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Abstract

As an alternative to fossil fuels, biomass burning represents a feasible way of greening the tobacco
flue-curing-drying process, especially when it is self-produced. In this work, a biomass briquette fuel
(BBF) burner used for flue-curing tobacco was designed and assembled using modern and mature
electromechanical technologies, while also making use of its own structure to prevent high-temperature
damage to the photoelectric elements during fuel combustion, and deploying an intelligent tobacco
controller (ITC) to ensure orderly heating. A comparison between this new burner and a traditional
coal-fired heating furnace revealed that when ITC was in operation, the BBF could meet the heating
needs for tobacco curing, and the temperature difference between the target and the actual dry-bulb
temperature (DBT) in the bulk curing barn was well controlled within a range of £0.5°C. Additionally,
the BBF burner fully used the biomass briquette and reduced the cost per kilogram of dry leaf curing.
Furthermore, non-manual management heating modes could be realized during firing. Considering that
the structure of the new device is similar to gas or oil burners, in terms of heating via connecting

sockets, it can also potentially be used in small-scale boilers if the ITC programming chip is changed.
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Introduction

In recent years, excessive carbon dioxide (CO,)
emissions have already led to a series of environmental
problems. As the largest flue-cured/Virginia tobacco
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(Nicotiana tobacum L.) producer in the world, China
currently grows about one-third of the world’s tobacco
annually [1], and tobacco curing (TC) is the most
energy-intensive phase of tobacco production [2].
Traditionally, coal is used to directly burn and heat flue-
cured tobacco in a bulk curing barn [3, 4]. During the
annual TC season, millions of tons of CO, and fly dust
are emitted into the atmosphere from the chimneys,
which causes serious environmental pollution [5, 6];
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therefore, this mode of tobacco production is extremely
unpopular [7]. However, as a cash crop, flue-cured
tobacco is indispensable for the income of farmers in
remote areas, and its cultivation cannot be prohibited
[8, 9]. Therefore, in recent years, increasing government
attention has focused on the problem of flue-cured
tobacco pollution [10, 11], and tobacco planters have
begun to use cleaner energy sources, such as biomass,
alcohol-based liquid fuel, and heat pumps to provide
heat for TC [12-14].

As an important type of clean energy, biomass fuel
has been used in many countries that grow flue-cured
tobacco [15, 16], and through an analysis of existing
literature and data, some researchers have agreed
that the use of biomass energy is a feasible way of
curing tobacco without employing fossil fuels, thereby
allowing for the “greening” of the tobacco flue-curing
process [17]. In the past, the most primitive form of
biomass fuel involved the direct burning of agricultural
straw for flue-cured tobacco heating; however, this has
not been continuously promoted due to the high labor
costs involved [18]. At present, the main forms of
heat supplies using biomass fuel in the flue-curing of
tobacco are firewood and biomass briquette fuel (BBF)
[19, 20]. However, the use of firewood for TC involves
direct burning of large pieces of wood in a furnace, that
has a very low energy efficiency [21]. In addition, the
large number of trees felled to provide heating for TC is
deforestation and unsustainable [22-24]. The production
of BBF and associated industrial heating technologies
are quite mature and are commonly employed in
the fields of boiler combustion and industrial power

generation in the past ten years [25]. However, the
TC heating is quite unique, and mature BBF heating
technologies used in other industries cannot be directly
transferred for use in TC. Some tobacco processors
place BBFs directly into coal-fired furnaces to provide
heating for TC; not only is the resulting combustion
efficiency low but the amount of tar produced readily
blocks flue pipes [3].

According to the combustion/gasification
characteristics of BBFs, some researchers have
studied the use of special tobacco heating dissipation
equipment. For example, Wang et al [26] designed a
heating furnace for TC, which greatly improves the
combustion efficiency of BBFs. However, the labor costs
involved in controlling its operation remain high, and
further studies based on the use of modern and mature
electromechanical technologies are required. Therefore,
this paper presents the design of a new BBF burner for
TC heating that is based on the structural characteristics
of a gas and liquid fuel combustor, and an intelligent
tobacco controller (ITC) is also introduced to reduce
operational costs.

Materials and Methods
Equipment Design and Construction
Figs 1 and 2 show the structure of the new BBF

burner and interior furnace developed in this study,
respectively. The new device has four systems: a fuel

30 cm
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Fig. 1. Structure of the BBF burner: 1. charging bucket, 2. viewing window for fuel, 3. ignition motor, 4. ash-managing motor, 5. round
fuel-feeding channel, 6. fuel-feeding motor, 7. universal moving wheel, 8. furnace-sealing interface, 9. ventilation chamber, 10. inner
sealing plate, 11. furnace cap, 12. furnace, 13. furnace base, and 14. auger screw conveyor.
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Fig. 2. Interior and furnace outline of the BBF burner: 15. ignition device, 16. infrared detector, 17. convex track, 18. clamping slot,
19. screwdriver rod, 20. maintenance port for fuel, 21. vertical air outlet, 22. ventilation channel, 23. poker, 24. transmission sleeve, 25.
retention plate, 26. power transmission device, 27. blower, 27. outlet for fuel, 28. outlet for ignition rod, 29. outlet for poker, and 30.

horizontal air outlet.

supply, ventilation-combustion support, ignition, and
ash removal systems. The length, width, and height of
the device is 1700 x 800 % 1400 mm and the maximum
heat supply per hour is 20,000-200,000 klJ.

At the start of TC, the fuel-feeding motor (6) in
the fuel supply system sends BBFs from the charging
bucket (1) to the furnace (12) through a round fuel-
feeding channel (5) via an auger screw conveyor (14).
The ignition motor (3) then began to work, passing
the screwdriver rod (19) through the clamping slot (18)
along a convex track (17) on the retention plate (25),
and then through the outlet for the ignition rod (28)
on the inner sealing plate (10), to insert the ignition
device (15) into the piles of BBF in the furnace (12) and
igniting them. Simultaneously, the blower (27) operates
to supply oxygen for fuel combustion. The combustion-
supporting air blown by the blower (27) depends
upon the pressure in the closed ventilation chamber
(9). In a horizontal direction, the air is sent out from
the horizontal air outlet (30) through the ventilation
channel (22) of the furnace base (13) to provide O, for
combustion; and in a vertical direction, the air is sent
out from the vertical air outlet (21) for BBF gasification

and gas combustion. The advantage of this ventilation
structure is that the fire setting, ignition device, and
round fuel-feeding channel in the ventilation chamber
(9) are close to one side of the furnace-sealing interface
(8), which thus avoids any damage occurring from
the high temperatures. An infrared detector (16) is
installed in the front of the convex track (17). After fuel
combustion has been detected, the ignition motor (3)
control the return rotation of the screwdriver rod (19)
and shrink the ignition device (15) back to the original
position.

As the fuel continues to burn during the TC
process, ash accumulates in the furnace (12), and the
ash-managing motor (4) switches on in relation to the
number of feeding cycles conducted by the fuel-feeding
motor (6). To expand the area of the ash pile, a poker
(23) is inserted into the BBF ash pile in the furnace
(12) through the path of the power transmission device
(26), the transmission sleeve (24) (fixed in the retention
plate (25)), and the outlet for the poker (30). At the same
time, the vertical and horizontal winds assist in blowing
ash away from the furnace (12) and ash removal is
achieved.
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In the process of TC, there are dynamic changes
in the amount of heat and feeding fuel required, and
the speed of the auger screw conveyor (14) driven by
the fuel-feeding motor (6) can be altered to deliver
such changes. In addition, to ensure a scientifically air
pressure and volume, the gear-rotation speeds of the
blower (27) to match those of the fuel-feeding motor (6)
are controlled by the ITC (microcomputer control).

Working Principle

The working principle of the curing control system
based on the ITC is shown in Fig. 3. Under the control
of ITC for TC, combustion is executed according to
a preset curing process. To facilitate TC operation,
a remote monitoring system is installed on the ITC,
by which the curers can ensure remote detection and
control over the dry-bulb temperature (DBT) and wet-
bulb temperature (WBT) through the APP software on
their mobile phone.

At the beginning of TC, the curer turns on the
ITC, and the ITC immediately begins detecting the
actual DBT through the DBT and WBT sensors in
the loading chamber of the bulk curing barn. Then,
the curer sets the specific values of the target DBT,
WBT, and the heating speed on the ITC using the keys.
After calculating the existing temperature difference
between the target DBT setting and the actual DBT.
The ITC governs the speed of the feeding motor of the
fuel supply system to transport BBF into the furnace
according to this difference, and the blower speed of the
ventilation-combustion support system is synchronously
matched. At the same time, the infrared detector
detects in the new BBF burner that there is no flame
in the burner and feeds this information back to ITC,
which manages the ignition system that extends into

Measured actual DBT from the bamn

BBF in the furnace and conveys electrical power to
the ignition rod, in which the heating wire ignites BBF.
The infrared detector detects when fuel burns and feeds
this information back to ITC, which draws the ignition
device back to the original position. Then, during the
TC process, the ITC calculates the difference between
the target DBT setting and the actual DBT every five
seconds and continues to reregulate the fuel supply and
ventilation-combustion systems. In the same way, the
WBT is controlled by the dehumidification system in
ITC.

During the different stages of TC process, the curers
observe the status of the leaves to achieve a certain
DBT requirements needed to adjust and reset the new
value of the target DBT and keeping time by the keys
on the ITC. According to the difference between the
target DBT setting and the actual DBT. The ITC adjusts
the BBF quantity of the fuel supply system and the
oxygen volume of the ventilation-combustion system in
the unit time.

If the fire in the furnace is extinguished during TC
process, it will be detected by the infrared detector,
and the feedback into the ITC will start the ignition
system again. According to the different raw materials
of biomass fuel, the working time of the ash cleaning
system can be set using the ITC, which automatically
records the number of turns of the screw transmission
rod in the fuel supply system and controls the frequency
and magnitude of the pokers in BBF reactor.

Heat Calculation

The DBTs and WBTs of tobacco leaves in a bulk
curing barn at different time points are seamlessly
connected to form a curing curve during the TC
process. This curve has previously been divided into
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Fig. 3. Flowchart of the control operation diagram based on ITC.



Performance of an Intelligent Biomass Fuel... 135
Table 1. Heat demand and control during tobacco curing process.
Stages DBT DBT speed Curing Curing index Water loss weight | Water loss
& ©C) (°C/h) time (h) & (kg) ratio (%)
~ _ i - <
Leaf 35 1.0 5-6 Leaf preheating. 0-220 5
Yellow- 35~38 0.5 24-36 Yellowing of leaf tip and margin 600-800 14-19
ne 38~42 0.5 24-36 Yellowing of leaf center, leaves become soft 800-900 19-21
Partial whitening of the main vein, leaf tip
Leaf 42~46 0.3 36-48 upside down hook 900-1100 21-26
drying o - )
46~54 0.3 24-36 Whitening of the main vein, leaf drying 1300-1500 30-35
Stem . . .
drying 54-68 1 36-48 Main vein drying 400-450 9-11

three stages by researchers [27], and each stage has an
associated dry-bulb temperature (DBT) and amount of
time required to initiate water loss in China’s tobacco
areas, as shown in Table 1. The maximum heat required
during the TC process is 46-54°C in the leaf drying
stage.

The BBF combustion generates heat energy, thereby
heating the steel flue pipe, which heats the air in the
heating chamber of the barn; a circulating fan blows the
heated air into the loading chamber of the barn, where
high-low temperature circulation between the loading
chamber and heating chamber occurs, which promotes
the yellowing of tobacco in the loading chamber and the
timely evaporation of excess water.

The maximum heat demand per unit time per batch
per bulk curing bulk barn in the curing barn is Q, (kJ/s);
this is calculated as:

(mf—md)ocWOP/
Q — U
1 7 )

..where m ’ is the loaded fresh tobacco weight per batch
in each barn (kg); m, is the loaded dry tobacco weight
per batch in each barn (kg); ¢ is the average heat of
the water vaporized from tobacco leaves during curing
(kJ/Kg);, P, is the maximum moisture discharge of
tobacco leaves per unit time (%); and # is the system
thermal efficiency of the bulk curing barn (%). The heat
provided by fuel combustion not only meets the effective
heating needs of TC, but also dissipates unnecessary
heat to the outside through the wall and roof of the
curing barn.

The maximum amount of fuel required to cure
tobacco leaves per unit time in a barn is m, (kg/s),

-9/
m, =
" /G ®

..where G, is the calorific value of specific BBFs (kJ/kg).
Furthermore, the rotation speed of the fuel-feeding
motor in the feeding system is N (t/s),

N="h 2
p.SOC.ﬂ'(VS—I"p) 3)

..where p is the bulk density of biomass materials (the
diameter of biomass particles is generally 8-12 mm
and the length is 4-5 times the diameter (kg/m?); s is
the rotor pitch of the auger screw conveyor (m); ¢ is the
inclination angle, which is vertical in this study (and
¢ = 1); r_is the radius of the spiral plate feeder of the
auger screw conveyor (m); and r, is the radius of the
axle bearing of the auger screw conveyor (m). To more
accurately control the heat supply during TC process,
five rotational speeds of 0.2 N, 0.4 N, 0.6 N, 0.8 N, and
N were set.

The theoretical air volume required for complete
combustion of 1 kg of BBFs is V, (Nm’kg). The
molecular formula of the BBFs used in this study is
CHS,0 N . However, the formation of nitrogen oxides
was too small; thus, N is considered to be converted
into N, during BBF combustion, and the subscript
values of x, y, z, and w are determined with respect to
the chemicals detected in different BBFs. The molar
volume of gas is 22.4 L/mol under standard conditions,
and the volume of oxygen accounts for 21% of dry air,
such that:

_1Co/H o175 _ 170
AL ARVARYARA "

~where V.6V, VF and V¢ are the theoretical
amounts of air required for the combustion of C, H,
S, and O, respectively, in 1 kg of biomass fuel with
different raw materials (Nm?kg). The contents of each
element in the BBFs are similar to those in peat and
lignite. The excess air coefficient, o, of the combustor
is between 1.3 and 1.4 [28], and by substituting o into
Equation 5, the actual air demand, Vs (Nm3/kg), can be
obtained as:

Vo=aem,sV, s



136

He F, et al.

To match the rotational speed of the fuel-feeding
motor corresponding to different Q, values in each
stage, the rotation speeds of the blower are set to 0.2 Vs,
0.4 Vs, 0.6 Vs, 0.8 Vs, and Vs.

System thermal efficiency 7 (%) is also calculated
using Equation 6:

_lmmmee, o0
M eQ, (©6)

.where ¢ (2.6 x 10° kJ/kg) is the average heat of
vaporization for a leaf during the normal curing process,
which is usually calculated when DBT is 50°C [29], and
0, (kJ/kg) is the net calorific value of BBF.

Methodology

The experiment was conducted in Xuchang,
Luoyang, and Sanmenxia in Henan Province from
July-October of 2019. Tobacco leaves that were almost
uniform in appearance were selected. The varieties
of Zhongyan 100 flue-cured tobacco when mature
harvested in the middle of leaves were bound tobacco
leaves with woven poles. The amount of tobacco per
pole was 120-140 leaves and the loading of fresh
tobacco into each loading chamber was controlled at
5000+50 kg.

Two bulk curing barns with the same structure
were employed for the experiment (black lines in
Fig. 4), dimensions more precisely described by Wang
et al [30]. The one barn housed the original coal-fired
heating equipment and was used to heat tobacco with
coal as fuel without the controller managing the fire
(black lines in Fig. 4). In the other bulk curing barn
with curing control system based on the intelligent
tobacco controller, the new BBF burner was inserted
into the original coal-fired furnace through the coal
feeding port (Fig. 4). The fresh leaves were loaded, and

Chimney

Fan - Air Flow
| Heat Exchanger

1 Flue Pipe
[- 3 I c E Coal Furance
Air Flow

Heating Chamber

firing began at the same time in each barn. The BBFs
were composed of tobacco straw, and the coal was
desulfurized coal purchased from Inner Mongolia.

When the DBT in the experimental barns was 48 °C,
and the fuel was burning steadily [31], the concentration
of flue gas discharged from the chimneys was measured
at the central position of the chimney outlet using an
automatic gas tester (TW-3200, Tuowei Tech. Inc.,
China). A high-temperature digital sensor (MF53-
104F-3950-300L, Dongguan Xingxiang Electronic
Technology Co., Ltd, China) was installed in the front
(vertical air outlet (21), Fig. 2), the middle (retention
plate (25), Fig. 2), and rear (power transmission device
(26), Fig. 2) of the ventilation chamber of the BBF
equipment to detect temperature changes during BBF
combustion. Through the memory of the ITC, the actual
changes in DBT and the target curing curve in the
tobacco loading chamber were recorded during the TC
process with exactly one data point as recording points
every ten minutes. Autodesk 3D-Max 2013 and Autocad
2013 software (Autodesk, Inc., USA) were used in
drafting the structure and GraphPad Prism v. 5.0
(GraphPad Software, Inc., USA) was used to analyze
the experimental data.

Results and Discussion

Consistency between the Heat Supply
and Heat Demand of TC

Fig. 5 shows the changes in DBT in the two barns
during TC. However, at a certain time, there was a
+0.5°C difference between the controlled (target) DBT
and the actual DBT curve in the BBF barn, which was
less than the +2°C difference in the coal barn. During
the entire TC process, the deviation of the actual DBT
curve from the target DBT of the BBF barn was less
than that of the coal barn, which indicates that the heat

l;b;
- AN
DBT sensor [N
WBT sensor ¢
1 LA Beams
AN :
N
I
bk
Loading Chamber

Fig. 4. Internal structure of a bulk curing barn within coal-fired heating equipment after inserted into BBF burner.
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Fig. 5. Actual and target DBT changes during the tobacco curing process.

supply of the BBF barn was better aligned with the heat
demand of the tobacco leaves.

Temperature Changes at Different Positions
in the Ventilation Chamber during Heating

To avoid high-temperature damage to the auger
screw conveyor in the round feeding channel, a
ventilation and cooling structure was designed for the
electronic components of the ignition device and the
poker device in the ventilation chamber. Fig. 6 shows
the temperature changes at the front, middle, and back
of the ventilation chamber recorded during the TC
process with BBF stable heating; these temperatures
showed a stepwise downward trend, from 350°C,
145°C, and 60°C, respectively. Temperature fluctuations
at each detection point were less than £10°C. Due to
the irregular arrangement of the components in the
ventilation chamber, the variability of the curve for
he middle detection point was greater than those
of the front and rear detection points. In addition,
compared with the traditional coal-fired furnace door at
90-105°C, less heat was lost from the BBF equipment to
the outside.
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Fig. 6. Temperature changes with time at different positions
within the ventilation chamber.

Chimney Emissions

Table 2 shows the chimney emissions from the two
barns to the outside; it is evident that the concentrations
of particulate matter, SO, and CO, from the BBF barn
were significantly less than those from the coal barn.
Carbon monoxide is the product of incomplete fuel
combustion, and it is clear that combustion in the BBF
barn was more efficient than that in the coal barn. The
NO,_ concentration was significantly higher than that in
the BBF made by tobacco straw. In the future, it will be
necessary to combine different biomass materials and
increase the catalyst to reduce the NO_ content in the
flue gas.

Comparison between Conventional
and Biomass Curing Techniques

Various factors relating to each barn are quantified
in Table 3. Some differences are evident with respect
to the costs of fuel, electricity, and the amount of
manual labor required in both barns. For example, the
use of mature, mechanical, and electrical equipment
in the BBF barn does not require the amount of
manual labor that is needed in the coal barn to ignite
the coal-fired fuel, add fuel frequently, and manage
the furnace, which greatly reduces the costs relating
to manual operation, and realize an unattended TC
mode. In terms of the economic benefit, the operational
power consumption of the BBF barn was 0.2 kWeh/h,
and the power consumption per batch of tobacco was
20-30 kWeh higher than that in the coal barn. However,
although the fuel consumption of the BBF barn was

Table 2. Detection of chimney tail gas (mg/m®).

Particulate emission | SO, NO, | CO

BBF barn 88.6 a 37a | 230b|214a

Coal barn 185b 56b | 168a [247b




138 He F, et al.
Table 3. Properties of tobacco leaves during curing.
Properties BBF barn Coal barn
Curing time (h) 144 146
Maximum fuel loading per batch per barn (kg) 20- 50
Maximum fire keeping time per batch per barn (h) - 6
Green tobacco quality per batch per barn (kg) 5055 5047
Dry tobacco quality per batch per barn (kg) 643 630
Operating cost for labor curing per batch per barn (USD) 4.28 51.41
Fuel consumption per batch per barn (kg) 1240 1309
Power consumption per batch per barn (kWeh) 168 142
Total cost per barn each batch (USD) 179.21 206.63
Curing cost per kg dry tobacco (USD/kg) 0.28 0.33
System thermal efficiency (%) 56.93 42.95

Note: “-” is an automatic continuation. Local market prices in 2019 were used to quantify the cost of coal after desulfurization
(108.53 USD/t), biomass fuel (128.52 USD/t), and electricity (0.09 USD/kW<h). The calorific value of BBF and coal are 16,250 kJ/

kg and 20,428 kJ/kg, respectively.

30 kg greater than for the coal barn, the curing cost per
kilogram of dry tobacco leaf of the BBF barn was 0.05
USD less than that of the coal barn.

According to biomass history, the curing process for
the energy conservation efficiency of TC is a process
of gradual improvement. With energy efficiency below
30%, approximately 14 kg of firewood was consumed
to obtain 1 kg of cured tobacco using direct-fired
combustion suggested by Siddiqui and Rajabu [32],
and then decreased to around 4.5 kg kg' of tobacco
by Musoni et al [33]. As compared to firewood and the
same direct-fired combustion mode, BBF burned more
stably mainly due to its uniform size; the upgraded
energy efficiency for burning BBF ranged from 39 to
42% [34]. With burning gasification gas applying the
special furnace structure for BBF via manual operation
[26, 35], the energy efficiency could be improved
from 53.17 to 55.26%. In this work, applying mature
electromechanical and computer technology with
integrated combustion/gasification furnace for BBF, the
system thermal efficiency is improved to 56.93%. This
shows that the improvement of thermal efficiency of
biomass fuel should be based on “uniform fuel size +
secondary combustion of gasified gas + precise control
of feed” in the process of fuel heating. Energetic density
is an important factor affecting the thermal efficiency of
flue-cured tobacco [36]. In this work, the diameter and
length of the biomass pellets are 10 mm and 30-50 mm,
respectively; thus, it is necessary to use this new BBF
burner to study the thermal efficiencies of the different
diameters and lengths of pellets used for heating TC.

The target DBT curve is a standard curve designed
by tobacco technological curers according to the
conditions of fresh tobacco leaves [37]. An ideal curing
process for tobacco leaves is achieved when the actual

DBT controlled in the loading chamber is completely
consistent with the target DBT [38]. However, due to the
influences of fuel ignition and combustion attenuation,
there are typically differences between the actual DBT
control and the target DBT. Compared with Xiao [34]
and Ren [39] using BBF heating for TC, the difference
between the actual and the target DBT are +2.8°C and
+1.0°C respectively; a difference of +0.5°C between
them is preferable for the structural design of this new
BBF burner. However, heating intelligent analysis of
control program of the complete TC process, variable
speed control of auger screw conveyor, wind pressure
and speed of blower, and compatibility between them
should be further researched in order to improve the
accuracy of flue-cured tobacco heating.

The heat supply of the BBF burner used herein
was 20,000-200,000 kJ/h, which makes it appropriate
for supplying heat at this scale in agricultural or
industrial applications. In recent years, small-scale
precision heating with biomass fuel has offered a
promising direction for future research [40, 41], and the
results of this study highlight the potential for further
development that is required to improve efficiency and
increase the application of this technology.

Conclusions

The BBF burner designed and assembled in this
study had a fuselage frame, fuel supply, combustion air
support, and fire management system. These systems
work together during the BBF combustion process to
maintain stable fuel combustion and a stable heat supply.
The novel design of the ventilation structure effectively
reduces damage to the electronic components that can
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be caused by high temperatures. Compared with the
traditional coal-fired heating equipment, test results
showed that the BBF device met the heating demands of
TC, and brought about indirect contact of the operator
with smoke and soot.

When the actual DBTs during the TC process rose
or fell, thus deviating from the target DBT, the ITC
governing the BBF burner increased or decreased the
fuel supply to the furnace through its fuel feeding
device, thereby maintaining the flame size. The
BBF was thus fully combusted, and the CO content
discharged from the chimney was significantly lower
than that from coal-fired heating equipment.
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