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Ovaj rad predstavlja inovativan sistem za osmotsko vakuumsko suSenje, osmisljen radi
poboljsanja efikasnosti i kvaliteta dehidratacije voca i povrca. Tradicionalni susaci na atmosferskom
pritisku, koji koriste zagrejani vazduh, cesto su neefikasni zbog visoke potrosnje energije i ogranice-
nih perioda rada tokom sezone berbe. Pored toga, neadekvatna kontrola temperature i vlaznosti u
konvencionalnim susacima moze dovesti do ostecenja proizvoda, kao Sto su ocvrsc¢avanje povrsine,
nepotpuna dehidratacija ili mikrobna kontaminacija. PredloZeni osmotski vakuumski susac resava
ove izazove integracijom kontrolisane osmotske dehidratacije sa vakuumskim susenjem, cime se
omogucava bolje uklanjanje viage uz ocuvanje organoleptickih svojstava proizvoda. Ovakav pristup
povecava energetsku efikasnost, smanjuje vreme susenja i minimizuje degradaciju proizvoda. U radu
su predstavljene kljucne karakteristike dizajna, operativne prednosti i potencijalne primene ove
tehnologije u prehrambenoj industriji.

This paper presents an innovative osmotic vacuum drying system designed to improve the effi-
ciency and quality of fruit and vegetable dehydration. Traditional atmospheric pressure dryers using
heated air streams are often inefficient due to high energy consumption and limited operational pe-
riods during harvest seasons. Additionally, inadequate temperature and humidity control in conven-
tional dryers can lead to product defects such as surface hardening, incomplete dehydration, or mi-
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crobial spoilage. The proposed osmotic vacuum dryer addresses these challenges by integrating con-
trolled osmotic dehydration with vacuum drying, ensuring better moisture removal while preserving
organoleptic properties. This approach enhances energy efficiency, reduces drying time, and mini-
mizes product deterioration. The study highlights key design features, operational advantages, and
potential applications of this technology in the food industry.

1. Introduction — Literature overview

The challenges associated with conventional drying methods, particularly those involving hot
air at atmospheric pressure, have led researchers to explore alternative and more efficient dehydration
technologies. In this context, several studies have focused on osmotic dehydration, vacuum drying,
and their combined application to improve energy efficiency and product quality in dried fruits and
vegetables. Dermesonlouoglou et al. (2019) investigated osmotic pretreatment as a method to enhance
the quality of dehydrated tomatoes and cucumbers. Their study demonstrated that osmotic dehydra-
tion, when properly controlled, not only reduces the drying time but also improves the color, texture,
and nutritional value of the final product. The research highlighted the potential of this method to
serve as a valuable pre-treatment before further drying processes. In a similar study, Dermeson-
louoglou et al. (2018) applied osmotic dehydration to goji berries and confirmed that the technique
preserves bioactive compounds while minimizing structural damage during drying. Their work un-
derlined the importance of adjusting osmotic conditions (concentration, time, and temperature) to
maintain the sensory and nutritional qualities of delicate fruits. Mandala et al. (2005) focused on
apples and analyzed how various osmotic dehydration conditions affect subsequent air-drying kinet-
ics and quality parameters. They found that osmotic pretreatment can significantly modify the drying
rate and final moisture content, influencing the texture and rehydration capacity of the dried apples.
This study contributed important insights into how process optimization can lead to improved product
performance during storage and consumption. Fernandes et al. (2006) explored the optimization of
osmotic dehydration followed by air-drying in bananas. They employed response surface methodol-
ogy to determine optimal process conditions and found that combining both techniques can enhance
drying efficiency while retaining desirable product attributes such as flavor and color. Their work
emphasized the industrial relevance of integrating osmotic treatment with conventional drying. Gar-
cia et al. (2007) investigated the dehydration kinetics of pumpkins through osmotic treatment fol-
lowed by air-drying. The study revealed that the process leads to significant water loss with minimal
solid gain, indicating a favorable mass transfer rate. This enhances the overall efficiency of dehydra-
tion and offers potential for energy savings in industrial applications. Cranberries are widely appre-
ciated not only for their unique taste but also for their high nutritional and antioxidant value. Due to
their high moisture content, cranberries are highly perishable and thus require preservation methods
such as drying. The drying technique significantly affects the final quality of the dried product. In her
thesis, Beaudry (2001) evaluated several drying methods applied to osmotically dehydrated cranber-
ries, including hot air drying, freeze-drying, vacuum drying, and a combination of hot air and micro-
wave drying. Her study highlights the impact of drying techniques on the quality parameters of cran-
berries, such as texture, color, and rehydration capacity. Collectively, these studies establish a strong
foundation for advancing hybrid drying technologies. The integration of osmotic dehydration with
vacuum drying presents an attractive approach to address the limitations of conventional methods,
offering benefits such as reduced drying time, improved energy utilization, and better preservation of
nutritional and sensory qualities.
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Despite the promising results of previous research, there remains a need for further innovation
in the design and implementation of drying systems that are both economically viable and capable of
preserving product quality. Traditional hot air dryers, commonly used in the fruit and vegetable pro-
cessing industry, are often inefficient and costly, requiring large amounts of energy and functioning
optimally only during short seasonal windows, typically limited to a few weeks during harvest time.
As aresult, their cost-effectiveness is significantly reduced due to underutilization throughout the rest
of the year. Moreover, conventional dryers demand precise temperature and humidity control. High
drying temperatures can cause excessive surface drying, crust formation, and incomplete moisture
removal, especially in fruits with dense skins, such as plums. On the other hand, low temperatures
result in prolonged drying times, reduced energy efficiency, and a higher risk of microbial spoilage.
Humidity also plays a crucial role—when the air becomes saturated with water vapor, its ability to
absorb additional moisture diminishes, thus slowing down the dehydration process. To address these
limitations, this paper proposes a hybrid osmotic vacuum drying system that integrates controlled
osmotic pretreatment with vacuum drying technology. This approach allows for enhanced moisture
removal at lower operating temperatures, better preservation of organoleptic properties, and a more
consistent product quality. Additionally, it offers greater flexibility and potential for year-round uti-
lization, thereby increasing overall system profitability.

The following sections of the paper present the design concept of the proposed system, discuss
its technical and operational advantages, and outline its potential applications in the food processing
industry.

2. Challenges of conventional drying systems and the potential of
osmotic dehydration in fruit processing

Conventional atmospheric pressure dryers that utilize heated humid air streams are often not
economically viable due to their high energy demands. The conversion of fuel or electricity into heat
for drying purposes is costly and inefficient, especially considering that such dryers are typically in
operation only during short harvesting periods—usually not more than two months per year. For the
remainder of the year, the equipment remains unused, significantly reducing its overall cost-effec-
tiveness. Another critical issue is the need for precise control of the drying air's temperature and
humidity, as these parameters significantly influence the quality of the dried product. Excessively
high temperatures can lead to the rapid drying of surface layers, causing burning, hardening, or the
formation of a crust that inhibits moisture removal from the inner parts of the fruit. This phenomenon
is particularly evident in fruits with dense skins and low porosity, such as plums, especially when
they are dried whole and uncut. A lower humid-
ity air stream can intensify this undesired sur-
face hardening effect. On the other hand, dry-
ing with insufficient temperatures also nega-
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amount of water vapor in the air and the maximum amount it can hold at saturation is known as
relative humidity. As water vapor is released from fruit during drying, it increases the air’s relative
humidity. The higher the air’s humidity, the lower its capacity to absorb additional moisture, which
in turn slows down the dehydration process. As an alternative, osmotic dehydration presents a more
manageable approach in terms of process control, particularly regarding syrup concentration and tem-
perature. While commonly used in food processing, this method does have limitations. The dehydra-
tion process typically spans several days, leading to slower production rates and lower economic
efficiency. Furthermore, elevated temperatures during the osmotic treatment can adversely affect the
organoleptic properties of the final product.

An enhanced osmotic fruit dryer has been developed to significantly reduce processing time
and energy consumption while maintaining high product quality. The system uses trays immersed in
glucose-fructose syrup, which is continuously circulated and heated to intensify mass and energy
exchange between the syrup and the fruit. A heat pump system recovers and reuses the energy from
water vapor condensation, minimizing additional heating requirements. Automation via PLC controls
ensures the process operates within optimal parameters. Compared to conventional osmotic drying,
which can take several days, this improved design reduces the drying time to as little as 4—8 hours.
The system is compact, modular, and suitable for both small- and large-scale applications, offering a
reliable and energy-efficient solution for fruit and vegetable dehydration (Figure 1).

3. Materials and methods

The osmotic vacuum drying system described in this study was developed to address the limi-
tations of traditional atmospheric dryers. The experimental setup includes a multi-chamber unit
equipped with a vacuum pump, heat exchanger, osmotic bath, and programmable control units for
precise regulation of pressure, temperature, and solution concentration. Fresh fruit samples, primarily
plums and apples, were selected due to their relevance in the regional agricultural context and their
known challenges in traditional drying processes. The fruits were first subjected to osmotic dehydra-
tion using sucrose-based solutions (50-65% concentration) at controlled temperatures (40-50°C) for
periods ranging from 2 to 6 hours. Subsequently, the pre-treated samples were transferred to the vac-
uum chamber for final moisture removal under reduced pressure (20-50 kPa) and moderate temper-
atures (40—60°C). Key process parameters such as weight loss, moisture content, drying rate, energy
consumption, and sensory quality (color, texture, taste) were monitored and recorded throughout the
procedure. Analytical methods were aligned with standard food engineering protocols (AOAC 2019;
Rahman, 2020).

4. Energy management strategies in drying processes

Optimization of Process Parameters. Key parameters like temperature, vacuum pressure, and
osmotic solution concentration influence energy consumption. Dynamic temperature control ensures
efficient energy use, while optimizing vacuum pressure minimizes energy waste. Osmotic solution
concentration affects moisture removal efficiency, requiring careful balance to avoid excess energy
use.

Use of Waste Heat Recovery. Heat recovery systems, like heat exchangers, capture waste heat

from drying air or vacuum systems to preheat incoming air or solutions, reducing the need for addi-
tional heating. Regenerative systems can recycle heat, lowering external energy demand.
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Energy-efficient Equipment. Modern vacuum pumps with variable frequency drives (VFD)

provide precise energy control. Low-energy fans and motors optimize airflow, reducing power con-
sumption. Combined Heat and Power (CHP) systems can also recover waste heat for electricity gen-
eration, further improving efficiency.

Thermal Energy Storage (TES). TES systems store excess heat during low demand and release
it when needed, helping manage fluctuating energy requirements. Time-of-use energy management
can reduce operational costs by using stored heat during off-peak hours.

Energy Monitoring and Control. Real-time monitoring systems track energy consumption, al-
lowing for adjustments to optimize the drying process. Automation via advanced control systems

dynamically adjusts parameters like temperature and pressure, ensuring energy efficiency without
compromising product quality.
Integration of Renewable Energy Sources. Solar thermal systems can provide heating in sunny

regions, while photovoltaic panels generate electricity, reducing reliance on traditional energy sources
and improving sustainability.

Energy-efficient Drying Scheduling. Scheduling drying operations during periods of low-cost
or renewable energy availability can optimize energy use. Load distribution across multiple units or
batch processing based on moisture content further enhances efficiency.

5. System description and case study

The core innovation of the system lies in the sequential integration of osmotic pre-treatment
and vacuum drying in a compact unit, allowing for semi-continuous operation with high energy effi-
ciency. The osmotic bath reduces initial water activity and preserves structural integrity, while vac-
uum drying ensures gentle, low-temperature dehydration, minimizing nutrient loss and preventing
surface hardening (case hardening). In a pilot trial, the system was tested in a rural fruit processing
facility in central Serbia during the plum harvest season. Compared to conventional hot-air drying,
the new system reduced total drying time by 30—40%, improved product texture, and achieved a 25%
reduction in energy usage. Feedback from local producers indicated high satisfaction with product
quality, especially in terms of color retention and aroma preservation.

Table 1: Comparison of Drying Time, Energy Consumption, Product Quality, Process Efficiency

Parameter New System (Osmotic Conventional System
Pre-treatment + Vacuum Drying) (Hot Air Drying)

Drying Time Reduced by 30-40% Standard drying time

Energy Consumption Reduced by 25% Standard energy consumption

Product Color Better color retention Possible color changes (loss of color)

Product Texture Preserved texture, soft Possible surface hardening (case hard-
ening)

Product Aroma Better aroma retention Aroma loss due to high temperatures

Efficiency in Preserving Nutrients |Higher (minimizes nutrient loss) Lower (higher nutrient loss due to
high temperatures)

User Satisfaction High (especially regarding product Lower (issues with texture and aroma

quality) retention)
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The Table 1 presents a clear comparison between the two drying systems in terms of time,
energy use, product quality, and process efficiency.

6. Results and Discussion

The results of the comparative trials between conventional atmospheric drying and the proposed
osmotic vacuum system demonstrate significant improvements in drying efficiency, energy savings,
and product quality. The drying curves revealed that osmotic pre-treatment significantly accelerated
moisture removal during the vacuum drying phase. Total drying time for plum samples was reduced
from an average of 18 hours (in hot-air dryers) to approximately 10—12 hours in the new system. This
reduction is attributed to the lowered initial moisture content after osmotic dehydration and the en-
hanced mass transfer under vacuum conditions.

Table 2: The comparative trials between conventional atmospheric drying
and the proposed osmotic vacuum system

Parameter Traditional Drying Osmotic Vacuum Drying
Total Drying Time (h) 18 10-12
Energy Consumption (kWh/kg) 4.8 3.2
Texture (firmness score) 3.4/5 4.6/5
Color Retention (AE) 12.7 6.3
Rehydration Ratio 2.1 33

Energy consumption was evaluated using specific energy consumption (SEC), defined as en-
ergy required per kilogram of water removed. The osmotic vacuum system achieved an SEC of 3.2
kWh/kg, compared to 4.5-5.0 kWh/kg in traditional systems, resulting in a 25-30% reduction in en-
ergy use. This aligns with findings by Fito et al. (2001) and recent studies on hybrid drying systems
(Omolola et al, 2017). Sensory analysis showed improved color retention, texture, and taste in sam-
ples dried using the proposed system. Particularly for plums, the avoidance of case hardening (com-
mon in hot-air drying) preserved the fruit’s rehydration capacity and maintained a soft, chewy texture.
Colorimetric measurements indicated lower AE values, suggesting less browning and pigment deg-
radation. These results demonstrate that combining osmotic dehydration and vacuum drying lever-
ages the benefits of both processes: the former reduces free water content and enhances shelf life,
while the latter ensures gentle, uniform drying (Table 2). The improved process also allows for better
control over drying parameters, offering scalability and flexibility for small-to-medium food proces-
sors. Moreover, reduced energy demand and improved product acceptability make this technology a
promising candidate for sustainable food preservation, especially in areas with seasonal surpluses of
fruits and vegetables.

7. Conclusion

Energy management in the drying process is crucial for both cost-effectiveness and sustaina-
bility. By optimizing process parameters, using energy-efficient equipment, recovering waste heat,
incorporating energy storage, and utilizing renewable energy sources, hybrid osmotic-vacuum drying
systems can achieve significant reductions in energy consumption. Combining these strategies with
real-time energy monitoring and smart control systems will ensure that energy is used efficiently,
helping to balance the technical and economic demands of the drying process while minimizing the
environmental impact.
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