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This study considers the process of IR dry-
ing of organic raw materials and semi-finished 
products of mixed composition. A limitation of 
this process is the insufficient uniformity of dry-
ing and preservation of biologically active sub-
stances. To address this challenge, the structure 
of a film-like electric heater of radiating type 
has been improved by combined heat supply 
and conductive drying under autonomous ven-
tilation conditions (15…30 W). A universal con-
veyor belt with replaceable modules expands 
the range of organic agricultural raw materials 
and semi-finished products of mixed composi-
tion during low-temperature drying (45…65°C).

The drying duration is reduced by 30…35% 
with an increase in the residual content of bio-
logically active substances by 15…20% compared 
to the base device. For apples of the Gala variety, 
the residual content of vitamin C after IR drying 
was 82.0 ± 3.1 mg/100 g, which is 20% more than 
in the prototype (68.0 ± 2.5 mg/100 g). In carrots 
of the Shantane variety, the residual content of 
β-carotene after IR drying was 87 ± 2.5%, which 
is 17% higher than in the prototype (70 ± 3%). In 
chokeberry, the preservation of anthocyanins is 
92 ± 3%, in contrast to the prototype (76 ± 4%), 
in parsley, the preservation of chlorophylls is 
82 ± 4% (the prototype is 65 ± 5%). In meat and 
vegetable semi-finished products, the preserva-
tion of antioxidant activity is 84 ± 2% (versus 
72 ± 3%). 

The combination of film-like heating, recov-
ery of secondary warm air, autonomous venti-
lation by Peltier elements, solar collector, and 
photovoltaic panel with battery contributes to 
resource saving (20…30%) and stabilization 
of the temperature field (ΔT = 12…18°C). The 
results confirm the functional and modular 
properties of the improved device for the “from 
farm to fork” system for the production of func-
tional semi-finished products with a high degree 
of readiness
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1. Introduction

Competitive processing of agro-food products by dry-
ing organic raw materials contributes to the production of 
functional products with a wide range of uses in the form of 
independent semi-finished products and natural ingredients 
included in the formulations of new generation products [1]. 
Everyday use of traditional equipment with significant en-
ergy and metal consumption and intermediate heat carriers 
leads to the loss of natural ingredients important for the daily 
human diet and changes in the organoleptic and rheological 

properties of products [2]. This creates a need to implement 
innovative resource-saving and circulation innovative mod-
els of processing of agro-raw materials to support the food 
security of European countries in the face of modern chal-
lenges [3]. 

For example, for countries involved in military conflicts, 
the destruction of infrastructure (agricultural, food, energy, 
logistics and others) is inevitable; in addition, with the deteri-
oration of the environmental situation, the spread of chronic 
diseases and various pandemics increases. This necessi-
tates the introduction of innovative mobile heat and mass 
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the formation of resource-saving process when combining 
them. In particular, the use of combined IR drying provides 
low-temperature drying with a reduction in total technolog-
ical costs by 25…30%; however, the efficiency for functional 
mobile dryers remains insufficiently studied, which confirms 
the feasibility of further research. 

Thus, in work [9], research continues on increasing the 
energy efficiency of the drying process by implementing 
innovative solutions to increase alternative energy savings 
in the global energy balance, taking into account structures, 
heat and mass transfer, and the resulting quality. In addition, 
the authors state that in most practical cases, only 50...60% 
of the heat in the working chamber of dryers is used to evap-
orate moisture from the raw material. At the same time, the 
remaining heat (40...45%) is lost in the form of secondary 
air under convective removal conditions, which reduces the 
resource efficiency of drying, in particular in a fluidized bed. 
The generalized dependence of the drying process on the 
type of heat source, the consistency of the raw material, the 
uniformity of the temperature field, and the possibilities of 
recovering secondary air for technological needs is empha-
sized. However, the work does not include research on the 
effectiveness of using metal-free film electric heaters of the 
radiant type in the drying process during the modernization 
of classical equipment and the development of functional mo-
bile dryers. This may be partly due to the conduct of certain 
studies under conditions of direct dependence between the 
design and technological cycle and the preservation of BAS 
and organoleptic properties of the resulting semi-finished 
products of a high degree of readiness. This emphasizes the 
feasibility of scientific and practical research to determine 
the possibilities of forming functional modular devices with a 
low-temperature range of drying organic plant raw materials 
for the needs of the agro-food sector and craft industries. For 
example, in [10], scientific research continues on the system-
atization of the efficiency of using combined technologies for 
drying various agricultural raw materials under conditions of 
using a fluidized bed compared to combining IR-convective 
drying. However, the research does not consider the issue of 
implementing engineering solutions aimed at using recuper-
ation systems and autonomy of structural elements, thereby 
complicating the functional mobility necessary for the agro-
food sector. Special attention is required for drying thermola-
bile organic raw materials (fruits, vegetables, berries, herbs, 
meat-vegetable mixtures), for which the loss of BAS (vitamin 
C, carotenoids, anthocyanins, and others) during high-tem-
perature processing on classic energy-intensive equipment 
can reach 30...50%. A review of scientific and practical 
research indicates an insufficient number of works that 
simultaneously analyze the drying modes and preservation 
of BAS in the field of combining methods for drying organic 
products under conditions of resource-saving technology.

In [11], the design of a thermoradiation single-drum 
roller dryer with a combined heat supply method (IR + con-
ductive + convective) for obtaining a powdered semi-fin-
ished product with a content of 3…5% dry matter (SD) was 
considered. Drying of a pre-blended pasty semi-finished 
product (45% SD) based on apple, sea buckthorn, chokeber-
ry, beetroot, and pumpkin with different recipe ratios was 
carried out at a temperature of 65°C. The proposed design 
solution contributes to obtaining high-quality semi-finished 
products due to low-temperature drying. However, the issues 
of the possibility of using secondary exhaust air and recovery 
systems remain out of consideration. From the diagram of the 

exchange complexes, in particular drying ones, to support 
their own agricultural enterprises in terms of resource-sav-
ing low-temperature processing of organic raw materials 
into semi-finished products of a high degree of readiness 
and semi-finished products of mixed composition [4]. This 
approach forms the support and sustainable development 
of food security of countries, providing consumers with an 
affordable natural diet to confront modern challenges in the 
field of production of functional healthy food. This also cre-
ates interest in the implementation of innovative approaches 
in the design of competitive resource-saving and function-
ally mobile equipment for drying organic raw materials and 
semi-finished products of mixed composition in the agri-food 
sector and craft industries of European countries.

The most practical engineering and technological solu-
tions for modern dryers are the formation of low-temperature 
processing by using flexible film electric heaters with a geo-
metric arrangement in the working chamber to obtain mixed 
heat supply (IR radiation and conductive). The use of Peltier 
elements on the grounded working surfaces of the dryer 
contributes to the conversion of secondary thermal energy 
into low-voltage voltage for autonomous power supply of the 
ventilation system, and therefore – the formation of the con-
vective component of drying. In addition, the introduction 
of secondary air recirculation systems and solar collectors 
into the design will contribute to increasing the resource 
efficiency of dryers and their autonomy for mobile use at 
agricultural enterprises with simultaneous stabilization of 
low-temperature operating parameters [5]. In turn, the use of 
a universal conveyor belt in dryers for installing replaceable 
modules (flat, perforated, and cassette-geometric) expands 
the range of use of devices for resource-saving processing of 
organic agricultural raw materials and combined semi-fin-
ished products [6].

The relevance of using modern engineering and techno-
logical solutions for the design of an innovative improved 
mobile thermal radiation belt dryer relates to the rational 
preservation of biologically active substances (BAS) of the 
processed raw materials. The scientific and practical imple-
mentation of the above approaches will contribute to energy 
and technological independence and competitiveness in the 
production of high-grade functional organic semi-finished 
products in the context of the global trend of sustainable de-
velopment “from farm to fork” and supporting food security. 
Thus, the global challenges of resource conservation and pre-
serving the quality of new products in combination with the 
local consequences of military operations form the need for 
mobile drying systems for effective processing of agricultural 
raw materials.

2. Literature review and problem statement

The issue of improving technological equipment for the 
production of powder semi-finished products is considered 
in work [7] with the analysis of traditional devices, which 
are practically impossible to adapt to low-temperature and 
resource-saving processing of organic raw materials while 
preserving their natural properties. Thus, in [8], a systemati-
zation was carried out to determine the efficiency of drying 
during the processing of grain, fruits and vegetables. Under 
the conditions of using various known drying methods, 
including hot air, IR radiation, vacuum, heat pump, solar 
energy and sublimation technologies, it is important to study 
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device, it can be concluded that it is stationary and works in 
conjunction with evaporators for simultaneous drying of the 
pasty semi-finished product, which expands the functional 
spectrum of use of secondary agricultural raw materials. 
This may be due to the implementation of engineering solu-
tions aimed at improving industrial structures; however, to-
day there is a need to improve functionally modular devices, 
which, in turn, requires scientific and practical research in 
this direction. 

For example, in [12], a scientific and practical approach 
to low-temperature processing of delicatessen meat products, 
which occupy a significant share in the diet of many versts 
of the population, is presented. The low-temperature design 
involves the use of a flexible film-like electric heater with the 
possibility of cooling the product by autonomous fans pow-
ered by the voltage of Peltier elements. The model structure 
provides a 2.6-fold reduction in specific costs compared to 
traditional devices (methods), which emphasizes the feasibil-
ity of adapting such solutions in functionally mobile dryers 
for decentralized processing of agricultural raw materials. 
And in work [13] data on concentration of multicomponent 
puree mass (apple, pumpkin, and beet) in a gentle tempera-
ture range (50…55°C) in a rotary film apparatus to a content 
of 45% DM within 1.25…2.0 min are reported. The obtained 
paste-like semi-finished product of high degree of readiness 
was used as a recipe natural ingredient in the production 
of marshmallow under conditions of replacement of 75% of 
apple puree with an experimental blend. This, in turn, al-
lowed the authors to increase the content of physiologically 
functional ingredients in marshmallow. Thus, the demand 
for improvement of functional-modular equipment for pro-
cessing agricultural raw materials into semi-finished prod-
ucts of high degree of readiness under conditions of low-tem-
perature processing of plant raw materials to preserve BAS is 
supported [14].

In [15], a new hybrid dryer is designed that can operate 
around the clock using solar energy as an alternative source 
of temperature and biomass as the main energy source. 
During the research, it was found that the efficiency of heat 
supply is about 85% and is characterized by a reduction in 
the duration of heating by 16.7% during the testing of potato 
drying. However, the use of biomass limits the mobility of the 
structure and requires the use of appropriate raw materials 
for work, namely biomass, and the issue of recovery is not 
considered in the work. The need for scientific and practical 
research and the search for innovative solutions for the devel-
opment of functionally modular dryers is emphasized, which 
are especially necessary for countries in which military oper-
ations are taking place or the energy situation is complicated. 

In particular, in [16], it was found that up to 40% of usable 
heat is lost through the ventilation ducts of dryers during the 
drying of wood particles. At the same time, issues aimed at 
recovering the waste heat volume to increase the resource 
efficiency of the technological cycle during convective drying 
are not considered in any way, which may be partly due to the 
use of conventional obsolete equipment. One of such solu-
tions is reported in [17], which provides a detailed analysis 
of the impact of the percentage of secondary air recovery on 
the level of preservation of the total energy potential, taking 
into account the raw materials being dried. Comparative 
analysis confirms the feasibility of implementing secondary 
air recovery systems, but it is advisable to determine the 
effectiveness of these measures when improving functional 
modular structures. For example, the practical use of solar 

collectors in drying technologies contributes to the forma-
tion of an alternative energy source in mobile structures of 
agricultural complexes with the simultaneous possibility of 
autonomous operation of the devices for 6 hours [18]. Howev-
er, issues related to determining the efficiency of secondary 
air recovery in such devices were ignored, which emphasizes 
the feasibility of scientific and practical research into this 
area. One such solution is given in [19], which investigated 
the drying process of solid dispersed semi-finished products 
using hybrid combined IR drying processes. However, the 
studies were carried out without considering the feasibility of 
introducing mobility and autonomy of devices in decentral-
ized use, which is important for supporting front-line areas. 
An important factor in the present and decentralized use 
of mobile devices is ensuring reliable remote transmission 
of technological parameters and operational control over 
the hardware and technological cycle, which can be carried 
out by transmitting data via short-packet communication 
systems that are stable under conditions of limited energy 
consumption [20]. Despite the fact that this technology be-
longs to the field of telecommunications, it is precisely such 
approaches that make it possible to ensure resource-saving 
autonomy of systems in decentralized drying technological 
cycles in agricultural complexes and craft industries through 
digitalization. Thus, it can be stated that the practical decen-
tralized use of hybrid IR drying during corn drying [21] is 
characterized by a reduction in the energy consumption of 
the technological cycle by simultaneous conductive and radi-
ant heating and requires remote control of the heat and mass 
transfer process. But the work does not consider the probable 
influence of the secondary heat flow, which is inevitably 
formed in the process of combined drying of agricultural 
raw materials. This emphasizes the feasibility of research 
into this area for the implementation of effective recovery 
systems. 

The average heat losses through the secondary air venti-
lation channels of dryers are on average 15...20% [22] in de-
signs without recovery systems, the process is characterized 
by a direct dependence on the method of heat supply and the 
temperature range of thermal treatment of raw materials. For 
example, in the course of experimental and practical studies 
with IR-assisted drying of pollen [23], uniform dehydration 
and high quality of the obtained raw materials were deter-
mined. However, the questions regarding possible effective 
ways of stabilizing the temperature profile and uniformity 
along the moving layer of the air medium to prevent local 
zones, and as an option, the use of Peltier elements in them, 
remain unresolved.

Work [24] reports the results of studies on the effective-
ness of using microwave technologies during the processing 
of fruit and vegetable raw materials, considering the risk of 
local overheating, which will lead to inevitable losses of BAS 
and organoleptic properties. This emphasizes the feasibil-
ity of processing agricultural raw materials and combined 
semi-finished products of mixed origin, obtained by blending 
vegetable, fruit and vegetable, cereal, protein-fat or meat-veg-
etable components of low-temperature hybrid drying modes. 
For example, even cyclic supply of heated air to the working 
chamber of the dryer leads to a reduction in energy consump-
tion within 25...30% [25]; however, from a practical point 
of view, it requires additional use of exhaust secondary air 
regeneration systems for preheating the primary air before 
the technological cycle. In particular, the thermodynamic 
analysis of the technological process of drying carrots, given 
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in [26], confirms the advantages of gentle temperature rang-
es (55°C) for preserving carotenoids. At the same time, long 
cooling/heating cycles during drying, on the contrary, can 
lead to vitamin degradation, and therefore requires research 
into this area. 

One of the practical solutions of low-temperature drying 
under reduced pressure is given in [27] to achieve preser-
vation of the final quality of agricultural raw materials. 
However, this, in turn, requires a complex vacuum system, 
thereby complicating the mobility and functionality of the 
technological solution. On the other hand, under the condi-
tions of mobility of heat and mass exchange equipment and 
its decentralized use, there is a practical need to assess the 
technological costs and efficiency of the technological cycle 
under conditions of limited resources. This can be partially 
solved by using simulation approaches when modeling the 
cost of telecommunication services [28]. Such actions would 
make it possible to model the resource efficiency of the raw 
material drying process, taking into account the structural 
and technological systems of low-temperature dryers to opti-
mize the cost structure and operating costs while maintain-
ing maximum product quality.

The introduction of thermoelectric systems based on 
Peltier elements could contribute to the combined combina-
tion of hybrid IR heating and cooling of secondary air under 
the conditions of recovery and obtaining low-voltage power 
supply for autonomous operation of structural elements of 
belt dryers [29]. This, in turn, would provide a certain coun-
terbalance to stationary hybrid complexes based on solar 
and microwave energy [30], which demonstrate a certain 
technological efficiency. However, the functional mobility 
of decentralized devices requires the use of less complex 
systems under conditions of maximum preservation of the 
initial properties of the raw materials. In particular, work [31] 
describes a study on the process of concentrating multicom-
ponent pastes in rotary film devices, which emphasizes the 
feasibility of using film heating of the puree mass under 
the conditions of forming a resource-saving process. This 
emphasizes the general limitation of scientific and practical 
research necessary for the formation of integrated decentral-
ized belt systems for low-temperature drying of organic raw 
materials and semi-finished products of mixed composition. 
There is no complete data on the effectiveness of using film-
like IR emitters, secondary air recovery systems, and autono-
mous ventilation systems based on Peltier elements to expand 
the functionality of equipment even in front-line areas. The 
problem is posed by a limited number of effective practical 
resource-saving solutions aimed at obtaining functionally 
mobile dryers capable of ensuring uniform drying with maxi-
mum preservation of the original properties of raw materials. 
This is relevant even under the conditions of limited resourc-
es of front-line regions and the need to support agro-food sec-
tors and craft industries to ensure food security of countries.

3. The aim and objectives of the study

The aim of our work is to improve the functional-modu-
lar IR belt dryer for organic agricultural raw materials and 
semi-finished products of mixed composition. The imple-
mentation of the proposed engineering and technological 
solutions will contribute to the low-temperature drying of 
organic raw materials and semi-finished products of mixed 
composition with the preservation of natural properties un-

der the conditions of decentralization of the production cycle 
and remote digital control of drying.

To achieve the set goal, the following tasks must be 
solved:

– to design a model structure of an IR belt dryer with the 
combined use of FEhRt, Peltier elements with autonomous 
fans, a recuperation system, a unified conveyor belt with 
replaceable modules, a solar collector of a photovoltaic panel 
with a battery;

– to experimentally substantiate the effectiveness of the 
improved thermal radiation belt dryer by comparing the 
drying duration and the level of preservation of bioactive 
substances in different types of raw materials (grain, vegeta-
ble, fruit and berry, herbal, and meat and vegetable) with the 
control prototype.

4. The study materials and methods

The object of our study is the process of IR drying of 
organic raw materials and semi-finished products of mixed 
composition.

The hypothesis of the study assumes that the combina-
tion of the use of FEhRt, autonomous fans based on Peltier 
elements, and a recuperation system of secondary warm air 
would ensure increased resource efficiency of the drying 
process. It is assumed that the additional use of a unified 
conveyor belt with replaceable modules, a solar collector, 
and a photovoltaic panel would contribute to the autonomy 
of the apparatus for low-temperature drying of organic raw 
materials.

The assumptions and simplifications adopted were 
based on the assumption of uniform thickness and identical 
geometry of the test samples across the entire width of the 
belt without affecting local moisture deviations and simpli-
fications.

The research was implemented at the production facili-
ties of the scientific and educational center “Innovative re-
source-saving technologies for processing organic products”, 
the State Biotechnological University (Kharkiv, Ukraine).

During the experimental and practical testing of drying 
organic agricultural raw materials and semi-finished prod-
ucts of mixed composition, a wide range of experimental raw 
materials was used. These include wheat of the “Podolyanka” 
variety, carrots of the “Shantane” variety, beets of the “Bona” 
variety, pumpkin of the “Perlyna” variety, apples of the 
“Gala” variety, sea buckthorn of the “Galerit” variety, choke-
berry of the “Chornooka” variety, parsley, and mint, as well 
as meat and vegetable semi-finished products (ground beef 
with the addition of pumpkin paste of the “Perlyna” variety). 
Experimental samples were prepared taking into account the 
type of raw materials, in particular, fresh agricultural raw 
materials were pre-ground in a blender until a homogeneous 
puree mass was obtained. Paste-like semi-finished products 
were pre-boiled for 85 seconds at a temperature of 65 ° C in a 
rotary film apparatus.

The preservation of the BAS content was carried out 
under the conditions of using standardized internation-
al methodologies, taking into account the thermolabile 
properties of the experimental raw materials and different 
experimental consistencies (fresh raw materials, pasty, and 
dried fraction). Vitamin C in apples was determined by 
HPLC (ISO 6557-2:2017, ascorbate) using a C18 column and 
detection (254 nm). In carrots, β-carotene was determined 
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by HPLC (ISO 17932:2021, carotenoids) on a reversed-phase 
column with detection (450 nm). The anthocyanin content 
in chokeberry was determined by HPLC (ISO 20752:2014, 
C3G eq.), expressed in cyanidin-3-glucoside equiva-
lents (520 nm). The content of B vitamins (B1, B2, B6) was 
determined by HPLC (ISO 13903:2005; EN 14122:2014) 
with detection (270…290 nm), and the protein content was 
determined by the Kjeldahl method (ISO 1871:2009). The con-
tent of polyphenols was determined using the Folin-Ciocalteu 
reagent, expressing the results in percentage of preservation 
relative to the initial level. Chlorophylls in parsley were de-
termined by the UV-Vis spectrophotometric method (Arnon, 
645 and 663 nm). The antioxidant activity of meat-vegetable 
semi-finished products with the addition of pumpkin paste 
was determined by the DPPH and ABTS methods, recording 
the percentage of radical suppression at (517 and 734 nm). The 
scientific and practical assumptions adopted in the course of 
our study were based on the compliance of the homogeneity 
and moisture content of the initial semi-finished products 
with the necessary technological requirements. For exam-
ple, vegetables and fruits (5…8 mm), spicy and aromatic raw 
materials – 10 mm (layer), and for cassette-geometric mod-
ules – 20…30 mm. The proposed experimental dimensions 
allowed us to take into account the uniformity of the heat flow 
across the entire working 
plane of the universal con-
veyor belt with replaceable 
modules of the model dryer 
design.

Kinematic data of the 
drying process of agricul-
tural raw materials and 
semi-finished products of 
mixed composition on an im-
proved functional-modular 
model of a belt dryer based 
on a film-like electric heater 
of the radiant type (FEhRt) 
and Peltier elements. The 
design model is additionally 
equipped with autonomous 
fans, a system for recover-
ing exhausted warm air, a 
unified conveyor belt, a so-
lar collector, and a photo-
voltaic panel with a battery 
for autonomous operation in 
field conditions. Tempera-
ture and humidity control 
in the working chamber was 
carried out by digital sensors with parameter display on the 
control unit with a Wi-Fi module for remote control and 
monitoring. Scientific and practical testing of the improved 
model was carried out in the operating temperature range of 
35…65°C and an adjustable speed of a universal conveyor belt 
with replaceable modules of 0.2…1.5 m/min. 

During the research, the energy consumption, unifor-
mity of the temperature field and uniformity of dehydra-
tion across the width of the universal conveyor belt with 
variable modules were monitored. Energy consumption 
was measured using a wattmeter during the drying pro-
cess cycle. The uniformity of the heat flux distribution 
was determined by thermocouples placed at five points of 
the cross-section of the working chamber of the apparatus. 

The uniformity of dehydration was assessed by the resid-
ual moisture in three transverse zones of the universal 
conveyor belt. Statistical processing of experimental data 
was carried out by the method of variance analysis with 
a significance level of p < 0.05. At the same time, when 
determining the reliability of the differences between 
the mean values, the Tukey criterion was used with the 
marking of reliable differences with the letters (a, b, c) in 
the table, and identical letters confirmed the absence of 
statically significant differences. The experiments were 
repeated in triplicate, and the results are represented as 
mean values with corresponding standard deviations.

5. Determining the effectiveness of solutions in 
improving a functionally modular IR belt dryer

5. 1. Construction of an improved model of a func-
tionally modular IR belt dryer with Peltier elements, 
autonomous ventilation, recuperation, and a solar 
collector

The improved model of a functionally modular IR belt dry-
er for drying organic agricultural raw materials and semi-fin-
ished products of mixed composition is shown in Fig. 1.

In the course of scientific and practical research, organic 
agricultural raw materials and semi-finished products of 
mixed composition are fed by nutrient dispenser 1 onto the 
working surface of a universal conveyor belt with replace-
able modules 2. The functionality of the improved design 
involves mounting three types of replaceable modules on the 
conveyor belt to ensure IR drying of raw materials of various 
consistencies. The flat Teflon module (a) is intended for grain 
crops, fractionally cut vegetables, fruits, and berries. The 
perforated module (b) with a cell diameter of 2…5 mm in 
a polymer or metal version is intended for finely dispersed 
agricultural raw materials, including spicy and aromatic raw 
materials, chopped vegetables and berries. Cassette-geomet-
ric module (c) with cells 20…50 mm – for blended pastes and 
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Fig. 1. Diagram of an improved model of a functionally modular IR belt dryer based on 
autonomous fans connected to Peltier elements, using a recuperation system and a unified 

conveyor belt with replaceable modules: 1 – feed dispenser; 2 – universal conveyor belt with 
replaceable modules (a – flat Teflon module; b – perforated module (metal / polymer); 	

c – cassette-geometric module); 3 – shaft (drive); 4 – drive shaft speed regulator; 	
5 – film-like electric heater of the radiant type (above and below the belt); 	

6 – thermally insulated housing with sheet aluminum; 7 – pressure fans; 8 – Peltier elements; 
9 – exhaust secondary air recovery system; 10 – solar air collector for autonomous heating of 

primary air; 11 – solar photovoltaic panel; 12 – battery; 13 – unloading weighing hopper; 	
14 – Wi-Fi module for remote control; 15 – autonomous exhaust fan; 16 – control unit
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meat-vegetable semi-finished products with the addition of 
pumpkin paste (other natural fillers can also be used).

The movement of the universal conveyor belt with replace-
able modules 2 is carried out by shaft 3, which is driven by an 
electric motor equipped with speed regulator 4. This, in turn, 
makes it possible to adjust the operating range of the universal 
conveyor belt speed on control unit 15 within the range from 
0.2 m/min to 1.5 m/min in accordance with technological needs.

Combined low-temperature heating of the improved mod-
el of the functionally modular IR belt dryer is implemented 
by using a film-like electric heater of the radiant type 5. The 
design provides for the installation of the upper FEhRt above 
the belt to form the radiation-convective component of dry-
ing and under the belt (lower) for conductive heat exchange. 
The total power of FEhRt (1.8…2.2 kW) under low-tempera-
ture processing conditions in the range of 35…65°C to pre-
serve BAS and organoleptic properties.

The improved model of the IR belt dryer has the form of a 
complex frame made of steel anti-corrosion profiles fixed on 
aluminum guide profiles with a length of 2 to 4 m. To adjust 
the size and reduce the weight and metal content of the struc-
ture, it is additionally covered with heat-insulating sheet alu-
minum foam 6, while the side supports are made in the form 
of scissors for simplified transportation, for example in front-
line regions. The overall geometric dimensions of the im-
proved structure during transportation are 2.5 × 1.2 × 1.5 m 
and it requires 30…40 min for preparation for the technologi-
cal cycle in the agricultural sector by 2 engineers.

The structure is equipped with a ventilation system based 
on two injection fans 7, operating under an autonomous mode 
by converting the secondary thermal energy of the dryer 
body by Peltier elements 8 into a low-voltage supply voltage 
(15…30 W). This, in turn, contributes to the saving of energy 
resources of the electric drive of classic fans, which is especial-
ly relevant under the conditions of the mobility of the device 
and use in front-line regions. The improved functionally mod-
ular IR dryer provides for the recovery of secondary warm air 
in the built-in heat exchanger 9 for preheating the “input” air 
by 12…18°C and increasing the resource efficiency of the tech-
nological cycle. The basis of the IR dryer power supply system 
is mains (220 V), solar air collector 10 – for partial preheating 
of the “primary” air and solar photovoltaic panel 11 for power-
ing the fans and charging the battery 12. In turn, equipping the 
mobile structure with a battery facilitates the use of the device 
in field conditions for 6…8 kWh or limited energy resources, 
and therefore 6…8 hours of autonomous operation of the dryer 
in field conditions. Mounting of an alternative power supply 
system: solar air collector based on a transparent polycarbon-
ate coating (with a capacity of 1.5….2.0 kW) and a photovoltaic 
panel is carried out on the roof of the device at an angle of 
30…35° for optimal reception of solar energy.

During IR drying in the improved structure, the final 
product moisture content is achieved within 5...8% due to the 
installation of humidity and temperature sensors in the cham-
ber, a weight control system for dried raw materials in bunker 
13 with automatic weight measurement. The exhaust secondary 
air is removed by an exhaust fan. Additional equipment of con-
trol unit 16 with the ability to digitally transmit technological 
data via Wi-Fi module 14 provides operational control over the 
final moisture content for different types of raw materials. The 
innovative engineering and technological solutions implement-
ed in the improved structure could contribute to the universal 
use of the IR dryer for a wide range of organic agricultural raw 
materials and semi-finished products of mixed composition in 

the “from field to table” system. The basic parameters of the im-
proved functionally modular IR belt dryer are given in Table 1.

Table 1

Technical parameters of the experimental model of the IR belt 
dryer for organic agricultural raw materials and semi-finished 

products of mixed composition

Parameter Value
Working area of a universal  

conveyor belt with  
interchangeable modules

0.8…1.2 m2

Interchangeable module  
structures 

a – flat Teflon, b – perforated 
(metal / polymer),  

c – cassette-geometric
Working speed range of  
universal conveyor belt 0.2…1.5 m/min

Low temperature working rang-
es of drying 35…65°C

Power of upper film-like electric 
heater of radiant type 0.8…1.2 kW

Power of the lower film-like 
electric heater of the radiant 

type (FEhRt)
0.8…1.2 kW

Ventilation system Supply fan (2 pcs.) + exhaust fan
Ventilation system performance 50…80 m3/h

Low voltage from Peltier  
elements 15…30 W (for fan)

Air recovery efficiency  
(temperature increase) 12…18°C (preheating)

Main energy sources 220 V mains,  
solar collectors / battery

Battery capacity 6…8 kW·h
Thermal power of the solar 

collector 1.5…2.0 kW

Working dimensions  
(maximum) 4.0 × 1.5 × 2.2 m

Working dimensions  
(during transportation) 2.5 × 1.2 × 1.5 m

Duration of preparation for the 
technological cycle in the  

agricultural sector
30…40 min

After determining the design and functional features of 
the improved model of the mobile IR dryer, it is advisable to 
proceed to the experimental substantiation of the effective-
ness of the proposed combined solutions.

5. 2. Comparing the efficiency of drying and pres-
ervation of bioactive substances in the basic and im-
proved dryer

The results of experimental data processing are shown 
in Fig. 2, 3.

The drying duration, depending on the type of test sample 
(raw material), has the following data: wheat of the “Podolyan-
ka” variety (grain) is reduced from 85 min to 60 min; carrots of 
the “Shantane” variety (vegetable) – from 70 min to 50 min. Ap-
ple of the “Gala” variety (fruits/berries) – from 75 min to 50 min, 
respectively. Leaf parsley (spicy and aromatic) – from 40 min to 
25 min and minced beef with the addition of pumpkin paste of 
the “Perlyna” variety (meat and vegetable semi-finished prod-
uct) – the duration is reduced from 60 min to 40 min. This was 
made possible by the combined use of FEhRt, autonomous fans 
connected to Peltier elements, a secondary exhaust air recovery 
system, a unified conveyor belt with replaceable modules, and a 
solar collector.
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For cereals (wheat of the “Podolyanka” variety), the 
preservation of BAS is observed from 62% to 75%. For vege-
tables, on the example of carrots of the “Shartane” variety, 
the level of BAS preservation was 70% in the prototype and 
85% in the improved model. For fruits and berries, on the 
example of apples of the “Gala” variety – from 74% to 91%, 
respectively. The content of BAS in spicy and aromatic 
raw materials, on the example of leaf parsley, the level of 
BAS preservation is 65% in the prototype and 82% in the 
improved model. At the same time, in a meat and vege-
table semi-finished product, on the example of beef with 
the addition of pumpkin paste of the “Perlyna” variety, 
the BAS content increases from 68% to 80%. The compar-
ative analysis includes experimental samples taking into 
account the reflection of each group of organic agricul-
tural raw materials and semi-finished products of mixed 
composition. Other experimental samples: beets of the 
“Bona” variety, pumpkin variety “Perlyna”, sea buckthorn 

variety “Galerit”, chokeberry variety “Chornooka” and 
mint are given in the general research Table 2. In addition, 
during the research of grain raw materials on the exam-
ple of wheat variety “Podolyanka”), the protein content 
after IR drying in the basic apparatus (10.8 ± 0.3 g/100 g) 
and, accordingly, in the improved design was determined, 
which was: 12.2 ± 0.4 g/100 g. At the beginning of the re-
search, it was established that the residual content of vita-
mins B1…B6 after IR drying in the improved apparatus was 
0.61 ± 0.02 mg/100 g, which is approximately 13% higher 
than after drying in the prototype (0.54 ± 0.02 mg/100 g). 
Therefore, the overall indicator of increasing the preserva-
tion of the protein-vitamin complex is actually within +13%.

It was found that the improved device provides a reduc-
tion in drying time by an average of 30…35% compared to 
the prototype and increases the level of BAS preservation by 
15…20% in the experimental samples. Wheat of the “Podoly-
anka” variety is characterized by a reduction in drying time 
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Fig. 2. Comparison of IR drying duration of raw material samples in a basic and improved IR belt dryer
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(from 85 min to 60 min) and preservation of the protein-vi-
tamin complex – 75% (62% in the prototype). Carrots of the 
“Shantane” variety have a reduction in drying time from 
70 min to 50 min and a higher residual content of β-carotene: 
87 ± 2 mg/100 g, while in the prototype – 70 ± 3 mg/100 g. 
Beetroot of the “Bona” variety and pumpkin of the “Perly-
na” variety are characterized by a reduction in drying time 
by 27% and 25%, respectively, and preservation of the level 
of carotenoids up to 86%. Apple of the “Gala variety”, sea 
buckthorn of the “Galerit variety” and chokeberry of the 
“Chornooka” variety are characterized by a residual content 
of vitamin C and anthocyanins within 90…92%, exceeding 
the data of the prototype. In parsley and mint, the content 
of chlorophylls, essential oils and polyphenols is preserved 
1.2…1.3 times higher than in the base dryer. Meat and vegeta-
ble semi-finished products are characterized by the preserva-
tion of antioxidant activity: 84%, as opposed to 72% obtained 
in the prototype.

During the research of the improved model, thermody-
namic equilibrium was observed in the working chamber: 
ΔT = 12…18°C with air circulation within 50…80 m3/h. 
It was established that the temperature deviation in the 
cross-section of the drying chamber did not exceed ±1.5°C, 
and the difference in residual humidity between the extreme 
points was < 5%, which confirms the stability of the thermal 
regime and a high level of resource saving. 

Under the conditions of dehydration uniformity along 
the working width of the belt is 95 ± 2%, thereby prevent-
ing local overheating of thermolabile raw materials, and 
therefore maximum preservation of BAS. The total energy 
consumption during IR drying by the improved model 
design was 1.8 ± 0.2 kW, according to the results of exper-
imental and practical studies (prototype – 2.4 ± 0.2 kW), 
thereby confirming the ability of the device to operate au-
tonomously from a battery (6…8 kWh) or a solar air collector 
(1.5…2.0 kW) under field conditions, which makes the device 
an effective resource-saving low-temperature solution for 
agricultural enterprises, modular lines, and craft production 
within the “From field to table” concept.

6. Results of research on an improved model IR belt 
dryer: discussion and summary 

An improved model of a functionally modular IR belt 
dryer has been designed (Fig. 1). This was made possible by 
using a film-like electric heater of the radiant type and Peltier 
elements. The structure is additionally equipped with auton-
omous fans, a system for recovering exhausted warm air, a 
unified conveyor belt, a solar collector, and a photovoltaic 
panel with a battery for autonomous operation under field 
conditions.

Table 2

Comparison of experimental and practical drying results in the prototype and improved IR belt dryer (mean ± SD, n = 3)

Raw material  
type / example

Drying 
duration, 

min 
 (prototype)

Drying 
time, min  
(advanced 
IR design)

Preservation 
of bioactive 

substances, % 
(prototype)

Preservation 
of bioactive 

substances, % 
(advanced IR 

design)

Main indicators of  
chemical analysis  

after drying

Ret., %  
(prototype)

Ret., % 
(advanced 
IR design)

Dehydration 
uniformity 
across the 

width of the 
tape, %

Power  
consumption, 

kW

Cereals (wheat 
variety  

«Podolyanka»)
85a 60b 62a 75b

Increased retention of  
protein and B  

vitamins (+13%)
62 ± 3a 75 ± 3b 96.2 ± 1.4 1.9 ± 0.1

Vegetables  
(carrots of the  

«Shantane» 
variety)

70a 50b 70a 85b β-carotene 70 ± 3a →  
→ 87 ± 2b mg/100 g 70 ± 3a 87 ± 2b 95.4 ± 1.8 1.8 ± 0.2

Vegetables  
(beetroot variety 

«Bona»)
75a 55b 68a 84b

Betanin 42 ± 3a →  
→ 53 ± 2b mg/100 g;  
vitamin С 47 ± 3a →  
→ 59 ± 3b mg/100 g

68 ± 3a 84 ± 3b 95.0 ± 1.6 1.8 ± 0.2

Pumpkin variety 
«Perlina» 80a 60b 69a 86b Carotenoids 48 ± 2a →  

→ 61 ± 2b mg/100 g 69 ± 3a 86 ± 3b 95.8 ± 1.7 1.8 ± 0.2

Fruit («Gala» 
apple variety) 75a 50b 74a 91b Vitamin С 68.0 ± 2,5a →  

→ 82.0 ± 3,1b mg/100 g 74 ± 3a 89 ± 4b 94.7 ± 1.6 1.8 ± 0.2

Berries  
(sea buckthorn  

variety «Galerit»)
80a 55b 75a 90b Carotenoids 55 ± 4a →  

→ 72 ± 3b mg/100 g 75 ± 4a 90 ± 3b 95.2 ± 1.6 1.7 ± 0.2

Berries  
(chokeberry) 80a 55b 76a 92b Anthocyanins 76 ± 4a →  

→ 92 ± 3b mg/100 g 76 ± 4a 92 ± 3b 95.1 ± 1.7 1.7 ± 0.2

Spicy and  
aromatic raw 

materials  
(parsley leaf)

40a 25b 65a 82b Chlorophylls 65 ± 5a →  
→ 82 ± 4b mg/100 g 65 ± 5a 82 ± 4b 96.0 ± 1.3 1.6 ± 0.2

Spicy-aromatic  
(mint) 45a 30b 67a 84b

Essential oils 
0.18 ± 0.02a →  

→ 0.25 ± 0.03b%;  
polyphenols 56 ± 3a →  

→ 71 ± 3b mg/100 g

67 ± 3a 84 ± 3b 95.9 ± 1.5 1.6 ± 0.2

Meat and  
vegetable (minced 
meat + pumpkin 

paste)

60a 40b 68a 80b Antioxidant activity 
72 ± 3a → 84 ± 2b% 72 ± 3a 84 ± 2b 94.8 ± 1.5 1.9 ± 0.2
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They contribute to reducing the drying time by 
30…35% (Fig. 2, Table 2) and provide a higher residual con-
tent of BAS by 15…20% compared to the prototype (without 
recovery and autonomous systems). For example, the exper-
imental sample of the “Gala” apple variety is characterized 
by a residual vitamin C content of 82.0 ± 3.1 mg/100 g, while 
in the prototype this figure was: 68.0 ± 2.5 mg/100 g. For the 
“Shantane” carrot variety, the residual β-carotene content is  
87 ± 2 mg/100 g, and in the prototype – 70 ± 3 mg/100 g, respec-
tively. In chokeberry – 92 ± 3 mg/100 g of anthocyanins, and 
after drying in the prototype: 76 ± 4 mg/100 g. For leaf pars-
ley, the retention of chlorophyll content is 82 ± 4 mg/100 g 
versus 65 ± 5 in the prototype. The meat-vegetable semi-fin-
ished product is characterized by an antioxidant activity of 
84 ± 2%, while in the prototype this indicator is 72 ± 3% 
(Fig. 3, Table 2). The data presented confirm a higher level 
of preservation of vitamin C and other BAS after low-tem-
perature drying in the improved device compared to the 
prototype, which confirms resource saving. For example, 
in work [9] the influence of heat transfer uniformity and 
ΔT on the quality of the drying process is indicated but, un-
fortunately, without determining the efficiency of using the 
recovery system. The proposed improved design contributes 
to an increase in the temperature of the incoming “cold” air 
by 12…18°C (Table 1) due to the recovery system, thereby 
contributing to a reduction in electricity consumption by 
10…15%, which is important for the mobility of the device. 

In [11], the combination of IR drying led to a reduction 
in energy consumption, which correlates with the data ob-
tained from scientific and practical research (reduction to 
1.8 ± 0.2 kW (Table 1), and in the prototype – 2.4 ± 0.2 kW, 
respectively). Compared with the hybrid solar-biomass sys-
tem used in agricultural complexes [15], the proposed in-
novative improvements are characterized by a comparable 
resource-saving design in autonomous operation. In [25], 
during drying carrots, the preservation of the carotenoid 
content at 55°C was 80…85%, while the proposed solutions 
contribute to achieving a preservation level of 85…90% due 
to low-temperature IR drying under conditions of a stable 
temperature field.

The results of the implementation of the proposed solu-
tions obtained in the course of scientific and practical 
research confirm their effectiveness and the formation of 
uniformity of dehydration across the width of the conveyor 
belt (95 ± 2%). The device operates in a low-temperature dry-
ing range (35…65°C) with variable thicknesses/shapes and 
consistency of raw materials under conditions of secondary 
air recovery ΔT = 12…18°C (Table 1). Any excess of these 
parameters will ensure overheating of the raw materials 
and loss of BAS of various heat-labile compounds. The 
practical effectiveness of the improvement of the drying 
device involves its use in mobile lines for processing organic 
raw materials, agricultural enterprises, farms in front-line 
regions and craft production for resource-saving process-
ing and production of semi-finished products with a high 
degree of readiness. Further implementation is planned in 
the form of pilot laboratory installations with subsequent 
certification. The approximate capital costs for using the de-
vice are 8…15 thousand euros, which is 30…40% lower than 
the cost of imported analogues. And the potential niche of 
the Ukrainian market is estimated at 150…200 functionally 
mobile dryers per year with simultaneous entry into foreign 
markets after certification and compliance with the EU 
resource efficiency.

The limitation of the study is the testing of the improved 
design of the IR dryer on the specified types of raw materials 
and corresponding technological modes, which limits com-
piling generalized recommendations for using the device in 
a practical environment. Further research on the improved 
design may involve expanding the experimental base of 
prototypes under the conditions of parallel construction of 
a digital twin of the technological process for effective ad-
aptation of the device to other types of raw materials with 
industrial testing.

7. Conclusions 

1. A model of an improved IR belt dryer with combined 
heat supply (IR radiation and conductive heating) with a 
low-temperature gentle range of 35…65°C has been designed. 
A universal conveyor belt with replaceable modules (flat 
Teflon, perforated (metal / polymer) and cassette-geometric) 
provides drying of various types of organic agricultural raw 
materials and semi-finished products of mixed composition. 
Under conditions of secondary air recovery, an increase in 
the temperature of the “cold” air by 12…18°C is achieved, 
and autonomous ventilation is powered by low-voltage volt-
age (15…30 W), which is generated during the operation 
of Peltier elements. In addition to IR emitters, the dryer is 
additionally equipped with an alternative source of thermal 
energy – a solar air collector (1.5…2.0 kW) for preheating the 
“cold” air. As well as a solar photovoltaic panel, which pro-
vides charging of a battery with a capacity of 6…8 kWh. The 
belt drive is regulated by a drive shaft speed regulator within 
0.2…1.5 m/min to achieve a final product humidity of 5…8%. 
The folding frame with aluminum guides (2.5 × 1.2 × 1.5 m in 
transport condition) requires 30…40 min to deploy and start 
the work cycle. The combination of engineering solutions 
(film-like electric heaters, secondary air recovery, autono-
mous ventilation due to Peltier elements, solar air collector, 
photovoltaic panel and battery) provides experimentally 
confirmed resource-saving of the drying process compared 
to the prototype.

2. The drying time in the improved structure has been 
confirmed to be reduced by 30…35% compared to the proto-
type (without recovery and alternative systems) with a simul-
taneous increase in the level of BAS preservation by 15…20%. 
For cereals, for example wheat of the “Podolyanka” variety, 
the drying time is reduced from 85 min to 60 min. For vegeta-
bles, for example carrots of the “Shantane” variety, the time is 
reduced from 70 min to 50 min; for fruits, for example apples 
of the “Gala” variety, from 75 min to 50 min. For herbs, for 
example parsley, respectively, from 40 min to 25 min; and 
for meat and vegetable semi-finished products with pumpkin 
paste, the time is reduced from 60 min to 40 min. Therefore, 
the proposed engineering solutions during the improvement 
of the IR dryer form low-temperature drying modes under 
which the residual content of BAS in most experimental 
samples is at the level of 75…92%, which corresponds to an 
increase in the level of their preservation by 15…20% com-
pared to the prototype.
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