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In order to further decrease the energy consumption of desiccant wheel dehumidification, the drying medium circulation
characteristics of a system combining heat pump drying with desiccant wheel dehumidification were investigated. Moreover, the
critical dehumidification conversion mechanism was studied. *e analysis of the heat pump hot air circulation system dem-
onstrated that the heat pump system has the best dehumidification efficiency. *rough the analysis of the system combining heat
pump drying with desiccant wheel dehumidification, the critical conversion point was determined. *e critical dehumidification
mechanism was further verified using an online temperature and humidity measurement system. To investigate the effect of the
critical point on energy consumption and drying quality and develop a drying model, response surface experiments were
performed based on the effects of regeneration temperature, drying temperature, and conversion point relative humidity on
rehydration, color difference, and specific moisture extraction rate (SMER). *e optimal conversion point humidity was de-
termined to be about 46% RH, which was slightly different from the test optimization value of 45.6% RH. In addition, com-
prehensive optimization and experimental verification of the influencing factors were conducted. *e results demonstrated that
the R2 values of the three models were greater than 0.98, and the experimental factors had a significant effect on drying quality and
energy consumption. When the regeneration temperature was 96°C, the drying temperature was 53°C, the relative humidity of the
conversion point was 46%, the color difference was 46.3, the rehydration ratio was 5.75, and the SMER was 1.62 kg/kW·h.

1. Introduction

Drying agricultural products is an important means for
reducing losses and facilitating safe storage. Moist agricul-
tural products are prone to mold growth and can produce
toxins, such as aflatoxin, which are harmful to human health.
Common heat transfer-based drying methods include ra-
diation, conduction, and convection drying [1]. Among
them, convection drying is the most widely used, due to its
simple equipment and wide application range [2, 3]. *e
main adjustable parameters related to convection drying are
the air temperature, air speed, and humidity of the drying
medium. In each drying stage, the temperature has an upper
limit. Exceeding this upper limit may damage the quality of

the agricultural products [4, 5]. *e adjustment of the air
volume should not be too large; otherwise, it is not con-
ducive to the full heat exchange between materials. In most
stages of drying, the humidity of the drying medium is not
limited [6, 7]. According to the second law of Fick diffusion,
low humidity can increase the concentration gradient be-
tween the surface of the material and the drying medium,
increase the drying rate, and achieve low-temperature drying
[8, 9]. Consequently, humidity is an ideal adjustment
parameter.

Common dehumidification methods include conden-
sation, adsorption, osmosis, and combined dehumidifica-
tion. Desiccant wheel dehumidification is a common type of
adsorption dehumidification, which has the advantages of
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independent and deep dehumidification [10]. However, to
provide continuous drying conditions, it requires continu-
ous regeneration with a small amount of dehumidification.
Heat pump drying is a common type of condensation de-
humidification with high coefficient of performance [11].
However, the dehumidification dew point is limited.
*erefore, by combining heat pump dehumidification and
desiccant wheel dehumidification, the advantages of the two
methods can be fully integrated, providing efficient and
rapid dehumidification.

At present, while heat pump drying has found relatively
mature applications in the field of agricultural drying [12],
the equipment related to desiccant wheel dehumidification is
relatively simple. *e main problems are due to unrea-
sonable design and high energy consumption, which is
associated with the regeneration technology and return air
circulation. Nowadays, the hot air cycle of desiccant wheel
dehumidification can be in the form of different configu-
rations, which mainly include the Pennington cycle, Dunkle
cycle, and SENS cycle in the heating, ventilation, and air
conditioning (HVAC) field [13]. *e traditional convection
drying cycle using box-type dryers can be open, semiopen,
and closed [14], all of which enable rigid drying. In addition,
the circulation method with bypass rate is not applicable,
since it does not meet the low dehumidification point re-
quirement of desiccant wheel dehumidification.

To sum up, scholars have paid more attention to the
HVAC of desiccant wheel dehumidification [15]. Never-
theless, the cycle of the traditional convection drying
method using box-type dryers is either an open, semiopen,
or closed rigid drying cycle, which cannot effectively utilize
the constantly changing fresh or return air [16]. Either cycle
with bypass rate can be mixed at a certain proportion of
return air to achieve energy-saving drying [17]; however, it
does not meet the low dew point dehumidification re-
quirements of desiccant wheel dehumidification. In this
paper, the dehumidification characteristics of heat pump
drying are analyzed. Based on the drying requirements of
agricultural products and the characteristics of the combined
desiccant wheel dehumidification and heat pump drying
system, a flexible dehumidification method for a constantly
changing air return and fresh air system is proposed, aiming
to achieve energy-saving drying of agricultural products.

2. Materials and Methods

2.1. Drying Process Analysis

2.1.1. Air Circulation of the Heat Pump Drying System.
In the heat pump drying process, the air is cooled and
dehumidified by the evaporator and then heated by the
condenser to the required temperature before entering the
drying chamber [18]. After having absorbed the moisture of
the dried product in the drying chamber, the air returns to
the evaporator, which absorbs part of the latent and sensible
heat and dehumidifies it to complete the cycle [19].

During the heat pump drying process, the air circulation
state changes, as shown in Figure 1, where point 1 represents
the state of the dry hot air that enters the drying chamber. In

the drying chamber, the air comes into contact with the
drying material and heats it. As a result, the moisture of the
material evaporates into the air, the temperature at the outlet
of the drying chamber decreases, and the relative humidity
of the air increases. *e process taking place in the drying
chamber can be considered as an isenthalpic process [20];
that is, the air changes along the isenthalpic line in the drying
chamber.

*e most important part of dry air circulation during
heat pump drying is the dehumidification process taking
place in the evaporator [21]. In Figure 1, point 2 represents
the air leaving the drying tank and entering into the
evaporator. It can be considered that, after saturation, part of
the air is equally wet cooled to point 3, along the saturation
line of dehumidification to point 4, and then mixed with
another part of the air at point 5. Subsequently, wet heating
is conducted until the temperature required to dry the
material in the drying tank is reached.

It is assumed that, after cooling, part of the air that enters
the evaporator is dehumidified along the saturation line of
the 2-3-4 process. *e other part remains unchanged, and
then, the two parts are mixed along the 2–4 line with point 5.

*e mass flow ratio of the dehumidified air to the air
passing through the evaporator is expressed as PT, the value
of which can effectively indicate the effect of evaporation and
dehumidification. It can be expressed by the state parameter
of air as [22]

PT �
d2 − d5

d2 − d4
, (1)

where d2 and d5 are the moisture content at points 2 and 5,
respectively, and h2 and h5 are the enthalpy at points 2 and 5,
respectively.

*e value of PT is determined bymany factors.When the
structure of the evaporator is standard, it is only related to
the velocity and physical properties of air. It can be deter-
mined by an empirical equation (equation (2)), which is used
in several engineering applications.

Xd �
d2 − d5

h2 − h5
, (2)

where Xd is the dehumidification rate of the drying cycle,
which is defined as the ratio of the dehumidification amount
of the air passing through the evaporator to the heat released
by the air.

Figure 1: Heat pump dehumidification process.

2 Journal of Food Quality



According to equation (2), the dehumidification rate of
the drying cycle is not affected by the state at point 5, but it is
only related to that at points 2 and 4. In general, the smaller
the slope of line 2–4, the larger the value of Xd and the more
effective the dehumidification of the system. When line 2–4
is tangent to the saturated air line, Xd reaches its maximum
value, and the tangent point t4’ represents the optimal de-
humidification temperature of the system.

Based on the above analysis, it can be concluded that
after the state of point 2 has been determined, the dehu-
midification rate of the drying cycle is related to the de-
humidification temperature t4, which is the highest at t4’.
Nevertheless, in the heat pump drying cycle, when the
condensation temperature is constant, the heating capacity
of the system will decrease with the decrease of the evap-
oration temperature, while the refrigeration coefficient COP
of the system will increase. *erefore, there is an optimal
dehumidification rate, which provides a reasonable match
between the dehumidification effect of the entire heat pump
drying system and the refrigeration coefficient COP of the
system. *e optimal dehumidification rate is defined as
follows:

Xe � COP · Xd �
h2 − h5

W
·
d2 − d5

h2 − h5
�

d − d5

W
,

COP �
q2

W0
�

h2 − h5

W
,

(3)

where q2 is the heat released by low-temperature heat
sources (J);W0 is the work done by the external environment
on the low-temperature reverse Cano machine (J); and W is
the work done by the compressor (J).

*at is, the dehumidification rate is equal to the ratio of
the dehumidification amount of the heat pump drying
system to the cycle work. To maximize the dehumidification
rate of the system, the optimal evaporation temperature in
the heat pump drying system needs to be determined. *e
dehumidification rate of the system is not only related to
points 2 and 4 but also related to the condensation tem-
perature of the heat pump drying cycle.

If the entire amount of air that passes through the
evaporator participates in dehumidification, under the
condition of a certain cooling capacity of the heat pump
dehumidifier, and if point 2 is distant from the saturation
line and line 2-3 is longer, the response of line 3-4 will
become shorter and the wet air displacement will decrease.
When the inlet temperature of the evaporator is high and the
humidity is low, point 4 may coincide with point 3. At this
point, only cooling is required without dehumidification.

If the wet air leaves the evaporator, the temperature
reaches the dew point temperature td marginally, and the
moisture content of the air flowing through the evaporator
remains unchanged (d3 � d2). At this point, the enthalpy of
the air entering the evaporator is expressed as hein.

hein � h3 + Δh, (4)

where Δh is the difference in the enthalpy of the air flowing
through the evaporator (kJ/kg).

According to the properties of wet air, when the re-
frigerating capacity and moisture content are constant, the
wet air with an enthalpy value larger than h0 flowing through
the evaporator cannot become saturated and remove the
moisture. Only when the enthalpy value h2 is lower than hein,
the moisture can be separated out from the evaporator.*us,
the enthalpy of the initial state that corresponds to the final
state of dehumidification is defined as hcrt. Consequently, the
necessary condition for the dehumidification efficiency to be
larger than zero is [23]

hein < hcrt. (5)

To conclude, there is an optimal dehumidification rate,
which is related to the evaporation temperature, conden-
sation temperature, and dehumidification air enthalpy.

2.1.2. Air Circulation Analysis in the Combined Dehumidi-
fication System. *e combined dehumidification process is
shown in Figure 2, where 5–1 is the product dehumidifi-
cation. From point 1 to point 2 on the saturation line, the air
exits from the evaporator.*en, it gets dehumidified at point
3, enters the wheel at point 4, and moves to point 5 through
the condenser or heater. Both material drying and desiccant
wheel dehumidification are similar to isenthalpic dehu-
midification. *erefore, lines 5–1 and 3–4 are parallel; thus,
dM − d5 � d3 − d4 and d1 − dm � d2 − d3; that is,
d1 − d5 � (d2 − d3) + (d3 − d4). *is indicates that, in a closed-
cycle drying process, the amount of moisture removed by the
heat pump and the desiccant wheel is the same as the
amount of water removed by the air from the material. *e
condensation dehumidification heat pump has the advan-
tage of removing high moisture content and the temperature
at point 3 is relatively small. Consequently, the low air
temperature at the evaporator is conducive to wheel
dehumidification.

*e drying of materials in the drying box corresponds to
isenthalpic drying. Wheel dehumidification is also an
isenthalpic process. It should be noted that the lower the
dehumidification temperature, the higher the wheel dehu-
midification efficiency. In general, the drying temperature is
set in advance, before drying. During the dehumidification
stage, the enthalpy gradually decreases, and the temperature
of the return air gradually increases. During drying, the air
moves along the isenthalpic line in the direction of cooling.
In the different cycles of the drying process, the enthalpy of
the return air is reduced, and its temperature increases. At
the same time, with the increase of the return air temper-
ature, if the entire amount of return air is used, the evap-
oration temperature increases. Due to the increase in the
unit cooling capacity and gas transmission coefficient, the
corresponding cooling capacity increases as well.

In the previous section, it was presented that the de-
humidification capacity of the heat pump is independent of
point 5 and is determined only by points 2 and 4. However,
in the combined dehumidification system, the position of
point 5 has a significant effect on the dehumidification
performance of the system.*e dehumidification capacity of
the desiccant wheel is closely related to the temperature and

Journal of Food Quality 3



relative humidity of the inlet air. Under the same conditions,
a low inlet air temperature and high relative humidity are
beneficial to dehumidification. Consequently, when point 3
coincides with point 4, the air temperature after evaporation
and dehumidification is the lowest and the relative humidity
is the highest.

When the dew point of the air that enters the evaporator
is lower than the evaporation temperature, the water will be
separated out after condensation. When the inlet air tem-
perature is high, the humidity is low, and the dew point
temperature is higher than the evaporation temperature, the
air will only be cooled after passing the evaporator without
being dehumidified.

First, the situation of dehumidification after evaporation
will be discussed. In order to make full use of the residual
heat and air energy, the optimal conversion point of fresh
and return air can be determined according to the enthalpy
values of the fresh air and return air after passing through
the evaporator [24].

*e dotted cd line in Figure 3 shows the case when the air
cools down without being dehumidified after passing through
the evaporator [24]. When the air is at low temperature and
has high relative humidity after leaving the evaporator, it is
conducive to desiccant wheel dehumidification.

*e enthalpy of the air before evaporation can be cal-
culated by equation (6) [25].

I0 � (1.01 + 1.84 d)t + 2490 d, (6)

where I0 is the enthalpy (kJ/kg); t is the drying temperature
(°C); and d is the moisture content (g/kg).

*e refrigerating capacity of the evaporator can be
calculated to determine the cycle system of the heat pump.
Subsequently, the number of compressors, evaporators, and
other components is determined by the heat pump system.
*e evaporating temperature te and the condensing tem-
perature tc can be determined by the heat transfer tem-
perature difference ∆t. *e refrigerating capacity Qe can be
determined by ARI polynomials, which have been defined by
the Air Conditioning and Refrigeration Institute (ARI), and
their fitting terms [26, 27]. *erefore, the difference in the

enthalpy ∆I before and after the air passes through the
evaporator is determined by equation (8):

Qe � f tc, te( , (7)

ΔI �
Qe

Vam
, (8)

where te is the evaporation temperature (°C); tc is the
condensation temperature (°C); Qe is the refrigerating ca-
pacity; Vam is the mass flow rate (kg/h); and ∆I is the dif-
ference in the enthalpy (kJ/kg).

*e enthalpy of the air after passing through the
evaporator can be determined by

I1 � I0 − ΔI, (9)

where I1 is the enthalpy of the air at the outlet of the
evaporator.

*e enthalpy of the fresh air after evaporation is denoted
as I11, and that of the return air after evaporation is denoted
as I12. When I12–I11< 0, drying is performed with return air;
otherwise, drying is performed with fresh air [28].

2.2. Experimental Method and Equipment. As it can be seen
in Figure 4, the test system consisted of a heat pump and a
desiccant wheel. Temperature and humidity sensors were
placed before and after the evaporator, desiccant wheel, and
drying box. Moreover, the return air pipeline was equipped
with a switching mechanism, which enabled the conversion
of fresh air and return air. Data collection was performed by
a wireless temperature and humidity tester, and the values of
enthalpy and other parameters were obtained by calculation.

2.3. Methods and Design of the Critical Dehumidification
Experiment

2.3.1. Test Objective. *e aim of this experiment was to
verify the energy-saving characteristics of critical
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dehumidification, determine the best conversion point in the
desiccant wheel dehumidification process, and develop a
mathematical model of energy consumption, appearance,
and other critical indicators that can provide a reference for
energy-saving drying through desiccant wheel
dehumidification.

2.3.2. Materials and Instruments. Fresh Lentinus edodes
were used for the response surface experiments and
Auricularia auricula for the system tests. *eir moisture
content was about 90% and 85%, respectively. A OHAUS
MB27 fast moisture tester was used to determine the
moisture content. A Konica Minolta chromometer CR-10
Plus was used to measure the color differences. A Hh-4
*ermostatic water bath pot was used to determine the
rehydration ratio. A BSA224S electronic balance was used to
measure the weight of Lentinus edodes. Finally, an electric
meter was used to measure the power consumption of the
dried Lentinus edodes.

2.3.3. Composition Measurements

(1) Moisture Content. Moisture content was measured with
an OHAUS MB27 fast hydrometer.

(2) Rehydration Ratio. *e rehydration performance of
the Lentinus edodes was expressed by the rehydration ratio,
which is the ratio of the Lentinus edodes mass after rehy-
dration for a certain amount of time to that before
rehydration:

RR �
Mf

Mg

, (10)

where RR is the rehydration ratio;Mf is the mass of the dried
Lentinus edodes after rehydration (kg); andMg is the mass of
the Lentinus edodes before rehydration (kg).

During testing, a dried Lentinus edodes sample with a
certain mass was weighed and put into distilled water.

(3) Color Difference Determination. *e color difference
was measured by Konica Colorimeter of CR-10. *e color
difference was reflected by the value of L. Each sample was
measured 3 times on average, and the results were averaged
[29].

(4) Specific Moisture Extraction Rate. *e specific moisture
extraction rate (SMER) represents the amount of water that
can be removed by consuming a unit of energy. In the tests,
the consumed electric quantity was measured by an elec-
tricity meter, and its calculation was based on the mass of
water removed in the test.

SMER �
M

Q
, (11)

where Q is the power consumption (kW·h) and M is the
weight of water removed by drying (kg).

2.3.4. Response Surface Optimization Test. A response sur-
face test was performed for a regeneration temperature X1,
drying temperature X2, and relative humidity of the con-
version point X3, using the Box-Behnken center composite
design, with the color difference Y1, rehydration ratio Y2,
and dehumidification energy consumption Y3 of unit energy
consumption as response values. *e drying time of each
group was 6 h. According to the properties of Lentinus
edodes found in the related literature, their drying tem-
perature is generally about 60°C. In the regression and or-
thogonal test, the optimal drying temperature was generally
greater than 50°C, while the regeneration temperature was
generally not lower than 80°C and not higher than 120°C.
Meanwhile, due to the isenthalpic dehumidification char-
acteristics of the desiccant wheel, the higher level of the
regeneration temperature was 105°C. *e relative humidity
of the conversion points was selected based on the analysis of
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Figure 4: Experimental bench for critical dehumidification. 1: three-way valve, 2: temperature and humidity sensors, 3: compressor, 4:
pressure gage, 5: desiccant wheel, 6: regenerative auxiliary heater, 7: regeneration fan, 8: regenerative condenser, 9: inlet air regeneration, 10:
drying box, 11: drying frame, 12: drying auxiliary heater, 13: drying condenser, 14: waste heat condenser, 15: dehumidification fan, 16:
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the conversion mechanism in Section 2.1.2. Based on the
measurement of the initial return air enthalpy combined
with the outdoor relative humidity, it was determined that
the relative humidity of points B and A was 40% and 50%,
respectively. *e test factors and levels are shown in Table 1.
Test design, data processing, and statistical analysis were
performed using the Minitab v15.1 software. *e Voxler 4
software was used for drawing to reflect the relationship
between the variable and the response. *e Box-Behnken
center composite design was used for the analysis.

3. Results and Discussion

3.1. Combined System Analysis. *e inlet and outlet air pa-
rameters of evaporator were simulated as shown in Figures 5
and 6. *ey show that the temperature of the evaporator inlet
air (return air of the drying box) increases gradually, while the
relative humidity, moisture content, and enthalpy decrease
gradually.*e changes can be mainly attributed to the fact that
the water content of the agricultural products and the moisture
of the return air decrease gradually as the drying process
progresses; thus, the dehumidification of the return air is re-
duced. Since drying is an approximately isenthalpic process,
the return air temperature increases, while the return air
relative humidity decreases. During the entire closed drying
process, the overall trend of the moisture content of the ag-
ricultural products is decreasing, the air inlet temperature of
the drying box is fixed, and the overall air inlet enthalpy also
decreases; thus, the air outlet enthalpy of the drying box de-
creases as well. *e outlet air enthalpy and relative humidity
decrease gradually. *e outlet air temperature decreases
gradually; however, when the dehumidification capacity is
zero, it increases slightly.

*emain reasonmay be that, due to the increase of the inlet
air temperature of the evaporator, the unit refrigeration capacity
of the refrigerant increases and the inlet air enthalpy exhibits a
downward trend; thus, the outlet air enthalpy decreases
gradually as well. *e reason for that decrease in the tem-
perature should be that, although the inlet air temperature has
been increased, the unit cooling capacity has been increased by
a greater extent; consequently, the overall outlet air temperature
is decreased. As for the slight increase, it may have occurred due
to the fact that the unit cooling capacity increases with tem-
perature. After a certain point, the increase is smaller than the
increase in temperature; thus, the temperature will increase.

3.2. Response Surface Model and Significance Test. *e
Minitab 15.1 data analysis software was used to conduct
multiple regression fitting analysis on the data in Table 2,
and the results are shown in Table 3. Moreover, Voxler 4 was
used to draw the relationship between each investigation
factor and each test factor (Figure 7).

Table 3 shows the variance analysis of the regression
models, where it can be observed that the color difference Y1,
rehydration ratio Y2, and SMER Y3 were highly significant
(P< 0.001).*emismatch items of the Y1, Y2, and Y3 models
were not significant (P> 0.05). *e results demonstrated
that the fitting degree between the regression model and the

actual situation was better.*e R2 values of the Y1, Y2, and Y3
models were 99.16%, 98.95%, and 99.47%, respectively,
which were higher than 98%. *is indicates that each model
can explain more than 98% of the response value changes,
while only less than 2% of the total variation cannot be
explained by the model. In addition, there was a high
correlation between the predicted and the actual values, and
the test error was small. *erefore, the model can be utilized
to analyze and predict the drying indices of Lentinus edodes.

It can be seen in Table 3 that the three regression items of
X1, X3, and X2

1 of the Y1 model had a significant impact
(P< 0.001) and the three regression items of X2, X2

2, and
X2X3 had also a significant impact (P< 0.05), while the other
regression items had no significant impact. *e X2 regres-
sion items of the Y2 model had a significant impact
(P< 0.001), and X3, X2

1, X2
2, and X2X3 had also a significant

impact (P< 0.05), while the other regression items had no
significant impact (P> 0.05). *e six regression items of X1,
X2, X2

1, X2
2, X2

3, and X2X3 of the Y3 model had a significant
impact (P< 0.001), and the X3 and X1X3 items had a sig-
nificant impact as well (P< 0.05), while the effects of the
others were not significant.*e significant items of the above
model were kept, the nonsignificant items were eliminated,
and a quadratic polynomial regression model of color dif-
ference Y1, water recovery ratio Y2, and specific moisture
extraction rate Y3 for the three independent variables (X1,
X2, X3) was developed. Variance analysis was performed for
the three regression models, and the three models were fitted
on the basis of ensuring that the model is highly significant
and the mismatch items are not significant. *e regression
model can be optimized as equations (12)–(14), where the x
value is the code value.

Y1 � 43.902 + 0.647X1 − 2.106X2 + 1.213X3 + 0.635X
2
1

+ 0.203X
2
2 − 0.850X2X3,

(12)

Y2 � 5.726 − 0.203X2 + 0.075X
2
1 − 0.088X

2
2 − 0.040X2X3,

(13)

Y3 � 1.630 − 0.049X1 − 0.061X2 − 0.016X3 − 0.084X
2
1

− 0.078X
2
2 − 0.093X

2
3 + 0.035X1X3 + 0.048X2X3.

(14)

3.3. Factor Response Analysis. According to the t-values in
Table 3, the influence order of the regeneration temperature
X1, drying temperature X2, and conversion point relative
humidity X3 on the three factors of the color difference Y1 is
X2>X3>X1. *e effect of X1, X2, and X3 on Y1 is shown in
Figure 7(a). *e higher the relative humidity of the con-
version point, the greater the color difference value L, and
vice versa. Furthermore, the higher the relative humidity of
the conversion point is, the earlier the conversion valve is
closed for closed drying. *us, the oxygen content in the
drying medium is reduced, inhibiting Maillard reaction and
increasing the value of L.
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*e influence order of the regeneration temperature X1,
drying temperature X2, and conversion point relative hu-
midity X3 on the three factors of the rehydration rate Y2 is
X2>X3>X1. *e effect of X1, X2, and X3 on Y2 is shown in
Figure 7(b). Overall, the rehydration rate increases with the
increase of the conversion point relative humidity, which is

similar to its effect on the color difference. In general, the
higher the relative humidity of the change point is, the earlier
the return air can be used. *e related reaction can be re-
strained, as well as the damage to the pores; thus, the re-
hydration property is good.

*e influence order of the regeneration temperature X1,
drying temperature X2, and conversion point relative hu-
midity X3 on the three factors of the unit energy con-
sumption dehumidification capacity Y3 is X2>X1>X3. *e
effect ofX1, X2, and X3 on Y3 is shown in Figure 7(c). Overall,
the effect of the conversion point relative humidity on SMER
is first weak and then strong. *e energy-saving effect can be
achieved using fresh air before the critical point and return
air after it.

3.4. Test Optimization and Verification. To achieve the ideal
drying effect, the rehydration ratio of the dried Lentinus
edodes should be as high as possible, while the color dif-
ference and the SMER should be as low as possible. In order
to obtain a high rehydration ratio, the regeneration tem-
perature and drying temperature should be as low as pos-
sible. To obtain a mushroom with low color difference, the
drying temperature needs to be as low as possible, while the
relative humidity at the conversion point should be as high
as possible. In order to obtain a dehumidification amount of
low energy consumption, the regeneration temperature,
drying temperature, and relative humidity at the conversion
point should be moderate.

Table 1: Factors and levels of the response surface test.

Level
Factors

Regeneration temperature X1 (°C) Dry temperature X2 (°C) Conversion point relative humidity X3 (%)
−1 85 50 40
0 95 55 45
1 105 60 50

1 3 5 7 9 11 13 15 17 19 21 23
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Figure 5: Enthalpy and moisture content of the inlet and outlet air of the evaporator.
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air of the evaporator.
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When the regeneration temperature is 95.5°C, the drying
temperature is 52.5°C, and the relative humidity of the
conversion point is 45.6%, the color difference is 44.9, the
rehydration ratio is 5.8, and the SMER is 1.64 kg/kW·h. *e
critical dehumidification method (Section 2.1.2) determined
that the optimal conversion point humidity is about 46%,
which was in accord with the experimental results. To
validate the optimization results, the optimized parameter

combination was tested and verified. When the regeneration
temperature was 96°C, the drying temperature was 53°C, and
the relative humidity of the conversion point was 46%; the
average value was obtained by performing the same test 3
times. As it can be seen in Figure 8, the dried Lentinus edodes
exhibited a small shrinkage and little color change.*e color
difference of the dried Lentinus edodes is 46.3, the rehy-
dration ratio is 5.75, the SMER is 1.62 kg/kW•h, and the

SMER Y3/(kg/kW‧h)
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Figure 7: 4D rendering of the relationship between regeneration temperature, drying temperature, conversion point relative humidity,
rehydration, color difference, and specific power consumption. (a) Relationship between regeneration temperature, drying temperature,
conversion point relative humidity, and color difference. (b) Relationship between regeneration temperature, drying temperature, con-
version point relative humidity, and rehydration. (c) Relationship between regeneration temperature, drying temperature, conversion point
relative humidity, and specific power consumption.

Table 2: Experiment design and response values.

No. Regeneration
temperature X1 (°C)

Dry temperature
X2 (°C)

Conversion point relative
humidity X3 (%)

Color
difference Y1

Rehydration ratio
Y2

SMERY3 [kg/
kW•h]

1 1 0 −1 44.1 5.81 1.38
2 0 −1 −1 44.4 5.79 1.59
3 −1 1 0 42.3 5.55 1.47
4 0 1 −1 41.7 5.46 1.37
5 1 0 1 46.3 5.8 1.43
6 0 1 1 42.4 5.45 1.42
7 0 0 0 43.9 5.74 1.62
8 0 0 0 43.8 5.73 1.64
9 −1 0 −1 42.9 5.77 1.55
10 0 −1 1 48.5 5.94 1.45
11 −1 0 1 45.6 5.87 1.46
12 −1 −1 0 45.5 5.95 1.56
13 1 0 0 45.2 5.78 1.49
14 0 −1 0 46.4 5.8 1.62
15 1 1 0 43.2 5.46 1.35
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quality is better than that obtained under heat pump drying
[30]. *e test results were close to the predicted values,
which verifies the reliability of the model.

4. Conclusions

*e factors that affect the drying quality and the energy
consumption of the system combining heat pump drying and
desiccant wheel dehumidification include the regeneration
temperature, drying temperature, and conversion point relative
humidity. *e effect of the conversion point relative humidity
on SMER appeared weak first and then strong.

*e optimal conversion point humidity was about 46%
RH, which was slightly different from the test optimization
value of 45.6% RH. In addition, the SMER was found to be
1.62 kJ/kg, indicating that the proposed method has low
energy consumption and meets the requirements of agri-
cultural drying.

*e results demonstrated that the color difference of the
Lentinus edodes was 46.3 and the rehydration ratio was 5.75.
*e drying quality was better than that of heat pump drying,
which also meets the drying requirements for agricultural
products.
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