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Описано методику проведення ексергетичного 
аналізу роботи геліосушарки із застосовуванням 
теплового акумулятора та плоского дзеркально
го концентратора. Обґрунтовано надходження 
ексергії та тепловтрати у процесі сушіння фрук
тів в геліосушарці за рахунок використання соняч
ної енергії. Застосування в геліосушарці теплового 
акумулятора та плоского дзеркального концен
тратора дозволяє підвищити ексергетичну ефек
тивність технологічного процесу сушіння на 36,8 %

Ключові слова: ексергетичний баланс, геліо
сушарка, сонячна енергія, тепломасоперенесення, 
інтенсифікація, конвективне сушіння

Описана методика выполнения эксергетическо
го анализа работы гелиосушилки с применением 
теплового аккумулятора и плоского зеркального 
концентратора. Обоснованно поступления эксергии 
и тепловые потери в процессе сушки фруктов в гелио
сушилке за счет использования солнечной энергии. 
Применение в гелиосушилке теплового аккумулято
ра и плоского зеркального концентратора позволяет 
повысить эксергетическою эффективность техно
логического процесса сушки на 36,8 %
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1. introduction

An important task in the creation of a new drying 
technology and production of modern drying equipment 
at present is energy saving. Therefore, we have not only to 
supplement drying assemblies, technological processes, and 
technical and energy characteristics of plants, but also to 
combine them into one unit.

In present processes and technologies related to the use 
of solar energy, the main role belongs to a direct assessment 
of energy perfection of a plant based on the result of ther-
modynamic analysis. The main method of thermodynamic 
analysis for a solar dryer and a power unit of a plant (a mirror 
concentrator, an air collector, a thermal battery accumulator) 
is an energy method based on the law of conservation of ener-
gy. It makes it possible to estimate full and relative losses of 
heat energy during drying and during a process of operation 
of a solar dryer. According to requirements of the indicated 
method, it is necessary to equate all types of energy, such 
as solar energy and heat energy. However, it is not entirely 
correct from positions of the first and the second laws of ther-
modynamics. In fact, any kind of energy, in particular solar 
energy, can completely turn into heat, and inevitable losses 
accompany the reverse process. Here, the main idea is to in-

troduce an additional indicator – exergy, along with the gen-
eral conception of energy. Thus, the execution of an exergy  
analysis of operation of a solar dryer makes it possible to in-
vestigate the use of solar energy in the process of fruit drying.  
In particular, it makes it possible to distinguish frequent 
errors that ignore a qualitative aspect of the transformations 
of solar energy into heat, which occur during calculations.

The peculiarity of a solar dryer is that the input and 
output substances, materials and parameters under investi-
gation, are air and fruit. The input and output parameters of 
air such as temperature, humidity, moisture content, as well 
as specific enthalpy and other thermophysical parameters 
accept different values during operation of a solar dryer. The 
external environment for a solar dryer is the external air. Its 
parameters may vary depending on a place and time, as the 
main components of the environment are a dry part and wa-
ter vapor contained in the air.

Resolving the issue of resource saving becomes more com-
plicated because fruit have high variability of thermophysi-
cal, physical-mechanical, structural-mechanical and chemical 
properties. Therefore, substantiation of energy balances for 
various characteristics of a drying process in a solar dryer, 
taking into account exergy, is an important task, which lays 
the basis for improvement of the technology of fruit drying.
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2. literature review and problem statement

Underlying the exergy method of thermodynamic ana-
lysis of drying plants, which include a solar dryer, is the use 
of the concept of exergy. Authors in paper [1] substantiate 
the use of an exergy method for analysis of a process of  
a solar dryer operation. They consider the exergy method as 
a universal method for thermodynamic study of a process of 
plant operation, fruit drying in it and transformation of solar 
energy into heat. All actual processes are irreversible and  
irreversibility is a reason for reducing of perfection of a pro-
cess in each case. This happens not due to a loss of energy, but 
because of a decrease in quality, as energy does not disappear 
in irreversible processes, but it devalues. Consequently, every 
irreversible phenomenon is a cause of irreversible energy 
devaluation. However, it was not possible to establish indivi-
dual losses of exergy during the exergy analysis of the process 
of solar dryer operation in a work [1]. In particular, losses of 
exergy of a heat-transfer agent in each element of a power 
unit of a plant. Therefore, this does not make it possible to 
substantiate an increase in the efficiency of operation of each 
element of a unit as well as of a plant as a whole because of 
the lack of calculations of exergy of input and output flows of 
a heat-transfer agent.

In paper [2], authors developed an exergy method for 
analysis of a process of solar dryer operation. The basic idea 
of the method is to introduce an additional parameter –  
exergy, along with the general fundamental concept of  
energy. This allows them to take into account the fact that 
energy, depending on external conditions, can have different 
value for practical use. In particular, calculations of energy 
balances and various technical characteristics of a solar dryer,  
taking into account exergy, make it possible to carry out  
a simple calculation-quantitative experiment and to analyze 
operation of a plant. The developed method helps to avoid 
frequent mistakes that occur during calculations and relate 
to ignoring a qualitative aspect of transformation of solar  
energy into heat. However, the proposed method does not 
take into account component costs of exergy to overcome 
aerodynamic resistance in an air collector and a charge-dis-
charge process in a thermal battery.

Paper [3] substantiates technological parameters of  
a tunnel type solar dryer for drying of fruits and vegetables. 
In particular, it proposes engineering scientific and metho-
dical bases for substantiation of a thermal (energy) balance 
of a plant based on the method of calculation of infrared 
dryers. However, authors neglect the calculation of an exergy 
balance of a solar dryer for one cycle of drying. They connect 
it with a change in physical parameters of the environment. 
The proposed method cannot be used because it lacks spe-
cification (estimation) of components of an exergy balance 
under conditions of combined exposure of sun rays, a thermal 
battery, and a flat mirror concentrator.

Scientists developed a design for solar dryers corres-
ponding to the concept of an active solar power plant and 
proposed a method for estimation of the energy efficiency of 
drying units in work [4]. According to the described method, 
one of the most important indicators of operation efficiency 
of a plant is estimation of energy losses. Such an estimate 
makes it possible to determine heat, hydraulic and other loss-
es, in contrast to the classical thermodynamic analysis of heat 
flows, which does not take into account certain types of los ses. 
In particular, the loss of exergy associated with over coming 
aerodynamic resistance in an air duct of an air collector.  

However, the procedure does not take into consideration the 
energy of bound moisture and entropy of a product in terms 
of 1 kg of removed moisture during the calculation of the 
exergy needed to heat material (exergy of a product).

Authors of work [5] developed an engineering procedure 
for the calculation of energy and exergy balance for a drum 
grain dryer. But it does not take into account enthalpies 
and entropies of a flow at ambient temperature during the 
calculation of the exergy of evaporation of moisture from 
dried material. This does not make it possible to calculate the 
amount of energy consumed and discharged by a power unit 
of a plant, as well as a quality of energy, that is, its ability to 
be transformed into useful operation.

In paper [6], author proposed to use a mine-type solar 
dryer with a thermal battery based on alumina, corundum 
and zircon and a parabolic concentrator. There is analysis of 
energy efficiency of a use of a solar dryer in the field of con-
vective fruit drying in comparison with traditional schemes 
of the drying process realization. The paper develops scien-
tific and methodical principles of thermal and exergy balance 
of a plant. It takes the energy consumption for evaporation 
of 1 kg of moisture as a criterion of energy efficiency and 
introduces an additional indicator of exergy – Е/Еtot ·100 %. 
However, the method does not consider velocity of a mois-
ture content of dried material in a zone of heat-transfer agent 
action under conditions of the diffusion process of transfer of 
moisture in dried material.

In work [7], authors improved the method and procedure 
for the calculation of an exergy balance of a drying chamber 
for hybrid solar dryer. However, it does not take into account 
an area of a collector when calculating the exergy of the 
arrival of solar radiation on a receiver surface of a collector. 
Therefore, this does not make it possible to determine how 
much solar energy solar dryer took in one cycle of drying and 
turned into heat.

Paper [8] developed the design of a solar dryer, which 
corresponds to the concept of an active solar power plant 
and a method for evaluation of all types of heat losses during 
fruit drying. A solar dryer heat-transfer agent moves between 
the bottom of an air collector and the upper layer of a heat 
accumulator in the aforementioned design. Thus, the authors 
considered only the exergy of a heat-transfer agent flow at 
the outlet from a drying chamber in evaluation of all types of 
heat loss in a solar dryer. According to the described proce-
dure, we should calculate the energy of a flow of a heat-trans-
fer agent by the exergy of a direct flow at the outlet from  
a drying chamber only. Therefore, such an estimate will 
always be understated, since part of the exergy revenues 
is spent on heating of the upper layer of a thermal battery. 
Therefore, the described methodology is very general. Be-
cause energy costs of heat transfer in a solar dryer should be 
evaluated with a change in enthalpy and a moisture content 
along the flow path of a heat-transfer agent from the inlet to 
a collector to the outlet from a drying chamber.

Therefore, we should note that the use of generally 
accepted methods for evaluation of the thermodynamic 
efficiency of drying plants based on determination of the 
efficiency is not always effective. Often, in addition to the 
thermodynamic efficiency of a plant, it is necessary to take 
into account the cost of the produced thermal energy, which 
influences a choice of a particular power plant for a particular 
implementation object. The above-mentioned circumstances 
point to the validity of the use of solar dryers, the widespread 
introduction of which is due to the development of new  
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technologies in the energy sector, as they have higher energy 
and economic efficiency.

Thus, the exergy method is a universal method for the 
thermodynamic study of various energy conversion pro-
cesses in a solar dryer. As already mentioned, all real active 
processes are irreversible, and in each case, irreversibility is 
the reason for reducing the perfection of a process. This is not 
due to the loss of energy, but because of a decrease in quality, 
because energy does not disappear in irreversible processes, 
it devalues. Consequently, every irreversible phenomenon 
is a cause of irreversible energy devaluation. Performing an  
exergy analysis for a solar dryer makes 
possible to determine a loss of exergy 
in each element and to increase the 
efficiency of both – operation of each 
element and a plant in general. This 
is the main purpose of the exergy 
method for the analysis of a process 
of operation of a solar dryer.

3. the aim and objectives  
of the study

The aim of present study is to sub-
stantiate the exergy efficiency of a use 
of a solar dryer with a thermal battery 
and a flat mirror concentrator for 
individual farms, which will reduce 
a cost of energy due to solar energy.

It was necessary to perform the 
following tasks to achieve the objec-
tive:

– improvement of the method of carrying out an exergy 
analysis of solar dryer operation in order to perform calcu-
lation and quantitative experiments during evaluation of 
exergy and heat losses in the process of fruit drying;

– estimation of exergy and a heat loss in a solar dryer 
with a thermal battery and a flat mirror concentrator during 
fruit drying.

4. materials and methods of exergy analysis  
of a solar dryer operation

People widely use solar dryers for fruit drying in the 
agro-industrial complex, in particular at private farms. For 
example, in western Polissya zone, it is possible to fully 
apply a solar dryer [9]. Specifically, at the Lviv National 
Agrarian University (Lviv, Ukraine), at the Department 
of Energy, a solar dryer was developed, which is an ac-
tive system of solar energy use. The solar dryer has the 
construction form of an indivisible power unit, which 
includes an air collector, a heat accumulator, a mirror con-
centrator, and a drying chamber. Paper [9] gives detailed 
description of justification of structural and technological 
parameters and a structure of the solar dryer. Work [10] 
presents a full description of estimation of economic effi-
ciency of the use of the proposed design of a solar dryer for 
individual farms and a cost of resulting products in com-
parison with traditional and innovative methods of fruit  
drying [10].

Fig. 1 shows the functional-parametric schematic of  
a solar dryer.

Let us consider the principle of a solar dryer operation. 
The air from the environment enters air collector 1 at a cer-
tain speed, it is heated between elements of bulk thermal bat-
tery 2 and enters drying chamber 3. Drying chamber 3 con-
tains dried fruit raw material 4. The used heat-transfer agent 
is removed by natural convection to the environment [10]. 
To increase a flow of solar energy to a receiving surface of the 
air collector on both sides – the western (in the morning) 
and the eastern (in the evening) – there is a mirror concen-
trator. This makes it possible to increase energy performance 
of a solar dryer during morning and evening periods.

The developed design of a solar dryer is consistent with 
the concept of an active solar power plant. At the same time, 
a mirror concentrator, an air collector, and a thermal battery 
combined in one energy unit do not correspond to the classi-
cal models of solar thermal plants constructively. There is no 
theoretically established correlation between energy param-
eters for the developed plant. For example, it is impossible to 
test an air collector and a mirror concentrator according to 
the standard method independently or to calculate energy 
parameters of a bulk thermal battery or to investigate opera-
tion of a plant. Therefore, we establish parameters for evalua-
tion of efficiency of solutions during calculation-quantitative 
experiments based on the exergy analysis of a solar dryer 
operation [11]. In particular, we estimate rational methods 
of the use and storage of thermal energy on the basis of an 
exergy balance of a solar dryer [12].

The equation of the exergy balance of a solar dryer is as 
follows:

1) for daytime operating conditions (solar illumination 
is active):

E E E E E E E

E E

ha sun pr pr ha moist ard

envir leak

/ / // //
.

. .

+ = + + + + +

+ +

D

D D ++ − + +D D DE E E Emix tb ext ins. . ,  (1)

2) for operating conditions at night (no sunlight):

E E E E E E E

E E

ha tb pr pr ha moist ard

envir leak

/ / // //
.

. .

+ = + + + + +

+ + +

D

D D DD D DE E Emix ext ins+ +. . ,  (2)

where Eha
/ , Eha

//  are the exergies of a heat-transfer agent at the 
inlet and outlet from a solar dryer, respectively, kJ; Esun is 

Fig.	1.	Functional-parametric	scheme	of	a	solar	dryer:		
1	–	air	collector;	2	–	thermal	battery;	3	–	drying	chamber;	4	–	fruit	raw	material;	

T0…n	–	temperature	of	a	heat-transfer	agent,	K;	j0…n	–	relative	humidity	of		
a	heat-transfer	agent,	%;	d0…n	–	moisture	content	of	a	heat-transfer	agent,	kg/kg;		

і 0…n	–	enthalpy	of	a	heat-transfer	agent,	kJ/kg ⋅moist.;	vha	–	velocity	of	a	heat-
transfer	agent,	m/s;	ЕВsun,	ЕНsun	–	energy	illumination,	W/m2;	mha	–	mass	of	heat-
accumulating	material,	kg;	mf	 –	weight	of	fruit,	kg;	Wff	 –	a	final	moisture	content	

	of	fruit,	kg;	Тtb	–	temperature	of	a	thermal	battery,	K;	Tf	 –	temperature	of	fruit,	K
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the exergy of solar radiation, kJ; E pr
/ , E pr

//  are the exergies of  
a product at the inlet and outlet of sieves, kJ; Еtb is the  
exergy of a thermal battery, kJ; Еmoist. is the exergy of removed 
moisture from a drying chamber, kJ; DЕard is the loss of exergy 
to overcome aerodynamic resistance in an air collector, kJ;  
DЕenvir. is the loss of exergy into the environment through 
walls of a solar dryer, kJ; DЕleak. is the loss of exergy due 
to leakage of a heat-transfer agent, kJ; DЕmix is the loss of 
exergy due to irreversibility of processes of mixing evapo-
rating moisture with a heat-transfer agent, kJ; DЕext. is the 
loss of exergy due to irreversible external heat transfer, kJ;  
DЕins. is the loss of exergy due to irreversibility of heat and 
mass transfer within a product, kJ.

We accept the equilibrium moisture content of a product 
at the temperature Тenvir and relative humidity jenvir of the 
ambient air as a reference point for calculation in accordance 
with the content of the exergy function. Therefore, when 
calculating the exergy of a moist product, it is expedient to 
use isotherms of sorption for a number of fixed environmental 
parameters.

We note that further we will consider enthalpy, entropy, 
and exergy as specific functions attributed to one kilogram 
of dry matter.

Fig. 2 shows the thermodynamic system of a solar dryer.

а

b

Fig.	2.	Thermodynamic	system	of	a	solar	dryer:		
1	–	an	air	collector	with	a	mirror	concentrator;	2	–	an	air	

duct	with	fan;	3	–	a	thermal	battery;	4	–	a	drying	chamber	
with	exhaust	duct;	a	–	daytime;	b	–	night	time

Product exergy at the sieve inlet:

E G i i T S Spr pr pr envir pr pr
/ / // / // ,= ⋅ ⋅ − − ⋅ −( ) 1 τ  (2)

where G1 is the productivity of a solar dryer for moist 
mate rial, kg/s; ipr

/ , ipr
//  are the enthalpies of a dry and a wet 

product, respectively, in a state of equilibrium with the en-
vironment, kJ/kg· moist.; Spr is the entropy of dried material 
for 1 kilogram of dry matter, kJ/(kg ·K); Тenvir is ambient 
temperature, K; τ is the drying time, s.

We can give enthalpy and entropy of moist material clas-
sified as one kilogram of dry matter as follows:

i i i rpr dr mat moist= + +. . . ,  (3)

hence

i c T Tdr mat dr mat f f. . . . ( ),= ⋅ −2 1  (4)

i c U T Tmoist moist f f. . ( ),= ⋅ ⋅ −2 1  (5)

where іpr. is the enthalpy of a dry product in a state of equi-
librium with a heat-transfer agent, kJ/kg·moist.; іdr.mat., іmoist. 
are the enthalpies of a dry and a wet product in a state of 
equilibrium with the environment, respectively, kJ/kg moist.; 
r is the specific heat of steam evaporation of moisture, kJ/kg 
moist.; сdr.mat. is the specific heat of a dry product, kJ/(kg·K); 
сmoist. is the specific heat capacity of a wet product, kJ/(kg·K); 
Тf1, Тf2 are temperatures of fruit, K; U is the moisture content 
of material to be dried, kg moist./kg of dry matter.

S S U Spr dt mat moist= + ⋅. . . ;  (6)

S S U Seq dt mat eq moist. . . . . ,= + ⋅  (7)

where Spr is the entropy of dried material per kilogram of dry 
matter, kJ/(kg·K); Sdr.mat., Smoist. are the entropies of a dry and 
a wet product, respectively, kJ/(kg·K); Ueq. is the equilib-
rium moisture content of material to be dried, kg moist./kg  
of dry matter.

Using dependences (1)–(7), we write the equation that 
determines heat exergy usefully used to reduce a moisture 
content of fruit from U to Ueq. (exergy of a product at the 
outlet from a sieve):

E G

i i q

i ipr

dr mat moist bound

dr mat eq moist
//

. . .

. . . .= ⋅ ⋅

+ +( ) −

− + +2 τ qq

T
S U S

S U S

bound

envir

dr mat moist

dr mat eq mois

( ) −

−
+ ⋅( ) −

− + ⋅
. . .

. . . tt .

,

( )


































 (8)

where G2 is the productivity of a solar dryer with a drying 
material, kg/s; qbound is the energy of bound moisture in 
fruit, kJ/kg; U, Ueq. is the moisture content and an equilib-
rium moisture content of dried material, kg moist./kg dr. mat.; 
Sdr.mat., Smoist. are the entropies of a dry and a wet product, 
respectively, kJ/(kg·K).

The energy of bound moisture in fruit

q
U U

c T

c T r d T S

bound
st fin

ha ha

v ha f pr

= ⋅
−

+ ⋅ +

+ ⋅ +( )⋅ + ⋅(

4200
2 2

2 2 ( ) .τ )) kJ kg,
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where Ust, Ufin are the initial and a final moisture content of 
fruit, kg moist./kg dr. mat.); cv, сha are specific heat of water 
vapor and a heat-transfer agent, respectively, kJ/(kg·K);  
r is the specific heat of steam evaporation of moisture, kJ/kg;  
Tha2 is the heat-transfer agent temperature, K; d2 is the mois-
ture content of a heat-transfer agent over dried material, g/kg;  
Spr. is the entropy of dried material per one kilogram of re-
moved moisture, kJ/(kg·K).

Exergy of evaporation of moisture, which is associa-
ted with heating of atmospheric air to the temperature of 
a heat-transfer agent located in an air duct and a drying 
chamber:

E m
i i i i

T S S Smoist

ha ha ha envir

envir ha ha h
.

( )

(
= ⋅ ⋅

− − − −
− ⋅ + +

D τ 1 2 3

1 2 aa envirS
3
) )

,
−













 (9)

where Dт is the amount of removed moisture, kg/s;  
іha and Sha are the enthalpy and entropy of a heat-transfer 
agent flow with its actual parameters, respectively, kJ/kg  
and kJ/(kg·K); іenvir and Senvir are the enthalpy and entropy 
of a flow at ambient temperature, respectively, kJ/kg and  
kJ/(kg·K).

Heat-transfer agent exergy:

where L is the mass consumption of a heat-transfer agent, kg/s;  
cdr.ha is the specific heat capacity of a heat-transfer agent,  
kJ/(kg·K); Тha1, Тha2, Тha3 are the temperatures of a circula-
ting heat-transfer agent, K; P is the heat-transfer agent pres-
sure, kPa; Рsat (Тha1), Рsat (Тha2), Рsat (Тha3) are the pressures 
of saturated water vapor at Тha1, Тha2, Тha3 temperatures, kPa; 
d0 is the moisture content of external air, g dr.air/kg moist.; 
d1…3 is the moisture content of a heat-transfer agent, g/kg; 
іР1, іР2, іР3 are the enthalpies of water vapor for pressures Р1, 
Р2, Р3, kJ/kg; SР1, SР2, SР3 are the entropies of water vapor 
for pressures Р1, Р2, Р3, kJ/(kg·K); R = 8.31 J/(mol·K) and 
Rv = 0.462 J/(mol·K) are the universal gas constants of dry 
air and water vapor, respectively.

Exergy of solar energy referenced per square meter of  
a solar dryer (taking into account absorption and throughput 
capacity of a plant)

E K K A k E Ssun pol refl absor absor sur= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅. . . . ,τ  (12)

where Kpol is the coefficient of pollution of a body of an air 
collector, Kpol = 0.95; Krefl. is the coefficient of repeated reflec-
tion of solar radiation from an absorber to light penetrating 

material of an air collector, Krefl. = 0.23; Aabsor. is the average 
absorption capacity of an absorber; E is the energy illumi-
nation, W/m2, k is the coefficient of amplification of a solar  
energy flow by a mirror concentrator, Sirrad.sur. is the irradia-
ted surface, m2; τ is the drying time, s.

Exergy of a thermal battery:

E V c T Ttb tb tb tb tb tb= ± ⋅ ⋅ ⋅ −( )ρ 2 1 ,  (13)

where Vtb is the volume of a thermal battery of a solar  
dryer, m3; ρtb is the density of heat-accumulating mate-
rial, kg/m3; ctb is the specific heat capacity of heat-accumu-
lating material, kJ/(kg·K); Ttb1, Ttb2 are the temperatures at 
the inlet and the outlet from a thermal battery, K.

Losses of exergy associated with overcoming of aero-
dynamic resistance in an air duct of an air collector:

D
D

E L T R
p

Pard ha
full= ⋅ ⋅ ⋅

 
τ,  (14)

where L is the air consumption, kg/s; Dрfull is the total resis-
tance of a solar dryer, Pa; P is the absolute air pressure at the 
inlet to an air collector, Pa.

Losses of exergy associated with irre-
versibility of heat and mass transfer proces-
ses within a moist product:

D D DE m S Tins pr f. ,= ⋅ ⋅  (15)

where Dm is the weight of fruit during  
drying, kg; Spr. is the entropy of dried mate-
rial per kilogram of dry matter, kJ/(kg·K); 
DТf is the temperature difference at a sur-
face and inside material, K.

Loss of exergy due to mixing of evapo-
rated moisture with a heat-transfer agent:

D DE T S L dmix ha mix= ⋅ ⋅ ⋅ +( )⋅3 31 τ,  (16)

where d3  is the moisture content of air at the 
outlet of a solar dryer, kg moist./kg dr.  air;  
DSmix. is the entropy increase due to mixing of 
ideal gases per kilogram of mixture, kJ/kg·K.

Loss of exergy to the environment through walls of  
a solar dryer:

DE S K T Tenvir sd cham envir. . ,= ⋅ ⋅ −( )⋅ τ  (17)

where Ssd is the area of a solar dryer, m2; K is the coefficient 
of heat transfer through a body of a solar dryer, W/(m2·K); 
Тcham is the temperature of a heat-transfer agent in a drying 
chamber during drying, K; Тenvir. is the ambient tempera-
ture, K.

We determine the loss of exergy due to irreversibility of 
external heat transfer and air leakage as a difference between  
exergy at the inlet to a solar dryer and a sum of all exergy losses:
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.  (19)

Exergy efficiency of a solar dryer without a use of a ther-
mal battery:
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ηw tb
moist ha

ha sun

E E
E E. .

.
//

/ %,=
+

+
⋅100  (20)

using a thermal battery:

ηtb
moist ha tb

ha sun

E E E
E E

=
+ +

+
⋅.

//

/ %.100  (21)

Thus, the resulting exergy balance of a solar dryer makes 
it possible to calculate rational ways to use and maintain 
thermal energy that is consumed in a drying process.

5. results of the exergy analysis of solar dryer operation

Field tests of a solar dryer with a thermal battery and 
a flat mirror concentrator took place at the farm «Zorya» 
located in the city of Kortsi, Rivne oblast (Ukraine) in the 
summer-autumn period from July 16 to October 9, 2017.

Work [13] presents a detailed description of the results of 
the study of a technological process of fruit drying in a solar 
dryer and the analysis of the influence of regime parameters 
on the energy efficiency of a plant with different configuration 
and duration of a drying process. Specifically, authors of the 
work investigated a process of operation of an energy unit of  
a solar dryer with different configurations, namely in the com-
plete set with a mirror concentrator and a thermal battery and 
without their use, and in the mode of natural cyclicity. Table 1 
shows the summary on production tests of a solar dryer.

The daily average physical parameters of the environ-
ment were as follows in the period of tests of solar dryer from 
15.07.2017 to 17.07.2017:

1. Air temperature Тenvir – 16...30 °С.
2. Relative humidity of the air jenvir – 26...86.8 %.
3. Energy illumination E – 100...800 W/m2 for the area of 

the absorbing surface Sabsor.surf. = 1.5 m2.
4. Heat technical parameters of a heat-transfer agent (air)  

entering the drying chamber were: at daytime tempera-
ture (from 8:00 to 21:00) Тha – 20...60 °C, at night (from 
22:00 to 7:00) Тha – 30...20 °C.

5. Velocity of circulation of a heat-transfer agent (air) 
vha – 1...3 m/s.

6. Relative humidity of a heat-transfer agent (air) jha – 
9.8...86 %.

7. Temperature of the battery Тtb at daylight hours (from 
8:00 to 14:00) was 30.5...45.6 °C, at night (from 22:00  
to 7:00) – 45.6...20.9 °С.

We measured temperature in degrees Celsius (°C) in 
experimental studies. We converted them it into units of 
thermodynamic temperature (K) during calculations.

We established numerical values of the exergy balance of 
a solar dryer during calculation-quantitative experiments in 
relation to the analysis of operation of a power unit of a plant. 
Table 2, 3 show the results obtained.

Table	2

Arrival	of	exergy	(heat	energy)	to	a	solar	dryer

Arrival of exergy

Value of com-
ponents of the 

balance, kJ

Ratio  
Е/Еtot ⋅100 %

day 
time

night 
time

day 
time

night 
time

Exergy of solar radiation energy 578.2 – 24.5 –

Exergy of a heat-transfer agent 
at the inlet to a drying chamber

27,856 1,319.8 29.3 38.5

Exergy for evaporation of 
moisture

23,987 698.38 17.7 19.1

Exergy of a thermal battery 614.9 614.9 28.5 42.4

Total 53,036 2,633.1 100 100

Тable	3

Losses	of	exergy	(heat	energy	(heat	loss))	in	a	solar	dryer

Exergy losses

Value of com-
ponents of the 

balance, кJ

Ratio  
Е/Еtot ⋅100 %

day 
time

night 
time

day 
time

night 
time

Losses of exergy associated with 
overcoming of aerodynamic 
resistance

2,036.4 256.24 31.1 33.3

Loss of exergy due to mixing 
of evaporated moisture with 
a heat-transfer agent

158.4 17.12 15.2 10.5

Loss of exergy to the environ-
ment

456.2 41.23 12.4 12.4

Exergy of a used heat-transfer 
agent removed to the environ-
ment

1,355.6 24.93 41.3 43.8

Total 4,006.6 339.52 100 100

Thus, the structure of distribution of 
solar energy entering an air collector indi-
cates that a solar dryer used solar energy 
in the range of 100 to 800 W/m2 during 
one drying cycle. This makes it possible to 
obtain thermal energy within the limits of 
55,669.1 kJ, which absorbed 27,856 kJ of 
heat-transfer agent and consumed 23,987 kJ 
for heating and evaporation of moisture 
from a product. Excess of heat energy ac-
cumulated in a battery is within 2,633.1 kJ.

Exergy efficiency of a solar dryer  
without the use of a thermal battery 
ηw.tb. = 87.6 %; with it – ηwithtb = 89.8 %. When 
using a thermal battery, the exergy efficien-
cy of a solar dryer increases by 1.02 times.

Table	1

Consolidated	results	of	the	study	of	a	technological	process	of	fruit	drying		
in	a	solar	dryer	in	the	period	from	15.07	to	09.09.2017

No. 
Duration of 

drying, h

Duration of 
drying interval 
τdays, h (day) 

Plant configu-
ration

Investi-
gated raw 
material

Еsun., 
МJ

Еpr,  
МJ/kg

TB* FMC**

1 50 15–17.07 + + Apple 108.5 47.6

2 119 15–21.07 – – Pear – 0

3 74 28–31.07 – – Apple 123.1 44.1

4 77 7–10.08 – – Apple 110.5 39.6

5 50 10–12.08 + + Pear 74.8 26.8

6 50 15–17.08 + + Plum 81.3 29.1

7 98 31–3.09 – – Plum 95.8 35.7

Notes: * – thermal battery; ** – flat mirror concentrator
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Unspecified loss of exergy, for example due to irrever-
sibility of heat and mass transfer inside a product, are small 
in their specification and do not affect the general analysis of 
the exergy balance of a solar dryer. Therefore, we included all 
unexplained losses of exergy to the loss of exergy from mixing 
of evaporated moisture with a heat-transfer agent.

The fact that the configuration of a solar dryer is a kind 
of indivisible energy unit with combination of a collector,  
a battery and a drying chamber explains reduction of exergy 
losses to the environment by 12.4 %. The low-temperature 
mode of operation of a solar dryer with natural convection 
contributes to reduction of heat loss also. This makes it pos-
sible to reduce unproductive heat losses through the body of 
a solar dryer and to convert solar energy into heat effectively 
and to use it over the course of a day.

Traditional and innovative methods for fruit drying ana-
lyze influence of a moisture content, temperature, and velo-
city of air in a drying chamber in relation to reduction of heat 
loss and increase of exergy of a heat-transfer agent mainly. In 
addition, we control a moisture content of the incoming air 
by an increase in temperature and a decrease in velocity of 
a heat-transfer agent by an electric heater in drying plants 
with traditional power supply. Instead, in a solar dryer, it 
is exergetically advisable to provide only a slight heating 
of a heat-transfer agent at the inlet to a drying chamber by 
accumulated heat at night when relative humidity of the 
air approaches the dew point, as a solar dryer operates in 
the mode of convective air drying with natural convection 
at the night period. Calculation-quantitative experiments 
with regard to the exergy analysis of an energy unit of a solar 
dryer confirm positive results of such influence on a moisture 
content of the inlet and outlet flow (exergy of a heat-trans-
fer agent). According to data from analysis (Table 2, 3), the 
exergy of the heat-transfer agent at the inlet to the drying 
chamber during day is 29.3 %, and at night period it is 38.5 % 
relative to the overall ratio E/Etot ·100 %. The exergy of the 
used heat-transfer agent removed to the environment in the 
daytime is 41.3 %, and at the night period – 43.8 %. The 
exergy analysis performed here makes it possible to estimate 
numerical values of the exergy balance of a solar dryer and 
to explain how it is possible to increase an amount of exergy 
and to reduce heat loss during a drying process by using 
a mirror concentrator and a thermal battery. The use of  
a mirror concentrator enables an increase in the flow of solar 
energy to a receiving surface of an air collector and an in-
crease in the exergy of solar energy Esun at daytime by 24.5 %. 
Accumulation of excess heat in a heat accumulator makes it 
possible to maintain optimal energy parameters during the 
period of cloudiness by 28.5 %, and at night – 42.4 %. This 
makes it possible to maintain stable fruit drying during entire  
24 hours and to increase the exergy efficiency of a drying pro-
cess by 36.8 %, in relation to the overall ratio E/Etot·100 %.

Consequently, the analysis of the data obtained by the  
exergy balance of a solar dryer helped to detect and reduce 
loss of leakage of a heat-transfer agent to overcome aerody-
namic resistance in an air collector and to reduce loss of heat 
into the environment through walls of a plant. This made 
possible to increase the energy efficiency of a solar dryer and 
to substantiate the efficiency of the use of an air collector,  
a mirror concentrator, and a thermal battery.

In conclusion, we emphasize that the exergy balance of 
a solar dryer should be considered as a method that shows 
ways of receipt and losses of thermal energy, taking into 
account the exergy for different thermophysical parameters 

of the environment. It makes it possible to simultaneously 
investigate operation of an energy unit of a solar dryer in 
detail and to describe ways to increase the energy efficiency 
of a plant and to evaluate a drying process in it due to solar 
energy.

6. discussion of results of the exergy analysis  
of a solar dryer operation 

We considered the process of operation of a solar dryer, 
which has an energy unit consisting of a mirror concentrator, 
an air collector, and a thermal battery in its structure. A solar 
dryer of such design belongs to energy saving equipment and 
has a high coefficient of use in individual farms due to solar 
energy. Since the average annual solar power in the city of 
Kortsi, Rivne oblast, during the summer–autumn period 
from July 16 to October 9, 2017, is 3.41 kWh/m2 per day, it 
is possible to obtain from 74.8 to 123.1 MJ of thermal energy 
per day from 1 m2 of an air collector area. But we should note 
also that the recent rate of growth of tariffs for traditional 
energy sources dictates conditions and norms of the cost of 
energy resources. Here we mean the expediency of introduc-
tion of energy-saving technologies of fruit drying for small 
amounts of fruit processing at individual farms, since an 
important condition for the successful development of tech-
nical progress at private farms is the use and introduction of 
energy saving equipment.

In order to choose which energy-saving equipment is 
needed for fruit drying for small amounts of processing at an 
individual farm specifically, we need to evaluate the energy 
efficiency of equipment. For example, we can estimate an 
energy unit of a solar dryer using the general thermodyna-
mic method of analysis – the exergy balance of a plant. The 
exergy balance of a solar dryer makes it possible not only to 
take into account an amount of energy consumed by a drying 
process and deduced from a power unit, but also the quality 
of energy that is usefully spent on the operation of a plant.

We improved one of the methods of thermodynamic 
analysis of a solar dryer operation to do this. The method is 
necessary to obtain complete information on the process of 
operation of a solar dryer and an amount of energy received, 
a quality of the energy and its ability to be transformed into 
useful work. The result of the analysis is finding the exergy 
efficiency factor (efficiency) of a plant in the whole process of 
operation, income, and loss of exergy in individual elements 
of an energy unit and a process of fruit drying.

The improved technique of the exergy analysis of an ope-
ration process of a solar dryer makes it possible to perform 
calculational-quantitative experiments during substantia-
tion of the exergy balance of a plant. This allows us to reengi-
neer a process of operation of a solar dryer and to solve the 
problem of increasing the efficiency of a power unit.

We established the influence of thermophysical para-
meters of the environment on energy characteristics and 
the exergy efficiency of a solar dryer and receipt and loss of  
exergy in the fruit drying process. We determined that the 
loss of exergy on irreversible heat and mass transfer inside 
a product is small and does not affect a general picture of 
solar dryer operation. Therefore, it is necessary to examine 
all receipts and losses of exergy in order to find out what re-
lationship between them should be and whether their choice 
may or may not be arbitrary during the exergy analysis of 
operation of a solar dryer.
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The study substantiated due to which reasons there is an 
increase in the energy efficiency of a solar dryer with the use 
of a thermal battery. This made it possible to obtain a relative-
ly high exergy efficiency of a solar dryer in the range of 89.8 %.

Consequently, the complex of analytical and calcula-
tion-quantitative studies confirmed the possibility of inten-
sification of a drying process of raw materials in a solar dryer.

Thus, the use of solar dryers with a thermal battery and 
a flat mirror concentrator for fruit drying is appropriate and 
effective for personal farming. It will help to increase pro-
duction of high-quality dried products at minimum energy 
consumption. In addition, the results will be useful for im-
provement of the technology and equipment for fruit drying.

7. conclusions

1. The study substantiates the approach to determining 
exergy costs for moisture removal inside dried material, 
which is evaluated by a change of enthalpy, entropy, and 
moisture content of raw materials. We established that it 
is also necessary to determine energy of bound moisture 
in fruits per 1 kilogram of dry matter when calculating the 
exergy of a product at the outlet from sieves. The use of an 
advanced method for calculation of an exergy balance of  

a solar dryer makes it possible to distinguish frequent errors 
related to ignoring the qualitative aspect of transformation of 
solar energy into heat, which occur during calculations, and 
confirm reliability of results of the study.

2. We investigated energy parameters in the study. In par-
ticular: physical parameters of the environment that changed 
in the range: air temperature Tenvir is 289.15...303.15 K; 
relative humidity of the air jenvir. is 26...86.8 %; energy illu-
mination E is 100...800 W/m2. Thermal-technical parameters 
of a heat-transfer agent entering a drying chamber were: 
temperature Tha – from 293.15 to 333.15 K; circulation velo-
city vha – from 1 to 3 m/s; relative humidity jha varied from 
9.8 to 86 %. During one drying cycle a solar dryer absorbed 
solar energy in the range from 100 to 800 W/m2, converted 
it to thermal energy (55,669.1 kJ), which was absorbed as 
heat-transfer agent (27,856 kJ) and consumed to heat a pro-
duct and evaporate moisture from it (23,987 kJ), and part  
of it – a thermal battery (2,633.1 kJ). The performed analysis 
of energy parameters shows that the greatest losses of exergy 
occur in the drying section of a plant – 58.3 %. We can see 
from the exergy balance that thermal energy E/Etot ·100 % in 
total (97.2 %) is spent with a mixture of the used heat-trans-
fer agent to evaporate moisture from material. At the same 
time, the exergy balance established that the energy value of 
a mixture of the used heat-transfer agent is 41.3 %.
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