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Abstract: A thermosyphon-fixed bed reactor was designed and constructed to investigate the
temperature distribution of the cassava rhizome and its decomposition behavior. To study the
properties of torrefied char obtained from this reactor, cassava rhizome was torrefied in five different
configurations, including the thermosyphon-fixed bed reactor, a laboratory reactor in compact bulk
arrangement with N as the purge gas and without any purge gas, and another one in a hollow
bulk arrangement with and without purge gas. It was found that the use of thermosyphons with
a fixed bed reactor improved the uniform temperature distribution. The average heating rate to
the cassava rhizome bed was 1.40 °C/min, which was 2.59 times higher than that of the fixed bed
reactor without thermosyphons. Compared to the other configurations, this reactor gave the highest
higher heating value (HHV) and the lowest mass yield of 23.97 MJ/kg and 47.84%, respectively.
The water vapor produced in this reactor played an autocatalyst role in the decomposition reaction.
Finally, the thermosyphon-fixed bed reactor gave an energy yield in the range of 70.43% to 86.68%.
The plot of the HHV ratio—mass yield diagram indicated the difference of torrefied char obtained
from different reactors. The thermosyphon-fixed bed reactor produced torrefied biomass with the
highest HHV ratio compared to that of other reactors at the same energy yield.
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1. Introduction

Torrefaction is a biomass upgrading process using a thermal degradation reaction. Since the
process temperature is in a range of 200-300 °C, the torrefaction process is sometimes called
mild pyrolysis [1-3]. The torrefaction of biomass results in the increase of HHYV, grindability,
and hydrophobicity. The outstanding advantage is the higher retained energy of the residual solid
product, compared to that of the other pyrolysis process, i.e., carbonization. These advantages lead to
a number of studies on both process parameters and reactor design torrefaction. In terms of process
parameters, it is revealed that the increase of temperature and resident time resulted in the increase
of HHV, grindability, and hydrophobicity [4-14]. The term “Torrefaction Severity Index (TSI)” was
introduced by Chen et al. [15] to indicate the degree of thermal degradation. TSI was defined by the ratio
of weight loss at any operating condition to weight loss at a reference condition. The high value of TSI
indicated a high weight loss of biomass during torrefaction. Biomass particle size also had an impact on
the weight loss of the biomass during torrefaction. The increase of particle size resulted in the decrease
of the weight loss of biomass [16,17]. The major parameter that affects the decomposition pathway
of biomass decomposition was the biomass bulk arrangement. Soponpongpipat et al. [18] reported
that there were two types of biomass bulk arrangement: compact and hollow bulk. The compact bulk
arrangement resulted in the higher degree of decomposition and value of HHV compared with that of
the hollow bulk arrangement. This result was explained, in that water produced during torrefaction
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played a role as a catalyst, and an autocatalytic decomposition pathway took place in the case of
a compact bulk arrangement.

In terms of reactor design, torrefaction reactors were classified into two categories based on
their heat transfer mechanism, including direct and indirect heating [19]. In the direct heating
reactors, heat is transferred to biomass by direct contact with hot media. To avoid combustion during
torrefaction, the hot media was controlled to maintain an oxygen-free or limited amount of oxygen
environment. Examples of media used in heating are superheated steam, flue gas, a hot solid particle
and electromagnetic wave. The direct heating can be applied to the reactors of fixed bed, rotating drum,
fluidized bed, moving bed and microwave. In indirect heating, heat is transferred through the
reactor wall to the biomass. By this method, the amount of oxygen in the reactor can be controlled
easily. The indirect heating can be applied to the reactors of the fixed bed, screw and rotary drum.
The comparison of each reactor indicates that the category of the direct heating reactor has a higher
construction cost than that of the other one due to cost of the inert gas heat exchanger, superheated
steam generator, inert gas compressor, particle separator and microwave generator (Table 1). For the
fluidized bed reactor, it has a complex structure, and it is very difficult to operate. The category
of indirect heating reactor is easier to operate, and has a more simple structure than the other one.
The main drawback of the reactor in this category is that the heat distribution becomes nonuniform
when the thickness of the biomass bed is high. To overcome this drawback, a large heat exchanger
surface is needed. This causes the need of large space and high construction cost. The indirect heating
fixed bed reactor has the lowest construction cost because there is no moving part or special element
(Table 1). The limitation of the fixed bed reactor scaleup is a nonuniform heat distribution. This results
in a low temperature zone inside the fixed bed reactor, and torrefaction cannot take place. To solve this
limitation, thermosyphon, the wickless, gravity-assisted heat pipe, is selected as a thermal management
device. By inserting one end of thermosyphon into the compact biomass bulk, and the other end
into heat source, heat will be transferred uniformly from the hot media to the biomass bulk without
direct contact. Because thermosyphon has a very high conductivity with no moving part, the fixed
bed reactor can be scaled up easily by using thermosyphon. With this concept, the new design of the
torrefaction reactor, which has a simple structure, requires small space, has no moving parts, is of
low cost and an easy operation, can be developed. However, there is no certainty of evidence on the
workability of this conceptual design.

To verify this concept, this work constructed the thermosyphon-fixed bed torrefaction reactor,
and filled in the reactor with cassava rhizome in the form of a compact bulk arrangement.
The temperature distribution of biomass inside the reactor was investigated. The properties of
torrefied char, including HHV, mass yield and energy yield, were studied. Finally, the scanning electron
microscopy (SEM) images of the torrefied char obtained from the thermosyphon-fixed bed reactor
were compared with those obtained from a laboratory-fixed reactor.
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Table 1. Comparison of each reactor.
Heating Sl;:a(:fsz:at Difficulty to Moving or
Reactor Type Medium/Heat Operate the Special Limitation to Scale Up
Surface Area
Source Process Element
of Reactor
Direct heating reactor
- Nonuniform heat distribution,
Inert gas heat ~ when the thickness of the biomass
Flue gas, Inert exchanger or bed is high
1. Fixed bed gas, or N/A Hard superheated - Difficulty to c-ontrol the oxygen
Superheated steam amount in flue gases
steam generator, Inert - Price of inert gas
gas compressor - High construction cost for
superheated steam generator
Drum and - High construction cost for the
2 Rotatin Flue gas or driver set, superheated steam generator and
' drum & Superheated N/A Hard superheated the reactor
steam steam - Difficulty to control the oxygen
generator amount in the flue gases
- Biomass/solid medium
Gas/Air separation
3. Fluidized Solid medium compressor, - High consitruchon cost for
. N/A Very hard biomass/solid  peripheral equipment, such as the
bed and/or inert gas . . K
medium air/gas compressor and particle
separator, separator
- Price of inert gas
- High construction cost for the
Flue gas or superheated steam generator and
4. Moving bed superheated N/A Hard Conveyor belt the reactor
steam - Difficulty to control the oxygen
amount in flue gases
Microwave - High construction cost for the
5. Microwave Microwave N/A Hard reactor
generator . .
- High energy consumption
Indirect heating reactor
Combustion or No movin - Nonuniform heat distribution
1. Fixed bed . Large Easy 8 when the thickness of the biomass
electrical heater part N
bed is high
Combustion or Screw and its - Nonuniform heat distribution
2. Screw . Large Medium . when the thickness of the biomass
electrical heater driver set .
bed is high
3. Rotating Combustion or . Drum and its . Nonumf(?rm heat dlsmb.u tion
. Large Medium . when the thickness of the biomass
drum electrical heater driver set o
bed is high
4. New reactor No movin - Uniform heat distribution when
design in Combustion Small Easy & the thickness of the biomass bed is

present work

part

high, and low construction cost

2. Materials and Methods

2.1. Materials

Cassava rhizome (M. Esculenta) was used in the experiment, since it was agricultural waste which
was abundant in Thailand (1.83 million tons in 2009) [20]. It was gathered from Ratchaburi Province
(13°31'6”N 99°57"18”E). The cassava rhizome was chopped by a hammer mill into pieces smaller than
5 mm. The moisture content of the raw biomass was controlled in range of 12 + 2% (w.b.), by drying in
a hot air oven before loading into an air tight container.

2.2. Thermosyphon - Fixed Bed Torrefaction Reactor

Figure 1 shows the thermosyphon-fixed bed torrefaction reactor (TSFR). The mild steel reactor
had a width of 0.37 m, a length of 0.37 m and a height of 1.49 m. It was divided into two parts: the:
torrefied chamber and the heating chamber. These two parts were completely separated by the steel
plate at the bottom of the torrefied chamber. The length of the torrefied and heating chambers were



Processes 2020, 8, 267 4 0f 15

0.65 m and 0.84 m, respectively. The heating chamber was separated into two zones which were the
thermosyphon’s evaporator zone (0.54 m) and the combustion zone (0.30 m). a liquefied petroleum
gas burner, placed in the heating chamber, was used as a heat source. Heat was transferred from the
heating chamber to the torrefied chamber by five two-phase closed thermosyphons installed inside
the reactor (one in the middle and four at each corner of the torrefaction chamber). Each two-phase
closed thermosyphon was made from mild steel pipe of 0.06 m outside diameter, 2.5 mm in thickness,
and 1.10 m in length. The evaporator and condenser section were 0.50 m and 0.60 m, respectively.
Dowtherm—-A was used as the working fluid. The filling ratio was 50% of the evaporator volume.

_. 037m

Torrefaction chamber

Heating chamber

g
f=4
=
LPG stove
!
0.67 m -
Lid T " ]
& i SaT o Two-phase closed
thermosyphon
Ball valves |
Torrefaction : - -
chamber Reactor wall
Heating
chamber

LPG burner

Heat distribution fin

Figure 1. Thermosyphon-fixed bed torrefaction reactor.

The volatile produced from biomass torrefaction left the reactor via two vent tubes installed on the
lateral surface of the reactor. Two ball valves were installed at the end of each vent tube to control the
volatile ventilation. These valves were closed until the temperature of the biomass inside the reactor
had reached the water boiling point. After that they were opened to release water vapor and volatile.
When the torrefaction process had finished, both ball valves were closed, and the reactor was left to
cool to room temperature. To observe the temperature distribution of the biomass inside the torrefied
chamber, ten Type K thermocouples were installed at the heights of 0.94 m, 1.04 m, 1.14 m, 1.24 m and
1.34 m, measured from the bottom side of reactor. The surface temperature of the thermosyphon was
also measured by installing six Type K thermocouples at the heights of 0.54 m, 0.84 m and 1.44 m.
The details of the installation are shown in Figure 2.
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Figure 2. Detail of thermocouples installation.

2.3. Laboratory fixed Bed Torrefaction Reactor

The laboratory-fixed bed torrefaction reactor was shown in Figure 3. It was made of a stainless
steel cylinder, with a diameter of 0.04 m, and a thickness of 2.5 mm. The reactor length was 0.10 m.
Heat was generated by a 3 kW electrical heater. Three Type K thermocouples were installed inside
the reactor to observe the biomass temperature. The torrefaction was done in two ways: torrefaction
without purge gas and torrefaction with nitrogen as the purge gas. For torrefaction without any purge
gas, both ends of the reactor were closed during the heating period. When the biomass temperature
reached the water boiling point, one end of the reactor was opened to release the water vapor and
volatile matters from the reactor. For torrefaction with nitrogen, a flow rate of 100 mL/min was purged
through the reactor. The volumetric flow rate of the nitrogen was controlled using a rotameter.

T1.T2 ‘T3

TIT2 T3

T4 Temperature

T4 _| Temperature
controller

controller

Removable
cap

|
lj :"liea';:t.(')rwl ﬁ Ia W—»D:{ lReactorj }::c

Electrical furnace

Removable
cap

Electrical furnace

(a) (b)

Figure 3. Laboratory-fixed bed torrefaction reactor. (a) Torrefaction without purge gas; (b) Torrefaction

with nitrogen as purge gas.

2.4. Experimental Procedure

2.4.1. Temperature Distribution of Cassava Rhizome and Heating Rate

To investigate the temperature distribution of cassava rhizome inside TSFR, a sample of 4.45 kg
was filled in the torrefied chamber. After that, the lid of the torrefied chamber was closed to prevent
sample exposure from the outside air. The heating chamber temperature was controlled at 450 °C.
The cassava rhizome temperatures measured from each thermocouple and heating time were recorded.
Then, the graph between cassava rhizome temperatures and the height of the cassava rhizome bed was
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plotted. All cassava rhizome temperatures in the bed were averaged. This temperatures value was
used to monitor the heating process as the biomass bed temperature, and to determine the heating rate
to the bed. To investigate the effect of thermosyphons on heat distribution to the cassava rhizome bed,
working fluid (Dowtherm-A) was removed from the thermosyphons of TSFR. Without working fluid
inside the thermosyphon, TSFR became a fixed bed reactor with no thermosyphon. The experimental
procedure for this case was similar to TSFR as described earlier.

2.4.2. Torrefied Char Preparation and Properties Analysis

To obtain the torrefied char from thermosyphon-fixed bed torrefaction reactor, 4.45 kg of cassava
rhizome was used for each experiment. The heat was given to the reactor until it reached the set torrefied
temperature. Then, the input heat was controlled to keep the torrefied temperature constant. When the
desired torrefied time was reached, the reactor was left to cool to room temperature. This configuration
was denoted as TSFR.

The obtained torrefied char was weighed and stored in closed plastic bags for further analysis.
Torrefied char from the laboratory fixed bed torrefaction reactor was obtained from two different
arrangements: the hollow and compact bulk arrangement, as shown in Figure 4. Regarding to purge
gas usage, the configuration for the laboratory reactor can be divided into four types. The first and
second ones were the hollow bulk arrangement with purge gas (N,) and without purge gas, which are
denoted as LR-HN, and LR-HW, respectively. The third and fourth ones were the compact bulk
arrangement with purge gas (N;) and without purge gas, which are denoted as LR-CN;, and LR-CW,
respectively. The cassava rhizomes of 13 g and 26 g were placed into the reactor for the hollow and
compact bulk arrangements, respectively. The torrefied temperatures for both thermosyphon-fixed
bed and laboratory-fixed bed reactor was set at 230 °C, 260 °C and 280 °C. For each temperature,
the torrefied time was set at 1 hour after the torrefied temperature was reached.

Space
Biomass Biomass
(a) (b)

Figure 4. Two types of biomass bulk arrangement. (a) Hollow bulk arrangement; (b) Compact
bulk arrangement.

The higher heating value of the torrefied char obtained from both reactors was measured using
a bomb calorimeter in accordance with the ASTM D 5865-07a method. The mass and energy yield of
this experiment was calculated using the following equation:

_ Myorrefied char )
mass .
Myaw biomass

M) @

Yener = Ymass X (
& HHVraw biomass

where Ymass and Yenergy denoted the mass yield and energy yield, respectively. Miorrefied char and Mraw
biomass represented the mass of the torrefied char and the mass of raw biomass at the initial time
(kg), respectively, and HHViqrefied char and HHV qw biomass Signified the higher heating value of the
torrefied char and raw biomass (MJ/kg), respectively.

Scanning Electron Microscopy (SEM) was used to study the surface morphology of the torrefied
char obtained from five configurations: TSFR, LR-CN;, LR-CW, LR-HN; and LR-HW.
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3. Results and Discussion

3.1. Temperature Distribution of Cassava Rhizome and Heating Rate

The temperature distribution of cassava rhizome inside the TSFR at the heating chamber
temperature of 450 °C is shown in Figure 5. The vertical axis displays the height measured from the
bottom of the reactor. It should be noted that the torrefied chamber was placed at the height of 0.84 m
(the bottom) to 1.49 m (the top). At the heating time of 160 min, the temperature of this cassava rhizome
increased from 31.4 °C to 269.3 °C at the bottom and 31.4 °C to 229.3° C at the top. The maximum
temperature difference was 40.0 °C (equivalent to 14.85%, based on the maximum temperature at the
same time of 269.3 °C). The average temperature of the cassava rhizome was 255.6 °C. The average
heating rate to the cassava rhizome bed was 1.40 °C/min, which was quite low compared to the heating
rate of the electrical heated fixed bed reactor reported by Budde et al. [21] (10 °C/min.). The moisture
content of the biomass used in their work was less than 6%, while the biomass used in the present
work contained 12% of moisture content.

1.4
1.35 %0 min 4160 min
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Height of the reactor (m)
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Biomass temperature (°C)

Figure 5. The temperature distribution of cassava rhizome in the reactor with thermosyphon at heating
chamber temperature of 450 °C.

The higher moisture content in the biomass resulted in a low heating rate. The temperature
distribution in the case of the fixed bed reactor without thermosyphon is shown in Figure 6. At the
similar heating time of 160 min, the temperature of cassava rhizome increased from 30.2 °C to 140.1 °C
at the bottom and 30.3 °C to 103.0 °C at the top. The average temperature of cassava rhizome was
117.2 °C. The average heating rate was 0.54 °C/min. To achieve the set temperature of cassava rhizome
(260 £ 10 °C), the heating chamber temperature was maintained at 450 °C until 360 min. At this time,
the temperature at the bottom was 243.7 °C, while the one at the top was 136.0 °C. The temperature
difference between the bottom and top was 107.7 °C. The average temperature of cassava rhizome
was 182.7 °C, which deviated too far from the set point. These results indicated the change in heat
transfer mechanism after the thermosyphons were installed. In the case of a fixed bed reactor without
thermosyphons, the heat was transferred from the cassava rhizome at the bottom to the top by heat
conduction. Due to the void between the cassava rhizome chips, the cassava rhizome bed was in
a form of porous media, having high conductive thermal resistance. Thus, the high temperature
gradient along the bed height occurred, and a very long heating time was needed to reach the set
torrefied temperature, as seen in Figure 6. To control the properties of torrefied biomass, the torrefied
temperature range should be narrow. Hence, it was not possible to use the conduction heat transfer
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mechanism through the thick biomass bed to conduct the torrefaction process. In the case of TSFR,
the working fluid inside the thermosyphon received heat from the heating chamber in a form of
latent heat, and transferred this heat through the thermosyphon’s condenser section located along the
biomass bed height. With this heat transfer mechanism, the heat was transfered uniformly throughout
the biomass bed, with low thermal resistance and a low temperature gradient along the bed height
taking place, as seen in Figure 5. In addition, the average heating rate of the fixed bed thermosyphon
reactor was 2.59 times higher than that of one without thermosyphons. This result confirmed that
thermosyphons played an important role to reduce the total thermal resistance of the cassava rhizome
bed. Because the order of magnitude of the thermosyphon’s internal thermal resistances were small
compared to thermal resistance of the cassava rhizome bed, the height of the torrefied chamber can
be increased. In other words, the fixed bed reactor went upscale with uniform heat distribution by
using thermosyphons. Although the thermosyphons reduced the total thermal resistance of the bed,
the heating rate of TSFR was low compared to the other types. The cause of its low heating rate was
the high thermal resistance between the heat source and the thermosyphon’s evaporator. In this work,
a steel tube without fin was used to produce the thermosyphon’s evaporator. This configuration
resulted in high thermal resistance and a low heat transfer rate from the heat source to the evaporator.
The use of extended surface at the evaporator to reduce the thermal resistance can increase the heating
rate of the thermosyphon-fixed bed reactor. To achieve the optimum design and specify the heating
rate range, further study on the thermal characteristic model of this reactor is required.

1.4
1.35 -0 min =160 min -#-360 min
E 1.3
‘g 1.25
o 1.2
<
21.15
e
- 1.1
o)
£°1.05
=
0.95
0.9
0 50 100 150 200 250 300

Biomass temperature (°C)

Figure 6. The temperature distribution of cassava rhizome in the reactor without thermosiphon at
heating chamber temperature of 450 °C.

In conclusion, the use of thermosyphons with a fixed bed reactor improved the uniform temperature
distribution. For the heating chamber temperature of 450 °C, the maximum temperature difference
of cassava rhizome along the torrefied chamber height was 40.0 °C (equivalent to 14.85% based on
the maximum temperature at the same time of 269.3 °C). The average heating rate to the cassava
rhizome bed of TSFR was 1.40 °C/min, which was 2.59 times higher than that of the fixed bed reactor
without thermosyphons.

3.2. Comparison of Torrefied Char Properties

Figures 7 and 8 show the HHV of torrefied char and mass yield at various torrefied temperatures.
The HHYV of raw cassava rhizome and char sample obtained from each configuration, the mass yield
and energy yield, were shown in Table 2. For all configurations, the HHV tended to increase nonlinearly
when the temperature was increased. The torrefied char obtained from TSFR gave the highest HHV
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and the lowest mass yield for all temperature. The second and third ranks were samples obtained
from LR-CW and LR-HW), respectively. LR-CN; and LR-HN,; gave the lower HHV and the higher
mass yield comparing with the previous configurations.

26
4 TSFR BLR-CW ALR-HW XLR-CN2 ALR-HN2
24 *
| |

o A
i) .
3 - x
> P X 4

20 X
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200 220 240 260 280 300

Temperature (°C)

Figure 7. The relationship between the higher heating value (HHV) and torrefied temperature.
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Figure 8. The relationship between mass yield and torrefied temperature.
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Table 2. The properties of raw cassava rhizome and torrefied char obtained from each reactor.

Torrefied . o . o
Reactor Temperature (°C) HHV (M]/kg) Mass Yield (%) Energy Yield (%)
Raw cassava rhizome - 16.29 100 100
Thermosyphon-fixed bed reactor 230 20.24 69.89 86.86
(TSFR) 260 21.99 60.43 81.60
280 23.97 47.84 70.43
Laboratory reactor with compact bulk 230 19.96 72.89 89.34
arrangement and without purge gas
(LR-CW) 260 21.58 63.96 84.76
280 23.29 54.96 78.59
Laboratory reactor with hollow bulk 230 19.53 76.96 92.28
arrangement and without purge gas
(LR-HW) 260 20.78 68.07 86.86
280 22.52 58.08 80.32
Laboratory reactor with compact bulk 230 18.93 80.58 93.67
arrangement and N, purge gas
(LR-CNy) 260 20.05 69.38 85.41
280 21.37 58.50 76.75
Laboratory reactor with hollow bulk 230 18.16 80.62 89.91
arrangement and N, purge gas
(LR-HN,) 260 19.35 73.15 86.92
280 20.62 59.08 74.79

These results indicated the effect of purge gas on the thermal decomposition of cassava rhizome,
which can be explained as follows. Mok et al. [22] reported that the water vapor, produced from
biomass pyrolysis, played a role as an autocatalyst for the cellulose degradation reaction, and the
increases of water vapor concentration in the reactor conducted the decrease of the reaction onset
temperature. In this study, when N, flowed through the reactor, the vapor produced from the thermal
decomposition of cassava rhizome was purged, resulting in the decrease of water vapor concentration.
Therefore, the reaction onset temperature for torrefaction with Ny as the purge gas was higher than
that for the others. According to previous work [22], the reaction onset temperature of cellulose
with 12.1% moisture content was about 285 °C. When comparing with the temperature range in this
experiment (230 °C-280 °C), it was seen that the cellulose content of cassava rhizome was insignificantly
decomposed. It was known that any lower degree of decomposition resulted in lower HHV [15,18].
Hence, purging the vapor product with N gas contributed the lower HHV and mass yield. In other
words, torrafaction without purge gas caused the high water vapor concentration. Water vapor was
able to act as an efficient catalyst. In the case of TSFR, LR-CW and LR-HW, the higher heating value and
lower mass yield were obtained (Figures 7 and 8). Moreover, the HHV and mass yield of torrefied char
obtained from both arrangements were different. The compact bulk arrangement showed the higher
value of HHV and lower value of the mass yield compared with the hollow bulk one. These results
can be explained by considering the resident time of the degradation reaction with a water vapor
catalyst. In the case of a compact bulk arrangement, the reactor was fulfilled with cassava rhizome.
The water vapor, produced from torrefaction, uniformly contacted with the surface of cassava rhizome,
and gradually passed through the cassava rhizome bed before leaving the reactor, resulting in a long
resident time for water vapor as a catalyst. In contrast, there was space above the bed in the case
of a hollow bulk arrangement (Figure 4). It was easier for water vapor to flow through the bed to
this space before leaving the reactor, rather than flowing through the bed in the longitudinal axis of
the reactor. This flow direction conducted a short time for water vapor to contact with the biomass
surface, and water vapor inefficiently catalyzed the reaction. Therefore, the decomposition degree in
the hollow bulk arrangement was lower than that of the compact bulk one. When the decomposition
degree was lower, the mass yield was lower while HHV was higher. In the case of TSFR, it had a larger
size and more biomass loading compared with that of the laboratory reactor. The resident time of
water vapor before leaving the reactor was also longest. Therefore, its decomposition degree was also
highest. The lowest mass yield and the highest HHV were seen in this case. It was clear that the use of
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purge gas and arrangement both affected the mass yield and the HHV. Nevertheless, the use of purge
gas had a stronger effect than the arrangement. The evidence was made up of SEM images, as shown
in Figure 9. The SEM image obtained from TSFR displayed the highest degree of decomposition.
The outer layer was destroyed, and the inner layer and small holes on this layer were clearly seen
(Figure 9a). For the SEM image obtained from LR-CW, the inner layer and small holes were still fully
visible. However, a trace of the substrate of the outer layer can be slightly seen (Figure 9b). It indicated
a lower decomposition degree compared that of the TSFR. The outer layer can be clearly seen in the
SEM image obtained from LR-HW. Small holes on inner surface cannot be seen due to a covering of the
outer layer substrate (Figure 9c). This covering indicated the lowest decomposition degree among three
configurations which torrefied without using purge gas. There was a similarity between Figure 9¢,d,
which SEM image was obtained from LR-CNj;. This similarity indicated the same decomposition
degree, resulting in an insignificant difference of mass yield, as seen in Figure 9. The morphology of
the outer layer was clearly seen for the SEM image obtained from LR-HN, (Figure 9e), indicating the
lowest degree of decomposition.

bl ;i 8 L i S
SEM HV: 5.0 kV. X d I : 5.0 kV
View feld: 103 ym View field: 104 View field: 104 ym
SEM MAG: 2.01 kx iipakorn Universi iipakon Universi SEM MAG: 2.00 kx : 1. Silpakorn Univarsity
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Figure 9. Scanning electron microscopy (SEM) images of torrefied char at temperature of 260 °C
(a) TSR (b) LR-CW (c) LR-HW (d) LR-CN, (e) LR-HN,

It can be concluded that TSFR contributed the highest HHV and the lowest mass yield, compared to
the other configurations. The highest HHV was 23.97 M]/kg, and the lowest mass yield was 47.84%,
where both values were found from torrefied temperature of 280 °C. The water vapor, produced from
torrefaction, played an important role as an autocatalyst, which was similar to LR-CW. The resident
time for water vapor to catalyze was also an important parameter when the large size of reactor and
biomass were used.

3.3. Energy Yield

Figure 10 shows the relationship between torrefied temperature and energy yield. The TSFR
gave an energy yield of 86.86%, 81.60% and 70.43% when the torrefied temperature was 230 °C,
260 °C and 280 °C, respectively. The energy yield for the other configurations is shown in Table 1.
For all configurations, energy yield tended to decrease when torrefied temperature was increased.
Energy yields obtained in this work and the previous ones were in the same range [23-25]. To decide
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the most suitable torrefied condition and configuration regarding to energy yield, the data obtained in
the present work and the data reported by the previous works on the fluidized bed reactor [7,19,26],
rotating drum reactor [19], convective reactor [19] and microwave reactor [27], were replotted in the
HHYV ratio-mass yield diagram, as shown in Figure 11. The HHV ratio was defined as the ratio of HHV
of torrefied char to HHV of raw biomass. According to the definition of energy yield, the iso-energy
yield line can also be plotted on this diagram, which consisted of two points of discussion, as follows.
Firstly, there was a difference on mass loss characteristic during torrefaction with different configuration.
The detail was explained as follows. It was known that the decrease of mass yield without the change
of HHV means only that moisture was released from biomass.
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Figure 10. The relationship between torrefied temperature and energy yield.
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Figure 11. The plot of HHYV ratio - mass yield diagram and iso-energy yield contour.

The increase of HHV along with the decrease of mass yield indicated the decomposition of
a chemical bond and a change in molecular structure. Therefore, a low degree of decomposition caused
the low slope of the HHV ratio—mass yield graph. In contrast, the high slope pointed to a high degree
of decomposition. In addition, if there is only one decomposition mechanism during torrefaction,
one value of HHV will be obtained from one specific mass yield, and there is only one slope on the plot.
However, Figure 11 shows a contrast. The difference in slope showed the difference in decomposition
pathways. Five linear trend lines were found in Figure 11. The line with highest slope belonged to the
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data group obtained from LR-CW, LR-HW and TSFR, all of which were without purge gas. The two
lines with medium slope were obtained from LR-CNj and LR-HNj, respectively. The data of the
microwave reactor [27] was on a same linear line of LR-CN,. The two lines with the lowest slope were
obtained from the data of convective reactor [19], fluidized bed reactor [7,19,26] and rotating drum
reactor [19]. It was clearly seen that there were five decomposition pathways depending on torrefied
configuration. Five solid lines in Figure 11 were used to represent the change of HHV ratio for each
torrefied configuration; in other words, decomposition pathway. These solid lines indicated one to one
mapping between HHYV ratio and energy yield for each particular decomposition pathway. The top
solid line showed that torrefaction without purge gas resulted in the highest HHV ratio at the similar
energy yield.

Secondly, there were many values of HHV ratio at the similar energy yield depending
on the decomposition pathway (Figure 11). Thus, the most suitable torrefied condition and
configuration should be identified by the criteria of the highest HHV ratio at the similar energy
yield. When consideration was done on each iso-energy yield line, the highest HHV ratio was
found on the top solid line which represented group of torrefaction without purge gas including
TSFR, LR-CW and LR-HW. When TSER was designed to solve a scaleup problem, it was the most
suitable configuration which contributed the highest HHV ratio at the same energy yield. In addition,
TSFR produced torrefied biomass with the highest HHV ratio compared to those of fluidized bed
reactor, rotating drum reactor, convective reactor and microwave reactor at the same energy yield.

In conclusion, TSFR gave an energy yield in range of 70.43% to 86.68%. The plot of HHV ratio-mass
yield diagram indicated three data groups of different decomposition pathway. In terms of scaleup,
TSFR was the most suitable configuration in this work.

4. Conclusions

Thermosyphon-fixed bed reactor (TSFR) was designed and constructed in this work to investigate
the temperature distribution of biomass and its decomposition behavior. Torrefaction of cassava
rhizome with TSFR and four torrefied configurations were conducted. It was found that thermosyphons
improved the uniform temperature distribution inside a cassava rhizome bed. The average heating rate
to the cassava rhizome bed of TSFR was higher than that of fixed bed reactor without thermosyphons.
Compared to the other configurations, TSFR contributed the highest HHV and the lowest mass yield
of 23.97 MJ/kg and 47.84%, respectively. The water vapor played an autocatalyst role, which was also
found in the compact bulk arrangement. The resident time for catalyzation was also an important
parameter when the large size of reactor was used. Finally, TSFR gave an energy yield in range of
70.43% to 86.68%. The plot of HHV ratio-mass yield diagram indicated three data groups of different
decomposition pathways. TSFR was the most suitable configuration regarding to the iso-energy yield
criteria. The obtained results indicated the TSFR had a simple structure and had no moving part.
Thus, TSFR had a low construction cost. In addition, it could be operated easily, and did not need
electricity for operation. Although TSFR gave a low heating rate, it produced torrefied biomass with
the highest HHV ratio compared that obtained from other types of the reactor at the same energy yield.
These advantages indicated that TSFR was suitable to use in a rural area in which the electricity was
costly and the complicated control process should be avoided. However, there is a question on the
energy efficiency of TSFR. Further study on specific energy consumption of TSFR is needed.
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