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Abstract

:

Energy efficiency is an increasingly important issue in the wine industry worldwide. The focus on quality in wine production has led to increased attention being paid to the product at all stages of processing. The interaction with mechanical components is considered one of the possible critical points in the vinification process, and it becomes fundamental to optimize specific points in the wine production line using the best extraction technique. Therefore, in this work, experimental monitoring of two types of product circulation systems in fermentation was carried out in a winery in Puglia (Italy). In particular, the functional performance and energy consumption of two identical vinification lines were monitored, in which the only variables were two types of circulating systems for the fermenting must: pump-over and pneumatic cap breaking. During the trials, a homogeneous batch of Primitivo grapes was processed, hand-picked and taken to the winery within 1 h of harvesting, where a “ready-to-drink” wine production line was set up. A net quantity of 1000 hL of destemmed grapes was placed in two identical vertical steel tanks. Both wine tanks were monitored and equipped with an automated assembly system and a pneumatic marc breaker. Once both tanks were filled, a first break of the cap was carried out using a pneumatic system in one tank and an automatic pump-over in the other. For the grapes and type of wine studied, the pneumatic system showed better functional performance in terms of vinification speed and energy consumption; on the other hand, the pump-over system performed better in analytical terms. Finally, the results obtained highlight the need for further studies on equipment design to obtain significant benefits in terms of wine production costs while maintaining the quality standards required for “ready-to-drink” wines.
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1. Introduction


To date, there has been little scientific research on energy efficiency and mass and energy balance in wine production. In general, energy efficiency is actively pursued worldwide [1,2,3,4,5,6,7,8,9] because improved energy efficiency reduces the cost of goods sold and increases competitiveness, mainly through process optimization tools [10,11,12], as well as reducing environmental costs [13,14,15].



The focus on quality aspects in food production has led to increased attention to the product at all stages of processing. In particular, the interaction with mechanical parts is considered one of the possible critical points in food processing [16]. Several factors influence the pattern of energy consumption in a winery: local climatic conditions, production technology, product mix and use of different bottling technologies [17]. In a theoretical study, Colombié et al. [18] aimed to develop a mathematical model that would simulate the thermal behavior of must during the fermentation phase and, indirectly, lead to the evaluation of the energy required to cool the must during this phase of wine production. Other works [19,20,21] have attempted to develop a mathematical model of the same type but have not found application. The success of red wine vinification depends on the quality of the extraction of the compost present in the skins and in the degradation of sugars. The difficulties are due to several factors, such as variations in the chemical and physical characteristics of the must during fermentation and the great heterogeneity in the tank characteristics, such as geometry, construction material, cooling system and location in the plant: inside, outside and exposed to draughts. Manzocco et al. [22] proposed a simplified experimental model simulating a 25% sugar must and producing a 12.78% alcohol solution, showing that there are obvious physical and thermal changes.



Malherbe et al. [23] developed a kinetic model of fermentation to predict changes in the physical thermal properties of must. This model was validated under different oenological conditions to integrate it into a control system for wine production, optimizing the use of tanks and the total energy required [18].



The energy lost in the evaporation of water and ethanol has also been studied by several authors; in fact, Williams and Boulton [24] evaluated the effect of several variables, such as inoculum rate, sugar concentration and temperature of the wort and of the air in the headspace of the fermenter, on the rate of ethanol evaporation. The thermal model was then combined with the kinetic model [23] to perform the simulations and estimate the energy required to control the temperature of an industrial tank.



In 2017, Genc et al. [25] performed energy analysis of a red wine production line and defined the energy destruction rates to assess the sustainability performance of the system. The thermal efficiency of the system was 57.2%, while the energy efficiency was 41.8%. The total energy destruction rate of the whole system increased as both the grape flow rate and the reference temperature increased when fermenting at a pressure of 101.325 kPa. In addition, the values of cumulative energy loss and specific energy loss were 2692.51 kW per 1 kg/s of grapes processed and 5080.20 kW/kg of wine, respectively. In addition, the attention paid to quality aspects in wine production has led to respect of the product at all stages of processing, with increasing strength.



Interaction with mechanical components is considered one of the possible critical points in the vinification process [16]. There are numerous technological innovations aimed at reducing the effects of direct contact with mechanical parts; recent examples include the diffusion of certain types of oenological pumps (peristaltic, mohno, etc.), pump-over systems (pneumocarbonic, rotary, etc.) and, in general, the use of polymeric or elastic materials [16].



However, the success of red wine production is closely linked to the quality of the extraction of compounds from the skins and the regular and complete breakdown of sugars; in particular, the color and tannin structure are the main factors that define the quality of red wines. To extract all the noble compounds of the grape, it is essential to control the contact between the skins and the must during maceration [26]. All the solid parts of the grape, during fermentation, are pushed by the carbon dioxide formed and aggregate in bloc with the must, promoting the extraction of aromatic and polyphenolic compounds, which is ensured by the movement of the mass through the cap. Alcoholic fermentation does not take place with the same intensity in all parts of the tank, since the yeasts are more abundant in the solid parts (cap). Pettinelli [27] carried out a theoretical study of the disintegrating wave effect in innovative pneumatic tank systems, in which modulated air jets injected from nozzles in precise sequences impart motion to the liquid, which then creates a disintegrating wave responsible for breaking, flooding and cap immersion, as well as for eliminating the gradient of heat distribution, density and extracted components. In a trial carried out in Spain on Tempranillo grapes from the 2014 harvest in tanks with a capacity of 1500 hL, the extraction obtained using air jets was compared with that obtained using the technique commonly used in wineries, with pump-over and deléstage. The results showed that the use of disintegrating wave tanks allowed for greater extraction from the earliest stages (an important aspect when, for reasons of space, it is necessary to reduce the maceration time) and an increase in color intensity of between 17% and 21%.



In summary, the scientific data in the literature on the use of different product circulation systems in fermentation mainly relate to the study of the quality performance of the wine obtained [28,29]. Furthermore, energy studies in the wine industry mainly concern the fermentation phase and the total consumption of the production process, except for only one very recent one on oenological pneumatic presses [30]. No studies have been carried out on the functional performance and energy consumption of the different bung breaking systems, nor have any experimental studies been carried out on the use of pneumatic vinification systems.



In this work, an experimental study was carried out with the aim of comparing, from an energetic and functional point of view, two different systems for circulating the fermenting product during the red vinification of must obtained from an Apulian grape variety characterized by thin-skinned grapes, to obtain “ready-to-drink” wine: a pneumatic system and a traditional system.




2. Materials and Methods


The experimental trials were conducted at the Didasca Vini S.r.l. wine company (Figure 1), in Capurso (BA), Italy, on a line of red vinification, during the 2021–2022 harvest.



Table 1 shows the main technical features of the machines in the wine production line involved in the experimental tests.



In the experimental trials, a homogeneous batch of Primitivo grapes was processed, hand-picked and taken within 1 h of harvesting to the Didasca Vini winery, where a “ready-to-drink” wine production line was set up. A net quantity of 1000 hL of destemmed grapes was placed in two identical 1200 hL vertical steel vats (Figure 2). Both tanks were monitored and equipped with an automated assembly system and a pneumatic marc breaker. As soon as both tanks were filled, the first cap was broken by a pneumatic system. During fermentation, however, only the automatic pump-over system was used in one of the two tanks, and only the pneumatic cap-breaking system in the other.



At the end of turbulent fermentation, the processed must in each tank was unloaded and sent to a mechanical racking machine (Table 1). The racking was carried out by draining the must through the total drain valve of the tank connected to an external piston pump (Table 1). The extraction of the pomace was carried out by an extraction group set up at a speed of 5 rpm (Figure 3); the pomace was transported using an auger feeding a peristaltic pump, which, in turn, connected to the press drainage line (Figure 3 and Figure 4) where the pomace was subjected to increasing pressure from 10 bar to 70 bar.



2.1. Traditional Wine Tank with Automatic Pump-Over


The pump-over system used in one of the two tanks studied (Figure 5) was based on intensive low-pressure spraying of the must onto the marc cap, which remained intact. The pump-over was carried out without the addition of oxygen by means of an electric centrifugal pump with set-back impeller (Table 1), which took the must from the bottom and pushed it to the top of the vinificator through an external pipe. The must fell back onto the sprinkler plate and broke up, allowing it to be spread evenly over the cap.



By varying the speed of the sprayer, the must is distributed over the entire surface of the cap in a cycle defined by a gradual increase in speed until the maximum speed is reached and maintained for a certain time. The pump and the sprayer were controlled simultaneously by a timer, which could be operated with the working cycle programme, allowing the following parameters to be set: total cycle time, pumping time, pumping pause time and must temperature.



For the first 40 h of fermentation, a pump-over of 20 min every 2 h was set; then, for the following 90 h of fermentation, a pump-over of 15 min every 2 h was set.




2.2. Innovative Wine Tank with a Pneumatic Cap for Breaking up the Marc


The FOLLARIA pneumatic cap break system (Figure 6 and Figure 7), patented and manufactured by Itest s.r.l.—Corato (BA), Italy, was monitored at one of the two wineries studied. This technology uses the must/wine density measurement to trigger the combined jets of compressed air through a series of nozzles on the side wall of the tank. The air is delivered from all the nozzles at the same time, without shifting between nozzles. The modulated air jets impart motion to the liquid, causing the cap to break, flood and dip. As a result of the pulses from the air jets, transverse cracks are created in the cap in all directions until disintegration of the mass is achieved (Figure 6).



Compressed air is produced by the compressor of the winery’s centralised system and stored at a pressure of 7 bar in 4 tanks with a capacity of 8000 L, located in different parts of the winery (Table 1). Before entering the tank, the air is dehumidified and filtered; eight nozzles are installed in the tank under study (Figure 8).



System components referred to a single tank (Figure 8; Table 1):




	
Compressor;



	
Compressed air tank;



	
Air treatment coil (dehumidification and filtration);



	
Primary pipe;



	
n. 2 shut-off valves;



	
On/off solenoid valve (opening time: 0.001 s–20 s; pause/work time: 0.001 s–120 s; number of cycles: 2–100);



	
Pressure transducers;



	
Temperature probes;



	
Density meters;



	
Electrical panel with PLC.









2.3. Experimental Tests


The two wine tanks were filled at the same time on 3 September 2021 and, after 24 h, the cap was broken by the pneumatic system using 30 insufflations of compressed air at 4–6 bar for 1 s, every 3 s, for a total of 3 min. Since the aim was to produce a “ready-to-drink” wine, representative parameters of vinification efficiency and functionality were monitored during alcoholic fermentation. To this end, fermenting must samples were taken daily at three different heights in the wine tank: 4 m, 9 m, and 14 m. The following analytical evaluations were carried out on each sample with the following instruments: density, specific gravity, reducing sugars, effective degree, optical density (420, 520, 620), colour intensity, colour tone, total polyphenols, pH and total acidity (Table 2).



Functional performance was evaluated by monitoring vinification time, racking time, the quantity of must wine obtained at the end of the draining–pressing process and energy consumption.



A Yokogawa Power Quality Meter and Analyser with data logger function, model CW121, was used to evaluate the active electrical power consumed by the machine motors; such an instrument makes it possible to measure the energy consumption of single-phase and three-phase loads, considering the possible load imbalance in each phase. The measurements were made by inserting the instrument leads into the power line between the electrical cabinet and the motor of the machine under consideration (Figure 9).



Total energy consumption was measured by connecting the instrument cables to the machine’s power line and was started at each pumping cycle in the tank where the traditional system was monitored and at each compressed air insufflation cycle in the tank where the pneumatic system was monitored. Similarly, the energy consumption was measured during the racking phase of each tank studied: the pomace extraction unit, the external racking pump, and the transfer screw to the racking press. Finally, the same measurements were carried out during the operation of the racking press while treating the mass discharged from each wine tank.



Three tests were carried out for each machine studied, and statistical analysis was performed using Statistics 12.0 software (StatSoft Inc., Tulsa, OK, USA); an analysis of variance was performed, and the results were compared using Tukey’s multiple interval test with a significance level = 0.05.





3. Results and Discussion


3.1. Power Consumption Results


The graphs of the power consumption over time during fermentation (Figure 9; Table 3 and Table 4) are quite clear in their interpretation. The electric motors used were those of the transfer pump and the diffuser in the wine tank with this circulation system and those of the compressor in the wine tank with the pneumatic system.



In the first case, the average active power consumption was 11.0 kW (Figure 10; Table 5), corresponding to an energy consumption of 197.0 kWh and a specific consumption of 0.20 kWh/hL (Table 3). Similar electrical consumption of pumps was found in another study carried out on pneumatic presses. In the second case, however, the average active power consumption was 25 kW (Figure 10; Table 4), corresponding to a power consumption of 2.6 kWh, a specific power input of 0.025 kW/hL, and a specific power consumption of 0.0026 kWh/hL (Table 4).



The specific consumption of the pneumatic system is 80 times lower, thanks to the particularly energy-efficient method of breaking the cap. In fact, 378 insufflations, each lasting 1 s, were sufficient to carry out the disintegration operations (Figure 11) of a solid mass that, in a 1000 hL wine tank, often exceeded a thickness of 1.5 m. In addition, the technique used allowed for the use of a centralised compressed air system, rather than low-power machines on board the wine tank, with the advantage of having a high-power compressor that always runs at the optimum speed with maximum power factor. In addition, the pneumatic system allowed for punctual insufflation interventions, depending on the density monitoring of the must wine under fermentation (Figure 10). On the other hand, in the pump-over system, the interventions were programmed over time, with the possibility that some of them may be superfluous or, on the contrary, insufficient.



During the racking phase of the tank in which the pump-over was carried out, the pomace extraction unit had to run for 110 min, with an average power input of 1.16 kW (Figure 12; Table 3) and a power consumption of 2.12 kWh or 0.0021 kWh/hL (Table 3). On the other hand, the tank extractor using the pneumatic system operated for 45 min, with an average power input of 1.57 kW (Figure 12; Table 4) and a power consumption of 1.23 kWh, or 0.0012 kWh/hL (Table 4), i.e., almost half the power consumption in the latter tank.



This can be explained by the different consistency of the unloaded mass, which, in the case of the pneumatic system, was more liquid, with a higher percentage of suspended solids, and could be easily unloaded by gravity. On the other hand, in the tank where the pump-over was used, the pomace was more consistent and, therefore, a lower percentage of solids was removed with the liquid, requiring a longer and more energetic action of the extraction unit.
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Table 3. Energy parameters of the vinification line in which the system of pump-over during the fermentation phase was used.






Table 3. Energy parameters of the vinification line in which the system of pump-over during the fermentation phase was used.





	Parameters
	Pump-Over Group (Pump + Diffuser)
	Extraction Group
	Drain-Pressing Line
	Total Values





	Average active power absorbed
	11 kW
	1.16 kW
	8.9 kW
	/



	Electric consumption
	197 kWh
	2.12 kWh
	34.1 kWh
	233.22 kWh



	Specific energy
	0.200 kWh/hLmust
	0.0021 kWh/hLmust
	0.046 kWh/hLwine
	0.320 kWh/hLwine



	Wine obtained
	/
	/
	740 hL
	740 hL
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Table 4. Energy parameters of the vinification line in which the pneumatic system was used during the fermentation phase.






Table 4. Energy parameters of the vinification line in which the pneumatic system was used during the fermentation phase.





	Parameters
	Compressor
	Extraction Group
	Pressing Draining Line
	Total Value





	Average active power absorbed
	25 kW
	1.57 kW
	11.78 kW
	/



	Electric consumption
	2.6 kWh
	1.23 kWh
	32.4 kWh
	18.23 kWh



	Specific energy
	0.0026 kWh/hLmust
	0.0012 kWh/hLmust
	0.0430 kWh/hLwine
	0.0240 kWh/hLwine



	Wine obtained
	/
	/
	760 hL
	760 hL








The above was also confirmed by the evolution of the energy consumption of the draining–pressing lines (Figure 13; Table 3 and Table 4). In fact, during the processing of musts from the fermenters undergoing racking, after a short start-up phase, there was a succession of two phases, in which the active power absorbed by the line was between 2.0 kW and 4.5 kW, for a total duration of about 90 min; this trend was interrupted for about 10 min between phases, during which the line absorbed an average of 10.2 kW (Figure 13). At the end of the second phase, the power increased again and varied between 10.0 kW and 18 kW for the last 80 min (Figure 13).




3.2. Analytical Results


On the other hand, for the mass processing from the tank where the pneumatic system was used, it was found that the active power consumption of the draining–pressing line was more regular over time, stabilising at values between 8.0 kW and 14.0 kW (Figure 13). In total, the first line operated for 230 min, with an average power consumption of 8.9 kW, whereas the second line operated for 165 min, with an average power consumption of 11.78 kW.



It is, therefore, clear that the second line processed a more homogeneous mass, allowing all sections to be processed continuously, without interruption, in a shorter time and with lower total energy consumption (Table 3 and Table 4). On the other hand, the first line worked discontinuously, leaving the pressing section idle for a long time, to which, during the last 80 min, a high flow rate of very compact and poorly draining marc was fed, requiring high pressures in the draining section to extract the wine, with equally high-power consumption. Despite the lower average power consumption values, the draining–pressing line, which processed the mass from the fermenter where the racking took place, consumed slightly more energy: 34.1 kWh or 0.046 kWh/hL compared to 32.4 kWh or 0.043 kWh/hL (Table 3 and Table 4).



In addition to the aforementioned advantages, a higher liquid content at the time of draining and pressing may lead to a greater presence of solids in the wines that are to ferment slowly, with a consequent increase in the formation of lees in the tanks and the necessity to rake off the lees more often. The overall results are, of course, influenced by the very low energy consumption during the vinification phase using the pneumatic system (Table 4): 18.23 kWh and 0.024 kWh/hLwine for the pneumatic system, i.e., more than ten times lower than the line using pump-over (233.22 kWh and 0.32 kWh/hLwine).



During the experimental trials, the fermentations stopped when similar parameters were reached in both wine tanks (Table 7), corresponding to a “ready-to-drink” wine. It is, therefore, a product intended for medium market placement, to be obtained in a short time and at a low total cost. From this point of view, the analysis in Table 5, Table 6 and Table 7 shows that the parameters of the start of fermentation (Table 5) evolve faster in the tank where the pneumatic break of the cap is realised, with the clarification parameters being reached 24 h before the second tank (Table 7). This allows for better utilisation of the tank in relation to the needs of the winery during the harvest.
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Table 5. Analytical evaluations carried out on musts in winemakers equipped with different circulation systems studied. Fermentation begins.






Table 5. Analytical evaluations carried out on musts in winemakers equipped with different circulation systems studied. Fermentation begins.












	Parameters
	Wine Tank with

Pneumatic Cap Breaks
	Standard Deviation
	Wine Tank with

Pump-Over System
	Standard Deviation





	Density
	1.08 g/mL
	0.07
	1.08 g/mL
	0.06



	Reducing weight
	196 g/L
	15.43
	189 g/L
	10.38



	Effective degree
	1.97°
	0.11
	2.12°
	0.11



	O.D. 420
	1.30
	0.06
	1.21
	0.06



	O.D. 520
	2.80
	0.14
	2.59
	0.17



	O.D. 620
	0.50
	0.03
	0.30
	0.02



	Dye intensity
	4.60
	0.19
	4.10
	0.18



	Tonality
	0.45
	0.02
	0.45
	0.034



	Total polyphenols
	740 mg/L
	32.03
	592 mg/L
	22.68



	pH
	3.45
	0.11
	3.45
	0.12



	Total acidity
	6.50 g/L
	0.32
	5.50 g/L
	0.20



	Pick up time

(hours after hat break)
	24 h
	
	24 h
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Table 6. Analytical evaluations carried out on musts in wine tanks equipped with the different circulation systems studied (mid-fermentation).






Table 6. Analytical evaluations carried out on musts in wine tanks equipped with the different circulation systems studied (mid-fermentation).












	Parameters
	Wine Tank with

Pneumatic Cap Breaking
	Standard Deviation
	Wine Tank with

Pump-Over System
	Standard Deviation





	Density
	1.05 g/mL
	0.06
	1.03 g/mL
	0.05



	Reducing weight
	132 g/L
	6.25
	79 g/L
	3.79



	Effective degree
	5.93°
	0.231
	8.98°
	0.34



	O.D. 420
	2.00
	0.101
	1.94
	0.08



	O.D. 520
	3.20
	0.165
	2.89
	0.13



	O.D. 620
	0.80
	0.036
	0.80
	0.03



	Dye intensity
	6.00
	0.247
	5.63
	0.23



	Tonality
	0.60
	0.027
	0.67
	0.02



	Total polyphenols
	1.48 mg/L
	0.083
	1.64 mg/L
	0.09



	pH
	3.50
	0.139
	3.47
	0.17



	Total acidity
	7.00 g/L
	0.381
	6.85 g/L
	0.29



	Pick up time

(hours after hat break)
	72 h
	
	96 h
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Table 7. Analytical evaluations carried out on musts in wine tanks equipped with the different circulation systems studied. End of fermentation.






Table 7. Analytical evaluations carried out on musts in wine tanks equipped with the different circulation systems studied. End of fermentation.












	Parameters
	Wine Tank with

Pneumatic Cap Breaking
	Standard Deviation
	Wine Tank with

Pump-Over System
	Standard Deviation





	Density
	0.99 g/mL
	0.05
	0.99 g/mL
	0.03



	Reducing weight
	0.60 g/L
	0.02
	0.60 g/L
	0.02



	Effective degree
	13.88°
	0.73
	13.70°
	0.76



	O.D. 420
	2.11
	0.08
	2.00
	0.10



	O.D. 520
	3.70
	0.24
	3.00
	0.16



	O.D. 620
	1.00
	0.03
	1.00
	0.04



	Dye intensity
	6.81
	0.32
	6.50
	0.36



	Tonality
	0.60
	0.02
	0.66
	0.03



	Total polyphenols
	2.01 mg/L
	0.11
	1.85 mg/L
	0.10



	pH
	3.60
	0.15
	3.60
	0.15



	Total acidity
	7.00 g/L
	0.29
	7.00 g/L
	0.27



	Pick up time

(hours after hat break)
	120 h
	
	144 h
	








At mid-fermentation, a higher reducing sugar content was found in the must of the winemaker using the pneumatic system: 132 g/L compared to 79 g/L (Table 6). This result shows that the yeast activity was more intense in the tank where the pump-over was carried out during the intermediate stages of alcoholic fermentation, but it also emphasises the need for more rigorous monitoring and control of temperature, an important and influential factor from a management and energy point of view.



At mid-fermentation, the total colour intensity increased by 30% in the must from the tank equipped with the pneumatic system and by 37% in the must from the tank with the pump-over system (Table 5 and Table 6). This trend was confirmed at the end of fermentation: +48% in the must from the tank equipped with a pneumatic system and +58.5% in the must from the tank where pump-over was carried out (Table 5 and Table 6). On the other hand, the spectrophotometric analysis of the optical density 520, representative of the presence of red colour, showed an increase of 14% in the middle of fermentation (Table 6) and 32% at the end of fermentation in the must vinified with the pneumatic system (Table 7). In the must vinified with the pump-over system, however, the increases were less pronounced: 11% and 15.8%, respectively, at the middle and end of fermentation (Table 6 and Table 7).



Overall, the systems gave comparable results in terms of colour extraction since the wines obtained had similar colour values: 0.60 with the pneumatic system and 0.66 with the use of fulling.



However, the use of the pneumatic system allowed for a greater extraction of red colour from the earliest stages, a much sought-after aspect in the production of “ready-to-drink” wines to be marketed quickly.



In terms of total polyphenols, i.e., the sum of compounds extracted from both the skins and the seeds, it was found that the must from the traditional vat was higher at mid-fermentation. This is because, at this stage of fermentation, the traditional vat was at a more advanced stage of fermentation itself and, therefore, had a higher alcohol content, which favours a greater extraction of these compounds. At the end of fermentation, on the other hand, there was a greater increase in total polyphenols in the pneumatic fermenter, because it is noted that in the latter fermenter, there was a greater development of alcohol content during the last stages of fermentation. This favoured a greater extraction than in the first fermenter. In addition, in the pneumatic system, the solid parts of the must were always in circulation (not forming the cap), which favoured a higher extraction.



The above can be explained by the dynamics of pneumatic cap breaking applied to the primitive grapes from which the crushed grapes were obtained in the fermentation studied.



In this system, the cap breakage is achieved by cracks created in the mass by air injected simultaneously from different points on the side of the tank; the air penetrates into spaces where it is much more difficult for the liquid to penetrate, causing the cracks to widen, allowing the liquid phase to rise and the cap to break in different areas. In the case of Primitivo grapes, which are characterised by very thin skins, no cellular or extracellular surfaces can be identified as barriers to the escape of liquid, so a less invasive extraction is desirable.



On the other hand, the fact that, with this type of pressing, the chemical and physical characteristics of the wine obtained with the pneumatic system are comparable to those of the wine obtained with mass circulation by pumping over is certainly a positive result, both in terms of the very favourable functional and energetic performance and in terms of the margins for improvements that characterise this system. For example, the size, frequency, and sequence of the insufflations can be adapted to the characteristics of the crushed grapes undergoing fermentation, in order to obtain an optimum coupling of the resonance frequency of the liquid with that of the solid and to obtain the desired maceration.





4. Conclusions


In this work, an experimental monitoring of two types of product circulation systems in fermentation was carried out in a winery in Apulia, processing destemmed grapes of the Primitivo variety intended for red wine production, to produce “ready-to-drink” wine. In particular, the functional performance and energy consumption of two identical vinification lines were monitored, in which the only variable was the system for circulating the fermenting must: pump-over or pneumatic cap breaking.



The line using pump-over achieved fermentation in 144 h, racking in 110 min and draining–pressing in 230 min; the line using pneumatic cap breaking in fermentation had shorter times: 120 h for fermentation, 45 min for racking and 165 min for draining–pressing.



The total energy consumption was very low in the fermentation phase using the pneumatic system: 18.23 kWh and 0.024 kWh/hLwine, more than ten-times lower than in the line using pump-over: 233.22 kWh and 0.32 kWh/hLwine. From an analytical point of view, the performance obtained with pump-over showed the effectiveness of this circulation system on Primitivo grapes, characterized by very thin skins, on which the pump-over leaching is particularly suitable, both for promoting yeast activity and for obtaining color extraction. From this point of view, the pneumatic system studied was too energetic compared to the characteristics of the fermenting mass.



On the other hand, for this type of grape pressing, the fact that the chemical and physical characteristics of the wine obtained with the pneumatic system are comparable to those of the wine obtained with mass circulation by pumping over is certainly a positive result, both in terms of the very favorable functional and energetic performance and the margins of improvement that can be identified for this system.



In conclusion, for the grapes and type of wine studied, the pneumatic system showed better functional performance in terms of vinification speed and energy consumption.



As far as energy consumption is concerned, it is essential for a complete study of any food processing system, since saving energy allows the company to be competitive without compromising product quality; energy must be considered a raw material for obtaining a quality product at affordable prices. From this point of view, the results obtained highlight, in particular, the need for further studies on equipment design. Indeed, the potential for improvements identified could bring significant benefits in terms of wine production costs while maintaining the quality standards required for “ready to drink” wines.
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Figure 1. Didasca Vini S.r.l. company, site of the experimental tests (left); unloading of the grapes (right). 
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Figure 2. Designated area of the winery for grape unloading and destemming (left); monitored tanks during experimental trials (right). 
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Figure 3. Details of the draining unit of one of the tanks (left); draining pressing line (right). 
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Figure 4. Pumps used for racking: peristaltic (left); piston (right). 
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Figure 5. Schematic representation of the pump-over system carried out in one of the two vinificators studied based on the intensive spraying of must on the cap. 
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Figure 6. Grape marc cap in the process of breaking with the pneumatic system. 
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Figure 7. Layout of the pneumatic cap-breaking system installed in a tank, with the cap in the process of breaking. 
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Figure 8. Schematic representation of the pneumatic cap-breaking system; the monitored tank is the one with 8 nozzles. 
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Figure 9. Energy consumption measuring instrument connected to the electrical panels: the winemakers (left), compressors (center), and the draining press (right). 
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Figure 10. Electrical power consumption during the first and last pump-over (above) and during the interventions of the compressor of the compressed air plant (below). 
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Figure 11. Variation in density over time (blue line) of must wine in fermentation during the test in the fermenter where the pneumatic system was used; the red vertical lines correspond to the injections of compressed air (total no. 378). 
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Figure 12. Electrical power absorption of the marcs extraction unit during racking: in the fermenter where pump-over was performed (left) and in the fermenter where compressed air was used (right). 
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Figure 13. Electric power absorption of the draining–pressing line: the mass unloaded from the fermenter in which the pump-over was carried out (left) and the mass unloaded from the fermenter in which compressed air was used (right). 
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Table 1. Main characteristics of the machinery used for the tests.
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	Machine
	Technical Parameters
	Installed Power
	Circulation System of the Fermenting Product





	Receiving tank
	Capacity = 800 q

Auger diameter = 40 cm

Auger rotation speed = 5–19 rpm

Auger capacity = 750–1000 q/h
	15.0 kW
	



	Destemmer Vertical crusher
	Operational capacity = 800 q/h

Rotation speed = 300 rpm
	18.5 kW
	



	Wine tank
	Capacity = 1000 hL
	14.4 kW

(Diffuser: 0.4 kW, replacement pump: 11 kW, pomace extraction group 3 kW)
	Traditional



	Wine tank
	Capacity = 1000 hL
	3.0 kW

(Centralized compressor, pomace extraction group at 5 rpm)
	Pneumatic



	Transfer screw
	Operational capacity = 700 q/h

Diameter = 40 cm

Rotation speed = 3–20 rpm
	4 kW
	



	Transfer pump
	Flow = 600 hL/h
	14 kW
	



	Marc transfer pump
	Flow = 25–250 hL/h
	11 kW
	



	Draining press
	Operational capacity = 35–40 t/h
	29.5 kW

(Drainer: 7.5 kW; Press: 22 kW)
	



	Compressed air plant
	n. 4 Screw compressors

Pressure: 10 bar

n. 4 Tanks of 8000 L
	Installed power for each compressor = 25 kW
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Table 2. Analytical evaluations carried out during experimental tests on fermenting must.






Table 2. Analytical evaluations carried out during experimental tests on fermenting must.





	Analytics Parameters
	Instrumentation





	Density
	Hydrometer Kem alm-155



	Specific weight
	Hydrometer Gibertini densi-alcomat



	Reducing sugars
	Enzymatic Exacta miura one



	Effective degree
	Distiller Gibertini super dee



	O.D. 420
	Enzymatic Exacta miura one



	O.D. 520
	Enzymatic Exacta miura one



	O.D. 620
	Enzymatic Exacta miura one



	Dye intensity
	Enzymatic Exacta miura one



	Tonality
	Enzymatic Exacta miura one



	Total polyphenols
	Enzymatic Exacata miura one



	pH
	pHmeter Hach Glp 21



	Total acidity
	Titrator with bromothymol blue
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