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Abstract

Influences of drying air temperatures on drying time, specific energy consumption as well as product quality of culture asparagus 

were investigated in hot-air drying. The drying properties of asparagus samples were performed in a laboratory scale convection dryer 

at three different temperatures. The drying times of asparagus samples were found as 1200, 630 and 510 min for 50, 60 and 70 °C, 

respectively. In regard to the data obtained, Midilli et al. model is superior to other models to describe drying behavior of asparagus 

samples. The effective moisture diffusivity values of asparagus samples were calculated between 6.32 ∙ 10−9−1.62 ∙ 10−8 m2/s and the 

activation energy was estimated as 43.59 kJ/mol. The highest rehydration content and the least total color change were found in 

asparagus slices dried at 50 °C. Energy consumption values for asparagus samples dried at 50, 60 and 70 °C temperatures were obtained 

as 10.14, 5.32 and 4.31 kWh, respectively. In terms of energy consumption values, the best efficiency among all drying temperatures 

was obtained at 70 °C. It has been determined that the specific energy consumption decreased with increasing temperature.
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1 Introduction
There are approximately 300 species of asparagus world-
wide [1], of these, solely Asparagus officinalis is culti-
vated and commercialized [2]. 

Asparagus officinalis L. contained steroit saponins 
including asparagosides A, B, D, F, G, H, I, the bitter ste-
roid saponins, amino acids, caffeic acid, fructans (aspar-
agose and asparagosine), lignan, polyphenol, ferulic acid, 
minerals, vitamines and flavonoids [3]. Asparagus officina-
lis L. is regarded as a high-valued vegetable due to its ther-
apeutics and nutraceutical properties. Its contents saponins 
and fructans play an important role in antitumor activity 
and diminishment of the risk of diseases for instance con-
stipation, diarrhea in addition disorders such as osteoporo-
sis, obesity, cardiovascular disease, rheumatic and diabetes. 
The fruits and seeds are also used in the cure of acnes and 
blood purifying respectively. Pharmacologically the vege-
table is invaluable because it involves anti-cancer, anti-ox-
idant, anti-fungal, antibacterial, antidysenteric, anti-in-

flammatory, antiabortifacient, anti-oxytoxic, anti-ulcer, 
hypertensive and anticoagulative activities [4]. 

China is the world's biggest grower and consumer, 
whereas Peru is the world's prominent exporter. China pro-
duced about 7.7 million metric tons of asparagus as of 2022. 
According to statistical data from the Statista, the aspar-
agus yield all around the world is approximately 8.7 mil-
lion tons; the leading producing countries are China, Peru, 
Mexico, Germany, Italy, Spain, France, Japan, Thailand, 
United States of America [5]. In 2022, production of aspar-
agus in Turkey skyrocketed to 1.3 ktons [6].

Water is the major component of asparagus, accounting 
for more than 90% in green spears [7]. Green asparagus 
is as well a tremendously perishable vegetable. Fresh har-
vested asparagus degrades rapidly which causes a short 
shelf-life of 3–5 days under usual post-harvest processing 
at the room temperature. The very short shelf-life of aspar-
agus is due to the high respiratory activity that proceeds 

https://doi.org/10.3311/PPch.24057
https://doi.org/10.3311/PPch.24057
mailto:ozlemmgokce@hotmail.com


254|Gökçe Kocabay et al.
Period. Polytech. Chem. Eng., 68(2), pp. 253–264, 2024 

after harvest. It causes deterioration in quality, loss in 
amount and decrease in economic values of the asparagus. 
Reducing of mentioned losses is crucial, particularly to 
equilibrate supply and demand during the off-season [8]. 

Drying is one of the key separation processes and is 
generally applied as an ultimate producing stepping prior 
sales or packing foodstuffs [9]. The drying processing is 
commonly practiced to acquire foodstuffs with low cost of 
transport and storing, in addition novel ways of consump-
tion [10]. Drying is a physical unit process which contains 
heat and mass transfer, here the latter is generally the rate 
limiting parameter [11]. Dehydration, in other words dry-
ing, ensures long duration preservation and marketability 
of asparagus [12]. Of all the technics of food preservation, 
drying remains one the most efficient and largely used for 
extending shelf-life, conserving compounds and increas-
ing their bioavailability, which greatly minimizes micro-
bial spoilage and degradation reactions [13]. 

The majority of dryers used in the food industry are of 
convective type, meaning that hot air is used both to provide 
heat for evaporation of water and to remove the evaporated 
moisture from the food product [14]. Hot air drying is by far 
the most popular technique for drying foodstuffs and more 
than 85% of industrial dryers use this principle. The reason 
is that hot-air dryers are easily procurable, easy to oper-
ate and have a relatively low initial investment cost  [15]. 
Conventional hot-air drying, the most popular method, is a 
processing in which foodstuffs are subjected to a constant 
flow of hot-air [16]. Utilizing hot-air drying method, a more 
uniform, hygienically and desirably colorful dried material 
may be obtained rapidly  [17]. This method is free of the 
climatic effects and shortening the drying cycle [18]. At a 
conventional hot air dryer, dried air is heated electrically 
and afterward forced to flow through the drying product. 
The thermal energy provided by the hot air is transferred 
from the surroundings ambient to the surface of the product 
by convection, and from there to the interior of the prod-
uct by conduction. In general, moisture content of the inter-
nal side is more than on the surface because of poor heat 
transfer and low moisture migration through the products, 
particularly for low porosity products. In consequence, 
sum drying period extends to provide the whole of material 
reaching a particular average moisture content. Increasing 
the hot air temperature or flow-rate can be an alternative to 
improve drying efficiency [19]. Hot air drying is based on 
conduction, convection, and diffusion of heat from hot-air 
for moisture elimination [20]. 

There are several studies in the literature that examine the 
drying kinetics of asparagus; for example, drying of natural 

asparagus by microwave drying [21], drying of wild aspar-
agus (Asparagus maritimus L.) by tray drying [22], drying 
of wild asparagus (Asparagus racemosus L.) roots by tray, 
solar, vacuum and fluidized bed drying [8], drying of wild 
asparagus roots by solar and fluidized bed drying [23], dry-
ing of wild asparagus (Asparagus maritimus  L.) by con-
vective, natural, and freeze drying [12], drying of aspar-
agus roots (Asparagus racemosus Willd.) by hybrid solar 
and mechanical tray drying [24], drying of shatavari roots 
(Asparagus racemosus) by osmotic dehydration, tray dry-
ing, sun drying [25], drying of shatavari roots (Asparagus 
racemosus) by osmotic dehydration and sun drying [26]. 
As a result of the literature review, it was determined that 
there are only a few methods for drying culture aspara-
gus (Asparagus officinalis L.). Some of them are vacuum 
freeze-drying [27], a forced convection process [28], tray, 
spouted bed, combined microwave and spouted bed drying, 
refractance window and freeze-drying  [29], drying using 
hot air oven and microwave oven [30], drying using micro-
wave oven and hot air oven [31], drying using traditional 
oven and microwave oven [32], vacuum, far-infrared, hot 
air, and freeze drying (asparagus stems) [33]. 

Rehydration is a significant quality indication since it 
is a measuring of the damage to the material led to dry-
ing [34]. Rehydration is the processing of regaining water 
in dried products. With rehydration, water is absorbed into 
the tissue in the dried product and, accordingly, the mass 
of the product increases. In other words, there is mass 
transfer. While water gain in the dried product occurs rap-
idly in the beginning of the rehydration process, the rehy-
dration rate diminishes as the product moisture content 
approaches the equilibrium moisture content value [35]. 
Over the course of rehydration processing, below steps 
occur concurrently: absorption of liquid on the part of the 
dried foodstuff, swelling of the rehydrated product and fil-
tering of the solutes (vitamin, mineral, sugar, acid) from 
the foodstuff to the rehydrating environment [36].

As far as we know this is the first study on the calcula-
tion of activation energy, color measurement, energy and 
specific energy consumption, rehydration capacity by hot 
air drying of culture asparagus (Asparagus officinalis L.). 
Within this framework, the goals of this work are:

1.	 determination of the effect of drying temperature 
on the drying characteristics of asparagus dried in 
a cabinet dryer;

2.	fitting experimental data to commonly used semi-the-
oretical mathematical models to describe the thin-
layer drying behavior of asparagus (Asparagus offi-
cinalis L.);
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3.	 determination of the best model to determine drying 
kinetics;

4.	 identification of effective moisture diffusivities as 
a function of moisture content and determination of 
the activation energy based on Arrhenius Law;

5.	 calculation of the amount of energy used and specific 
energy consumption;

6.	 analyzing the effect of drying on quality attributes 
such as color, rehydration capacity.

2 Materials and methods
2.1 Sample procurement and preparation
Fresh asparagus samples were obtained at the local market 
(Istanbul, Turkey) in May 2022. The asparagus specimens 
procured were of the same size, appearance and matu-
rity at the time of purchase. To preserve the original fresh 
quality, the samples were kept in the refrigerator (Arcelik, 
Eskisehir, Turkey) at about 4 °C until the drying experi-
ments started. The initial moisture content of asparagus 
samples was determined by AOAC method at 105 °C for 
24 h [37]. The initial moisture content of asparagus was 
9.6145 (kg water/kg dry matter) (kg water/kg d.m.). Before 
drying processing, the asparagus was thoroughly cleaned 
and sliced into 5 ± 0.1 cm thickness with a sharp knife.

2.2 Drying equipment
The drying of asparagus slices was performed in an exper-
imental drying cabinet, designed and manufactured at 
the APV & PASILAC Ltd. of Carlisle, Cumbria, UK. 
The equipment fundamentally comprises of a centrifuge 
fan to provide air flow, an electrical heater, an air filter and 
an electronics proportional controller.

2.3 Experimental
The cabinet dryer was operated empty for approximately 
30 min to reach steady-state conditions before each dry-
ing test. Then, asparagus samples weighing approx-
imately 100  ±  2 g were spread uniformly on the tray in 
a single layer. Drying experiments were carried out at air 
temperatures of 50, 60 and 70 °C and constant air veloc-
ity of 2  m/s. Air flow rate during drying experiments 
was measured with a Testo 440 Vane Anemometer (AM-
4201, Lutron, Taipei, Taiwan). During the drying process, 
the weight changes of the products were recorded every 
30 min with a digital balance (BB3000, Mettler-Toledo AG, 
Grefensee, Switzerland). The drying process was contin-
ued until the moisture content of the samples was reduced 
to approximately 10%. The samples, whose drying process 

was completed, were left to cool at room temperature. 
The dried products were then placed in low density poly-
ethylene (LDPE) bags and the bags were thermally sealed. 
The prepared samples were kept in incubators at ambient 
conditions for rehydration tests and color measurements. 
All experiments were repeated three times and drying 
curves were plotted using average moisture content values.

2.4 Calculating moisture ratio and drying rate
The moisture ratio (MR) of asparagus slices was defined 
using Eq. (1) [20]: 

MR �
�
�

M M
M M

t e

e0

, 	 (1)

where M0, Mt, and Me are the initial moisture content, 
moisture content at any given time, and the equilibrium 
moisture content (kg water/kg d.m.), respectively, and t is 
drying time (min).

Since Me values are relatively small compared to Mt or 
M0, the moisture ratio is simplified to Eq. (2) [38]:

MR =
M
M

t

0

. 	 (2)

The drying rate (DR) of asparagus slices was calculated 
using Eq. (3) [38]:

DR �
� �M M
t

t t t�

�
, 	 (3)

where Mt + Δt is the moisture content at time t + Δt (kg water/
kg d.m.), and t is time (min).

2.5 Statistical analysis
Statistical analyses were carried out by use of Statistica 
6.0 (StatSoft Inc., USA) software package [39]. Nonlinear 
regression analysis was carried out based on the Levenberg-
Marquardt algorithm to estimate related parameters of 
each drying model (given in Table 1). One-way analysis of 
variance (ANOVA) and multiple comparisons (post-hoc; 
least significant-difference (LSD) test) were used to eval-
uate significant differences of data at p < 0.05. Data are 
reported as mean value ± standard deviation (SD).

2.6 Mathematical formulations 
The goodness of fit of the models was evaluated on the 
basis of the coefficient of determination (R2), the reduced 
chi-square (χ2) and the root mean square error (RMSE) 
defined according to Eqs. (4)–(6) [40]:
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where MRexp,i and MRpre,i are the i th experimental and pre-
dicted moisture ratios, respectively; N is the number of 
observations; and n is the number of drying constants. 
The goodness of fit is expressed by high R2 values and low 
RMSE and χ2 values [41].

2.7 Determination of the effective moisture diffusivity 
Effective moisture diffusivity (Deff) is an important trans-
port property in modelling drying processes of foodstuffs 
and other materials, and is a function of temperature and 
moisture content in the material. Fick's second law of dif-
fusion has been commonly made use to predict drying pro-
cessing (controlled by internal diffusion) over the course 
of the falling-rate period for many agricultural products 
and given in Eq. (7) [42]:
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2
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The diffusion equation (Eq. (7)) was computed for slab 
geometry with the assumptions of constant diffusivity, 
unidimensional moisture movement, volume change, con-
stant temperature and negligible external resistance [43]. 
The formula was presented in Eq. (8):
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where L is the half-thickness of the asparagus slab (m). 
For long drying times, Eq. (8) can be further simplified to 
Eq. (9) [44]:
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Equation (10) is the logarithmic form of Eq. (9) and is 
used for long drying periods [45]:
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When lnMR is plotted versus drying time (t), it pro-
duces a slope (K) that can be used to describe the effective 
diffusivity in Eq. (11) [45]:

K
D
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2.8 Activation energy
The effective moisture diffusivity can be related with tem-
perature by Arrhenius-type expression [8], thus Eq. (12) 
is obtained: 
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where D0 is the constant of Arrhenius equation (m2/s), Ea is 
the activation energy (kJ/mol), T is the temperature (°C) 
and R is the universal gas constant (kJ/(molk)).

When Eq. (12) is rearranged, Eq. (13) is obtained:
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2.9 Quality parameters
2.9.1 Color difference
The color of each sample was determined using a CR-200 
model chromameter (Minolta Co., Osaka, Japan), which 
was calibrated before reading. One of the widely used 
methods for analyzing color is the Hunter color analy-
sis, which involves measuring the lightness-darkness 
value L, redness-greenness value a, and yellowness-blue-
ness value b [46]. The color parameters of the samples were 
measured at five points of each sample pile immediately 
after drying. The total color change (ΔE) of dried samples 
can be calculated according to Eq. (14) using fresh samples 
as reference standard [47]:

�E L L a a b b� �� � � �� � � �� �� �0

2

0

2

0

2
. 	 (14)

where L0, a0, and b0 are the color values of fresh asparagus 
samples before drying. L, a and b are the color values of 
fresh asparagus samples after drying.

2.9.2 Rehydration ratio measurement
The rehydration ability of a dried material is measured by 
the amount of water gained by soaking the product in water 
under certain conditions. Asparagus samples dried with hot 
air at three different temperatures were then subjected to 
rehydration tests at 25 ± 2 and 50 ± 2 °C. Samples of aspar-
agus weighing approximately 5 ± 0.5 g on a dry basis was 



Gökçe Kocabay et al.
Period. Polytech. Chem. Eng., 68(2), pp. 253–264, 2024 |257

immersed into a 500 mL glass Erlenmeyer flask includ-
ing 400 mL of distilled water. Specimens were removed 
from the rehydration media every 30 min, the surface was 
gently dried with a paper towel and weighed. The weights 
of the specimens were measured using an electronic dig-
ital balance with an accuracy of 1 mg. Rehydration trials 
continued until the product reached equilibrium weight. 
The rehydration ratio (RR) of asparagus specimens during 
rehydration (weight gain on rehydration) can be expressed 
by Eq. (15) [12]:

RR = W
W
r

d

, 	 (15)

where Wr is the drained weight (g) of the rehydrated speci-
men and Wd is the weight of the dry specimen used for rehy-
dration. All rehydration tests were repeated three times.

2.10 Energy consumption
In hot-air drying, the electricity necessity for both drying 
of the specimens and blowing of the air were taken into 
consideration in the total energy consumption and was 
calculated by Eq. (16) [48]:

E A c TDt a a t� �� � . 	 (16)

where Et is the total energy consumption (kWh), ρa is the 
air density (kg/m3), A is the cross sectional area of the con-
tainer in which the sample is placed (m2), ν is the air veloc-
ity (m/s), ca is the specific heat (kJ/(kg°C)), ΔT is the tem-
perature difference between inlet and outlet air (°C), Dt is 
the total drying time of each sample (h).

Other significant point for drying favorable circum-
stances is the energy consumption quantity. The total 
energy consumption of the drying process was evaluated 
by specific energy consumption (SEC). Specific energy 
consumption, a measure of the energy required to evapo-
rate a unit mass of water from the material, can be calcu-
lated by Eq. (17) [41]: 

Q
E
ms
t

w

= , 	 (17)

where Qs is the specific energy consumption (kWh/kg 
water), Et is the energy consumed (kWh), and mw is the 
mass of water vaporized (kg).

3 Results and discussion 
3.1 Determining the drying characteristics of asparagus 
samples
Fig. 1 shows how the moisture content of asparagus slices 
decreases with increasing drying time for different drying 

temperatures. Experimental error was calculated in the 
terms of standard deviation (SD). The average results were 
presented with ± SD value.

As shown in Fig. 1, the drying times of asparagus sam-
ples were found to be 1200, 630 and 510 min at 50, 60 and 
70 °C, respectively. The type of graph is similar to reports 
presented in the literature [24]. The results obtained show 
that air temperature has a significant effect on drying time in 
hot-air drying technique. If the drying air temperature rises, 
the difference between the air and drying material tem-
peratures increases. Higher temperatures therefore lead to 
faster evaporation of moisture and a shorter drying period. 
In addition, the interfacial moisture concentration for dry-
ing materials is higher when the temperature increases. This 
is because the interfacial concentration is a function of the 
wet-bulb temperature of the air. At higher temperatures the 
interfacial concentration and thus the driving force for mass 
transfer increases. Accordingly, this effect results in faster 
mass transfer between the materials and the drying air and 
therefore, shorter drying periods [49].

The drying rates of asparagus samples at 50, 60 and 
70  °C were calculated using Eq. (3) and this change is 
shown in Fig. 2. 

According to Fig. 2, as the drying air temperature 
increases, the drying rate also increases. Increasing the 
temperature increases the mass transfer coefficient, thus 
increasing the evaporation rate. Similar findings were 
also observed by Elmizadeh et al. [50]. The drying kinet-
ics showed that the drying of asparagus slices took place 

Fig. 1 Drying curves of asparagus specimens dried at 50, 60 and 70 °C



258|Gökçe Kocabay et al.
Period. Polytech. Chem. Eng., 68(2), pp. 253–264, 2024 

predominantly during the falling rate period, which proves 
that the product surface is henceforth saturated with water 
and the drying rate is controlled by the internal diffusion 
phenomenon according to the mass transfer controlling 
processing [51]. At the falling rate period, water migration 
from the material inner to the surface is largely owing to 
molecular diffusion, in other words the water flux is pro-
portional to the moisture content gradient. This means 
that water moves from sites with higher moisture content 
to the sites with lower values, a phenomenon expressed by 
the second law of thermodynamics [49]. Similar findings 
are also available in the literature [23].

3.2 Models of drying kinetics
Drying is a complicated thermal process in which unsteady 
heat and moisture transfer take place at the same time. 
From an engineering perspective, a better comprehension 
of the control factors of this complicated process is cru-
cial. Mathematical models of drying processes are used to 
control the drying process. Numerous mathematical mod-
els have been suggested to determine the drying process, 
of  which thin layer drying models are widely used  [17]. 
To  calculate the moisture rates, the data obtained from 
asparagus specimens dried at 50, 60 and 70 °C were entered 
into Eq. (2). The data obtained were then fitted to the six 
thin layer drying models given in Table 1 [52–57]. 

Nonlinear regression was used to calculate each param-
eter value of each model. The statistical results obtained 
through the models are summarized (Tables 2–4).

As seen in Tables 2–4, according to the statistical param-
eter calculations, R2, χ2, and RMSE values are between 
0.9728 and 0.9999, 0.000006 and 0.002667 and 0.002118 
and 0.058096, respectively. The Midilli et al. [57] model has 

a good fit with high R2 and low χ2 and RMSE values and was 
selected as the best model (as shown in Tables 2–4). The data 
obtained in a study showed that among the tens tested math-
ematical models, the Midilli et al. [57] model described 
more correctly experimental data for all drying temperatures 
and for both olive leaf varieties [58]. The R2, χ2, and RMSE 
values ranged between 0.9990 and 0.9999, 0.000006 and 
0.000131, 0.002118 and 0.009864, respectively. This result 
is consistent with previous studies [59].

Fig. 2 Drying rates versus moisture content of asparagus samples at 50, 
60 and 70 °C

Table 1 Drying models

Model names Model equation* References

Lewis MR = exp(−kt) [52]

Page MR = exp(−ktn) [53]

Wang and Singh MR = 1 + at + bt2 [54]

Logarithmic MR = a exp(−kt) + c [55]

Aghbashlo MR = exp ((−k1t) / (1 + k2t)) [56]

Midilli MR = a exp(−ktn) + bt [57]
* a, b: coefficients; k, k1, k2; n: drying constants; MR: moisture ratio; 
t: drying time

Table 2 Statistical parameters of thin layer drying models used for 
drying kinetics of asparagus specimens at 50 °C

Model name R2 χ2 RMSE

Lewis 0.9930 0.000381 0.016573

Page 0.9961 0.000543 0.021739

Wang and Singh 0.9982 0.000215 0.014598

Logarithmic 0.9991 0.000103 0.009972

Aghbashlo 0.9994 0.000078 0.008361

Midilli 0.9997 0.000029 0.005043

Table 3 Statistical parameters of thin layer drying models used for 
drying kinetics of asparagus specimens at 60 °C

Model name R2 χ2 RMSE

Lewis 0.9783 0.002067 0.055192

Page 0.9974 0.000214 0.015608

Wang and Singh 0.9969 0.000446 0.019978

Logarithmic 0.9979 0.000453 0.019314

Aghbashlo 0.9995 0.000064 0.007428

Midilli 0.9990 0.000131 0.009864

Table 4 Statistical parameters of thin layer drying models used for 
drying kinetics of asparagus specimens at 70 °C

Model name R2 χ2 RMSE

Lewis 0.9728 0.002667 0.058096

Page 0.9955 0.000311 0.018093

Wang and Singh 0.9974 0.000456 0.019897

Logarithmic 0.9971 0.000432 0.019304

Aghbashlo 0.9997 0.000012 0.005589

Midilli 0.9999 0.000006 0.002118
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3.3 Determination of effective moisture diffusivity
The calculated Deff values are shown in Fig. 3.

Deff values ranged between 6.32 ∙ 10−9 and 1.62 ∙ 10−8 m2/s. 
The range obtained is in good agreement with other hot air 
dried materials, in particular 1.809 ∙ 10−9 to 4.649 ∙ 10−9 m2/s 
for peppermint leaves [49] and 9.20 ∙ 10−8 m2/s for Shatavari 
roots (Asparagus racemosus) [25]. The calculated effective 
moisture diffusivity values were in agreement with the gen-
eral range reported to be between 10−8 and 10−12 m2/s for 
foodstuffs [60]. If the drying temperature increases, the Deff 
values also increase. This is probably due to the fact that the 
increase in drying temperature leads to more absorption of 
moisture, increasing the moisture gradient between the sam-
ple and the medium, which results in an increase in Deff [61]. 
The  result is consistent with the report by Patil et al.  [25] 
for shatavari roots (Asparagus racemosus) dried by osmotic 
dehydration, tray and sun drying.

3.4 Calculation of activation energy
Ea is the energy required for moisture diffusion in mate-
rials. The (Ea) was calculated from the slope of the plot of 
ln(Deff) versus the reciprocal of temperature (1)/(T+273.15) 
in Fig. 4.

Eq. (18) shows the effect of temperature on the Deff of 
the samples with the following coefficients:
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The Ea value was calculated as 43.59 kJ/mol. The acti-
vation energy values calculated in this study are in the 
range of 12.7–110 kJ/mol indicated for various food mate-
rials [60].

3.5 Color measurement
Color changes of fruits and vegetables can be considered 
as a criterion of their chemical changes [62]. One of the 
main criteria used in the evaluation of the color quality 
of dried asparagus specimens is to obtain products with 
higher brightness, slight redness and slightly yellow-
ness, which are more preferred in terms of color quality. 
Changes in the color of the asparagus samples are illus-
trated by the data (Table 5).

The color values of asparagus samples before dry-
ing were as follows: L0 = 42.03 ± 0.47; a0 = 0.61 ± 0.18; 
b0 = 10.35 ± 0.53. L, a and b values of dried asparagus spec-
imens were ranged between 42.14  ±  0.93–45.69  ±  0.58, 

0.97  ±  0.19–2.71  ±  0.31 and 10.38  ±  0.28–11.13  ±  0.32, 
respectively (Table 5). L values of fresh asparagus samples 
increased slightly after hot air drying (p < 0.05). In other 
words, the calculated results show that there is no statis-
tically significant differences in lightness values between 
50 and 70 °C as a result of hot air drying. Furthermore, 
the  a and b values of dried asparagus samples were 
higher than fresh asparagus (p < 0.05). Compared to the 
color parameters of fresh asparagus samples, the  a  val-
ues of dried asparagus samples increased significantly, 
while the increase in b values was very limited. A higher 

Fig. 3 Effective moisture diffusivity values versus different drying air 
temperatures

Fig. 4 Arrhenius-type relationship between the logarithm of effective 
moisture diffusivity (Deff) and the inverse of absolute temperature for 

asparagus slices
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ΔE means a larger color change then the reference product. 
In this study, ΔE values of the samples convectively dried 
at different temperatures varied between 1.985 ± 0.26 and 
3.824 ± 0.29. Drying at 60 °C caused the highest total color 
difference value (ΔE). The minimum ΔE value was obtained 
in asparagus samples dried at 50 °C. The findings are com-
parable to those of Jokič et al. [12] for wild asparagus and 
Kipcak and İsmail [21] for culture and natural asparagus.

The analysis showed that drying temperature had a sta-
tistically significant effect on asparagus color. ANOVA 
analysis of the total color change of dried asparagus sam-
ples showed the existence of four groups significantly 
different from each other (p < 0.05; post-hoc LSD) due 
to different drying temperatures. Increasing the drying 
temperature generally led to a greater color change and 
resulted in a darker color. This indicates that the intensity 
of greenness decreases and yellowness increases due to 
the decrease in total chlorophyll content [12]. High tem-
perature can cause the magnesium in chlorophyll to be 
replaced by hydrogen, thereby transforming chlorophylls 
into pheophytins [63]. Color changes caused by drying 
temperatures in asparagus samples may be closely related 
to pigment degradation, formation of brown pigments with 
nonenzymatic (Maillard reaction) and enzymatic reaction.

3.6 Rehydration ratio (RR)
Rehydration is a complex process influenced by differ-
ent parameters (e.g., drying method and conditions, pre-
treatments, physical structure and chemical composition). 
To  obtain dried material with good rehydration proper-
ties, it is very important to optimize the drying conditions, 
because rehydration governs the subsequent processes [64].

The plots of rehydration ratio versus rehydration time 
of asparagus samples dried at different temperatures and 
subjected to rehydration tests at 25 and 50 °C are shown 
in Figs. 5 and 6. Experimental error was calculated in the 
terms of standard deviation (SD). The average results were 
presented with ± SD value.

Hyperbolic curves were obtained as shown in Figs. 5 
and 6. As can be seen from the figures, the dried asparagus 

samples absorbed a high amount of water for 3–4 hours, 
but the change in water content became negligible after 
6 hours. This finding is consistent with the work of 
other researchers who have previously studied rehydra-
tion  [65]. According to Fig. 5, the rehydration ratios of 
asparagus samples dried at 50, 60 and 70 °C for 25 °C 
rehydration temperature were calculated as 2.76, 2.72 and 
2.30 (kg water/kg d.m.), respectively. For rehydration tem-
perature of 50 °C, rehydration ratios of asparagus samples 
dried at 50, 60 and 70 °C were calculated as 3.68, 3.57 and 
2.96  (kg  water/kg d.m.), respectively (Fig.  6). Moisture 
content at 50 °C changed more rapidly than at 25  °C in 
all cases. In other words, increasing the temperature from 
25 to 50 °C increased the amount of water absorbed. This 

Table 5 Color parameters of the samples and statistical analysis with one-way ANOVA with variances

Temperature (°C) L a b ∆E

Fresh 42.03 ± 0.47c 0.61 ± 0.18c 10.35 ± 0.53c –

50 43.82 ± 0.95d 0.97 ± 0.19d 11.13 ± 0.32d 1.985 ± 0.26d

60 45.69 ± 0.58e 1.53 ± 0.25e 10.97 ± 0.64e 3.824 ± 0.29e

70 42.14 ± 0.93f 2.71 ± 0.31f 10.38 ± 0.28f 2.103 ± 0.46c

Values are shown as means ± standard deviation (SD); c, d, e, f- groups that are statistically significantly (p < 0.05) different from each other 
according to drying temperature.

Fig. 5 Rehydration curves of asparagus samples dried at three different 
temperatures at 25 °C

Fig. 6 Rehydration curves of asparagus samples dried at three different 
temperatures at 50 °C
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result can be expressed by the fact that the higher the 
wetting water temperature, the faster the water spreads 
through the material. 

In rehydration trials at 25 and 50 °C, the highest rehy-
dration value was obtained in asparagus dried with hot air 
at 50 °C. Low rehydration values are evidence of higher 
temperature (70 °C), which has the capacity to break cel-
lular structure [66].

3.7 Calculation of energy and specific energy 
consumption 
The energy consumption values obtained by drying aspar-
agus samples with hot air at different temperatures are 
given in Fig. 7.

Energy consumption values for asparagus samples dried 
at 50, 60 and 70 °C temperatures were found to be 10.14, 
5.32 and 4.31 kWh, respectively. Considering the energy 
consumption values, the best efficiency was obtained at 
70 °C among all drying temperatures. According to Fig. 7, 
energy consumption in the hot air method is significantly 
affected by the air temperature. Increasing the tempera-
ture increases the evaporation rate and, consequently 
energy consumption decreases [50]. From this study, it can 
be concluded that drying processes carried out at low tem-
perature lead to a longer drying time and higher energy 
consumption. Similar results were reported for convective 
drying of nettle leaves (Urtica dioica L.) [67].

The specific energy consumption was determined by 
considering the total energy provided to dry the aspar-
agus samples from an initial moisture content of about 
9.6145  kg water/kg d.m. to a final moisture contents of 
about 0.1270, 0.1255 and 0.1193 kg water/kg d.m. for 50, 
60 and 70 °C, respectively. The specific energy consump-
tion of the drying process at different drying temperatures 
was calculated using Eq. (17) and presented in Fig. 8. 

According to Fig. 8, the minimum energy required 
for drying 1 kg asparagus at 70 °C drying temperature 
is 34.75  kWh/kg. The maximum energy requirement 
(81.77 kWh/kg) was observed at a drying temperature of 
50 °C. Expectedly, with increasing the temperature, the dry-
ing period and specific energy consumption decreased since 
the thermal gradient and accelerating moisture extraction 
increased. In other words, drying at higher temperatures led 
to greater mass transfer and thereby shorter drying period 
which decreased SEC [68]. Therefore, 70  °C is the opti-
mum drying temperature for drying fresh asparagus sam-
ples due to minimum energy consumption (34.75 kWh/kg) 
and drying time (510 min). Similar findings were also 
found by İsmail and Kocabay [41].

4 Conclusion
The drying characteristics of culture asparagus 
(Asparagus officinalis L.) were investigated during thin-
layer drying with convective hot air. The effect of 50, 60 
and 70 °C temperatures on the drying of asparagus sam-
ples was investigated. The drying process took place in 
the falling rate period. Six drying kinetics models were 
used to describe the drying behavior of asparagus and fit-
ted to experimental data. According to the statistical anal-
yses applied to all models, Midilli et al. [57] model gave 
the best results. Effective moisture diffusivity values were 
calculated between 6.32 ∙ 10−9 and 1.62 ∙ 10−8 m2/s. Ea was 
determined as 43.59 kJ/mol. Drying processes performed 
at high temperature lead to a shorter drying time and 
lower energy consumption. On the other hand, the min-
imum ΔE value was obtained in asparagus samples dried 
at 50 °C. In rehydration experiments, the highest rehydra-
tion value was obtained in asparagus samples dried with 
hot air at 50 °C. The total energy consumption of the dry-
ing process decreased with increasing air temperature. 
Specific energy consumption was found between 34.75 
and 81.77 kWh/kg.

Fig. 7 Energy consumption at various temperatures for asparagus samples

Fig. 8 Specific energy consumption for asparagus samples at 50, 60 and 
70 °C
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