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Abstract: The present work investigated a solar assisted heat pump system for drying Chinese
wolfberry. The kinetic characteristic was firstly analyzed through a series of lab experiments. It was
concluded that the Page model was the most suitable for predicting the heat and mass transfer of
the wolfberry. Based on the wolfberry kinetic model, solar collector model and chamber air model,
the coupled drying system model was developed. The accuracy of the mathematic model was
determined through comparing with the preliminary experimental results. The influence of operating
conditions on the thermal and energy performance of the dryer for the different operating mode
was discussed. The drying weight of no more than 75 kg may be preferable in the stand-alone solar
drying mode, and less than 15 h was needed to be dried. The electric energy consumption in the
solar assisted the heat pump drying mode was lower than that in the stand-alone heat pump mode,
and it was recommended that about 50 kg of wolfberry to be dried in the solar assisted heat pump
system. Compared to the autumn drying, the reduction in the electric energy consumption was
around 9.1 kWh during the 11 h summer drying process. The obtained results demonstrated the
feasibility of the combined system for drying wolfberry, and also can provide the basic theoretical
and experimental data support for the following research.

Keywords: solar drying; heat pump; Chinese wolfberry; kinetic characteristic; electric energy

1. Introduction

Drying is a processing technique to preserve the agricultural product for long periods of time.
Various drying methods are available following the energy sources, such as fossil fuel, natural gas,
biomass and solar energy. Solar drying is popularly used in recent decades because solar energy is
abundant, free and environment-friendly [1,2]. Among the different types of solar dryers, indirect
type solar dryer exhibits better on the final product quality as it can provide the required temperature,
better control over drying and is highly recommended for photo-sensitive materials such as lemon,
cucumber and papaya [3,4].

Flat solar air collectors (FPACs) can supply hot air at low and moderate temperature and are
widely coupled with the indirect type dryer, as seen in Figure 1. The FPACs is one of the most important
components in the indirect type drying system [5,6]. Various optimization designs have been proposed
to increase the heat transfer, such as expanded surfaces area (finned absorber and corrugated surface),
multi-pass collector (double and triple-pass solar air collector) and absorber fixed with reflectors.
Satchunanathan and Deonarine [7] performed experimental studies on a double-pass solar air heater
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(DPSAC) and concluded that the DPSAC had a thermal efficiency of about 10–15% higher than the
single-pass design. Further, they explained the better performance of the DPSAC was due to the
reduced top loss to the environment since the outer glass cover was cooled by the working fluid.
Fudholi et al. [8,9] investigated a finned DPSAC for drying the oil palm fronds under the Malaysia
climate conditions with an amount of 4–5 kWh/m2 daily solar radiation intensity. Six DPSACs with fins
absorber in the lower channel are arranged in series. Experimental results showed that the moisture
content (MC) of the fronds decreased to 10% (wet basis, wb) from 60% (wb) in 22 h. Additionally, they
performed energy and exergy analyses of the DPSAC drying system for chili drying [10]. The exergy
efficiency varied between 43 and 97% with an average of 57%. The specific energy consumption (SEC)
was 5.26 kW h/kg. Yahya et al. [11] designed a drying system with an array of V-groove solar collector
for drying the herbal tea in Malaysia. The MC of the fresh tea of 10.03 kg was decreased from 87% (wb)
to 54% (web) at 50 ◦C drying temperature and 15.1 m3/min flow rate. The collector and drying system
efficiency ranged from 40–65% and 20–30%, respectively.

Figure 1. Schematic view of a solar dryer with a solar collector [3].

However, the drying efficiency using the FPAC is highly sensitive to solar radiation.
The consecutive drying cannot be performed in an indirect type dryer, and in some cases, the dryers
for high MC products operated for more than a day, especially for the natural convection indirect dryer.
The solar dryer with the integrated thermal storage medium is an option to prolong the drying time to
some degree [12,13], whereas an auxiliary heater with fan or blower is more frequently used in the solar
drying system, such as a heat pump. The solar assisted heat pump (SAHP) drying system possessed
a continuous drying operation, high-quality dried products and adjustable air flow rate inside the
dryer [14–16]. Many studies on the SAHP drying system with or without thermal storage have been
reported. Sopian et al. [17] demonstrated that the drying performance of the DPSAC system increased
with the presence of a storage medium. Mohanraj [18] investigated the performance of a solar-ambient
hybrid source heat pump drier for copra under hot-humid weather conditions. The specific moisture
extraction rate (SMER) was 0.79 kg/kWh and the moisture content (on wet basis) of the copra was
reduced from about 52% to about 9.8% in 40 h. The quality of copra was higher compared to other
drying methods. In the similar climate condition, Hawlader et al. [19,20] tested and simulated a
SHAP dryer and water heater operating in Singapore. The results showed that the specific moisture
extraction rate (SMER) depended on the weight being dried and it was 0.65 kg/kWh for 20 kg of
green beans. Additionally, they found the drying time was affected by the air flow rate, drying air
temperature and the air relative humidity. Ceylan et al. [21] experimentally compared a heat pump
and solar dryer through drying apples. They recommended that better drying performance can be
achieved with solar heaters firstly and then the heat pump dryers used. At the same time, they also
considered that apples could be dried more efficiently with a combination of both dryers. Based on
the study by Saensabai and Prasertsan [22,23], a condenser was a major component influencing the
heat pump dryer performance. Five different heat pump dryer configurations were compared, and the
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results indicated that the closed-loop heat pump dryer with air bypassing over the evaporator could
achieve the optimum performance. Additionally, some solar hybrid dryers were reported, such as
solar and ground-source heat pump dryer [24], hybrid photovoltaic/thermal dryer [25,26] and hybrid
waste-heat/solar dryer [27].

As per the literature survey, no robust studies were reported on the numerical analysis of the
SAHP drier especially for the wolfberry drying. While the numerical evaluation was important before
extending the actual application of the large-scale drying system because the simulation can help to
analyze the short and long term performances of drying system. This is what motivated the present
work in which both the wolfberry drying kinetic model and the SAHP drying system model were
developed. At the same time, the controlled lab experiments and the preliminary field tests on the
wolfberry drying under the natural environment were carried out for the model validation. Adopting
the validated model, the wolfberry drying performance using the heat pump with and without the
solar collector was predicted. Additionally, some influencing parameters were investigated, including
drying temperature, the total product load being dried and weather conditions.

2. Materials and Methods

2.1. Lab Experiment and Kinetic Model

2.1.1. Lab Experiment

The drying kinetics varied with the product, thus the drying kinetic of the Chinese wolfberry
was developed firstly to simulate and estimate the SAHP drying system in the following section.
The drying rate involves multiple variables such as drying temperature, mass flow rate and relative
humidity of air. In this study, the drying kinetic of the Chinese wolfberry was developed through the
lab experiments in a controlled drying oven where the air temperature, relative humidity and mass
flow rate can be adjusted to the desired values (Figure 2). The material (fresh wolfberry) was supplied
from the planting base in Chinese Qinghai, as seen in Figure 2. Before the drying process, the initial
moisture content of the wolfberry was measured using the hot air oven method in which fresh product
being dried was set at 105 ◦C for 24 h [28].

Figure 2. Photos of wolfberry (left) and thermostat-humidistat oven (right).

The cases conducted are summarized in Table 1. Generally, the parameter to be investigated was
variable while keeping other parameters constant within the time tested. The operating conditions
was varied from 40 to 70 ◦C for air temperature, 30 to 60% for relative humidity and 0.4 to 1.0 m/s for
mass flow rate. Wolfberry was placed on the loading tray of 0.2 × 0.3 m2 that is made of stainless steel
wire mesh. The hourly variation of the mass of the product was measured by a digital balance during
drying and using this data the transient moisture content was estimated. The drying process would
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be ended until the wolfberry moisture content was below 12% for three consecutive measurements.
The descriptions of the instrument used are illustrated in Table 2.

Table 1. Summarization of the operating cases in the lab experiment.

Parameter Values Specifications

Drying temperature (T), ◦C 40 50 60 70 RH = 40%, v = 0.8 m/s
Relative humidity (RH), % 30 40 50 60 RH = 40%, T = 50 ◦C

Air velocity (V), m/s 0.4 0.6 0.8 1.0 T = 50 ◦C, v = 0.8 m/s

Table 2. Specifications of the instruments used in the lab experiment.

Instrument Type Accuracy

Drying oven DNF-300 A ± 2% (RH), ± 2 ◦C (T)
Digital balance JA2002 ± 0.01 g

Hot-wire anemometer KANOMAX ± 0.01 ms−1

Thermocouple T ±0.5 ◦C

2.1.2. Kinetic Model

Drying models widely used in the published literature mainly included theoretical, semi-theoretical
or purely empirical models, as shown in Table 3. The equations in Table 3 were compared to select
the most suitable model for describing the drying curve of the wolfberry during the drying process
in the SAHP dryer. The moisture ratio (MR) and drying rate (DR) during drying experiments were
respectively calculated by Equations (1) and (2) [29]. After obtaining the MR parameter in different
cases, nonlinear regression analysis was adopted using ORIGIN software for the MR with drying time
and undetermined constants in Table 3 can be obtained.

MR =
Mt

M0
, (1)

DR =
Mt+dt −Mt

dt
, (2)

where MR is the moisture ratio, Mt the moisture content (db) and M0 is the initial moisture content (db).

Table 3. Kinetic models reported in various literature for drying curves.

Model Equation Ref.

Newton MR = exp(−kt) [30]
Page MR = exp(−ktm) [31]

Henderson and Pabis MR = a · exp(−kt) [32]

2.2. Description of the SAHP Drying System

To analyze the preliminary performance and validate the theoretical model of the SAHP drying
system developed, an experimental platform was built as shown in Figure 3. It consists of a drying
chamber, solar collector array, heat pump, blower and process control devices. The chamber was built
with interior dimensions of 2 m (length) × 3 m (width) × 2 m (height) and are equipped with some
shelves to load the product to be dried. The solar collector array includes four FPSACs, arranged
as two banks of two collectors in series and installed on the roof of the chamber with an inclination
of 30◦. Each FPSAC length and width were 2 m and 0.9 m respectively. Additionally, the FPSAC is
single-pass collector with a trapezoidal absorber. This chamber air is delivered to the collector inlet for
the absorption of solar energy. The heat pump mainly consists of an evaporator, condenser, compressor
and expansion valve. The condenser placing in the chamber is to provide hot air for drying products.
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Figure 3. Photos and schematic diagram of the drying system.

Products are heated by hot air coming from the collector or the heat pump and then the moisture
contained in the products is removed to the chamber. An exhaust duct is designed to carry away the
chamber air in case that the interior air humidity reaches a set value by decision-makers. To enable the
recovery of the sensible energy from the exhaust air, a heat transfer exchanger is employed between the
coming fresh air and the discharge air. In addition, two fans are used in the drying system. One is to
bring the collector air in the chamber, the other is used to discharge moist air in the chamber. The fan
installed in the solar collector was controlled by considering both the solar radiation and the outlet
temperature of the collector. The fan was opened after sunrise and closed if the outlet temperature was
lower than the chamber temperature, which can maximize the solar energy utilization and reduce the
heat loss. For the drying process, three operating strategies can be selected including the stand-alone
solar drying, the stand-alone heat pump drying and the drying mode with the combination of collector
and heat pump. The working principle of the SAHP drying system was given in Figure 4.
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In the preliminary experiment, the wolfberry of 50 kg was equally distributed on eight trays and
placed in the drying chamber (see Figure 3). The drying was divided into three stages at different
temperatures, including the warm-up stage (7:00–9:00, 50 ◦C), constant rate drying stage (9:00–11:00,
58 ◦C) and decelerating drying stage (11:00–18:00, 66 ◦C). The drying process was continued until
the required moisture content was reached (12%). Camry R9364 digital electronic balance with an
accuracy of 0.01 g were placed on the bottom of the shelf, which can measure the weight changes of
the wolfberry and then determine the moisture loss. The temperatures of collector outlet, chamber air
and ambient were measured through T-type thermocouples. Additionally, the hourly electric power
consumed by the drying system was measured by a watt-hour meter.

3. Drying System Model

To predict the drying system performance, the coupled models including the solar collector,
drying chamber and the wolfberry kinetics were respectively given from Equations (3)–(13).

Solar collector:

ha,g(Ta − Tg) + he,g(Te − Tg) + hg,p(Tp − Tg) + Gαg = ρgdgcg
∂Tg

∂t
, (3)

hg,p(Tg − Tp) + hp,b(Tb − Tp) + hp, f (T f − Tp) + G(1− αg)αp = ρpdpcp
∂Tp

∂t
, (4)

hp, f (Tp − T f ) + h f ,b(Tb − T f ) +

·
m f c f

w f

∂T f

∂x
= ρ f d f c f

∂T f

∂t
, (5)

h f ,b(T f − Tb) + hp,b(Tp − Tb) + hb,r(Tr − Tb) = ρbdbcb
∂Tb
∂t

, (6)

The wolfberry:

Qw f ,s = mt ×
[
cw f × (1−ϕ0) + cw ×ϕ0

]
×

(
Tw f 2 − Tw f 1

)
, (7)

Qw f ,l = mw × γ, (8)

mw =
ϕ0

1−ϕ0
·m0 · (MR1 −MR2), (9)

Drying chamber:
for the stand-alone solar drying mode,

·
m f c f (Tin − Tout) + hr,aAr(Ta − Tr) −

Qw f ,s + Qw f ,l

∂t
= ρ f Vrc f

∂Tr

∂t
, (10)

for the solar assisted heat pump or the stand-alone heat pump drying mode,

Qr = 3600 · hr,a ·Ar(Tr − Ta), (11)

Qc = 3600 ·
·

m f ca(Tout − Tin), (12)

W =
(Qw f ,s + Qw f ,l + Qr −Qc)

3.6× 106 ×COP
, (13)

where T is temperature (◦C); h is heat transfer coefficient (W·m−2
·K−1); G is solar radiation (W·m−2);

·
m

is mass flow rate (kg/s); d is the thickness (m); Qw f ,s is the sensible heat of the wolfberry (J); Qw f ,l is
the latent heat of the wolfberry (J); Qr is the drying chamber thermal loss (J); Qc is the thermal energy
contribution from the solar collector (J); ϕ0 is the initial content moisture (wb); m0 is the mass of the
exactly dried wolfberry (kg); COP is the coefficient of performance of heat pump; W is the total electric
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energy consumption of heat pump (kW·h) and the subscripts of a, g, p, b, r and w f are respectively the
ambient, glazing cover, absorber plate, back plate, drying chamber and wolfberry.

4. Results and Discussion

4.1. Drying Kinetic Characteristics

The variations of the moisture ratio (MR) and drying rate (DR) with temperature, velocity and
relative humidity of drying air were respectively given in Figures 5–7. It can be seen from Figure 5a
that the MR was decreased with the drying time, especially a more discernible decreasing rate was
expressed in a larger air temperature. The drying process needed about 59 h at 40 ◦C while that was
only 8 h at 70 ◦C, which implies that it dried more rapidly in the larger temperature. The result is that
the drying depended on both the moisture diffusion rate of the inside and the moisture evaporation rate
of the outside surface of the wolfberry. The increase of drying temperature could not only accelerate
the diffusion rate but also reduced the drying air relative humidity, which further carried away the
wolfberry moisture. On the other hand, as indicated in Figure 5b, there was no constant drying rate
period in the drying of the wolfberry, which was similar to the drying curve of many products [33].

Figure 5. Variations of the moisture ratio (a) and drying rate (b) with drying time at a different
temperature of drying air.

Figure 6. Variations of the moisture ratio (a) and drying rate (b) with drying time at a different velocity
of drying air.
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Figure 7. Variations of the moisture ratio (a) and drying rate (b) with drying time at a different relative
humidity of drying air.

The results on the impact of drying air velocity on the MR and drying rate were presented in
Figure 6, where the air temperature and relative humidity were kept constants of 50 ◦C and 40%
respectively. Generally, the higher the velocity, the smaller the MR and the larger the drying rate.
This can be explained that the larger air velocity corresponds to the lager convection heat and mass
transfer coefficients, which results in the better removal of moisture on the wolfberry. On the other
hand, unlike the obvious difference shown in Figure 5, the drying time observed in Figure 6 was
reduced by 15 h when the velocity was increased from 0.4 to 1.0 m/s.

Similarly, the MR and drying rate with time for a different relative humidity were plotted in
Figure 7. Firstly, the results can also be found that there was less impact of relative humidity on the
drying performance compared to that of air temperature. Secondly, it was interesting that the relative
humidity of 40% was preferable to drying the wolfberry (about 35 h), and the drying was worsened
for either less or more than a humidity of 40%. It is because the higher relative humidity means the
smaller driving force of moisture mass transfer (the water vapor partial pressure difference). The lower
relative humidity could accelerate the moisture removal capacity of the outside surface while the
moisture diffusion rate of the inside could not be increased at the same rate, namely, the imbalance of
the moisture removal rate between the inner and outer side of the wolfberry. The phenomenon further
causes the hardened outer side of the wolfberry and the reduced drying rate. As to the smallest drying
rate after 20 h for the case of 40% from the Figure 7b, it is due to the minimum moisture content after
that moment and then the smallest drying driving force. Combining Figures 5–7, it can be concluded
that the drying air temperature was the most influencing factor in the drying process in terms of
reducing the drying time. This conclusion was similar to other products [3].

Based on the experimental results above, drying curves for the wolfberry was fitted with
three thin-layer drying models in Table 3 to correlate the drying time (t) and moisture ratio (MR).
The regression analysis was conducted for three drying models by using the Origin 9.0 program.
The goodness of fits was reflected by the determination of coefficient (R2) for these models. As given
in Table 4, the R2 of the three models were almost more than 0.9, and the highest R2 was found in the
Page model, thus, the Page model was selected as the best curve fitting technique for drying kinetics
analysis of the wolfberry. To correlate the regression constant (k, m) and the drying conditions (T, V
and RH), the equations are respectively given as follows:

k = a1 + a2 · T + a3 ·RH + a4 · v, (14)

m = a5 + a6 · T + a7 ·RH + a8 · v, (15)

where the T, RH and v are respectively the temperature, relative humidity and velocity of drying air.
According to the results in Table 4, linear regression was carried out by MATLAB software to obtain
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the constants in Equations (14) and (15). The equation of the correlation of the moisture ratio (MR)
with drying air temperature (T), relative humidity and velocity (v) was given as follows.

MR = exp
(
−(−0.33 + 0.0076T − 0.045RH + 0.03v)t0.72+0.01T−0.25R+0.049v

)
, (16)

k = −0.33 + 0.0076T − 0.045RH + 0.03v, (17)

m = 0.72 + 0.01T − 0.25RH + 0.049v, (18)

Table 4. Kinetic characteristics with temperature, velocity, relative humidity of drying air and coefficient
of determinations (R2).

MR=exp(−kt) MR=a·exp(−kt) MR=exp(−ktm)
Cases

k R2 a k R2 k m R2

40 °C, 0.8 ms-1, 40% 0.0478 0.9464 1.354 0.0553 0.97 0.0345 1.0763 0.987
50 °C, 0.8 ms-1, 40% 0.0832 0.9422 1.458 0.0992 0.9753 0.0511 1.148 0.989
60 °C, 0.8 ms-1, 40% 0.2077 0.8849 1.896 0.2739 0.9569 0.1162 1.2766 0.9832
70 °C, 0.8 ms-1, 40% 0.3888 0.8700 2.427 0.5452 0.9707 0.2405 1.3889 0.9934
50 °C, 0.4 ms-1, 40% 0.0687 0.9360 1.466 0.0819 0.9691 0.0372 1.1727 0.9903
50 °C, 0.6 ms-1, 40% 0.0791 0.9570 1.299 0.0896 0.9749 0.0523 1.1052 0.9846
50 °C, 1.0 ms-1, 40% 0.0869 0.9164 1.388 0.107 0.9607 0.0479 1.1822 0.9828
50 °C, 0.8 ms-1, 30% 0.0747 0.9213 1.527 0.0992 0.9628 0.0408 1.1717 0.9823
50 °C, 0.8 ms-1, 50% 0.0712 0.9302 1.389 0.0844 0.9608 0.0535 1.0781 0.9822
50 °C, 0.8 ms-1, 60% 0.0638 0.9814 1.302 0.0729 0.9664 0.0399 1.1161 0.9858

Validation of the Equation (16) was confirmed by comparing the predicted moisture contents
with the measured moisture contents (T = 50 ◦C, RH = 40% and v = 0.8 m/s), as seen in Figure 8,
which indicted a good agreement between the predicted results and experimental data.

Figure 8. Comparison of experimental moisture ratio with the predicted moisture ratio from the
Page model.

4.2. Validation of Drying System Model

To determine the accuracy of the numerical model in Section 3, preliminary testing on the solar
assisted heat pump dryer was carried out for three operation modes (as described in Section 2.2).
The stand-alone solar drying was run from 8:30 to 16:00 on the 15th October, as shown in Figure 9.
The stand-alone heat pump drying and the drying with the combination of the collector and heat pump
were respectively operated under three stages as described in Section 2.2, and the solar radiation and
ambient temperature from 8:00 to 16:00 on 22th October (the stand-alone heat pump drying) and that on
24 October (the mixed drying) were respectively presented in Figure 9. The simulated and experimental
results in the stand-alone solar drying were compared in Figure 10, including the outlet temperature,
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heat gains, chamber temperature and moisture ratio of wolfberry. For the cases of the controlled drying
temperature (stand-alone heat pump drying and mixed drying assisted with collector), the electric
energy consumption was simulated and compared with experimental data, as indicated in Figure 11.
In all of the figures, the shape and magnitude matched very well. To analyze the error between the
simulation and experiment, a root means square deviation (RMSD) was calculated as [34]:

RMSD =

√
1
n

∑[(
Xsim,i −Xexp,i

)
/Xexp,i

]2
× 100%, (19)

The corresponding values of the RMSD are listed in Table 5, and it demonstrated that the developed
model could predict the wolfberry drying performance of the solar assisted heat pump drying system
operated in different cases.

Table 5. Summary of the root mean square deviation between the simulation and experiment.

Operating Mode Parameter RMSD

Stand-alone solar drying (Figure 10)

Outlet temperature 16.5%
Heat gains 4.6%

Chamber temperature 2.4%
Moisture ratio 3.5%

Stand-alone heat pump drying (Figure 11) Electric energy consumption 4.9%
Solar assisted heat pump drying (Figure 11) Electric energy consumption 6.5%

Figure 9. Weather data of the stand-alone solar drying (a) and the stand-alone heat pump and the solar
assisted heat pump drying (b).

Figure 10. Comparison of experimental and simulated outlet temperature, heat gains chamber
(a) temperature and moisture ratio (b) of wolfberry in stand-alone solar drying.
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Figure 11. Comparison of the measured and the simulated electric energy consumption.

4.3. Parametric Study

Adopting the above validated model, the influence of some operating conditions was investigated,
including the drying weight of the wolfberry drying temperature and the operated season. The weather
data on 10th July in Hefei city was used as the case study to evaluate the performance of different
drying modes, as shown in Figure 12. The highest, smallest and average values of solar radiation
(ambient temperature) from 8:00 to 16:00 were respectively about 947 W/m2 (42 ◦C), 340 W/m2 (33 ◦C)
and 700 W/m2 (38 ◦C), which represents a typical summer condition in Hefei.

Figure 12. Solar radiation and ambient temperature on 10th July in Hefei.

The drying performance in the stand-alone solar drying was firstly investigated for different
drying weights of wolfberry (25, 50, 75 and 100 kg). Figure 13 gives the hourly variations of the chamber
temperature and moisture ratio (MR) with a different drying weight. It is mentioned that to predict the
suitable drying weight, the system was operated within two days until the required moisture ration of
0.038 was reached. From Figure 13a, the changing tendency of the chamber temperature was similar to
the solar radiation except for the drying weight of 25 kg. This is because the ventilation system was
operated once the chamber temperature exceeded 70 ◦C, and then the chamber temperature changed
within a narrow range. Additionally, it can be seen from Figure 13a that the chamber temperature
in a large drying weight was lower than that in a small drying weight, which is reasonable that the
larger the drying weight, the more heat is absorbed by wolfberry and then the lower the chamber
temperature. From Figure 13a,b, it was found that the drying time was about 8 h for 25 kg of wolfberry,
12 h for 50 kg of wolfberry and 15 h for 75 kg, while the MR was larger than the required value of 0.038
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at the end of drying of 100 kg. Thus, the wolfberry weight of less than 75 kg may be preferable for the
drying chamber when it was operated in the presented cases.

Figure 13. Hourly variations of the chamber temperature and moisture ratio (MR) with a different
drying weight of wolfberry (a) on the first day and (b) on the second day.

Three drying stages were respectively set in the stand-alone heat pump and the solar assisted
heat pump, including the warm-up stage (7:00–9:00, 50 ◦C), constant rate drying stage (9:00–11:00,
58 ◦C) and decelerating drying stage (11:00–18:00, 66 ◦C). Hourly electric energy consumption of
the drying system for a different drying weight of wolfberry was recorded and plotted in Figure 14.
It was observed that the energy consumption was increased as the increasing drying weight for the
two drying modes. The electric energy in the drying rate of 25 kg was nearly constant during the
drying process, which demonstrated that the solar energy could afford the energy consumption in the
removal of wolfberry moisture. Further, the energy consumption of the heat pump drying system
was significantly larger than that of the solar assisted heat pump drying system, especially at around
12:00 due to the higher solar radiation. Additionally, the energy consumption was substantially
increased after the drying temperature was changed at 7:00, 9:00 and 11:00, while it was then scarcely
increased and even decreased after that moment. The reason was that in 1 h after increasing the drying
temperature, most of the electric energy was used to elevate the temperatures of the chamber air
and wolfberry in the form of sensible energy. The following electric energy consumption was due to
the removal of wolfberry moisture in the latent heat way, so the energy consumption was gradually
decreased. Figure 15 compares the total electric energy consumption of the solar assisted heat pump
drying and that of the heat pump drying under different drying weight. Obviously, the electric energy
consumption of the solar assisted heat pump drying was lower than that of the stand-alone heat pump.
On the other hand, the increment of energy consumption from 50 to 75 kg was larger than that from 25
to 50 kg. For the sake of energy saving, it was recommended about 50 kg of wolfberry to be dried in
the designed system.

According to the mathematical model, the variation of the electric energy consumption with different
drying temperature, relative humidity and velocity can be obtained through a control variate. Considering
the dominant influence of the temperature setting, the impact of temperature on the electrical energy
consumption was investigated. Here, the results on the solar heat pump with the temperature setting in
Figure 15 were named Case 1, and another two cases were calculated. Cases 2, 50 ◦C (8:00–10:00), 58 ◦C
(10:00–12:00) and 66 ◦C (12:00–16:00, and 9:00–12:00 in the second day). Case 3, 50 ◦C (8:00–10:00), 55 ◦C
(10:00–14:00), 60 ◦C (14:00–16:00, and 9:00–11:00 in the second day) and 11:00–15:00 (65 ◦C). That is to say,
cases 2 and 3 were operated within two continuous days in the moderate temperature gradient. Figure 16
presents the electrical energy consumption of three cases. It can be seen that the energy consumption in
cases 2 and 3 was lower than that in case 1, which is reasonable that the smaller heat loss for the lower
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drying temperature occurred. Therefore, the small temperature increment would be energy-efficient if
the wolfberry allows the dryers to work for more than a day.

Figure 14. Hourly variation of electric energy consumption with a different drying weight of wolfberry
for two drying modes.

Figure 15. Variation of total electric energy consumption with a different drying weight of wolfberry.

Figure 16. Electric energy consumption of the solar assisted heat pump drying system on a different
temperature setting.
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The wolfberry is generally ripe in summer and autumn, and the drying also operated from June
to October. Thus, the drying behavior in the two seasons was predicted and analyzed taking the solar
assisted heat pump drying system as an example. As indicated in Figure 17, the drying was divided
into three stages as shown in Figure 15. From the two curves, the electric energy consumption in
summer was significantly lower than that in autumn, which further demonstrated the advantage of
using the solar collector. Compared to drying in autumn, the reduction in electric energy consumption
was around 9.1 kWh during the 11 h summer drying process.

Figure 17. Hourly variation of electric energy consumption for one typical summer day and one typical
autumn day.

5. Conclusions

In the present study, a solar assisted heat pump (SAHP) system was used to dry the wolfberry,
and the thermal and energy performance in different operating modes was investigated. To that end,
the wolfberry drying kinetic characteristic especially the equation of the correlation of the moisture
ratio with drying air temperature, relative humidity and velocity was given, which is useful for
optimizing the dryer to minimize the electric energy consumption. Based on the wolfberry drying
kinetic model, solar collector model and drying chamber model, the coupled drying system model was
developed. Additionally, the lab and field experiment were respectively carried out to validate the
above numerical model. The drying system model for the wolfberry was given in detail in few of the
published literature.

The first part of this study found that the drying air temperature was the most influencing factor
in the drying process in terms of reducing the drying time, for example, the drying time was around
59 h at 40 ◦C while that was only 8 h at 70 ◦C. Further, the Page model was determined as the best
curve fitting technique for the drying kinetics analysis of the wolfberry. It was interesting that the
relative humidity of 40% was preferable to drying the wolfberry.

The second part of parametric study showed that the drying weight of wolfberry and operating
seasons have a great influence on the thermal and energy performance of the SHAP drying system.
The wolfberry weight of less than 75 kg may be preferable in the stand-alone solar drying mode,
which needed no more than 15 h. In the heat pump system or that combined with the solar collector,
energy consumption was increased as the increasing drying weight. The electric energy consumption
of the solar assisted heat pump drying was lower than that of the stand-alone heat pump, and it was
recommended about 50 kg of wolfberry to be dried in the mixed system. The drying results in autumn
and summer time were indicated that compared to drying in autumn, the reduction in electric energy
consumption was around 9.1 kWh during the 11 h summer drying process. It was mentioned that the
auxiliary dehumidifier might be needed if the high relative humidity occurs in the drying process to
maintain the quality of the wolfberry.
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