricity consumption of the prototype built for the disinfestation of shelled almonds.
Previous studies have investigated the use of microwave technology, as an alternative physical process to the traditional chemical processes, for the disinfestation of almonds during the post-harvest storage phase. They defined the operating parameters of the machine to guarantee 100 % mortality of the insect at different life stages, without affecting the quality parameters of the product.
In this study, experimental tests were carried out on the pilot plant to determine the electrical consumption of the prototype, by varying of discrete quantities the overall power of the prototype (range 2.25-7.50 kW) and the residence time in the treatment chamber (range 82-202 s). The results of the experimental tests were used to build the energy model in order to predict the energy consumption as a function of the main operating parameters and therefore to define the optimal operating conditions. 
The proposed mathematical model made it possible to map the optimal operating conditions and to adjust the pilot plant according to the type of treatment, highlighting the possibility of reducing electricity consumption by up to approximately 10%.

Introduction
The contamination of seeds, legumes, cereals, dried fruits, and other types of stored products by insects and parasites remains a persistent issue, particularly during the storage and distribution phases (Gutam et al., 2018; Chenlo et al., 2009; Wang et al., 2010). For almonds, in particular, common pests such as the Indian meal moth (Plodia interpunctella), the navel orangeworm (Amyelois transitella), the red flour beetle (Tribolium castaneum) (Patil et al., 2020; Gao et al., 2010), and the Mediterranean flour moth (Ephestia kuehniella Zeller) (Tamborrino et al., 2023) can cause extensive damage, leading to significant economic losses for producers and distributors (Heather et al., 2008).
Traditional methods to control insect infestations typically involve the use of chemical agents, such as pesticides and fumigants, which can leave harmful residues on food products. While effective, these methods have raised concerns about food safety, environmental sustainability, and consumer health, in fact administrations have been limited and in some cases specific products have also been banned. Numerous studies involving the use of alternative, non-chemical treatments, including hot air, controlled atmospheres, low pressure conditions and cold storage, have been performed over the years. These innovative treatments, although they present practicable solutions, often involve high investments and operating costs (Wang et al., 2001), biological control (Grieshop et al. 2006) and batch and not continuous use, therefore not allowing industrial scale-up.
In recent years, microwave (MW) technology has gained attention as an effective and sustainable alternative for post-harvest disinfestation of food products, including almonds. Research has shown that MW treatment can achieve 100% mortality of target pests without leaving any chemical residues (Mescia et al., 2022), preserving the nutritional quality of the treated products, and meeting international environmental standards (Mescia et al., 2024). Microwave systems offer additional advantages, such as ease of automation, a compact footprint, and shorter processing times with reduced energy consumption (Tamborrino et al., 2021).
Given these advantages, this study focuses on the development and optimization of a microwave-assisted pilot plant designed for almond processing. The primary goal is to create an energy model that accurately predicts electricity consumption based on key operating parameters (Perone et al., 2023), allowing for more efficient, sustainable processing (Romaniello et al., 2024). By optimizing the energy usage of this MW technology, the study aims to demonstrate its applicability not only as a disinfestation method but also as a commercially viable solution for sustainable food processing (Moirangthem and Baik, 2021).
The pilot plant and the calculation model can be used for an industrial scale-up.
Materials and methods
MW PILOT PLANT
The pilot plant for seeds develops linearly andconsists of a loading hopper with a capacity of 40l which introduces the product via a microwave filter , appropriately sized, into the treatment chamber where the product is processed and subsequently downloaded. The treatment chamber is composed of a polyethylene (PE) tube of 3000 mm length with inner diameter of 91 mm; inside the pipe there is a metal spiral of circular section for the mixing and extraction of the product driven by an electric motor of 0.37 kW coupled with a reducer gear (reduction ratio 1/46). Along PE pipe, there are installed five magnetrons provided with a power generator of 1.5 kW each (overall electrical power 7.5 kW). The pilot plant is controlled by a PLC (Programmable Logic Controller) that can regulate the total electrical power supplied by the magnetron, switch ON/OFF each magnetron and regulate the residence time depending on the frequency of the electric motor (adjustment of rotation speed of the spiral inside the PE tube). For the correct use of the process machine and for safety reason, there are two product detection sensors (one on the loading hopper and the other one in the final part of the treatment chamber), ensured that the treatment chamber was filled with almonds before the magnetrons were switched on.
On the pilot plant in order to measure and monitor the electrical power consumption it had been installed a current and voltage datalogger branch Yokogawa, model CW121 with capacity up to 450V and 1000A in order to measure in real time, with a frequency of 1s the electrical parameter during the MW treatment in the different test conditions.
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Figure 1: MW pilot plant longitudinal section

Raw material
[bookmark: _Hlk180495246]Almonds (Prunus dulcis) of the Tuono variety, harvested in 2023, were used for the experimental assays. After harvesting, the almonds were hulled, sun dried, shelled and stored at controlled temperature (18°C) at Bari, Apulia, Italy.

Experimental procedure to investigate operative and electrical parameters
The operating parameters (Table 1) characterize the behavior of the continuous MW pilot plant and were measured experimentally in Tamborrino et al, 2023 and the machine operating curves for mass flow rate and residence time were defined.

Table 1 – Operating parameters of the continuous microwave pilot plant

	Electric motor frequency [Hz]
	Mass flow rate [kg min-1]
	Residence time [s]

	30
	1.91±0.13
	202.2±21.4

	40
	2.76±0.11
	148.9±18.7

	45
	3.00±0.11
	135.4±17.5

	50
	3.28±0.10
	121.3±15.6

	60
	4.2320.11
	100.7±13.2

	80
	5.39±0.11
	82.2±10.1


Mean ± standard deviation (SD)

An experimental test plan was defined taking into consideration the six different operating configurations of the machine, function of the frequency value of the electric motor that powers the metal spiral, (residence time and mass flow rate) at different electrical power values ​​of the MW magnetron. 
The eight different electrical power configurations have values ​​of 2.25 - 3.00 - 3.75 - 4.50 - 5.25 - 6.00 - 6.75 - 7.50 kW.
The combination of operating parameters (six conditions) and electrical powers (eight configurations) generates forty-eight operating conditions. Each test is characterized by a Specific Energy value supplied to the product inside the treatment chamber and by an electrical consumption that was monitored for five minutes, recording the electrical energy consumption every 5 s of the functioning MW system.
In the measurement of electrical consumption, both the variable consumption attributable to the electrical power set for the operation of the magnetrons and the constant consumption of the system attributable to the electric motor which drives the metal spiral for mixing and advancing the product and to all the auxiliary systems with which the plant is equipped.
The recorded data were statistically analyzed for the creation of a mathematical model for the analysis and prediction of the system's energy consumption and for the identification of the optimal electricity consumption curve.
The model is specific for the plant and for the product treated (almonds).

Results and discussion
[bookmark: _Hlk181736121]Operating curves of microwaves pilot system
The overall electrical consumption values ​​detected during the system operation tests, with predefined conditions, were correlated to the specific energy values ​​that the system is able to administer to the product, thus generating eight different operating curves (2nd order polynomials) that overlap. 
As can be seen from Fig. 2, the trend of the operating curves allows the possibility of providing, for a specific defined energy value, different configurations of electrical consumption of the machine, allowing the operator to choose and define the best operating condition of the system to obtain the same treatment result.
[image: ]
Figure 2: Trend of Specific Energy and Electrical Consumption 

Therefore, since the operating curves and the equation that regulates their trend are known (second order polynomials with R2 values ​​close to 1), it is easy to predict the energy behavior of the machine at constant values ​​of specific energy required by the user for a specific behavior and draw an energy graph (Figure 3) highlighting the percentage of electricity savings of up to 10%.

[image: ]
Figure 3: Energy saving graph of microwaves pilot system

By selecting the optimal operating values ​​of the microwaves pilot system with the lowest electrical consumption for each Specific Energy value, a linear operating curve is generated with R2 close to 1.

[image: ]
Figure 4: Trend of Specific Energy and optimal Electrical Consumption
Conclusions
This study highlights the potential of microwave-assisted technology and how to optimize energy consumption in almond processing, especially for disinfestation of shelled almonds. 
Through the development of a numerical model, it was possible to calculate, predict and regulate the operating parameters of a pilot plant, obtaining energy savings of up to 10%. Experimental tests varying the electrical power (from 2.25 kW to 7.50 kW) and treatment time (from 82 to 202 seconds) allowed the creation of precise operating curves, which informed the optimal settings for energy efficiency.
Microwave disinfestation, as an alternative to chemical treatments, has significant advantages. This approach not only eliminates the presence of chemical residues on the products, but also preserves the nutritional quality of the almonds, respecting international environmental standards. Additionally, the technology facilitates a more sustainable and user-friendly process, given the lower energy requirements and compact design.
The results presented in this study highlight the feasibility of integrating microwave technology into almond processing, potentially setting a new standard for sustainable food processing practices. Further research could explore the possibility of extending the use of this model and adapting it to other types of agricultural products, broadening its application and impact and making the system more versatile.
The scale-up of the pilot plant designed for MW treatment is easy to be implemented in the industrial sector considering the excellent results while respecting the environment.
The numerical model for optimizing the energy consumption of the plant requires, if it is to be implemented at an industrial level, suitable systems for continuously measuring and monitoring the process parameters in order to be able to identify in real time the optimal operating parameters for the plant.
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  Specific Energy [kJ*kg - 1]   

  30  40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220   

Potenza [kW]  7.50  -  -  -  -  -  -  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%  100.0%   

6.75  -  -  -  -  -  100.0%  98.8%  98.9%  99.0%  99.1%  99.2%  99.2%  99.3%  99.3%  99.4%  99.4%  99.5%  99.5%  -  -   

6.00  -  -  -  -  100.0%  98.4%  97.3%  97.5%  97.7%  97.9%  98.0%  98.2%  98.3%  98.4%  98.4%  98.5%  -  -  -  -   

5.25  -  -  -  100.0%  98.4%  97.0%  96.1%  96.5%  96.8%  97.0%  97.2%  97.4%  97.6%  97.7%  -  -  -  -  -  -   

4.50  -  -  -  98.1%  96.8%  95.5%  94.8%  95.2%  95.6%  95.9%  96.2%  96.4%  -  -  -  -  -  -  -  -   

3.75  -  -  100.0%  95.1%  93.9%  92.8%  92.1%  92.5%  92.8%  93.1%  -  -  -  -  -  -  -  -  -  -   

3.00  -  100.0%  97.7%  93.3%  92.4%  91.5%  90.9%  -  -  -  -  -  -  -  -  -  -  -  -  -   

2.25  100.0%  96.3%  94.6%  90.6%  89.9%  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -   
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