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The traditional drying of Lentinula edodes is by hot gases obtained by burning 
coal or wood. This process wastes a lot of energy, increases carbon emissions, 
and rises the burden of the environment. This article presents a heat pump system 
for Lentinula edodes drying. Optimal conditions for drying process is obtained by 
using orthogonal test. Experiment results show that the heat pump system is rea-
sonable, reliable, and practicable. Optimal drying process, compared to the tra-
ditional one , significantly improvs  the drying quality. 
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Introduction 

The Lentinula edodes is a high protein, low fat nutritional food, but fresh Lentinula 
edodes is not easy to save, so it is usually needed to be dried after picking. The traditional 
drying room produce heat by burning coal or wood. The process consumes energy, produces a 
lot of flue gas, and pollutes the environment, and Lentinula edodes easily absorb harmful sub-
stances, seriously affecting the quality of product obtained. The traditional drying process 
must strictly control the amount of fuel, otherwise a small error will cause coking which will 
seriously affect the drying quality of Lentinula edodes. In addition, the traditional drying sys-
tem has the problem of heating imbalance, so it needs to overturn the Lentinula edodes up and 
down repeatedly, wasting time and making the full process inefficient. There is also an elec-
tric heating drying, but it directly converts electric energy into heat, which consumes a large 
amount of energy and has a high operating cost. In view of the previous situation, this paper 
designs the drying process using heat pump system. The results show that the new technology 
using air as a heat carrier results in remarkable energy saving, reduces exhaust emissions, and 
has a high degree of automation. Drying effect is better than traditional drying process. 

The advantage of the heat pump Lentinula edodes drying room 

The heat pump drying system using heat transferred from the environment. The heat 
generated by heat pump is the sum of the consumption of electricity and the transfer of heat 
from environment. Compared to the traditional drying and electric heating, the heat pump dry-
ing system is energy-efficient, has no pollutant emissions during the operation, and friendlier 
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to the environment [1]. The specific moisture extraction rates of the heat pump drying system 
is in the range 1-4 kg/kWh, the average value is 2.5 kg/kWh [2]. The heat pump drying sys-
tem has the advantages in the drying process: Lentinula edodes is heated evenly, without turn-
ing over, can have high degree of automation, and control of parameters is easy. The system 
will automatically heat and remove humidity according to the parameters settled, and it is no 
need for care. The heat pump drying is a gentle drying method which is close to the natural 
dry. The evaporation rate of surface water is close to that of internal moisture, it reduces Len-
tinula edodes heat denaturation and discoloration. The loss of nutrients is less, protect the col-
or, aroma, taste, save individual form and effective components effectively, so Lentinula 
edodes with heat pump drying has an excellent quality and prominent level [3]. 

System design of heat pump Lentinula edodes drying room 

The heat pump Lentinula edodes drying system is divided into five parts, which are: 
heating system, ventilation and dehumidification system, intelligent control system, material 
room, and heating room. Heating system is consisted of the heat pump units of hot tempera-
ture and electric auxiliary heating equipment which ensures the heat for the heating room to 
provide stability and reliability throughout the year. Ventilation and dehumidification system 
ensure the warm air circulation in the normal operation, and discharge the humid air accord-
ing to the requirements of the material room, and maintain the drying capacity  by adding 
fresh air during the process. Temperature and humidity monitoring system  can monitor tem-
perature and humidity of drying room and transmit data to the intelligent real time control 
system. Intelligent control system can control the temperature, humidity and humidity elimi-
nation and other operations according to settled drying parameters. There are mobile material 
vehicles in the material room, with the tray for material placed on the vehicle. The return air 
channel is set above the material room. In addition, material room is equipped with two ex-
haust fans. Condenser and circulating fan are installed in the heating room. The warm air is 
supplied to the material room by the circulating fan from the bottom of the heating chamber, 
while the upper part in the heating room is connected with the return airway returning warm 
air in the drying room. The internal structure of the drying room is shown in fig. 1, the overall 
view is shown in fig. 2. 

 
Figure 1. The internal structure of the heat  
pump drying room 

 
Figure 2. Overall view  of the heat pump room 
 

Study on drying process of the heat pump  
drying room 

The heat pump  drying room was designed for  500 kg capacity of the wet Lentinula 
edodes. The drying room is made of 100 mm thick polyurethane color steel plate. The drying 
room is mainly composed of the material room and the heating room. The material room in-
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ternal size is 3200 × 2400 × 2300 mm (length × width × height), and the heating room internal 
size is 1500 × 2400 × 2300 mm (length × width × height). The return airway is on the top of 
the material room, and the exhaust fan is near the door and has a return air baffles. The mobile 
material vehicle is made of aluminum alloy, and there are total of seven layers up and down, 
the interval between each layer is 20 cm. The distance between the top of the mobile material 
vehicle and the return airway above the drying room is also 20 cm. 

Orthogonal experiment design is a method that study multifactor and multilevel. 
This method is based on orthogonality to select some representative points from the compre-
hensive test to test, and through the analysis of these points to analysis the results of a com-
prehensive test situation. Orthogonal test design is an efficient and fast experimental design 
method [4, 5]. 

Based on the traditional drying process, the process of the heat pump drying room 
has  three factors – drying time, moisture removal and circulating wind speed. By consulting 
data given in [6, 7], for the heat pump  drying room drying process, the drying time time has 
been chosen as  17 and 20 hours. The 
moisture removal in the drying process 
is determined by the moisture removal 
temperature difference. For example, 
when the target wet bulb temperature is 
set to ta °C, and the moisture removal 
temperature difference is 4 °C, at the 
moment when the drying room wet 
bulb temperature reaches (ta – 4) °C, 
the fan will activate automatically to dehumidification, and when the moisture removal tem-
perature difference is set  2 °C, the fan will activate when the drying room wet bulb tempera-
ture reached (ta – 2) °C, so the moisture removal is relatively small. The circulating wind 
speed in the drying room have  two levels, 2 m/s and 3 m/s. The design scheme is shown in 
tab. 1. 

Quality of the product (moisture content, shape, color and aroma of Lentinula 
edodes after drying under different conditions)can be  evaluated  in the range of 0-10 points. 
The higher the score the better the Lentinula edodes quality. 

This orthogonal test is a three-factor two-level test, so according to this orthogonal 
table L4(23)  [8], only need  four tests to understand the overall situation of eight tests. The 
combinations of the trials and the test results are shown in tab. 2. 

It can be seen from tab. 2 that the main factors influencing the quality of dried Len-
tinula edodes are: moisture removal temperature difference, drying time, and circulating wind 
speed. The optimal combination of factors is: drying time 20 hours, drying process set the 
moisture removal temperature difference to 4 °C, the circulating wind speed is 3 m/s. There-
fore, the best drying process of the heat pump type drying room is: the whole drying process 
is last 20 hours, the drying starting temperature is 35 °C, the temperature slowly increases to 
62 °C during the drying process, circulating wind speed is 3 m/s, drying process set the wet 
temperature difference to 4 °C. The wet and dry bulb temperature target of the heat pump dry-
ing room in dissimilar stages are shown in tab. 3. This drying parameter can avoid the Len-
tinula edodes pores to close in the drying process, so that the internal moisture can be evapo-
rated out smoothly [9]. 

Table 1. Orthogonal test factor level table 

Factor 
levels 

Drying 
time, 
[h] 

Moisture removal  
temperature  

difference, [°C] 

Circulating 
wind speed 

[ms–1] 

1 17 2 2 

2 20 4 3 
 



Liu, Y., et al.: A Heat Pump System for Lentinula edodes Drying and … 
1762 THERMAL SCIENCE: Year 2018, Vol. 22, No. 4, pp. 1759-1764 

Table 2. Orthogonal test scheme and results table 

No. 
Factor Index 

Drying time 
[h] 

Moisture removal  
temperature difference, [°C] 

Circulating wind 
speed, [ms–1] Drying quality 

1 1 (17) 1 (2) 1 (2) 8.25 

2 1 (17) 2 (4) 2 (3) 8.75 

3 2 (20) 1 (2) 2 (3) 8.7 

4 2 (20) 2 (4) 1 (2) 8.95 

K1 17 16.95 17.2  

K2 17.65 17.7 17.7  

k1 8.5 8.475 8.6  

k2 8.825 8.85 8.85  

R 0.325 0.375 0.25  

Primary and  
secondary order Moisture removal temperature difference > drying time > circulating wind speed 

Optimum level 20 4 3  

Optimal  
combination 

Drying time 20 h, moisture removal temperature difference 4 °C,  
circulating wind speed 3 m/s 

Table 3. The wet and dry bulb temperature target in dissimilar stages 

Stage parameter 1 2 3 4 5 6 7 8 9 10 

Dry bulb temperature, [°C] 35 38 40 42 44 47 50 55 58 62 

Wet bulb temperature, [°C] 29 29 30 31 32 33 34 35 36 36 

Working hours, [h] 2 2 2 2 2 2 2 2 2 2 

Drying characteristics of optimum drying process 

Experiments carried out on the best drying process conditions  show that the drying 
process is practicable,  the quality of Lentinula edodes after drying by the heat pump drying 
room is good, the water content of final product  meets the storage requirements, has a better 
appearance, color and aroma, compared to traditional Lentinula edodes drying room. The 
quality of the Lentinula edodes drying by heat pump drying room is a significant improve-
ment. 

In the experiments under the best drying process, the temperature of the dry and wet 
bulb in the drying room was monitored. The temperature change curve of the dry and wet 
bulb during the drying process is shown on fig. 3, the moisture content of drying room drying 
medium change is shown on fig. 4. 

As can be seen from fig. 3, dry bulb temperature rises rapidly in the initial stage of 
drying. This is because the ambient temperature is lower, and the dry bulb temperature target 
of the drying room is set to 35 °C in the initial stage. The bulb temperature rises quickly from 
the ambient temperature to about 35 °C in the first hour. During the whole drying process, the 
dry bulb temperature in the drying room is in a state of uniform rise. From the same reason  
the wet bulb temperature also rises quickly in the initial stage of drying, but during the whole 
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drying process, the wet bulb temperature in the drying room shows slowly rising then gradu-
ally decline. From the thermodynamic knowledge can be seen, when the moisture content of 
wet air is constant, the wet bulb temperature will increase with the increase of dry bulb tem-
perature [10], therefore, the temperature and humidity curve in the figures shows that the 
moisture content in the drying room is decreasing during the whole drying process. 

 
Figure 3. Temperature and humidity curves of  
heat pump Lentinula edodes drying room 

 
Figure 4. Relative humidity curves of the heat 
pump Lentinula edodes drying room 

As can be seen from fig. 4, the drying medium moisture content rapidly increases at 
first, and then slowly increases and after that quickly reduces, finally in to relatively stable lev-
el. This is because in the beginning of the drying process, the water inside the Lentinula edodes 
began to evaporate quickly, so the moisture content rapidly increases in the beginning of the 
drying process. In the middle of drying period, the water inside the Lentinula edodes continu-
oulys evaporate, while the wet air is also discharged from the drying room, but water evapora-
tion rate is slightly larger than the drying room moisture removal rate. So the water content of 
the drying medium in the middle of drying process showed a relatively stable but slowly rising 
state. At the end of drying period, the water inside the Lentinula edodes is almost completely 
discharged, but the drying room was still be dehumidifying, so the water content of the drying 
medium in the drying room decreases rapidly at the end  of drying period. 

The experiment used the fresh Lentinula edodes from Xixia County, Nanyang City, 
Henan Province, as shown in fig. 5(a). The Lentinula edodes which was dried by the tradi-
tional drying room is shown in fig. 5(b). The color compared to fresh Lentinula edodes has a 
tremendous change. The Lentinula edodes dried by the traditional drying room usually have 
some cracks on its surface, and serious shrinkage, aroma is not good, rehydration is often 
poor, which all make low grade products. The Lentinula edodes  dried by the heat pump dry-

 
Figure 5. Comparison of the mushrooms appearance; (a) fresh Lentinula edodes before drying, (b) the 
Lentinula edodes drying in traditional room, (c) the Lentinula edodes drying in heat pump drying room 
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ing room is shown in fig. 5(c). Compared to the traditional drying ways, Lentinula edodes 
dried by heat pump drying room has no obvious shrinkage, similar  color as the fresh Lentinu-
la edodes, rich aroma, and maintain the unique aroma of Lentinula edodes. Rehydration is al-
so better. 

Conclusion 

Air is a relatively clean energy carrier, the heat pump  drying room transfering the 
heat from air to drying product  has many advantages - operation costs are low, the drying 
process can achieve automatic control that greatly enhance the efficiency. In addition, the heat 
pump drying is a mild drying method. The Lentinula edodes drying by the heat pump drying 
room has a good color, rich aroma, no obvious shrinkage, high product level. In this paper, a 
heat pump Lentinula edodes drying room was designed and tested, and optimal drying process 
was obtained for Lentinula edodes using orthogonal test. The tests showed that the design of 
the Lentinula edodes heat pump drying room is reasonable and reliable, the quality of Len-
tinula edodes dried by the heat pump drying room is good, the water content meets the stor-
age requirements. Lentinula edodes has a good appearance, color and aroma, compared to tra-
ditional drying. The quality drying by heat pump drying room has a significant advantages 
and this technology should be promoted widely. 

Acknowledgment 

This research was supported by Production and Research Cooperation Projects of 
Henan (162107000009), and by the Research Funds of Key Laboratory of Heating and Air 
Conditioning, The Education Department of Henan Province (2016HAC203). 

References 
[1] Chua, K. J., et al., Heat Pump Drying: Recent Developments and Future Trends, Drying Technology, 20 

(2002), 8, pp. 1579-1610 
[2] Minea, V., Drying Heat Pumps – Part II: Agro-Food, Biological and Wood Products, International 

Journal of Refrigeration, 36 (2013), 3, pp. 659-673 
[3] Ong, S. P., et al., Intermittent Heat Pump Drying in Fruit and Vegetable Processing, Proceedings, 6th 

Asia-Pacific Drying Conference (ADC 2009), Bangkok, Thailand, 2009, pp. 316-322 
[4] Tang, J., et al., Performance Evaluation of a Novel Method of Frost Prevention and Retardation for Air 

Source Heat Pumps Using the Orthogonal Experiment Design Method, Applied Energy, 169 (2016), 
May, pp. 696-708 

[5] Franek, L., et al., Orthogonal Design of Experiments for Parameter Learning in Image Segmentation, 
Signal Processing, 93 (2013), 6, pp. 1694-1704 

[6] Pei, F., et al., Effect of the Two Drying Approaches on the Volatile Profiles of Button Mushroom 
(Agaricus bisporus) by Headspace GC-MS and Electronic Nose, LWT Food Science and Technology, 72 
(2016), Oct., pp. 343-350 

[7] Cakmak, R. S., et al., Effects of Electrical and Sonication Pretreatments on the Drying Rate and Quality 
of Mushrooms, LWT Food Science and Technology, 69 (2016), Jun, pp. 197-202 

[8] Bechhofer, R. E., et al., Multiple Comparisons for Orthogonal Contrasts: Examples and Tables, Tech-
nometrics, 24 (1982), 3, pp. 213-222 

[9] Sevik, S., et al., Mushroom Drying with Solar Assisted Heat Pump System, Energy Conversion and 
Management, 72 (2013), Aug., pp. 171-17 

[10] Ustymczuk, A., et al., Relative Humidity Errors when Measuring Dry and Wet Bulb Temperatures, Bio-
systems Engineering, 110 (2011), 2, pp. 106-111 

 

Paper submitted: April 20, 2017 © 2018 Society of Thermal Engineers of Serbia.  
Paper revised: September 17, 2017 Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia. 
Paper accepted: September 19, 2017 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.  

http://www.vin.bg.ac.rs/index.php/en/

