
  
  産業用ロータリーキルン燃焼炉による高水分バイオマスの

半炭化

  誌名 農業食料工学会誌 = Journal of the Japanese Society of Agricultural Machinery and
Food Engineers

ISSN 2188224X
著者名 Bakri,S.N.S.B.

岩渕,和則
吉本,龍平
谷黒,克守

発行元 農業食料工学会
巻/号 80巻2号
掲載ページ p. 123-132
発行年月 2018年3月

    
農林水産省 農林水産技術会議事務局筑波産学連携支援センター
Tsukuba Business-Academia Cooperation Support Center, Agriculture, Forestry and Fisheries Research Council
Secretariat

Powered by TCPDF (www.tcpdf.org)



Research Paper Journal of JSAM 80(2): 123-132, 2018 

Torrefaction of High Moisture Content Biomass in an Industrial 

Rotary Kiln Combustion Type Reactor* 
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Ryohei YOSHIMOT0*1, Katsumori TANIGUR0*3 

Abstract 

Biomass is one of the major choices for alternative energy sources. However, the drawbacks of raw 

biomass, including high moisture content, limit its use. Thus, pretreatment is necessary and torrefaction 

has emerged as an important step for upgrading biomass. In this study, torrefaction in an industrial rotary 

kiln combustion type reactor was investigated at three different temperatures (200℃, 250℃ and 300℃) 

using fresh dairy manure with 84.1 % moisture content. The results showed that fresh dairy manure must 

be heat-treated four times at 200℃, but only three times at 250℃ and 300℃ due to the longer time for 

torrefaction at the lower temperature. Mass yield, moisture content, ash-free solid and HHV of torrefied 

dairy manure were reduced at each sequential heat treatment at every temperature. The production 

efficiency was higher at 300℃ due to less energy consumption and shorter torrefaction time. 

[Keywords] bioenergy, dairy manure, high moisture content, rotary kiln, torrefaction. 

I Introduction 

Torrefaction is a mild thermal decomposition treat-

ment to convert biomass into a solid fuel (Acharya et al., 

2012). The conversion process is operated at low tem-

peratures from 200℃ to 300℃ under inert atmospheric 

conditions (Ogura et al., 2016). Torrefaction produces a 

solid fuel product called torrefied biomass (Nunes et al., 

2014). bio-char or bio-coal (Basu, 2013). Other names for 

torrefaction are slow and mild pyrolysis, high tempera-

ture drying, and roasting (Ciolkosz and Wallace, 2011). 

In general, the torrefaction process includes heating, 

drying, post-drying, torrefaction and cooling (van der 

Stelt et al., 2011; Nhuchhen et al., 2014). During the proc-

ess, biomass is decomposed, oxygen is removed, and the 

fibrous structure and tenacity are destroyed (Pimchuai 

et al., 2010). These phenomena explain the advantages of 

torrefied biomass over non-torrefied biomass because it 

is more grindable and hydrophobic, contains high calo-

rific value (Ibrahim et al., 2013), and is easily transported 

and stored (Chen et al., 2011). These benefits have 

accelerated much research on torrefaction to produce 

solid fuel or biochar. Most of the studies used feedstock 

from plant-derived agricultural waste such as wood chip 

(Thr如 etal., 2017), wood (Park et al., 2012 ; Peng et al., 

2013) and crops (Chiou et al., 2016 ; Mei et al., 2016). Other 

agricultural sources such as livestock manure were also 

reported for biochar production (Cao and Harris, 2010 ; 

Cantrell et al., 2012). Biochar from animal manure has 

higher nutrient content but with different characteristics 

(Chan et al., 2008). For example, goat-manure-derived 

biochars are best used for soil amendment and environ-

mental remediation rather than fossil fuel alternatives 

due to its porous structure and high mineral-ash content 

(Touray et al., 2014). As the world population increases, 

demand for animal products, i.e., dairy and meat products 

is predicted to be double by 2050 (Scholten et al., 2013), 

which will inevitably increase the production of livestock 

manure. According to Choi et al., (2014), the EU-27 

produces more than 1500 million fresh tons of livestock 

effluent annually. The United States and Japan produce 

35 million dry tons and 97 million tons livestock manure 

per annum, respectively (Xiao et al., 2010). Therefore, 

with the advantage of higher nutrients from manure-
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Fig. 1 Rotary kiln combustion type reactor 

based biochar and the challenge to manage increasing 

manure production, torrefaction using livestock manure 

is necessary and should be further encouraged. 

In this study, torrefaction of fresh dairy manure was 

carried out using an industrial rotary kiln combustion 

type reactor to produce solid bioenergy. At the time this 

study was conducted, limited data had been published 

related with the direct usage of high moisture content 

livestock manure as a feedstock for torrefaction. Gener-

ally, dried samples had been used for feedstock instead of 

wet samples. In addition, there was no information on 

wet manure that had been torrefied through an indus-

trial rotary kiln reactor. However, a few studies have 

reported torrefaction with high moisture content biomass 

such as sewage (Poudel et al., 2015a). food waste (Poudel 

et al., 2015b) and tomato peels (Brachi et al., 2016) and 

using a rotary kiln reactor (Carrasco et al., 2014; Colin et 

al., 2015 ; Mei et al., 2015; Nhuchhen et al., 2016). There-

fore, the goal of this study is to investigate the capability 

of high moisture content dairy manure to become a solid 

product through torrefaction at various temperatures 

using an industrial rotary kiln combustion type reactor. 

The results may improve biomass pretreatment for solid 

bioenergy production. 

II Materials and methods 

(1) Sample collection 

Fresh dairy manure was used as the biomass feed-

stock for torrefaction. It was collected from the experi-

mental farm of the Field Science Centre for Northern 

Biosphere, Hokkaido University. The livestock manure 

was then placed into a covered bucket with a ten 

kilogram (10 kg) capacity. Three buckets of dairy manure 

were transferred to Kinsei Sangyo Co., Ltd. at Gunma 

Prefecture for torrefaction using an industrial reactor. 

(2) The torrefaction reactor 

The experiment was carried out using a rotary kiln 

combustion type reactor (Fig. 1). The reactor is divided 

into three major parts: the input hopper, the kiln, and the 

chimney. The torrefaction process takes place in the kiln. 

The kiln is positioned horizontally with an inclination 

angle of four degrees (4°) and has a rotation speed of 

about 50 seconds per cycle. The maximum operation 

temperature of the reactor is 1200℃ with a mass pro-

cessing capacity of 50 kg/h. 

(3) Torrefaction of dairy manure 

In principle, to achieve complete torrefaction through 

the rotary kiln combustion type reactor, the manure 

must undergo a non-continuous heat-treated process. 

The torrefaction starts by feeding the manure (~ 10 kg) 

(no. 8) to the input hopper (no. 9) of the reactor. The 

manure is crushed by the screw feeder (no. 10) and then 

is transferred to the kiln (no. 12) for heat treatment. In 

the kiln, the inside temperature is detected by the sensor 

(no. 7), which sends a signal to the thermal furnace burner 

(no. 3) to emit flame (no. 14) to control and maintain the 

heat at the set temperature. During the treatment, the 

kiln is constantly rotated, the heat flows and the manure 
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Table 1 The properties of fresh dairy manure used in 
this study 

Moisture (%, w.b) 
Ash-free solid (%, d.b) 
Ash (%, d.b) 
Carbon (%) 

Hydrogen (%) 

Nitrogen (%) 

HHV (MJ/kg) 

84.1士0.2
85.3土0.1
14.7士0.2
43.2士0.1
5.9土0.3
2.1士0.2
17.6土0.2

All values are expressed as a mean of three measurements士

standard deviation. 

adsorbs the heat. Due to the inclination angle of four 

degrees (4°), gravity assists in moving the heated-

manure through the higher end to the lower end of the 

rotary kiln. The manure at the lower end discharges to 

the collecting tray (no. 15). The heat-treated manure in 

the collecting tray is then weighed and 3-5 % of the total 

weight is taken for measurement of moisture content 

and other properties. The weighed manure is then sent 

back to the input hopper and torrefied, weighed and 

separated again for at least three cycles of the heat-

treatment process. Consecutive heat treatments are 

denoted as Tl, T2, T3, and Tn. No external gas is 

supplied to the reactor thermal during torrefaction. 

Color changes and time for every heat treatment are also 

recorded. For this study, we selected three temperatures 

for torrefaction: 200℃, 250℃, and 300℃ . The fresh dairy 

manure contained 84.1 % initial moisture content. 

(4) Analysis 

The manure was analyzed before and after torrefac-

tion. Table 1 shows the properties of the fresh dairy 

manure used in this study. The moisture content, ash-

free solid and ash content analyses were conducted as 

explained previously (Miyatake and I wabuchi, 2006; 

Saludes et al., 2007; Saludes et al., 2008). Moisture content 

was determined by the difference in weight before and 

after heating using an oven at 105℃ for 24 hours. After 

being oven-dried and weighed, the sample was placed in 

an electric furnace at 600℃ for 3 hours to determine the 

ash content. The ash content was determined by the 

weight difference before and after treatment in the 

furnace. For carbon, hydrogen and nitrogen content. a 

CHN analyzer (CE440, Exeter Analytical, Inc.) was used 

for the analysis. For calorific value, a bomb calorimeter 

(Ogawa Sampling Co., Ltd., Model OSK 200 digital calo-

rimeter, Tokyo, Japan) was used for the measurement. 

About 0.5 g of the oven-dried dairy manure was used in 

the calorimeter for combustion with pure oxygen. To-

gether with mass yield, the measurements were carried 

out in triplicate. All measurements were performed for 

the respective thermal treatments (Tl, T2, T3 and T4). 

Mass yield percentage was calculated using equation (1) 

” IIMげ

r=I 
Yn= XlOO 

” II Mir-I (1) 
r=I 

*n=l, 2, 3, 4, ... 

where Y is the mass yield, n is the number of treatments. 

Mt is the mass of torrefied sample, and Mi is the initial 

mass. The ash-free solid content. was determined by the 

weight difference between oven-dried and ash as ex-

plained (Miyatake and Iwabuchi. 2006; Saludes et al .. 

2007; Saludes et al .. 2008) in equation (2). where Mary is 

the mass of oven-dried solid and Mash is the ash mass. 

Mdry-Mash 
Ash-free solid= x 100 

Mdry 
(2) 

The production efficiency (r;) of this study was also 

calculated as formulated in equation (3); where机 isthe 

initial mass (in dried basis), Y is the mass yield (in dried 

basis), HHVi is the higher heating value of torrefied 

manure, Q is the evaporation heat of water, n is the 

number of treatments, and Et and Ee are the fuel and 

electricity consumption by the reactor, respectively. 

From the equation, the production of torrefied dairy 

manure is considered efficient when it is greater than or 

equal to one. 

M伍XYnX(HHVt-Q) 
'fin= E叶Ee

XlOO 

*n=l, 2, 3, 4, ... 

III Results and discussion 

(1) Time of heat treatment 

(3) 

It was found that four cycles of non-continuous heat 

treatment processes (Tl-T4) were required at the 200℃ 

set temperature in order to complete the torrefaction of 

dairy manure. At 250℃ and 300℃, the manure needed 

only three heat-treatment cycles for complete torrefac-

tion (Tl-T3). Thus, higher temperatures sped up the total 

time of the torrefaction process. Torrefaction was 

completed in 87.95 min at 300℃, 88.19 min at 250℃, and 

115.58 min at 200℃ . According to the stages of torrefac-

tion, the results of each treatment are identified as 

follows: Tl is potentially a heating and drying stage and 

T2 is post-drying, while T3 is the torrefaction and cooling 

process. Tl-T3 are applicable at 250℃ and 300℃. 

However, for 200℃, Tl and T2 are heating and drying, 

T3 is post-drying, and T4 is torrefaction and cooling. In 

Fig. 2, residence times of the kiln at Tl, T2, and T3 for 
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Fig. 3 Changes in color, retained mass and moisture content of dairy manure during torrefaction 

at each temperature 

every temperature and T4 for 200℃ are stated accord-

ingly. 

(2) Changes in color, retained mass and moisture 

content for each thermal treatment 

Fig. 3 describes the sequential process of torrefaction 

with images tracking the dairy manure taken at Tl-

T3/T4. The percentage of retained mass and moisture 

content of the samples are also shown. Fig. 3 (a) shows a 

picture of the fresh dairy manure with its wet condition 

exposed in brown color. Thereafter, the manure under-

goes the first heat treatment (Tl) in the reactor at the 

prescribed temperatures. After approximately 40 minutes, 

granule and spherical shapes were visible, as shown in 

Fig. 3 (b). (f). and (i). At this stage, surface moisture of the 

fresh manure was evaporated and the surface no longer 

appeared wet. The color changed to light brown at 200℃ 

and 250℃ • However, dairy manure at Tl under 300℃ 

appeared brownish-black and its darker tones were 
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highly visible compared with Tl at 200℃ and 250℃. 

There are several factors that may affect the color 

changes during torrefaction. They include mass loss, 

surface and bound moisture, light volatile gases, composi-

tion of biomass, changes in the surface properties, 

formation of different chromophoric groups and the 

movement of sugar molecules (Nhuchhen et al., 2016). 

However, the temperature of torrefaction is considered 

the key parameter that determines the color changes of 

torrefied biomass. In this experiment, the solid manure 

was heated again in the reactor after Tl. At T2, the mass 

loss was nearly 80 % of the initial mass at 200℃ and 

250℃ and 90 % at 300℃ • Regarding the moisture content, 
there was little difference in the water loss at 200℃ 

between Tl and T2 because T2 is still considered to be a 

drying stage (Fig. 3 (c)). However, water losses at 250℃ 

(Fig. 3 (g)) and 300℃ (Fig. 3 U)) were 23 % and 43 %, re-

spectively. This is less than the initial moisture content. 

Additionally, the particle size of the torrefied manure at 

T2 was reduced (including T3 at 200℃, Fig. 3 (d)). This is 

due to the reactive drying during the post-drying stage. 

At this time, bound water was substantially removed 

and permanent deformation of the biomass structure 

occurred (Nhuchhen et al., 2014). At the same time, bonds 

between hydrogen and carbon were broken and a mild 

decomposition process took place during the post-drying 

stage. As a result, the granules were darker at this stage 

for all temperatures, with the color at 300℃ more 

pronounced and darker compared to those at 200℃ and 

250℃ • Furthermore, the intensity of torrefaction was at 

its peak at T3 and T4 (for 200℃)， which can be observed 

from the size reduction of the solid-dried manure. The 

size of the granules was finer than at Tl and T2. The 

retained mass was less than 10 % of the original mass 

(Fig. 3 (d), (h), and (k)). Notably, the higher intensity of 

black color and a major reduction in water loss were also 

proof of the high torrefaction intensity. The retained 

moisture content at this torrefaction and cooling stage 

(T3 and T4) was about 3 % except for at 250℃ . In ad-

dition, torrefied dairy manure became brittle and darker 

at all temperatures. 

The color and size of the torrefied dairy manure were 

inhomogeneous. However, the inhomogeneous color and 

size trend were consistent throughout Tl-T3/T4. The 

most probable reason for this is the non-uniform heat 

transfer from the rotary kiln reactor. In this kiln (Fig. 1), 

the flue gas from the flame (no.14) through combustion in 

the burner is not supplied continuously. Instead, combus-

tion and flame occurred only when the sensor detected 

that the internal temperature was less than the set 

temperature. Thus, the sample was heated by the 

remaining heat from the reactor wall. where the heat is 

transferred slowly to the biomass. This may result in a 

temperature gradient by low heat transfer and cause 

non-uniform heating of biomass in the reactor. From 

Figure 1, since the kiln-end wall (no. 12) is near the flame 

and burner (no. 14 and 3), it will be hotter than the middle 

and kiln-end near the input hopper (no. 9). During 

rotation of the kiln, the dairy manure receives heat from 

the wall, which is transferred slowly to the kiln-end. Due 

to the inclination angle of four degrees (4°), the feedstock 

transfer at the kiln-end takes some amount of time 

before entering the collecting tray (no. 15). During this 

time, the hottest kiln-end wall, which is nearest the flame, 

results in combustion to some of the feedstock. There-

fore, it is assumed that longer manure transfer time and 

non-uniform heating in the kiln-end are key factors for 

the inhomogeneous color and size of the torrefied 

manure. 

(3) Mass yield, moisture content. ash-free solid and 

HHV 

Fig. 4 (a) summarizes the reduction of mass, moisture 

content, ash-free solid and higher heating value (HHV) of 

dairy manure during torrefaction from TO to T3/T4. 

Similar decreasing trends were observed at each tem-

perature for every parameter. Also, a drastic decrease 

occurred for ash-free solid and HHV after T2 (post-

drying stage) at 300℃ . Similar trends were also observed 

for elemental results of carbon, hydrogen and nitrogen in 

Fig. 4 (b). In contrast. ash content increased during tor-

refaction from TO to T3/T4 for each temperature. 

However, unfavorable results at complete torrefaction 

were obtained when comparisons between low and high 

temperatures were made. At 200℃, due to the four 

repetitive heat treatments to complete the torrefaction, a 

longer time was required, more ash-free solid was 

released and inorganic matter was retained in the form 

of ash. At the same time, the size of the solid-dried dairy 

manure during T3 was mostly reduced and further 

drying in T4 may have ignited combustion of some of the 

feedstock. These two factors likely contribute to the 

lower results of mass yield, moisture content. ash-free 

solid and HHV at 200℃ compared to 250℃ and 300℃ at 

complete torrefaction. In addition, the results from 

increasing ash and decreasing of elements further sup-

port the lower results of ash-free solid and HHV when 

almost no increment of carbon was observed. On the 

other hand, the results of the HHV are not in agreement 

with other studies that reported HHV of torrefied 

biomass is generally higher than the raw feedstock and 



128 (52) Journal of the Japanese Society of Agricultural Machinery and Food Engineers Vol. 80, No. 2 (2018) 

TO T1_T2_T3_T4 

0
0
8
0
6
0
4
0
2
0
0
 

（
邑
腐
塁
一

40 

1
6
1
4
1
2
1
0
 

(g ,rw> ＞
 H
H
 

~ 
會I{b) 

： : ! 

I / ,':  ： 

/ . ./ 
•: '/  

/ 
： 

20 
,: !'  

10しニー1-----・・● 
I 

[
 

．
 

‘̀、̀
．

O、、‘‘、̀
[-]

ー、よそ三ーー

、
、

・‘
 

、ヽ‘‘
、`

、、
ヽ`
、、
、̀

、、、、
``‘贔

書、
ヽ

●

ヽ

●

ヽ

●

ヽ
●̀

‘ ヽ・‘̀. 、、
f
 

％ゞ．．
 令

‘. 

-―•----200℃ 
-—♦----250℃ 

---—傘—---300℃

●

、

‘

.

.

 

‘
 

、`
‘ヽ

ぃ，I
I

I

I

I

I

I

I

I

▲
1

1

1

,

｀
い
：
ー
▲l

'
1
-
,
'

い：1
1
,

]
/
／
・
・
ド

●

、

●

¥

、

●

―

□

[▲ 

8

0

6

0

4

0

2

0

0

9

0

8

0

7

0

6

0

5

0

 

0
 
1,) 
J
U
8
J
U
O
:
>
 a』
n
J
S
!
O
W

(%) P
!
I
O
S
 aa』
』

.qsv

，̀書

¥̀
 

ヽ̀`
‘ ```
 ̀`
 ```
 ̀‘
 

~‘,. 

‘̀ 
ヽ``
 

`̀
'‘, 

ヽ`
‘̀ ̀‘ 

一一
『』

・`
．．
 ”̀ 

．
 

．
 

8
 

ー

{a) 

60TO_T1_T2— T3_T4 

50 

4
0
3
0
 

含
）
者
<

3

0

2

0

 

（ゞ
1
)

U
o
q
.
1
8
:
:
)
 

。3
 

8 。
20 40 60 80 

Time (min) 

100 120 
。。

20 40 60 80 

Time (min) 

100 120 

Fig.4 Effect of temperature on (a) mass, moisture content, ash free solid, HHV and (b) ash, carbon, nitrogen and 
hydrogen of dairy manure during torrefaction over time. The straight dotted lines represent heat 
treatment at T2. The legends describe temperature in℃ (error bars=standard deviation) 

increases with temperature (Matali et al., 2016; Kihedu, 

2015; Wang et al., 2013). In fact, HHV of the current study 

gives a lower amount compared to the raw feedstock and 

temperature at complete torrefaction. The trend of the 

HHV is reduction during the treatment (Tl-T4) although 

a small increase occurred after Tl (for 250℃ and 300℃) 

or T2 (for 200℃) • At complete torrefaction, torrefied 

manure at 250℃ gave the highest HHV at 300℃ it was 

the lowest. However, the HHV in the raw feedstock was 

the highest compared to torrefied dairy manure. Similar 

results were observed in a torrefaction study (Lu et al., 

2012) on oil palm fiber (OPF) and eucalyptus using inert 

and oxidative conditions. They revealed that HHV of 

OPF conducted under air atmosphere decreased with 

temperature (250℃ to 350℃) • Furthermore, the HHV of 

torrefied OPF at 350℃ (14.9MJ/kg) was lower than the 

raw material (17.1 MJ/kg). For eucalyptus, the highest 

HHV was at 275℃ (23.3 MJ/kg) and it decreased as 

temperature increased. In contrast, HHV of OPF and 

eucalyptus in an inert atmosphere provided desirable 

general torrefaction results of biomass as reported in 

other literature. Therefore, the lower HHV results of the 
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current study on torrefied dairy manure presumably 

occurred under atmospheric conditions. 

Additionally, the high amount of moisture was also 

likely a key factor for the lower HHV. Jenkins et al., 

(2011) reported that biomass with high moisture content 

(about 90 %) required more energy to vaporize water. 

The vaporization energy necessary exceeded the amount 

of heating of that biomass. This explains why HHV in Tl 

was lower for every temperature than the raw feed-

stock. For example, in Tl, the initial moisture content 

and HHV of fresh dairy manure were 84% and 17.6 

MJ /kg, respectively. When the heat treatment at Tl was 

completed, HHV decreased to 16.48MJ/kg, 16.37MJ/kg 

and 17.0MJ/kg at 200℃, 250℃ and 300℃, respectively. 

The remaining moisture content at Tl was also con-

sidered high: 79.1 % at 200℃, 77.4% at 250℃, and 75.9% 

at300℃ . The high moisture content of the raw feedstock 

contributed to the lower HHV because more energy was 

needed for vaporization. Jenkins et al., (2011) also added 

that flame stability becomes better if the combustion 

system has less than 50-55 % moisture. Such moisture 

content sustains the flame and ignites combustion, 

especially in the presence of oxygen. This causes the 

drastic decrease of the HHV amount at 200℃ from T3to 

T4 (16.40MJ/kg to 9.73MJ/kg), and at 300℃ from T2 to 

T3 (17.19MJ/kg to 9.46MJ/kg). For those heat treat-

ments (T3 for 200℃, and T2 for 300℃), the moisture 

content of the feedstock was 38.9 % and 41.6 %, respec-

tively. An amount of moisture lower than 50 % promotes 

combustion under atmospheric conditions, resulting in 

the lower HHV of torrefied dairy manure of T4 and T3 at 

200℃ and 300℃, respectively. At 250℃, the torrefied 

dairy manure at T3 was not affected by combustion 

because the moisture content of the feedstock at T2 was 

61.5 %, which is more than 50-55 %. Hence, this resulted 

in the highest HHV at complete torrefaction at 250℃, but 

the amount was still lower than the raw feedstock due to 

the higher moisture content and. torrefaction that 

occurred under atmospheric conditions. 

(4) Production efficiency of dairy manure torrefaction 

In order to determine the optimum torrefaction tem-

perature for high moisture content dairy manure using 

an industrial rotary kiln combustion type reactor, the 

production efficiency was calculated. We defined a 

formula (equation 3) between output and input energies. 

Output energy is the energy gain from the torrefied 

manure while input energy is the energy used to produce 

torrefied manure during torrefaction. In this study, the 

torrefied manure retained a high amount of moisture. 

Generally, the moisture content of solid biofuels intended 
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Higher heating value of torrefied dairy manure 
after evaporation (HHVt-Q). The straight dotted 
line represent the amount of 15.0 MJ /kg which is 
the average of the highest HHV rQ for each tern-
perature (error bars=standard deviation) 

for energy purposes should be in the range of 10-15 % 

(Chen et al., 2009; Jensen et al., 2006). Therefore, in order 

to determine the output energy, we must consider the 

energy that is used to evaporate water in the torrefied 

manure. This is calculated by subtracting the amount of 

evaporation heat of water (Q) from the calorific value of 

torrefied dairy manure (HHVi). From equation (3), this is 

translated as (HHVi-Q). Fig. 5 shows the calorific value of 

torrefied manure after evaporation (HHVi-Q). On average, 

the highest calorific value after evaporation for each 

temperature was around 15.0 MJ/kg (dotted line). In 

particular, values of HH尺Qat 200℃, 250℃ and 300℃ 

are 14.96MJ/kg, 15.34MJ/kg and 15.58MJ/kg, respec-

tively. Those values were used in equation (3) to de-

termine the production efficiency for every temperature. 

Fig. 6 shows the production efficiency of torrefied 

dairy manure, which was calculated according to equa-

tion (3). From the graph, 300℃ is the optimum temper-

ature for torrefaction of high moisture content dairy 

manure using an industrial rotary kiln combustion type 

reactor with 5 % efficiency. This is, followed by 250℃ and 

200℃, ea~h with 3.5 % production efficiency. These 

results showed that torrefaction at higher temperature 

was more efficient because the least time was consumed 

for the heat treatment. This is further related to the 

consumption of less fuel and electricity for the shorter 

time. In the case of 300℃, the efficiency was consider 

under the torrefied dairy manure at T2, where the total 

heat treatment time (69.77 min) was shorter than T3 in 

the case of 250℃ (88.19 min) and 200℃ (97.01 min). This 
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Fig. 6 Production efficiency of torrefied dairy manure (error bars=standard deviation) 

clarifies that production efficiency is better at higher 

temperature due to lower energy consumption and 

shorter treatment time. Therefore, torrefaction of high 

moisture content dairy manure using an industrial 

rotary kiln combustion type reactor is possible and 

recommended at 300℃ • However, the 5 % production 

efficiency at 300℃ is still considerably low. This low 

production efficiency using rotary kiln may be increased 

by improving electricity and fuel from the burner. 

Generally, rotary kilns tend to loses heat during oper-

ation. Therefore, the heat loss should be reduced so that 

high production efficiency can be achieved. One of the 

way is by applying heat recovery technology to the 

rotary kiln for minimizing heat loss (Sztekler et al., 2016). 

For example, installing a heat recovery exchanger in the 

flue gas outlet. Controlling the emission of the flue gas 

could also presumably promote effective ventilation. 

such that the drying rate and residence time of the wet 

dairy manure torrefaction may be accurately predicted. 

At the same time, overheating may occur at the drum 

surface because of convection and radiation heat transfer 

from the kiln wall to the material during tumbling. Thus, 

adopting a heat recovery exchanger at the hot surface of 

the kiln (Yin et al .. 2016; Caputo et al.. 2011; Kararnarkovic 

et al., 2013) will also be beneficial for reducing convection 

and radiation heat loss to further enhance heat transfer 

between the kiln wall and the sample. 

Mixing wet manure with agricultural residue is an-

other alternative to improve energy consumption. An 

energetics study using a pyrolysis reactor (Ro et al., 2010) 

showed that a mixture of swine manure and rye grass 

(75 % and 10 % moisture content, respectively) only 

required 0.5 MJ of additional heating to produce 1 kg of 

value-added biochar. In comparison, 12.5 MJ /kg of energy 

was needed by the swine manure alone when pyrolyzed 

in a similar reactor. The study concluded that the energy 

efficiency of wet manure may be further increased by co-

pyrolysis with more energy dense and drier sources such 

as waste plastic pellets to produce the same amount of 

biochar. Although this study was applied to pyrolysis, the 

co-digestion of manure and other biomasses may also be 

applicable for torrefaction to increase production effi-

ciency since both technologies are similar, with the 

exception of the operation temperature. 

IV Conclusion 

Torrefaction of fresh dairy manure in an industrial 

rotary kiln combustion type reactor was investigated. 

The wet dairy manure was converted to a solid product 

or torrefied manure. Due to its high moisture content. at 

least three cycles of non-continuous thermal treatment 

were required to complete the torrefaction. For the same 

reason, no increase of HHV was observed for the torre-

fied dairy manure in comparison with the raw feedstock. 

Production efficiency calculations showed that the fresh 

dairy manure was torrefied better at higher tempera-

tures (250℃ and 300℃) with lower energy consumption 

and in a shorter time. The torrefaction of wet manure 

may be further enhanced in an upgraded industrial 

rotary kiln combustion type reactor with a heat ex-

changer or by combining the wet feedstock with other 

agricultural residue. 
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産業用ロータリーキルン燃焼炉による高水分バイオマス

の半炭化＊

シティヌールシャファビンティバクリ *1,4 • 岩渕和

則*21 • 吉本龍平*1 • 谷黒克守*3

要 旨

バイオマスは重要な代替エネルギー資源であるが，

般に高含水率であるため利用が困難である。本研究では

産業用ロータリーキルン燃焼炉を用いて，含水率 84.1% 

の乳牛ふんを半炭化によって燃料用炭製造を試みた。乳

牛ふんは 250℃および 300℃では 3回の回分半炭化操作

を要したのに対し，炭化温度の低い 200℃ではより長い

4回の操作が必要であった。各炭化温度において乳牛ふ

ん炭化物の質最収率，含水率，有機物含有率および高位

発熱量 (HHV)は半炭化の進行とともに減少した。生産

効率は 300℃で高く，これは高温であるがゆえに半炭化

に要する時間が短く，エネルギー消費量少なかったため

である。

［キーワード］バイオエネルギー，乳牛ふん，高含水率，ロータリー

キルン，半炭化
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