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Abstract. Energy crisis and global warming, in other words, climate change are critical topics 

discussed in various parts of the world. Global warming primarily result from too much emission 

of carbon dioxide (CO2) in the atmosphere. To mitigate global warming, or climate change and 

improve electrification in rural areas, wood pyrolysis technology is developed in a laboratory 

scale, of which gases are directly applicable to the gas engine generator. Our laboratory has 

developed a prototype of wood pyrolysis plant with a pre-vacuum chamber. However, tar yield 

was around 40 wt% of feedstock. This research aims to reduce tar yield by secondary tar 

cracking. For the secondary tar cracking, a secondary pre-vacuum chamber is installed after 

primary pre-vacuum chamber. Gases generated in the primary pre-vacuum chamber are lead into 

the secondary chamber that is heated up to 1000 K. This paper reports performance of the 

secondary chamber for secondary tar cracking in homogeneous mode and heterogeneous mode 

with char. 

1.  Introduction 
Today the energy crisis and global warming which lead to climate change are hot topics discussed in 

various parts of the world. The energy crisis has other two aspects, limited energy resources, and secure 

access to energy resouces. Global warming is a phenomenon of the increase in the average temperature 

of the atmosphere, ocean, and land. Temperature of the earth is getting warmer at this time. Average   

global temperatures have risen by more than 1 degree Fahrenheit over the last century, with average  

warming of  as  much  as  4  degrees Fahrenheit in some regions [1]. The largest contributing source of 

greenhouse gas is burning of fossil fuels emitting carbon dioxide [2]. Since the Industrial Revolution, 

annual CO2 emissions from fuel combustion dramatically increased from near zero to almost 32 GtCO2 

in 2012 [3]. On the other hand, recently biomass is increasingly receiving large attention, because the 

biomass is one of renewable energy resouces, and significant reduction of greenhouse gas emission is 

expected [4]. Primary energy consumption in the world will increase from 13,371 million tonnes of oil 

equivalent (Mtoe) in 2012 to 19,276 Mtoe in 2040 [5]. The energy crisis in South East Asia where the 

economic development and growth are stably high. According to South East Asia Outlook 2013 that 

22% of ASEAN population 600 million, cannot access to electricity [6].  

http://creativecommons.org/licenses/by/3.0
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Total Indonesia’s fossil energy resources was equivalen to 137000 Million tonnes of oil equivalent 

(Mtoe) in 2012. Renewable energy was accounted for 155.3 Gwe in 2012 [7]. To reduce CO2 emission 

into atmosphere, and mitigate global energy crisis, many trials, and research and developments are 

carried out for alternative and renewable energy resources such as wind power, solar energy, micro-

hydraulic power, geothermal energy and biomass energy. Biomass energy has been estimated that 20 

kW power plant could replace 125 t CO2 per year as compared to electricity generating unit through grid 

[8].  

Pyrolysis is a thermochemical process during which biomass feedstocks are broken down using heat 

in the absence of oxygen. The pyrolysis process may be represented by a generic reaction such as [9]: 

 

CnHmOp (Biomass)               ∑liquid CxHyOz + ∑gas CaHbOc + H2O+ C (char) 

 
The condensable gas may break down further into noncondensable gases (CO, CO2,  H2,  and  CH4),  

liquid,  and  char [9]. Jieheng Guo [10] carried out pyrolysis experiments at the heating rates of 20 

K.min-1, 40 K.min-1 and 60 K.min-1, respectively. Kinetics model wood pyrolysis as: 

 

 
 

Figure 1. Kinetics Model wood pyrolysis [11] 

In the previous experiments [12], the maximum temperature in the pre-vacuum chamber was 600 oC 

at the chamber bottom and 350 oC at the top of the chamber. 

The tar yield from the pilot plant is significantly large, aroud 40 wt% of feedstok. This tar was 

produced under 600 oC, which may be primary tar according to the other researcher’s experiment [13]. 

To increase the plant efficiency, the primary tar must be decomposed into secondary one. 

Tar is a complex mixture of organics that is produced during thermochemical biomass conversion 

processes. The chemical formula of tar In the previous numerical analysis [14] was hypothetically 

defined as C9H18O4 for convenience sake. Phuphuakrat Thana, Namioka Tomoaki, Yoshikawa Kunio 

[15] carried out thermal tar decomposition at temperature of 800oC. The pyrolysis tar was effetively 

decomposed, down to approximately 22% of the inlet level at the exit of the reformer. To improve the 

efficiency of tar reduction, either steam or air was introduced into the reformer, as a reforming agent 

[15]. Paethanom, et al [16] indicated that at the temperature 800 °C char had the  optimum tar  removal 

performance in which tar concentration could be reduced from 36.9 to 4.6 g/m3, which corresponds to 

87.5% tar removal, whereas 600 and 1000 °C char possessed the performances of 82.9% and 81.6% tar 

removal, respectively. The adsorption capacity of char is related to the specific surface area and the 

fixed carbon content of the char. When temperature reaches about 850oC, secondary tar gets its peak 

yield and starts to cracking afterwards; however, primary tar is almost vanished [17]. M. L. Boroson 

[18] indicates that at temperature 600 C, primary tar yield decreases from 52.6 wt% of wood to 36.6 

wt% of wood and at temperature 700 C, the decrease is significant, namely from 52.6% to 16.6%. Linear 

interpolation suggests that primary tar yield decreases by around 50% at temperature 650 C. P. O. Morf 

indicates that  at 650 C, primary tar yield decreases from 31 wt% to 23 wt%. [19]. T. A. Milne, R. J. 

Evans and N. Abatzoglou research that at temperature 650 C, decrease of around 40 % in primary tar 

yield was obtained [20]. 

This research aims to develop simple and practical pyrolysis technology with enhanced plant 

performance, namely higher gas yields and lower tar, and CO2 yields from previous research (Homma, 

et al) [12]. 
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2.  Experiment 

2.1. Wood Feedstock and Apparatus 
In this research, rubber wood is  used  for  pyrolysis  feedstock.  In North Sumatera region, there are so 

many rubber plantations [21]. In figure 2, a pyrolysis system constructed for this research is 

schematically illustrated. All components of the system are connected with stainless steel pipe of ½ inch 

in diameter, and the combustion gas inside furnace is exhausted into the chimney and flows into the 

secondary chamber so that the pyrolysis gases from pre-vacuum chamber can be heated up to decompose 

existing tar. Collecting data in this experiment is done in two ways, namely without charcoal in the 

secondary chamber, and by inserting charcoal pyrolysis results of prevacuum chamber into the 

secondary chamber. 

 
Figure 2. Schematic view of constructed pyrolysis system. 

2.2. Experimental Procedures 
The procedure is as follows: 

a. In the pre-vacuum chamber filled with 5 kg rubber wood. 

b. Water flows in the tar trap at the bottom and flows out from the top, and CO2 absorber is not filled 

with water to measure total pyrolysis gaes.  

c. Two K-type of thermocouples are installed properly, namely at pre-vacuum chamber bottom, and 

at the center of chimney just before the secondary pre-vacuum chamber.  

d. The equipment is vacuumed. 

e. Fuels (rubber wood pieces) in the furnace are ignited. 

f. Temperature, and pressure in the pre-vacuum chamber and the secondary chamber are monitered.   

g. Pyrolysis gases from the pre-vacuum chamber flow slowly into the seconday pre-vacuum chamber 

through stainless steel pipes after pyrolysis starts. After reaching 0.1 Mpa, the pressure is kept at 

0.1 MPa by opening the valve and releasing pyrolysis gases into the tar trap, gas tank until the 

pyrolysis process is terminated. 
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h. So that the temperature in the secondary chamber can reach 800oC - 1000oC, outside wall of the 

secondary chamber is wrapped with isulation belt to minimize heat loss. 

i. Record the temperature change every one minute during the pyrolysis process, and the pressure is 

maintained at 0.1 MPa until the pyrolysis process is complete. 

j. After a pyrolysis experiment has been terminated, the pressure of the gas tank is measured to obtain 

the gas product volume. Weight of tar trapped in the tar trap is measured. 

3.  Experimental Result 

3.1.  Temperature 
In the experiment, the exhaust gas temperature was measured just before inlet of the secondary chamber. 

The result is shown in Figure 3. The exhaust (combustion) gas was moderately heated up as a function 

of time. In the figure, an arrow mark indicates the moment when the secondary chamber was opened 

and pyrolysis gases flew out from the chamber. Before the valve opens, the temperature in the primary 

pre-vacuum chamber is almost same as the date obtained by the previous experiment. However, after 

20 minute, the temperature measured by the current experiment is rather lower than that in the previous 

experiment. The reason for this phenomenon is not clear yet, but it may result from effect of the 

secondary chamber. 

 

 
Figure 3. Temperature measure by experiment 

The exhaust gas temperature reached 727 C (1000 K) when the valve was opened and then fluctuates 

around 750 C. For numerical analysis of heat and mass transfer in the secondary chamber, the exhaust 

gas temperature is approximated by two kinked line. After 20 minutes, the exhaust gas temperature was 

kept constant at 1000 K. 

 

3.2 Heat and Mass Transfer Analysis Based On Measured Exhaust Gas Temperature 
To examine performance of secondary tar cracking in the secondary chamber, heat and mass transfer 

analysis was carried out by use of Fluent based on measured exhaust gas temperature. 

Numerical analysis was carried out for two heating scenarios as follows: 

1. Exhaust gas temperature is constant, 1000 K 

2. Exhaust gas temperature increases as a bi-linear function of time simulating measured results 

at the experiment. 

In Scenario I, exhaust gas heated up to 1000 K flows into the chimneys inside and outside the 

secondary chamber, and the result is shown in Figure 4. 

TIME VS TEMPERATURE 



5

1234567890‘’“”

10th International Conference Numerical Analysis in Engineering IOP Publishing

IOP Conf. Series: Materials Science and Engineering 308 (2018) 012047 doi:10.1088/1757-899X/308/1/012047

 

 

 

 

 

 

From the identification results shown in Figure 8, we present 5 samples from 15 testing images that we 

conduct 

 

 

Figure 4. Temperature contours at 40 minutes after heating 

 

In Scenario 2, exhaust gas heated up to the temperature as a function of time as measured in 

the experiment flows into the secondary chamber. At the same time, pyrolysis gases heated at 

500 K flow in the secondary chamber according to the pressure measured in the experiment 

(Figure 5). 

 

 
Figure 5. Temperature contours at 40 minutes after heating 

 

As shown in figures 4 and 5, temperature distribution in the secondary chamber is almost 

the same for both Scenarios. At the upper part of the secondary chamber, pyrolysis gas 

temperature is above 950 K (677 C). This result can suggest that secondary tar cracking may 

take place in the secondary chamber. 
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3.3 Pyrolysis Yields 
After the experiment  is terminated,  pyrolysis  yields  of  tar,  char,  and  gases were measured and 

shows in Table 1 and 2. 

 

 

Table 1. Previous pyrolysis yield (mass) for  

5 kg rubber wood and pressure 0.1 MPa 

PREVIOUS DATA 
Average %  Experiment 

1 2 3 
Tar (kg) 2.09 1.73 2.07 1.96 39.29 

Char (kg) 1.55 1.25 1.5 1.43 28.67 

Gas (kg) 1.36 2.02 1.43 1.60 32.07 

 

         Table 2. Current pyrolysis yield (mass) for  

          5 kg rubber wood and pressure 0.1 MPa 

CURRENT DATA 
Average %  Experiment 

1 2 3 
Tar (kg) 2.02 1.81 1.653 1.83 36.55 

Char (kg) 1.399 1.443 1.764 1.54 30.71 

Gas (kg) 1.581 1.747 1.583 1.64 32.74 

3.4. Discussion 
The experimental results shows that the tar yield is not significantly reduced from the result obtained by 

the previous experiment in which the secondary chamber was not utilized to promote the secondary tar 

cracking. To examine performance of the secondary chamber developed by this research, heat and mass 

transfer analysis was carried out by use of numerical fluid dynamics code Fluent. 

The numerical analysis results show that: 

1. Axisymmetric heat and mass transfer analysis was carried out for simplicity, although the 

geometry is not completely axisymmetric, especially, exhaust gas and pyrolysis gas inlets 

and outlets. However, other geometry and dimensions are the same as those of the 

secondary chamber used in the experiment. 

2. Two scenarios are considered for the numerical analysis.  

a. The first one is an ideal case. The exhaust gas temperature is kept constant 1000 K 

b. The second is a case to simulate the experiment, namely, the exhaust gas is gradually 

heated up to 1000 K at 20 minutes after heating. 

Numerical result obtained by Scenario 2 could suggest that the secondary tar cracking may 

surely take place in the secondary chamber, based on the temperature of more than 650o C and 

the residence time of around 50 seconds. 

4.  Conclusion 
The pyrolysis technology developed by this  research  is  rather simple  and  does  not  needs  special  

technical  skill  and  knowledge. Therefore, the pyrolysis plant can run without less maintenance, and it 

can be easily installed in rural areas where woods waste is  available.  

The experimental results showed that the tar yield was not significantly reduced from the previous 

experimental result. However, in order to enhance efficiency and  performance  of  this  pilot  plant,   



7

1234567890‘’“”

10th International Conference Numerical Analysis in Engineering IOP Publishing

IOP Conf. Series: Materials Science and Engineering 308 (2018) 012047 doi:10.1088/1757-899X/308/1/012047

 

 

 

 

 

 

there  are many parameters affecting performance of this pilot plant to be clarified. The experimental 

result and numerical analysis of tempearature distribution in the secondary chamber show that secondary 

tar cracking surely takes place in the secondary chamber, but the primary tar reduction is not apparent.  

Futher experiments are necessary to make sure the secondary tar cracking. 

Acknowledgement 
The authors would like to express their deepest appreciation to Mr. Kosasih Matseh who supplied rubber 

wood pieces for feedstock used in this research. 

References 
[1]  101 Climate change The Science and impacts Published by the Pew Center on Global 

Climat Change and the Pew Center on the States 

[2] Global warming, climate change, Retrieved From http://timeforchange.org/cause-and-

effect-for-global-warming  

[3]  Boden T and Blasing T J Record High 2010 Global Carbon Dioxide Emissions from 

Fossil-Fuel Combustion and Cement Manufacture Posted on CDIAC Site Retrieved 
From http://cdiac.ornl.gov/trends/emis/prelim_2009_2010_estimates.html  

[4]  Turner L A, et al. 2011 Bioenergy Review Committee on Climate Change UK  

[5]  Executive Summary (October 2014) Analysis of low-growth scenarios for China and 
India and the climate change issue. Japan: The Institute of Energy Economics. 

[6]  Agency I E (September 2013) South East Asia Energy Outlook (Paris, France. Retrieved 

From www.worldenergyoutlook.org) 

[7]  Indonesia Energy Outlook 2013 Study of Indonesia Energy Outlook Ministry of Energy 
and Mineral Resources, Republic of Indonesia, Secretary General, Center for Data 
and Information, Budget Year 2013, Jakarta  

[8]  Lata, Choubey T A K, Dubey A K, Singh P L, Gangil S 2014 Significance of Biomass in 
Reduction of Global Warming  AISECT University Journal Vol. III/Issue V  

[9]  Prabir B 2010 Biomass Gasification and Pyrolysis: Practical Design and Theory, ISBN 

978-0-12- 374988-8 (alk. paper), TP339.B355 
[10] Jieheng G 2004 Pyrolysis Of Wood   Powder And Gasification Of Wood Derived Char  

(Eindhoven: Technische Universiteit Eindhoven) 
[11]  Michael L B, Jack B H, John P L, William A P Effect of Extra-particle   Secondary 

Reactions of Fresh Tars on Liquids Yields in Hardwood Pyrolysis (Department of 

Chemical Engineering and Energy Laboratory Massachusetts Institute of Technology 

Cambridge, MA  02139) 

[12]  Hiroki H, Hiroomi H, Yusrizal, Muhammad I 2013 Wood Pyrolysis in Pre-Vacuum 

Chamber Journal of Sustainable Bioenergy Systems 3 pp 243-249  

[13] Oliver M P 2001 Secondary Reactions of Tar during Thermochemical Biomass Conversion 

(A dissertation submitted to the SWISS FEDERAL INSTITUTE OF T ECHNOLOGY 

ZURICH for the degree of Doctor of Technical Sciences. Diss. ETH No 14341) 

[14] Hiroki H, Hiroomi H , Muhammad I 2014 Numerical Analysis on Wood Pyrolysis in Pre- 

Vacuum Chamber Journal of Sustainable Bioenergy Systems 4 pp 149 -160  

[15] Thana P, Tomoaki N, Kunio Y 2010 Tar removal from biomass pyrolysis gas in two-step 

function of decomposition and adsorption Applied Energy 87 pp 2203–2211 
[16] Anchan P, Kunio Y 2012 Influence of Pyrolysis Temperature on Rice Husk Char 

Characteristics and Its Tar Adsorption Capability Energies 5 pp 4941- 4951  

 



8

1234567890‘’“”

10th International Conference Numerical Analysis in Engineering IOP Publishing

IOP Conf. Series: Materials Science and Engineering 308 (2018) 012047 doi:10.1088/1757-899X/308/1/012047

 

 

 

 

 

 

[17]  Ashraf E 2012 Modeling Of Secondary Reactions Of Tar (Srt) Using AFunctional Group 

Model International Journal of Mechanical Engineering and Technology (IJMET)3:3  

pp 123-136  
[18]  Boroson M L 1987 Secondary reactions of tars from pyrolysis of sweet gum hardwood, 

thesis for doctor of philosophy (MIT) 

[19]  Morf  P  O (1070) Secondary reactions of tar during thermochemical biomass conversion, 

thesis for doctor of technical science (Swiss Federal Institute of Technology Zurich) 

[20]  Milne T A, Evans R J, Abatzoglou N 1998 Biomass gasifier “tar”: Their nature, 
formation, and conversion National Renewable Energy Laboratory/TP-570-25357 

[21]  Directorate General of Plantation of the Ministry of Agriculture 2014 Increased 

Production, Productivity And Quality of Annual Plants: Technical Guidelines for 

Developing Rubber Crops  
 

 


