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Abstract: Recently, heat pump drying has been widely used in tobacco processing. Considering the
importance of this issue, it is of significant importance to further investigate temperature distribution
and energy analysis in the drying process. To develop an energy-saving, environmental-friendly,
and high-quality tobacco drying method, temperature distribution, dehumidification performance,
the economic issues, and thermal efficiency of a heat pump curing barn (HPCB) and a traditional
coal-fired bulk curing barn (TCCB) were compared. The regional temperature eigenvalue model was
applied to describe the temperature uniformity with HPCB and TCCB. Moreover, thermal efficiency
was obtained through energy tests. The obtained results showed that HPCB is beneficial to improve
the drying quality of tobacco. The performed analyses showed that the thermal efficiency of the TCCB
and HPCB was 42.02% and 66.53%, respectively. Accordingly, heat pump technology is recommended
for industrial drying of tobacco leaves and obtaining high-quality products.

Keywords: tobacco bulk curing; heat pump; temperature field; moisture dehumidification rate;
thermal efficiency

1. Introduction

Baking is one of the key processes that strongly affect the production yield, final
price, and quality of tobacco leaves [1]. Currently, coal-fired bulk curing barn (TCCB) is
China’s most widely used tool for curing tobacco leaves [2–5]. This method requires a
large air volume and the external drainage are remarkable. Although TCCB is low-price
equipment and can be used for large-scale baking, the temperature fluctuation during the
baking process can be hardly controlled, resulting in a low baking quality of the processed
tobacco leaves. Moreover, some part of heat and humid gases are discharged from the
curing barn, thereby reducing energy efficiency and resulting in environmental issues by
exhausting coal-fired flue gases [6]. To solve the problem, numerous investigations have
been carried out to achieve an even temperature distribution in the barn. In this regard,
different algorithms and analytical methods have been proposed [7–10]. Recently, replacing
coal with methanol and biomass has become a research hot spot [11–13]. Based on these
methods, the temperature control accuracy has been improved and the flue gas emission
has been reduced effectively. However, the curing cost is high and the thermal efficiency of
the curing process should be further improved.

Studies show that heat pump drying technology is an effective scheme to resolve the
problems of emission pollution and high energy consumption in curing barns. In this way,
the moisture can be separated from the curing medium while the high-temperature dry
medium is retained for internal recycling [14–16]. Subsequently, the energy waste and
aroma volatilization caused by the drainage is reduced, thereby improving the quality of
the cured tobacco leaves [17,18]. Recently, heat pump drying technology has been widely
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used in processing agricultural products. Arley Salazar-Hincapié et al. [19] conducted an
experimental study on Oregano heat pump drying, and studied the effects of variations
in compressor discharge pressure on the COP value, drying kinetics, and the specific
moisture extraction rate of Oregano. It was found that for the Oregano samples with the
same initial moisture content, the lower the compressor discharge pressure, the lower the
drying temperature, and the higher the quality of the dried Oregano. Ma X Z et al. [20]
proposed a paddy grain heat pump dryer and investigated the exergetic performance
of the dryer. The results showed that the proposed heat pump dryer outperforms the
traditional hot air dryer in terms of energetic aspects. The COP value of the proposed
heat pump and the corresponding specific energy consumption reached were 3.72 and
1925 kJ·kg−1 H2O, respectively. Moreover, Li C Y et al. [21] conducted a comparative
study between the energy performance of a paddy grain heat pump drying system and a
traditional coal-fired hot air drying system and showed that the heat pump drying system
improves energy efficiency and reduces heat losses. The performed analyses revealed that
heat pump drying technology is an environment-friendly scheme with wide applications
in processing agricultural products. Although this method has remarkable advantages
such as low energy consumption, only a few works have been reported on the tobacco
drying process.

To explore an energy-saving, environment-friendly, and high-quality tobacco leaf
drying process, the present work adopted the widely used heat pump drying technology
to dry the tobacco leaves. Moreover, a novel heat pump tobacco bulk curing barn (HPCB)
was introduced. To comprehensively understand the drying performance of the HPCB, the
temperature distribution, the dehumidification characteristics, quality of tobacco leaves,
thermal efficiency, total energy consumption, and economic aspects of the HPCB were
investigated numerically. Then, the main indicators of the HBCP were compared with
that of the TCCB. This article is expected to provide a fundamental basis for designing the
tobacco leave baking equipment and optimizing the tobacco leave drying process.

2. Materials and Methods
2.1. Materials

The experiment was conducted at Nanxiong Tobacco Research Institute, Shaoguan,
Guangdong Province, China in July 2021. The tobacco species were selected from the central
part of the flue-cured tobacco variety of Yueyan No. 97 in the same growth condition and
maturity. It is worth noting that Yueyan No. 97 is a widely planted species of tobacco in
the south of China. It has a high yield, good appearance, and high quality. This study is
of significant importance because increasing the proportion of middle- and high-grade
tobacco has huge economic benefits. The test curing barn consists of two air-falling-type
bulk curing barns with the following specifications: the loading room (L × W × H) was
8.0 m × 2.7 m × 3.5 m and the total loading capacity was about 4300 kg. Tobacco leaves
were used to hang tobacco in the upper, middle, and lower sheds as showed in Figure 1.

2.2. Equipment and Its Working Principle

Figure 1 shows the configuration of the experimental equipment, which is mainly
composed of a bulk curing barn, temperature and humidity detection systems, a dehumidi-
fication system, and a smart control system. The bulk curing barn includes a fan, central
ventilation system, air inlet, air outlet, and heating devices. In the present study, HPCB and
TCCB devices were considered and compared. The main parameters of the heat pump are
presented in Table 1.
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Figure 1. The experimental equipment: (a) structure and (b) schematic diagram of the bulk curing barn.

Table 1. The main parameters of the HPCB.

Model Nominal Eating
Capacity

Nominal Input
Power

Electric Auxiliary
Heat Power

Circulating Air
Flow Refrigerant

NHGCS-48S 34,836 W 11,642 W 12 kW 19,000 m3/h R134a

Pressure Maximum drying
temperature

Maximum
dehumidification

capacity

Maximum heating
capacity

Maximum input
power Circulating fan

2.8 MPa 75 ◦C 50 kg/h 43,546 W 14,324 W 1.1 kw * 2

Figure 1b shows the working principle of HPCB and TCCB. When the fan and the
heating device were operated, the system heated the air that passes the central ventilation
system. Then the hot air flow was transferred to the bulk curing barn through the air
inlet. In the curing barn, heat and mass exchange occurred between hot air and tobacco
so the temperature of hot air decreased and its humidity increased, as shown by the red
arrows in Figure 1b. After heat and mass exchange, the air flow returned to the heating
arrangement system through the air outlet, where the air temperature increased and its
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moisture decreased. Meanwhile, the condensed water in the pipe of the humidity detection
system was discharged.

Since no hot air is vented from the bulk curing barn, the drying process is a closed sys-
tem, so the thermal energy and aroma of tobacco circulate in the curing barn. Consequently,
the energy efficiency of the system and the tobacco quality improve.

2.3. Testing Method

The experiment was carried out in an air-flow falling bulk curing barn. In this regard,
temperature field tests, dehumidification tests, and energy efficiency tests were carried out
on HPCB and TCCB systems, and the obtained results were compared. Furthermore, the
effects of HPCB on the temperature distribution, dehumidification, and energy saving of
flue-cured tobacco were analyzed.

2.3.1. Temperature Field Experiment

The length of the curing barn was 8 m, and plane D was the inlet and outlet air view.
At 1 m, 3.5 m, and 6.5 m from the view D, views A, B, and C were selected, respectively. In
the drying process, the heated air enters the curing barn and passes through the upper shed,
middle shed, and lower shed tobacco. Finally, the air returns to the heating arrangement
system. The process parameters are shown in Table 2.

Table 2. Parameters of the baking process.

Baking Stage Dry-Bulb
Temperature/◦C

Wet-Bulb
Temperature/◦C Time/h

Early-yellowing stage 38 36 24
Mid-yellowing stage 40 37 20
Late-yellowing stage 42 37.5 20

Early-fixing-color stage 46 37.5 21
Mid-fixing-color stage 50 38 24
Late-fixing-color stage 54 39 20

Early-stem-drying stage 60 40 10
Late-stem-drying stage 65–68 42–43 22

2.3.2. Energy Consumption Tests

The temperature and energy tests were designed to analyze the temperature change
and perform energy analysis in the curing barn. Twenty-two points were considered in the
bulk curing barn to measure dry-bulb and wet-bulb temperatures using a temperature sen-
sor (Xi’an SENWAS company, DS18B20, Xi’an, China). The characteristics of the instrument
are presented in Table 3. After calibrating the temperature sensors, they were installed in
the curing barn as shown in Figure 1b. It is worth noting that there were two sensors in
the input air and two sensors in the output air. Meanwhile, six sensors were installed in
views A, B, and C. The data were recorded every 10 min in the smart control system. The
average of six temperatures in an hour was taken as the temperature of the acquisition
point. There was an electric meter (Zhuhai Pilot Technology Company, SPM93, Zhuhai,
China) in the curing barn for automatic recording of the energy consumption data. The
types and uncertainty of sensors are listed in Table 3.

Table 3. Types and uncertainty of the test instruments.

Instruments Type Uncertainty Detection Range

Temperature sensor DS18B20 ±0.1 ◦C −55 ◦C ~ +125 ◦C
Electric meter SPM93 0.01 V/0.01 A/0.01 W −99,999.99 ~ +99,999.99

2.3.3. Dehumidification Characteristics

In the present study, a self-developed humidity detection system shown in Figure 1a
was used to measure humidity in the process. When the high-temperature and high-
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humidity drying medium passed the heating arrangement, the temperature and humidity
of the drying medium continuously reduced through the bulk curing barn. Meanwhile, the
condensed water was discharged from the heating arrangement system and flowed into
the humidity detection system, where the dehumidification capacity was calculated in the
control system. The dehumidification capacity was measured once every 30 min, and the
hourly capacity was calculated accordingly.

2.4. Evaluation Methods and Models
2.4.1. The Regional Temperature Eigenvalue

The regional temperature eigenvalue of the curing barn area was defined as a measure
of the temperature of each distribution area. The mathematical expression in Equation (1)
indicates, in this parameter, the regional block volume with the temperature acquisition
point identified in Table 4. The regional temperature eigenvalue can be obtained by integral
conversion of temperature and volume over all blocks in the region.

Ta =
1
V

·
∫ ∫ ∫

Tdxdydz (1)

where Ta is the regional temperature eigenvalue, ◦C; T is the temperature of the temperature
acquisition point in the region, ◦C; dxdydz represents the volume of the area where the
temperature acquisition points are located, m3; and V is the volume of the region, m3.

Table 4. Region volume of each temperature acquisition point.

Region Temperature Acquisition Point Region Volume (dx × dy × dz)

A 1–6 2.0 m × 1.35 m × 1 m = 2.7 m3

B 7–12 3.0 m × 1.35 m × 1 m = 4.05 m3

C 13–18 3.0 m × 1.35 m × 1 m = 4.05 m3

Figure 1 and Table 4 indicate that the regional volume of view A was 2.7 m3, and the
regional volume of views B and C were 4.05 m3.

2.4.2. Uniformity of the Regional Temperature Filed

The uniformity of the regional temperature field is defined as the maximum difference
between the temperature of the regional temperature acquisition point in the curing barn
and the eigenvalues of the regional temperature in a stable temperature state. This can be
mathematically expressed as follows:

∆T = Tamax − Tamin + 0.55·(σmax − σmin) (2)

where ∆T is the uniformity of the temperature field in the region, ◦C; Tamax and Tamin are
the maximum and minimum temperature eigenvalues in the region, respectively; σmax and
σmin are the standard deviation of the maximum and minimum temperature eigenvalues,
respectively, ◦C. It is worth noting that the smaller the uniformity, the more stable the
temperature field in the studied region.

2.4.3. The Temperature Charts along the Horizontal Direction

Uniformity of the temperature distribution is an important parameter in the tobacco
bulk curing barn [22]. HPCB or TCCB systems have different heating arrangements in
heating the bulk curing barn, thereby resulting in different heat waving characteristics in
the distinct heating arrangement. The temperature distribution in the curing barn was
maintained at a fixed value by intermittent operation of the heating arrangement in the
drying process. When the temperature fell lower than the pre-set value, the system was
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turned on, and then it was turned off once the temperature reached the preset high value.
The energy demands and supplying models are as follows:

Qdemands = ctotalm∆T (3)

Qsupplying = PTCCB·t (4)

Qsupplying =
∫ t

0
PHPCB(t)·dt (5)

where Qdemands is the energy demands of bulk curing barn, J; ctotal is the specific heat
capacity of the substance, J/kg·◦C; ∆T is the temperature gradient, ◦C; Qsupplying is the
heating arrangement creating energy, J; PTCCB is the power of TCCB, W; PHPCB is the power
of HPCB, W; and t is drying time, s.

Equation (3) indicates that the energy demands Qdemands for each room temperature
jumping is affected by the specific heat capacity (ctotal) of substance in the bulk curing barn,
the mass of the heated substance (m), and the temperature gradient (∆T). Then the heating
arrangement should support energy Qsupplying, which is higher than energy demands
Qsupplying. There is an advanced electronic control system in HPCB, which can control
energy output much more precisely than TCCB does, which uses an air input control
device. Theoretically, the HPCB system can control the temperature of the drying room
more homogeneously and efficiently than the TCCB does.

2.4.4. The Dehumidification Capacity and Efficiency

The dehumidification capacity per hour can be obtained through the dehumidification
capacity acquisition system. Then the dehumidification efficiency can be calculated using
the following expression:

ηW =
Wn

n·∑ Wn
× 100%, (n = 1, 2, 3, 4 · · ·) (6)

2.4.5. Thermal Efficiency of the Curing Barn

Based on the consumption of coal and electricity in the TCCB and HPCB systems, the
total energy consumption of the drying process and the curing cost per kg of dry tobacco
can be calculated. Combined with the quality of fresh and dried tobacco leaves, the actual
amount of water removed from the tobacco leaves can be calculated. Accordingly, the
energy consumption of the curing barn can be calculated under the assumption that both
curing barns have the same heat dissipation. Then the thermal efficiency of TCCB and
HPCB systems can be calculated using the following expressions [23]:

ηTC =
Eexergy

Eenergy.TC
× 100% =

∑n
i=1 h f gi·mwi

mTC·q1 + QTC·q2
× 100% (7)

ηHP =
Eexergy

Eenergy.HP
× 100% =

∑n
i=1 h f gi·mwi

QHP·q2·COP
× 100% (8)

h f gi = 2.503 × 106 − 2.386 × 103·(Ti − 273.16) 273.16 ≤ Ti ≤ 338.72 (9)

h f gi =
(

7.33 × 1012 − 1.60 × 107·Ti
2
)0.5

338.72 ≤ Ti ≤ 533.16 (10)

where η is the thermal efficiency of the curing barn, %, Eexergy is the useful energy for the
energy consumption of the oven, kJ; Eenergy,TC is the total energy consumption of TCCB,
including coal and electricity consumptions, kJ; hfg is the latent heat, J/kg; mwi is the
actual amount of water removed per unit time from tobacco leaves, kg; q1 is the low
calorific value of standard coal, which is 29,295 kJ/kg; QTC is the power consumption of
TCCB, kWh; q2 is the conversion coefficient of electric energy and heat energy, which is
3600 kJ/kWh; Eenergy,HP is the total energy consumption of HP curing barn, kJ; QHP is the
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power consumption of HPCB, kWh; COP is the cycle performance coefficient of the heat
pump. In this study, COP = 2.5.

3. Results and Discussions
3.1. The Analysis of Temperature Eigenvalue for TCCB and HPCB Systems

In order to investigate the influence of TCCB and HPCB systems on the temperature
distribution in the bulk curing barn, the temperature data measured at the acquisition
points were compared with the set process curve, and the deviation values were analyzed
by SPSS software. The obtained results are presented in Figure 2 and Table 5.
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Table 5. Analysis of variance between TCCB and HPCB and process set curve.

Baking
Mode

Maximum
Deviation/◦C

Mean
Deviation/◦C

Variance
Deviation/◦C

Standard Deviation
Deviation/◦C

TCCB 4.32 1.268 1.122 1.059
HPCB 3.97 1.183 0.949 0.974

Figure 2 shows that the temperature eigenvalue of TCCB and HPCB gradually in-
creased with the curing time, and the development was consistent with the set process
curve. Table 5 indicates that the maximum deviation between TCCB and the set process
was 4.32 ◦C, the mean deviation was 1.268 ◦C, the variance was 1.122 ◦C, and the standard
deviation was 1.059 ◦C; Moreover, the maximum deviation between HPCB and the set
process was 3.97 ◦C, the deviation mean was 1.183 ◦C, the variance was 0.949 ◦C, and the
standard deviation was 0.974 ◦C. The results showed that the temperature fluctuation in
the HPCB system was less than that of the TCCB system, indicating that the HPCB system
could provide a more stable temperature field for tobacco curing. It should be indicated
that the smaller the temperature fluctuation, the smaller the loss of the tobacco substance,
and the higher the final quality of the curing tobacco [5].

3.2. The Temperature Field Uniformity Analysis of TCCB and HPCB along the
Horizontal Direction

The spatial distribution of temperature is of significant importance in tobacco curing.
During the experiment, acquisition points 1, 2, 7, 8, 13, and 14 were selected to repre-
sent the upper shed area, and acquisition points 5, 6, 11, 12, 17, and 18 were selected
to represent the lower shed area. The temperature eigenvalue, standard deviations, and
temperature uniformity of the upper and lower shed areas along the horizontal direction
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can be calculated by substituting the temperature data of the above 12 acquisition points
into Equations (1) and (2). The onset of yellowing temperature, the transition temperature
from the yellowing stage to the color-fixing stage, and the temperature for the main veins
of tobacco to turn brown were 38 ◦C, 42 ◦C, and 50 ◦C, respectively. Moreover, the drying
temperature of the main veins in the stem-drying stage was 68 ◦C. The temperature uni-
formity along the horizontal direction of TCCB and HPCB is presented in Figures 3 and 4.
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Figure 4. The uniformity ratio of lower shed temperature in TCCB and HPCB modes along the
horizontal direction.

Figures 3 and 4 show that at the four temperature states, the uniformity of the upper
and lower sheds of TCCB along the horizontal direction was greater than that of HPCB, and
the maximum uniformity occurred at 50 ◦C. In the upper shed, the maximum uniformity
of TCCB was 4.2 ◦C and the maximum uniformity of HPCB was 2.9 ◦C; in the lower shed,
the maximum uniformity of TCCB was 4.8 ◦C and the maximum uniformity of HPCB was
2.6 ◦C. Chen J L [23] demonstrated that in the chrysanthemum heat pump drying process,
the smaller the uniformity, the more stable the regional temperature field. The obtained
results revealed that uniformity of HPCB is smaller than that of TCCB, indicating that
HPCB provides a uniform temperature field in the curing process so tobacco leaves are
cured at a stable condition, thereby improving the curing quality.

3.3. Analysis of Temperature Field Charts in TCCB and HPCB Modes along the
Horizontal Direction

According to the temperature eigenvalue of each temperature point obtained from the
test data, acquisition points 1, 2, 7, 8, 13, and 14 were selected to represent the upper shed
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area, while acquisition points 3, 4, 9, 10, 15, and 16 were selected to represent the middle
shed area, and the collection points 5, 6, 11, 12, 17, and 18 were selected to represent the
lower shed area. Meanwhile, the four temperatures of 38, 42, 50, and 68 ◦C were selected as
the temperature observation points. The temperature charts were drawn using MATLAB
software and the horizontal temperature variation TCCB and HPCB at four key temperature
points were analyzed accordingly. The obtained results are shown in Figures 5–8.
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Figure 5 indicates that when the curing temperature was 38 ◦C, the tobacco leaves
were in the early yellowing stage, and the temperature of tobacco leaves changes in the
range of 36–41 ◦C. Moreover, it was found that the highest and the lowest temperature of
TCCB was 40.6 ◦C and 36.3 ◦C, located in the middle region of the upper shed cross-section
and in the rear region of the lower shed cross-section, respectively; the highest and the
lowest temperature of HPCB was 38.1 ◦C and 36.2 ◦C, occurring in the front end of the
upper shed cross-section and in the rear end of the lower shed cross-section, respectively.
Figure 5 shows that the variation range of temperature in TCCB was 4.3 ◦C, while it was
only 1.9 ◦C in HPCB, indicating that the temperature field was more uniform in HPCB.
This is consistent with the results of Persimmon slices heat pump drying reported by
Tang, X.X. et al. [24]. The temperature distributions of the upper shed and middle shed
cross-sections in TCCB were uniform, while the stratification of the lower shed cross-section
was obvious, and the temperature distribution range was 36.3–38 ◦C. It was found that
the temperature near the return outlet was high, while the temperature near the back end
was low. The temperature distributions of the upper shed, middle shed, and lower shed
cross-sections in HPCB were relatively uniform, and the temperature of the upper shed
was large. This is because the bulk curing barn located in the front end of the upper shed is
an air inlet, in which the temperature gradient is small and the temperature stratification
decreases slowly from the upper shed to the lower shed.

Figure 6 shows that when the temperature of flue-cured tobacco was 42 ◦C, the tobacco
leaves were in the late yellowing stage to the early color-fixing stage, and the temperature
range was 37–46 ◦C. Under these conditions, the highest and lowest temperature of TCCB,
which occurred in the middle area of the upper and lower shed cross-sections, reached
45.9 ◦C and 40.0 ◦C, respectively. Furthermore, the maximum and minimum temperature
of HPCB, which occurred in the front end and back end of the upper and lower shed cross-
sections, reached 41.9 ◦C and 37.0 ◦C, respectively. Figure 6 reveals that the temperature
range of TCCB was 5.9 ◦C, which is slightly higher than 4.9 ◦C for HPCB, indicating that the
temperature field distribution uniformity of HPCB was slightly higher than that of TCCB. In
TCCB, the temperature distributions of the upper shed, middle shed, and lower shed cross-
sections were relatively uniform in each layer. The overall temperature of the upper shed
was higher, followed by the middle shed, and the lower shed had the lowest temperature.
In the HPCB mode, the temperature distributions of the upper shed and the middle shed
cross-sections were relatively uniform in each layer. The temperature stratification of the
lower shed cross-section varied in the range of 37.0–41.0 ◦C. The temperature near the
return air outlet was high, while there was a low-temperature zone near the back end.

Figure 7 reveals that when the temperature of flue-cured tobacco was 50 ◦C, the
tobacco leaves were in the middle and late stage of color-fixing, and the temperature varied
in the range of 45–56 ◦C. The highest temperature of TCCB reached 55.7 ◦C, which occurred
in the middle area of the upper shed cross-section and the lowest temperature was 48.5 ◦C,
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which was located in the middle area of the lower shed cross-section. The maximum
and minimum temperatures of HPCB, which occured in the front end of the upper shed
cross-section and the back end of the lower shed cross-section, were 51.7 ◦C and 45 ◦C,
respectively. Figure 7 indicates that the temperature fluctuations of TCCB and HPCB were
consistent. The temperature range of TCCB was 7.2 ◦C, while that of HPCB was 6.7 ◦C. In
TCCB, the temperature distribution of the upper, middle, and lower shed cross-sections
were relatively uniform in each layer. The highest temperature occurred in the upper shed,
followed by the middle shed, and the lowest occurred in the lower shed. In HPCB, the
temperature distributions of the upper and middle shed cross-sections were relatively
uniform in each layer. The temperature stratification of the lower shed cross-section was
45–48 ◦C, in which high-temperature and low-temperature zones occured near the return
air outlet and the back end, respectively.

Figure 8 shows that when the temperature of flue-cured tobacco reached 68 ◦C, the to-
bacco leaves were in the late stage of stem-drying and the temperature range was 62–72 ◦C.
The highest temperature of TCCB reached 71.2 ◦C, which occurred in the middle area of
the upper shed cross-section and the lowest temperature was 64.8 ◦C, which occurred in
the back end of the lower shed cross-section. Moreover, it was found that the maximum
and minimum temperatures of HPCB reached 69.7 ◦C and 62.0 ◦C, which occurred in the
front end and back end of the upper and lower shed cross-section, respectively. Figure 8
shows that the temperature fluctuation of TCCB was 6.4 ◦C, which is slightly higher than
5.7 ◦C for HPCB. In TCCB, the temperature distributions of the upper and middle shed
cross-sections were relatively uniform in each layer, while the temperature of the lower shed
cross-section was lower and varied in the range of 64.8–68 ◦C. Sun L [25] demonstrated that
this distribution meets the requirements of curing tobacco leaves during the stem-drying
stage. In HPCB, the temperature distributions of upper and middle shed cross-sections
in each layer were relatively uniform and the overall temperature distribution met the
requirements of curing tobacco leaves in the stem-drying stage.

According to the temperature field charts of TCCB and HPCB in the horizontal direc-
tion, the maximum temperature of TCCB was higher than that of HPCB with a relatively
uniform temperature distribution in each shed. However, at some key temperature points,
the temperature of the lower shed was low and stratified. This was especially more pro-
nounced in the back end of the lower shed. In general, HPCB can effectively form a stable
temperature flow field in the curing barn and significantly improve the curing quality of
tobacco leaves.

3.4. Analyzing the Dehumidification Capacity of the Heat Pump

During the experiment, the dehumidification capacity at each stage of tobacco curing
was measured by the humidity detection system. Then, the dehumidification efficiency at
each stage was calculated by Equation (6). The results are presented in Table 6.

Table 6. The dehumidification capacity and efficiency in baking stages.

Baking Stage Baking Time/h Dehumidification
Capacity W/kg

Mean Dehumidification
Capacity Wn kg/h

Dehumidification
Efficiency ηw%/h

Early-yellowing stage 24 342.96 14.29 0.40
Mid-yellowing stage 20 410.60 20.53 0.57
Late-yellowing stage 20 505.60 25.28 0.70

Early-fixing-color stage 21 665.07 31.67 0.88
Mid-fixing-color stage 24 780.24 32.51 0.91
Late-fixing-color stage 20 612.40 30.62 0.85
Early-stem-dring stage 10 205.90 20.59 0.57
Late-stem-dring stage 22 68.64 3.12 0.09

Total 161 3591.41 22.31 -
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Table 6 indicates that the temperature of the drying medium gradually increased in
the barn. Moreover, mean dehumidification capacity Wn and dehumidification efficiency
ηw increased first and then decreased, which can be interpreted by water loss of tobacco
leaves in the drying process. During the experiment, the maximum and minimum Wn
were 32.51 kg/h and 3.12 kg/h, respectively, and the total W was 3591.41 kg. In the
yellowing stage, the temperature of the drying medium of tobacco leaves was low, the
moisture of fresh tobacco leaves was high, and the relative humidity of the tobacco loading
chamber was high. Moreover, the total W was 1259.16 kg (342.96 + 410.60 + 505.60),
accounting for 35.06% of the total W of the whole process. When leaves entered the
color-fixing stage, the water loss of tobacco leaves accelerated and the dehumidification
capacity and efficiency improved significantly. The maximum dehumidification capacity
reached 32.51 kg/h, and the dehumidification efficiency exceeded 0.85%/h, indicating
that the dehumidification efficiency was high. During the color-fixing stage, the total
dehumidification capacity was 2057.71 kg (665.07 + 780.24 + 612.40), accounting for 57.3% of
the total dehumidification in the drying process. In the stem-drying stage, most of the initial
moisture was discharged and a little amount of moisture remained in the veins of leaves.
Accordingly, the water loss rate after this stage was low. Subsequently, the dehumidification
capacity was low (3.12 kg/h) and the dehumidification efficiency dropped significantly and
reached 0.09%/h. The total dehumidification capacity in the drying period was 274.54 kg
(205.90 + 68.64), accounting for 7.64% of the total dehumidification capacity. Furthermore,
the total dehumidification capacity during the stem-drying stage was 274.54 kg, accounting
for 7.64% of the total dehumidification.

The HPCB is an effective scheme to resolve the problems of high energy consumption
in curing barns by recycling the energy with the condensate water (dehumidification
capacity). The more the condensate water is discharged from the system, the more energy
will be recycled and then return to the heating arrangement system again.

3.5. The Appearance Quality Evaluation of Tobacco after Curing

The visual quality of tobacco after curing by TCCB and HPCB is shown in Table 7
and Figure 9. It was observed that there were certain differences in the appearance quality
of the two process modes. The differences were in color, structure, green degree, and ash
content, while there were no obvious differences in other indicators such as maturity, oil
content, identity, and chrominance. The appearance of curing tobacco with TCCB was
mature with high oil content, orange-lemon color, medium identity, compact structure,
strong chrominance, and a certain degree of green and hanging ash. The appearance
of curing tobacco with HPCB was mature with high oil content, orange color, medium
identity, loose structure, strong chrominance, slightly green, and low ash content. The
HPCB’s performance was slightly better than that of the TCCB in color, structure, green
degree, and ash content.

Table 7. Quality evaluation of the tobacco appearance after curing.

Curing
Mode Maturity Oil

Content Color Identity Structure Chroma Contain Green
Degree

Hanging
Ash

TCCB mature multiple orange-lemon middle compact strong find find
HPCB mature multiple orange-yellow middle rarefaction strong slightly micro

Note: The red text marks the better qualities.
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3.6. Evaluation of Chemical Properties of Tobacco after Curing

The chemical properties of tobacco leaves after curing with TCCB and HPCB are
shown in Table 8. It should be indicated that in high-quality tobacco, the ratio of the
reduced sugar to the total sugar should be ≥ 0.9, the ratio of the reduced sugar to nicotine
should be in the range of 8–12, the total nitrogen/nicotine should be less than 1, and the
ratio of potassium to chloride should be greater than 4. Table 5 shows that the ratio of the
reduced sugar to the total sugar in both TCCB and HPCB modes was greater than 0.9, and
the potassium-to-chloride ratio was higher than 4. However, the reduced sugar/nicotine
and the ratio of nitrogen to nicotine of HPCB were better than those of TCCB indicating
that the main chemical components of HPCB have good coordination.

3.7. The Energy Efficiency and Economic Analysis of Bulk Curing Barn

During the curing process, the coal consumption, electricity consumption, and labor
costs of TCCB and HPCB were recorded. In this regard, Table 9 shows that the mass of
fresh tobacco, dry tobacco, and water removal in TCCB was 4376, 660.9, and 3715.1 kg,
respectively. The coal consumption was 1.13 tons, and the power consumption of TCCB is
350 kWh. The total energy consumption cost was 1492 CNY and the labor cost was about
270 CNY, so the total cost was 1762 CNY, and the cost per unit mass of dry tobacco was
2.67 CNY/kg. Moreover, the mass of fresh tobacco, dry tobacco, and water removal in
HPCB was 4221, 629.59, and 3591.41 kg, respectively. The power consumption of HPCB
was about 1420 kWh. The total energy consumption cost was 781 CNY and the labor cost
was 54 CNY, so the total cost was 835 CNY and the cost per unit mass of the dry tobacco
was 1.34 CNY/kg. It is found that the unit cost of HPCB was only 50.19% that of TCCB.

The thermal efficiency of the curing barn can be calculated by substituting the data of
Table 9 into Equations (7) and (8). The obtained results in Table 10 show that the exergy
value of TCCB was 9,622,109 kJ, the coal energy consumption was 21,636,176.47 kJ, and
the electricity consumption was 1,260,000 kJ. Accordingly, the total energy consumption
was 22,896,176.47 kJ, and the thermal efficiency was 42.02%. Similarly, the energy value of
HPCB was 8,598,387 kJ, the total energy consumption was 12,924,000 kJ, and the thermal
efficiency was 66.53%. Accordingly, the thermal efficiency of HPCB was obviously higher
than that of TCCB.

The performed analyses demonstrated that, compared with TCCB, with a thermal
efficiency of 42.02%, the thermal efficiency of HPCB reached 66.53%. This remarkable
difference originates from different structures of HPCB and TCCB, and energy saving in
the HPCB mode. For TCCB, the heat loss includes the hot flue tail gas and the hot air that
is discharged from the curing barn, which causes huge energy waste and may even lead
to environmental issues. There is no hot air vent in HPCB and energy is recovered in the
whole process. Compared with the TCCB, HPCB has higher energy efficiency and lower
waste of energy.
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Table 8. The chemical composition of tobacco leaves after curing.

Curing
Mode

Total
Sugar/%

Reducing
Sugar/%

Total
Nicotine/%

Total
Nitrogen/% Chlorine/% Potassium/%

Reducing
Sugar/Total

Sugar

Reducing
Sugar/nicotine

Total Nitro-
gen/Nicotine

The Potassium-
to-Chloride

Ratio/%

TCCB 28.7 27.5 1.66 2.05 0.10 2.38 0.96 16.57 1.23 23.80
HPCB 27.8 26.7 2.11 1.96 0.15 2.25 0.96 12.65 0.93 15.00

Notes: The red mark is the better one.

Table 9. Costs for the whole process of the two modes.

Baking
Mode

Quality of Fresh
Tobacco/kg

Quality of Dry
Tobacco/kg

Dehumidification
Capacity/kg

Coal
Consumption/t

Electricity Con-
sumption/kW

Total Energy
Cost (i)/CNY

Human Cost
(ii)/CNY

Total
Cost/CNY

Unit Cost/CNY
kg−1

TCCB 4376 660.9 3715.1 1.13 350 1492 270 1762 2.67
HPCB 4221 629.59 3591.41 0 1436 789.8 54 843.8 1.34

Notes: (i) According to the local price, the coal price is 1150 CNY/ton, and the electricity price is 0.55 CNY/kWh; (ii) TC has 1.5 labor days, while HPCB has 0.3 labor days, curing
technician labor costs is assumed to be 180 CNY per working day.

Table 10. The thermal efficiency of bulk curing barn.

Baking Mode Exergy Eexergy/kJ Coal Energy mTC·q1/kJ Electricity Energy
QTC/HP·q2/kJ Total Energy Eenergy/kJ Thermal Efficiency ϕ/%

TCCB 9,622,109 21,636,176.47 1,260,000 22,896,176.47 42.02
HPCB 8,598,387 0 12,924,000 12,924,000 66.53
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4. Conclusions

In the present study, the temperature field of the tobacco curing barn with HPCB and
TCCB systems was studied and energy analysis was carried out to compare the performance
and quality of the final products of the two systems. To this end, the temperature field
distribution, the economic issues, and the energy performance of HPCB and TCCB systems
were investigated. The obtained temperature uniformity curves and analyzing different
temperature key points confirmed that the HPCB could effectively provide a uniform and
stable temperature field in the curing process. It was found that HPCB outperformed TCCB
in terms of appearance quality measures such as color, structure, green degree, and ash
content. The unit dry tobacco cost of HPCB was only 50.19% of that of TCCB. The performed
analyses demonstrated that the thermal efficiency of HPCB (66.53%) was significantly
higher than that of TCCB (42.02%). This article is expected to provide a reference for
designing the tobacco leaf heating equipment and optimizing the drying process.
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