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Abstract: Many agricultural waste residues are generated in Southeast Asia while some areas in the
region still do not have electricity. This study explores the potential effective utilization of agricultural
residues in Southeast Asia to generate power. Firstly, visualization of the potential for energy
generation was completed using a geographic information system (GIS). Secondly, a comparison
of effectiveness was completed between the torrefaction and hydrothermal treatment of low-grade
agricultural residues as pretreatment techniques for the modification of agricultural residues. In this
study, the feasibility of utilizing rice residues was analyzed (i.e., rice husks, which are produced in
large quantities in Southeast Asia) to determine their suitability for pretreatment as feedstock for
power plants. This was assessed experimentally by focusing on the pyrolytic characteristics of the
husks and the rate of ash change both before and after treatment, while the subsequent implications
on transportation costs were also noted. The results indicated that the percentage of ash in torrefied
rice husks was 26.7%, whereas the percentages of ash in rice husks that were treated with water or
an NaOH solution were 13.96% and 8.87%, respectively. The reduction in transportation costs after
compression was 90.8% for hydrothermal treatment and 88.7% for torrefaction.
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1. Introduction

The use and application of biomass, which is carbon-neutral, has been attracting attention in recent
years as a renewable resource in the attempts to address the call for the reduction of energy-related
carbon dioxide emissions. Biomass utilization technologies are currently being developed in Southeast
Asian countries, which have abundant biomass resources. Countries like Myanmar and Cambodia,
which have a lower electrification rate compared to other Southeast Asian countries, are expressing
great interest in biomass power generation [1]. In Myanmar, in particular, there are power generation
projects using rice husks, a form of agricultural biomass with an abundant supply in the country,
that are drawing much attention [2].

Occupying a massive land area, Myanmar is known worldwide as a country with high food
production output [3]. However, the slow development of its electricity supply network, partly due to
its vast land area, is a significant problem. Areas without electricity are faced with various problems
that make it challenging to increase the electrification rate, such as capital procurement and diffusion
of residential areas. In one region in Myanmar, electricity is supplied through diesel power generation,
but this does not represent a fundamental solution [4]. Under these circumstances, it can be said that
an independent or distributed-type energy system utilizing renewable energies that include biomass
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would be suitable for providing electricity to areas that are located away from the main electrical
supply line. In fact, at the Kyawzan village in Myanmar, 20–140 kW gasifiers using rice husks have
been installed in 14 locations, and studies are now being conducted toward developing the village’s
electrification. However, numerous problems have yet to be solved, such as the decrease in power
generation efficiency and environmental pollution due to clinker trouble and tar formation. Figure 1
shows the rice husk gasifiers, as well as the clinker and tar drainage situation in Kyawzan village.
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The promotion of agricultural biomass utilization would require technology and systems that
improve the quality of fuel. However, in our evaluation of 86 biomass-related projects supported
by Japan in Southeast Asian countries using the Technology Readiness Assessment (TRA) method,
the results showed low maturity of biomass energy conversion technology and suggested many
technical problems [1].

Concerning biomass energy conversion technology, numerous research studies have focused on
improving the energy yield from biomass raw materials to products or on solving problems related
to transportability and storability. Sano et al. [5] have shown that torrefaction can be advantageous
for wood chips and pellets based on energy density by weight. Torrefaction is a heating process for
biomass in the absence of oxygen or for when it is drastically reduced to a temperature of about
250–350 ◦C. This temperature range is lower than the heat of pyrolytic processes that are usually
used to transform the energy of biomass [6]. During the heating process, water and volatiles are
removed, which makes the original biomass more brittle, improves its grindability, and reduces its
ability to absorb moisture [7]. These properties make a torrefied biomass fuel more suitable for energy
plants by giving it better storability and transportability. Jeeban Poudel [8] et al. produced a solid
biomass fuel with properties similar to lignite by torrefaction of waste woody material. As for the
method of coal-mixed combustion power generation using semi-carbonized torrefaction products,
Omura et al. [9] used life cycle CO2 (LCCO2) to analyze a mixed combustion with 30% semi-carbonized
products to achieve an annual reduction of 95,000 t-CO2 (approximately 28.5%) in CO2 emissions.
The hydrothermal process is a thermochemical conversion process that is used to convert biomass
into biofuel. The process is usually performed in water at a temperature between 250 ◦C and
374 ◦C and at pressures of 4–22 MPa. In the water, the biomass is degraded into small components.
The temperature, pressure, and time are adjusted depending on the intended output of the process
(oil, gas, or carbon). Because hydrothermal biomass processing can process various types of biomass
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and co-utilize waste materials, significant effort and attention have been given to evaluating this
approach [10]. Nepu Saha [11] et al. have shown that, through the conversion of paper mill sludge
into solid hydrothermal fuels, solid fuels with combustion properties very similar to those of coal can
be obtained.

Although there is a good potential market for rice husks as biomass powerplant feedstock,
the clinker problem that results from the ash that is generated is regarded as a significant challenge [10].
It is also necessary to select an appropriate process for pretreating rice husks. The objective of this report
is to verify, through experiments and analyses, the improvements resulting from the use of torrefaction
and hydrothermal methods in the pretreatment of rice husks as a low-grade source of biomass,
with respect to problems such as the decrease in power generation efficiency and environmental
pollution due to clinker trouble and tar.

First, the electrification rate and overall production levels of rice husks in Myanmar by region are
presented as visualized data using QGIS [12] in an attempt to characterize the potential of rice husks
and the state of the electrification rate throughout the country.

Based on data from 2014 [3], the results of the visualization of the electrification rate by region
are shown in Figure 2a. From that figure, it can be seen that, in Myanmar, the electrification rate is
60% in the Yangon region and exceeds 40% in the Kayah region. Other areas throughout Myanmar
have an electrification rate below 40%. In particular, the electrification rates in the Ayeyarwady region,
which has the highest rice production in Myanmar, the Tanintharyi region, and the Rakhine region,
are 9%, 9%, and 6%, respectively. Based on data from 2010 [13], rice production in each region in
Myanmar is shown in Figure 2b. This shows that the production and processing of rice in Myanmar is
centralized in the Ayeyarwady, Bago, and Sagaing regions. The more current rice production data in
Myanmar does not show the detailed production capacity per region, but the new proportional data
still shows that the three regions remain the central production areas for rice and produced 28 million
tonnes in 2016–2017 [14,15].
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Rice husks have a low bulk density and low heat value because they are composed of 20% ash [16].
This results in significantly poor transportation efficiency with respect to the amount of energy. Hence,
rice husks are favored for use “as-is”, implying that they would have to be produced and consumed
locally [17]. Consequently, rice husk use is more desirable in areas such as the Ayeyarwady and
Bago regions, where the rice yield is high and power generation is locally produced and consumed.
While rice husk gasification power generation is possible in areas with low rice husk production
through transportation of rice husks from the high producing regions, an investigation of transportation
efficiency is still required to determine feasibility.

An experimental validation of torrefaction and hydrothermal methods was performed with
Thermogravimetry/Differential Thermal Analysis (TG/DTA). The discussion of the effect on the
reduction of the biomass transportation cost under the premise that pretreatment through torrefaction
and hydrothermal methods would be applied was completed at the same time. Specifically, we tested a
theoretical situation wherein rice husks from Myanmar’s Ayeyarwady region, which has an abundant
supply of rice husks, are transported to areas with a low production of rice husks, and then estimated
the reduction in transportation cost when the resource island model was used. The objective of the
above investigations was to obtain knowledge toward the efficient utilization of agricultural biomass.

2. Materials and Methods

This section discusses the experimental equipment and methods used for the torrefaction and
hydrothermal pretreatment of rice husks, which are a form of low-grade biomass.

The purpose of the experiment was to study the processing capacity and performance of the two
pretreatment methods on rice husks and then find a treatment method that can be used for Myanmar
rice husks. The experimental equipment is located in Japan, but due to transportation restrictions,
rice husks produced in Myanmar could not be used. Understanding the impact of regional differences
in production is a future issue. All the rice husks used for the experiments in this study were produced
in Nagano Prefecture, Japan.

2.1. Experimental Equipment and Method of Torrefaction

Figures 3a–c and 4 show the superheated steam torrefaction tester that was used in the experiments
and an overview of that tester. The equipment consists of two layers of heating zones and one layer of
a cooling zone. The raw material is fed from the upper chute through the hopper, and is moved inside
by a screw feeder. The equipment is heated by electric heaters at the bottom of each layer that can be
set to approximately 300–600 ◦C and superheated steam injection systems, one of which is located in
the upper layer and two are located in the middle layer. The central section of the upper and lower
layers and the chutes that connect each layer have a thermocouple that measures the temperature.
The exhaust gas that is generated in the equipment is cooled, and some of it is recovered as drainage
that contains tar. The rest is released into the atmosphere after passing through a deodorizer. Table 1
shows the specifications of rice husk torrefaction equipment.



Energies 2020, 13, 5158 5 of 20
Energies 2020, 13, x FOR PEER REVIEW 5 of 19 

 

 

(a) 

  

(b) (c) 

Figure 3. Torrefaction equipment: (a) appearance, (b) inside of the superheated steam torrefaction 

tester (front), and (c) inside of superheated steam torrefaction tester (back). 

 

Figure 4. Torrefaction experimental equipment. 

The objective of this torrefaction experiment was to obtain a high heat retention ratio with the goal 

of improving transportation efficiency, so 250 °C was set, which has a high mass residual rate, as a 

target condition. For comparison, torrefaction experiments at 150 and 180 °C were also conducted. 

Regarding the above-mentioned mass residual ratio (𝑅𝑒) and heat retention ratio (𝐻𝑟), they can 

be calculated as follows. 

𝑅𝑒 =
𝑀𝑃

𝑀0
 (1) 

Figure 3. Torrefaction equipment: (a) appearance, (b) inside of the superheated steam torrefaction
tester (front), and (c) inside of superheated steam torrefaction tester (back).

Energies 2020, 13, x FOR PEER REVIEW 5 of 19 

 

 

(a) 

  

(b) (c) 

Figure 3. Torrefaction equipment: (a) appearance, (b) inside of the superheated steam torrefaction 

tester (front), and (c) inside of superheated steam torrefaction tester (back). 

 

Figure 4. Torrefaction experimental equipment. 

The objective of this torrefaction experiment was to obtain a high heat retention ratio with the goal 

of improving transportation efficiency, so 250 °C was set, which has a high mass residual rate, as a 

target condition. For comparison, torrefaction experiments at 150 and 180 °C were also conducted. 

Regarding the above-mentioned mass residual ratio (𝑅𝑒) and heat retention ratio (𝐻𝑟), they can 

be calculated as follows. 

𝑅𝑒 =
𝑀𝑃

𝑀0
 (1) 

Figure 4. Torrefaction experimental equipment.



Energies 2020, 13, 5158 6 of 20

Table 1. Specifications of torrefaction equipment.

Item Processing
Power

Power
Consumption Weight Power

Supply Size Electric
Heater Mode

Unit kg/h kW/h t V mm ◦C -

Value 50 15 2 Three-phase
200

D400 ×
W100 ×
H1900

300–600 Superheated
steaming

The objective of this torrefaction experiment was to obtain a high heat retention ratio with the
goal of improving transportation efficiency, so 250 ◦C was set, which has a high mass residual rate, as a
target condition. For comparison, torrefaction experiments at 150 and 180 ◦C were also conducted.

Regarding the above-mentioned mass residual ratio (Re) and heat retention ratio (Hr), they can be
calculated as follows.

Re =
MP

M0
(1)

where M0 and MP are the weight before and after preprocessing.

Hr =
HPMP

H0M0
(2)

where H0 and HP are the heat before and after preprocessing.

2.2. Experimental Equipment and Hydrothermal Treatment Method

The hydrothermal experimental equipment used in the experiment was a batch reactor and a
liquid flow reactor that can continuously recover water-soluble degradation products. The batch reactor
keeps water and the raw materials in a sealed container and heats the container to the designated
temperature using an external electric furnace. Figures 5 and 6 show the flow of the liquid flow reactor
and the external appearance of the experimental equipment. With the liquid flow reactor, the raw
materials are kept above the filter, and water is supplied via the liquid feeding pump at the designated
flow rate. An electric furnace heats the area around the raw materials to the reaction temperature.
The reaction temperature in the experimental conditions for hydrothermal processing was set to 200 ◦C.
Additionally, due to restrictions caused by the experimental equipment, only 5 g of rice husk samples
were processed.
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2.3. Evaluation of Transportation Cost Using a Resource Island Model

To evaluate the efficiency of transportation of products by torrefaction and hydrothermal treatment,
the effect of reducing transportation costs was estimated by introducing the resource island model [19],
imagining the transportation of rice husks from the Ayeyarwady district in Myanmar, where there is a
large surplus of rice husks, to a region where the supply of rice husks is low.

The evaluation of the transportation efficiency of biomass necessitates an estimation model for
transportation costs. There are two main methods for collecting rice husks [20]. If the transportation
distance is short, the farmer can collect the agricultural residues and directly transport them to the
power plant. If the transportation distance is long, the agricultural residues in a certain region are
generally collected by a broker and then transported to the power plant. The general distribution of
agricultural biomass resources is fairly dispersed, and the resource production regions are relatively
isolated such that, overall, it could be considered as a resource island distribution. Figure 7 shows an
overview of the resource island model. Based on the resource island distribution model, the following
were assumed regarding the rice husk collection process.

Energies 2020, 13, x FOR PEER REVIEW 7 of 19 

 

The evaluation of the transportation efficiency of biomass necessitates an estimation model for 

transportation costs. There are two main methods for collecting rice husks [20]. If the transportation 

distance is short, the farmer can collect the agricultural residues and directly transport them to the 

power plant. If the transportation distance is long, the agricultural residues in a certain region are 

generally collected by a broker and then transported to the power plant. The general distribution of 

agricultural biomass resources is fairly dispersed, and the resource production regions are relatively 

isolated such that, overall, it could be considered as a resource island distribution. Figure 7 shows an 

overview of the resource island model. Based on the resource island distribution model, the following 

were assumed regarding the rice husk collection process. 

 The production cycle unit for biomass resources is one year. 

 Biomass resources are evenly distributed in the same resource island, and differences in yield 

of the same crop due to different conditions are ignored. 

 The differences in parameters between the biomass of different types are also ignored. 

 

Figure 7. Biomass resource island distribution model and collection process illustration. 

The transportation cost of biomass mainly comprises collection within the island and transport 

outside the island. If a compression process is introduced, we envision a flow wherein the collection 

process is one in which the rice husks are collected at the central region of the island and then 

compressed, and from the central region of the island the products are transported to power plants 

and processing facilities. 

Referring to Figure 8, 𝐿𝑖 is the distance between the central area of each resource island to the 

transportation destination, where there are power plants and processing facilities. 𝑅 is the radius of 

the island. 𝛼 is the biomass density. 𝑄𝑖  is the quantity of biomass collected at each island. The 

biomass collection quantity 𝑄 can be calculated as follows. 

𝑄𝑖 = 𝜋𝑅2𝛼𝑖 (3) 

𝑄 = ∑ 𝑄𝑖

𝑛

𝑖=1
 (4) 

where n is the number of resource islands in the collection area. 

The purchasing cost 𝐶𝑏 can be calculated as follows. 

Figure 7. Biomass resource island distribution model and collection process illustration.

• The production cycle unit for biomass resources is one year.
• Biomass resources are evenly distributed in the same resource island, and differences in yield of

the same crop due to different conditions are ignored.
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• The differences in parameters between the biomass of different types are also ignored.

The transportation cost of biomass mainly comprises collection within the island and transport
outside the island. If a compression process is introduced, we envision a flow wherein the collection
process is one in which the rice husks are collected at the central region of the island and then
compressed, and from the central region of the island the products are transported to power plants
and processing facilities.

Referring to Figure 8, Li is the distance between the central area of each resource island to the
transportation destination, where there are power plants and processing facilities. R is the radius of
the island. α is the biomass density. Qi is the quantity of biomass collected at each island. The biomass
collection quantity Q can be calculated as follows.

Qi = πR2αi (3)

Q =
n∑

i=1

Qi (4)

where n is the number of resource islands in the collection area.
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The purchasing cost Cb can be calculated as follows.

Cb =
n∑

i=1

Cb,i =
n∑

i=1

QiPb (5)

where Pb is the price of biomass.
The labor cost C0 can be calculated as follows.

C0 = P0Q (6)

where P0 is the labor cost of unit biomass.
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From the above, the transportation cost within the resource island Ct1 can be calculated as follows:

Ct1 =

R∫
0

2πrαβrPtdr =
2πR3

3
Ptβα =

2Q1.5βPt

3
(πα)−0.5 (7)

where β is the twist factor. The twist factor is to correct the distance calculation in the formula.
Considering that the collection distance is not a straight line, a twist factor correction is introduced.
In this experiment, βwas set to 1.5. Pt as the biomass transportation cost per unit distance.

On the other hand, the transportation cost from the resource island to the power plant Ct2 can be
calculated as follows.

Ct2 = QβLiPt (8)

There are pretreatment and compression processes, so it is necessary to include equipment costs
and operational costs in the calculation.

The total labor cost of pretreatment and compression processes C1 can be calculated as follows.

C1 = P1Q (9)

where P1 is the labor cost of unit biomass pretreatment and compression. Q is the collected biomass.
The total costs of pretreatment and compression are considered as initial investment CF,

operational cost Cpo, and labor cost C1.
The total costs of pretreatment and compression cost Cp can be calculated as follows.

Cp = CF + Cpo + C1 =

(
Q
Qc

)r(
CF,c + Cpo,c

)
+

(
Q
Qc

)
C′po,c + P1Q (10)

where r is the productivity index, and it changes according to the treatment technology applied. CF,c is
the equipment depreciation cost, Cpo,c is the maintenance cost adjusted according to the production
index, and C′po,c is the maintenance cost without adjustments.

From the above, the total raw material cost for one resource island C can be calculated as follows.

C = Cb + C0 + Ct1 + Ct2 + Cp + C1
2
3 Q1.5βPt(πα)

−0.5 + Q(Pb + P0 + βLiPt) +
( Q

Qc

)r(
CF,c + Cpo,c

)
+

( Q
Qc

)
C′po,c

(11)

From the above formula, the major factors that affect cost are biomass purchasing cost Pb,
biomass transportation cost per unit distance Pt, and transportation distance Li.

A resource island model was used based on the transport of rice husks from Myanmar’s
Ayeyarwady region, which has an abundance of rice husks, to an area with a small supply of rice
husks, and then we calculated the transportation cost reduction effects.

In terms of transportation, we calculated three parameters in the pretreatment process:
mass residual ratio Re, energy density improvement ratio Ir, and energy residual ratio Er.
Considering the entire energy balance, the income of the power plant is proportional to the energy
residual ratio Er. The biomass accumulated at each island that is corrected through pretreatment Qi
can be calculated as follows.

Qi = πR2αiRe (12)

The correction of the cost to transport from an island to the power plant Ct2 can be calculated
as follows.

Ct2 = QiβLi
Pt
Ir

(13)
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The simplified decrease ratio in transportation cost after pretreatment Dr is expressed by
Formula (14).

Dr =
Re

Ir
(14)

Figure 8 shows the difference in raw material cost between when pretreatment exists and
when direct combustion is applied. By improving the energy density of the raw materials through
pretreatment, the transportation cost from collection to power generation is significantly reduced.
The longer the transportation distance, the more it becomes necessary to perform pretreatment on
agricultural biomass.

3. Results and Discussion

3.1. Torrefaction

The torrefaction experiment changes the sample’s characteristics as a fuel, including its composition,
higher heating value (HHV) and lower heating value (LHV), and the energy loss during processing.
Ash, volatiles, and fixed carbon are essential evaluation criteria when determining suitability as a fuel.
However, the cost also makes the heat retention rate an essential factor.

The torrefaction experiment was used to test the manufacture of solid fuels derived from biomass
energy. From the viewpoint of the residual energy rate, a higher solid residual rate can ensure more
energy residual, up to a point. In the experiment, the benchmark of 80% solid residue rate was set.
A higher solid residue rate brings higher moisture residue. Thermal analysis images also show that the
stage of 80% solid residue rate is less chemically changed. One stage was conducive to energy retention,
so the experimental condition of 250 ◦C was determined, corresponding to the solid residue rate of
80%, and the experimental conditions were adjusted several times to obtain this result. An experiment
with 250 ◦C was processed to obtain 50% mass residue. From this, the temperature in the experimental
conditions was adjusted and lowered, and we obtained close to 80% mass residue results in the
150-degree experiment. The 150-degree experimental result was close to our expectations, therefore,
the low-temperature experiment was not performed.

Table 2 shows the rice husk torrefaction experiment results [17]. According to the results,
the residual rate of roasted rice husk varies with the experimental temperature. Under the conditions of
140.1 ◦C, 176.3 ◦C, and 234.4 ◦C, the mass retention rates were 87.18%, 62.26%, and 51.07%, respectively.

Table 2. Torrefaction experiment results.

Item Unit Experiment 1 Experiment 2 Experiment 3

Set temperature ◦C 250 180 150

Experiment time min 45 45 45

Input speed g/min 50 50 50

Input g 454.6 454.6 454.6

Water content % 8.3 8.3 8.9

Dry zone ◦C 224.2 156.3 136.1

Charring zone ◦C 234.4 176.3 140.1

Weight g 232.1 283.0 396.3

Mass Residue Rate % 51.07 62.26 87.18

Table 3 shows the industrial analysis results. The results show that the ash content, volatile matter,
and fixed carbon content of the product changed. The calorific value also changed. Due to processing
loss under the experimental conditions of 140.1 ◦C, 176.3 ◦C, and 234.4 ◦C, the heat retention rates
were 90.2%, 77.2%, and 59.2%, respectively.
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Table 3. Proximate analysis results of torrefied rice husks.

Project Unit Raw Rice Husks
Torrefied Rice Husks

234.4 ◦C 176.3 ◦C 140.1 ◦C

Water content % 9.09 7.15 5.67 5.65

Ash % 19.7 39 26.7 22.5

Volatile % 63.5 19.3 48.5 57.6

Fixed carbon % 16.8 41.7 24.8 19.9

HHV MJ/kg 15.94 17.65 16.68 16.36

LHV MJ/kg 14.84 17.2 15.78 15.35

Heat retention rate % - 59.2 77.2 90.2

Figure 9 shows the ratios of energy loss, pyrolysis gas’s energy, and energy of the solid residue of
the torrefied rice husks. This figure shows that with the increase in reaction temperature, the energy
of solid residue decreased to 59.19%. The energy loss reached 28.07% in the torrefaction process.
This experiment confirmed that as the reaction temperature increased in the torrefaction process,
the energy loss and the ratio of the pyrolysis gas’s energy to the energy of the solid residue increased.
Figure 10 shows the low heat value of torrefied rice husks. As shown in this figure, the low heat value of
torrefied rice husks was 17.2 MJ/kg when the mean reaction temperature was 234.4 ◦C, about 1.16-fold
higher than the low heat value of raw rice husk at 14.84 MJ/kg. This shows that increasing the reaction
temperature of the torrefaction process led to an increase in the low heat value of rice husk products.Energies 2020, 13, x FOR PEER REVIEW 11 of 19 
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Figure 10. Comparison of low heat value between rice husks and torrefied rice husks.

Figure 11 shows the components of torrefied rice husks. This figure shows that at 234.4 ◦C,
the fixed carbon content in the rice husks changed from 16.8% to 41.7%, while the ratio of ash changed
from 19.7% to 39%. The ratio of volatile matter also changed from 63.5% to 19.3%. These results
indicate that with the increase in the temperature setting of the torrefaction process, the fixed carbon
content tends to increase as well. On the other hand, it also showed an increase in ash, which inhibits
burning, and a decrease in volatile matter. The results show that the treated material at 234.4 ◦C has a
high fixed carbon content, which is highly effective in increasing the LHV, but may increase the ash
content and decrease the mass residue. Energy loss is common. On the other hand, the 140.1 ◦C and
176.3 ◦C treatments had a higher solids content and higher heat retention than those of the 234.4 ◦C
treatments; the 140.1 ◦C and 176.3 ◦C treatments have a closer LHV, so the product treated at 140.1 ◦C
is better, which has a higher solids content. The specific application is also related to the equipment
and its usage.Energies 2020, 13, x FOR PEER REVIEW 12 of 19 
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3.2. Hydrothermal Treatment

In the hydrothermal treatment, the raw material undergoes complex chemical reactions in solvents,
resulting in the decomposition of solvent–soluble components, often accompanied by a reduction
in weight.

Table 4 shows the results of the hydrothermal treatment experiment [18].

Table 4. Results of the hydrothermal treatment experiment.

Material Amount of
Sample Solvent Temperature Pressure Amount of

Output
Re (Mass

Residual Rate)

Rice Husk 4.4 g water 200 ◦C 5.8 MPa 2.58 g 58.64%

Rice Husk 4.3 g 1.5% NaOH 200 ◦C 1.2 MPa 2.29 g 53.26%

• In the hydrothermal treatment of rice husks, the weight after air-drying was 2.58 g, and the
residual mass rate was 58.6%.

• With hydrothermal treatment in a NaOH solution, the solid matter’s weight after air-drying was
2.29 g, and the residual mass rate was 53.3%, which is lower than the results for the rice husk
hydrothermal treatment in water.

The lower mass residue of rice husks by hydrothermal treatment as compared to torrefaction may
be due to the excessive dissolution of some of the substances in the husk in solvents. In future studies,
control of the experimental conditions may be considered to obtain more experimental products.

3.3. Analysis of Torrefaction and Hydrothermal Treatment by TG/DTA

Using TG/DTA analysis, it is possible to visualize the changes in the specimen’s weight with at
different temperatures and over time, which helps us understand the changes in the specimen during
torrefaction and hydrothermal treatment.

Figure 12 shows the results of the TG/DTA analysis on rice husks from Nagano, which were used
as the experimental material. These results show that the rice husks’ weight reduction was significant
when treated at temperatures exceeding 250 ◦C.
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Figure 13 shows the results of the TG analysis of the torrefied rice husks and raw rice husks.
From this figure, it can be seen that there was no drastic change in the torrefied rice husks during
the interval when there was a significant weight decrease. With the torrefied rice husks, the weight
decrease started after 250 ◦C, similar to the raw rice husks, and complete combustion occurred at
approximately 470 ◦C. On the other hand, the analysis atmosphere was set as air, and the ratio of ash
was shown for the last mass residue. As a result, the ratio of ash in the torrefied rice husks showed
a tendency to increase with the rise in reaction temperatures. Specifically, the ash content in the
raw rice husk changed from 19.7% to 22.5%, 26.7%, and 39% at reaction temperatures of 140.1, 176.3,
and 234.4 ◦C, respectively.Energies 2020, 13, x FOR PEER REVIEW 14 of 19 
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Figure 13. TG analysis results of the rice husk torrefaction products.

Figure 14 shows the TG of raw rice husks or rice husks that were treated through the hydrothermal
process. This figure shows that for rice husks that had been subjected to hydrothermal treatment,
their weight decrease started at 240 ◦C, at which point a rapid reduction in weight manifested until a
temperature of approximately 330 ◦C. The assumption, in this case, is that the ratio of products that are
easily combustible increases due to the degradation of the sample through hydrothermal treatment.
It is also clear that the sample’s ash content significantly decreased. Specifically, while the ash content
ratio of the raw rice husks was 19.7%, the ash content ratio of rice husks that had been processed with
either water or an NaOH solution stood at 13.96% and 8.87%, respectively.
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Figures 15 and 16 show the results of the comparison with 180 ◦C torrefied rice husks with
experimental conditions close to those used in the hydrothermal method. As shown in these
results, the ratio of ash is lower in products that underwent hydrothermal treatment. However,
unlike continuous combustion in torrefaction, hydrothermal products experience intense combustion,
undergo a heat release peak between 240 and 340 ◦C, and then subsequently enter a stable combustion
state. In addition, the figures show that rice husks processed by NaOH tend to be more combustible.
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Table 5 summarize the comparison of the rates of change in the ash content of biomass raw
materials by pretreatment technology. Direct carbonization and torrefaction increased the ash content
ratio of raw materials, with the rate of increase rising with the surge in temperature. These results
suggest that hydrothermal treatment tends to reduce the ash content ratio of raw materials. Meanwhile,
the rice husk samples treated in the water had an ash content ratio that was 29.14% lower than that of
the raw rice husks, and the reduction in ash content ratio of the rice husks subjected to hydrothermal
treatment in NaOH was 54.97%.

Table 5. Ash content change of different technologies.

Technology Ash Content % Raw Ash Content % Ash Change Rate Material

Direct Combustion 19.7

19.7

100.00%

Rice HuskTorrefaction 234.4 ◦C 39 197.97%

Torrefaction 176.3 ◦C 26.7 135.53%

Torrefaction 140.1 ◦C 22.5 114.21%

Hydrothermal 200 ◦C H2O 13.96 70.86%
Rice Husk

Hydrothermal 200 ◦C NaOH 8.87 45.03%

3.4. The Resource Island Model

Table 6 draws from the experimental data and summarizes the mass residual rate obtained from
direct combustion, torrefaction, and hydrothermal treatment using the raw husks—which are a form
of agricultural biomass—as raw material, as well as their respective rate of increase in energy density,
assuming there is compression. The calculation of energy density includes the compression process,
which improves the bulk density of agricultural residues. According to the authors of [21], the bulk
density of rice husks is approximately 0.09–0.15 t/m3, with its mean deemed to be 0.12 t/m3. The bulk
density of rice husks can be improved by 3- to 9-fold through compression. Here, pelletization is
assumed as the compression method, and the bulk density of rice husk pellets was 0.6 t/m3, while the
improvement rate of the bulk density by compression was 5 times. The rate of improvement of energy
density through hydrothermal treatment could not be obtained from this experimental data, so it was



Energies 2020, 13, 5158 17 of 20

set to 1.3-fold according to data in the literature for the hydrothermal treatment of cellulose [22] and
Empty Fruit Bunches (EFB) [23].

Table 6. Mass residue rate and energy density increase rate of different technologies.

Technology Re (Mass
Residue Rate)

Ir (Energy Density Increase Rate) Dr (Delivery
Efficiency Rate)By Pretreatment By Compress Total

Direct Combustion 1 1 1 1 -

Torrefaction 250 ◦C 0.5 1.16

5

5.8 8.6

Torrefaction 180 ◦C 0.6 1.06 5.3 11.3

Torrefaction 150 ◦C 0.8 1.03 5.15 15.5

Hydrothermal 200 ◦C
H2O [22,23] 0.6 ≈1.3 6.5 9.2

Figure 17 shows the results for the computation of transportation costs that were calculated using
the resource island model. Considering rice husks as the raw material, when the transportation cost
decrease ratios for torrefaction and hydrothermal treatment are calculated, assuming no compression,
then the transportation cost is 54.9% for hydrothermal treatment and 43.6% for torrefaction in the
case of a mass residual ratio of 60%. Figure 17 also shows the transportation cost under the premise
of pelletization. The decrease ratio in transportation costs, assuming compression, was 90.8% for
hydrothermal treatment and 88.7% for torrefaction.Energies 2020, 13, x FOR PEER REVIEW 17 of 19 
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4. Conclusions

In this report, the status of electrification and profile of rice husks in Myanmar are described
in the context of biomass utilization in Southeast Asia and the torrefaction and hydrothermal
treatment as pretreatment technologies were analyzed for rice husks, a form of low-grade biomass,
which included calculation of their respective effects on decreasing transportation costs. The findings
are summarized below.

• The utilization of rice husks, which are abundant in Myanmar, shows great potential. Studies are
being conducted regarding gasification power generation for local production and local
consumption, but the utilization of rice husks has so far been limited given the problems
concerning bulk density and ash.
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• In the torrefaction experiments on rice husks, results that showed improvement in the low heat
value of rice husks were obtained. Whereas the low heat value of raw rice husks was 14.84 MJ/ kg,
the low heat value of torrefied rice husks with a mean reaction temperature of 234.4 ◦C was 1.6-fold
higher, at 17.2 MJ/kg. The experiments also showed that increasing the reaction temperatures in
the torrefaction process tended to result in an increase in the low heat value of rice husk products.
However, the experiments also showed that with the rise in reaction temperature, there will be
less solid residue, with increases in the ratios of mass loss and ash.

• Hydrothermal treatment experiments were conducted in a liquid flow reactor to reduce ash and
improve its characteristics as fuel. With hydrothermal treatment, it is possible to obtain products
with less ash content than the torrefied rice husks of the same mass residual rate. Specifically,
compared to the 26.7% ash ratio of the torrefied rice husks, the ash ratios of the rice husks processed
with either water or NaOH solution were 13.96% and 8.87%, respectively. It can therefore be
said that the significant advantage of this treatment lies in its reduction of the ash content of rice
husks, which are an agricultural biomass material with a high ash ratio. In terms of ash content
alone, rice husks treated with a NaOH solution are more suitable for energy fuel use. However,
there is a trade-off between the use of NaOH and the increased efficiency of ash treatment, as the
use of sodium hydroxide will increase the cost. This will be an issue for further research and
review. Silica is the main component of ash. At room temperature, it can be partially dissolved
in a NaOH solution. The solubility increases with increasing temperature. The sodium silicate
produced by the dissolution can be dissolved in water, which means that the alkaline solution can
separate the raw material’s silica component. Therefore, a speculation could be made that a large
amount of silica can be dissolved in the reaction solvent to reduce ash under NaOH-hydrothermal
treatment conditions.

• The effects on the reduction of transportation costs was computed through the resource island
model. When rice husks were the raw material, the transportation cost reduction ratios,
assuming no compression, were 54.9% for the hydrothermal treatment and 43.6% for torrefaction
when the mass residual rate was 60%. Meanwhile, the transportation cost reduction ratio in the
case of compression was 90.8% for the hydrothermal treatment and 88.7% for torrefaction.
Regarding pretreatment of rice husks, the results demonstrate that the transportation cost
reduction effect of hydrothermal treatment is more significant.

As described above, we studied the pretreatment of rice husks by torrefaction and hydrothermal
treatment for utilization of rice husks in Myanmar. The utilization of rice husks and other agricultural
biomass has various issues related to specific utilization methods, the maturity of energy transformation
technology, commercialization, and marketing. We anticipate that the effective utilization of low-grade
biomass will become a part of the solution to the electrification problems in Southeast Asia.
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