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Introduction
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The end of the age of fossil fuel

Reference: Goodstein (2004).

http://www.amazon.com/gp/reader/0393058573/ref=sib_dp_pt/102-8599797-4786556
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What are the substitutes?
The advantages of the 
renewable energy:

1. Reduce dependency of 
fossil fuel resources.

2. Provide greenhouse gases 
mitigating opportunities. 

3. Have wide applications.

What kinds of 
renewable energies are 
suitable for Taiwan?

Reference : Renewables in Global Energy Supply, IEA (2003).



66

What is biomass energy (bioenergy)?
Definition: 
The feasible energy which is transformed 
from biomass.
It is a renewable energy and can be 
produced and used theoretically unlimited.
Biomass: It refers generally to the organic 
matters originated from organism, such as :

1. Forestry waste (matchwood), 
2. Agriculture waste (pod, cob, bagasse, and 

rice stick), 
3. Domestic waste (garbage, kitchen waste),
4. Animal husbandry waste (carcass), 
5. Industrial organic waste (waste plastics, 

rubbers, and paper).  
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Bioenergy in the world
In Canada, it has established a pyrolysis experimental factory 
which can handle the forestry waste and the agrarian waste
(bagasse and wheat stem) to daily production of 2 tons biochemical 
fuel. 
In England, it has the power plant specially burning cereal and 
grass stalk. 
In USA, Professor Holtzapple’s research group of Texas Farm 
Worker University can effectively transform the straw into many 
kinds of valuable products (such as animal fodder, organic acid,
organic alkane, and  ethyl alcohol)  via the biological and chemical 
methods. At present, a small pilot plant with capacity of 50 pounds 
per day is on operation.

In Taiwan, which biomass waste is feasible and 
economical for producing bioenergy ?
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Rice straw
The rice is one of the Taiwanese
staple food.

According to the In Season 
Agricultural Products, the 
cultivated areas for rice are 
237,015 hectares. Referring to 
the Industrial Technology 
Research Institute’s statistics, the   
rice straws generated are 6 tons 
per hectare. So the total annual
rice straws generated are about 
1,400,000 tons (including first and 
second crops).

Reference : Council of Agriculture, Executive Yuan, R.O.C (2004)f Agriculture of Taiwan (2004).Reference: Council o
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Rice straw
Outdoor incineration: 
Causes emission of air 
pollutants such as 
particulates, CO, HCs, NOx, 
HCl, and dioxin etc.

In situ use for producing 
manure: Costs very high 
and needs additional nitrate
(rice straw’s C/N is 45 
above the suitable value of 
20~30).
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Rice straw 
The advantages of 
choosing the rice 
straw:

1. Nearly unlimited.
2. Enough amount.
3. Friendly to 

environment.

Therefore, the rice straw is a potential and 
worth bio-waste for Taiwan to produce the 
bioenergy!
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What is plasma?
Plasma forms when certain amounts of energy, such 
as heat or more commonly some kinds of electricity, 
pass through a gas. 

The excess energy liberates 
electrons from the atoms or 
molecules in the matter, 
leaving them ionized.

Ref: http://www.atmosphericglow.com/
technology/plasma.html

A physical state 
change
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What is plasma?
Definition: A partially or 
entirely ionized gas.

Regarded as the 4th 
state of matter, 
composing of electrons, 
ions, neutrons, gaseous 
atoms, gaseous 
molecules, and free 
radicals.
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What is plasma?
Plasma is commonly produced via the 
electric field which accelerates the trace 
electrons inside the gas to make them  
gaining great momentum to collide other 
gaseous atoms or molecules resulting in 
isolating them into more positive ions and 
electrons.
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Plasma in the 
atmosphere

The lightning and  aurora are 
common examples of plasma 
present at Earth's surface.  
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Plasma processing
Entirely ionized gas: Thermal plasma (TP), hot 
plasma, equilibrium plasma. 
Partially ionized gas: Non-thermal plasma (NTP), 
cold plasma, non-equilibrium plasma.

Typical NTP technologies
Arc plasma (電弧電漿＝電漿火炬)
Electron bean (電子束)
Dielectric barrier discharge (介電質放電),
silent discharge (寂靜放電), streamer discharge (流
線放電), pulsed corona discharge (脈衝電暈)
Radio frequency (RF) discharge (高週波)
Microwave discharge (微波)
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Common applications of 
plasma technologies

Hazardous waste treatment
Thin-film formation
Lighting and screen
Surface modification 
Plasma etching and sputtering
Specific gas prouduction (ozone)
Particulates (via EP) and gaseous pollutants 
control (SOx, NOx, CFC, PFC, VOCs)

Use of plasma to produce bioenergy is a 
novel technology!
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Reuse of Bio-wastes 
and RF-plasma
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How to reuse the bio-wastes?
Direct burning: To generate thermal energy and 
electric power.  
Physical transform: Via the procedures of breaking, 
separating, drying, adding agglutinant, and 
shaping etc. to form the refuse derived fuel (RDF) 
which is suitable to transport and storage.  
Chemical/biological transform: Via fermenting 
function and trans-esterification to producing 
methane, alcohol, bio-diesel, and H2 etc. 
Thermal transform: Via ways of gasification and 
pyrolysis to form synthesis fuels or gas.
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Common thermal transformation 
technologies

Pyrolysis:
1. Thermal decomposition reaction with no oxygen. 
2. Lower temperature reaction.
3. Obtaining the energy products (synthetic fuel, oil) 

and the high-value chemicals (methane, ethane, 
and ethene etc.)
Gasification: 

1. Partial oxidation reaction. 
2. Higher temperature reaction.
3. Obtaining the usable energy (such as syngas).
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Pyrolysis applied in bioenergy
Onay and Kockar

(2004) Rapeseed
Obtaining 68% liquid product with 
flashy heating rate (300 ℃ min-1)

Gercel (2002)
Sunflower-

oil cake

Obtaining 49% liquid product at  
550 ℃ and heating rate of 7 ℃

min-1

Demirbas (2004)
Beech 

trunk barks

More synthetic fuel and less char 
are produced with higher heating 

rate

Almond shells (Gonzalez et al., 2005), micro-algae (Miao et al., 
2004), chlorella protothecoides (Miao and Wu, 2004), walnut shell
(Onay et al., 2004), linseed (Acikgoz et al., 2004), agrarian waste
(wheat straw, corncob, corn stover, tobacco stalk, leave, and olive 
tree etc.) (Demirbas et al., 2004), safflower seed (Beis et al., 2002), 
bagasse (Morris, 2001) etc.
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Gasification applied in bioenergy
Drift et al. 

(2001)
Cacao shell, willow, 

grass etc.
Achieving greater than 85% 
energy transfer efficiency 

Garcia et al. 
(2003)

Coal, plastic
Getting good quality of active 
carbon material (micro-pore 

volume 0.263 cm3 g-1)

Franco et al. 
(2003) Forestry biomass

The best operating parameters 
are 830 ℃ and stream/biomass 

ratio of 0.6-0.7

Hanaoka et al. 
(2005)

Cellulose, xylan, 
and lignin

Operating parameters affect the 
composition of H2, CO, and CO2

in gas product
Olive oil waste (Garcia et al., 2004), sawdust (Cao et al., 2006), 

Danish straw, Swedish wood, and sewer sludge (Wei et al., 2005), 
bench wood and oil palm shell (Klose and Wolki, 2005) etc.
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Characteristics of thermal treatment
Advantages: 

1. Recycle the waste’s energy. 
2. The furnace’s structure is simple and 

the operation is easy. 
3. Produce few NOx and CO2, avoid 

producing the chlorphenol.
4. The range of feeding is wide.

Disadvantages: Limitation in heating 
rate and mass transfer rate.

1. Low gas productivity. 
2. Large amount of tar and char lead to 

poor quality of synthetic oil and make 
the collection facilities to be corroded 
and jammed.

Find some new heating methods to 
overcome the above disadvantages!
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The attractive features of plasma
1. High temperature and rapid heating rate are 

helpful to gas production and tar decomposition in 
thermal treatment. (Zhao et al., 2001)

2. Using plasma can solve traditional pyrolysis 
problems because the plasma has properties of 
high energy density, high temperature, rapid
heating rate, and shorter reaction time. (Zhao et 
al., 2001; Bridgwater, 2003; Chen et al., 2003; 
Merdia et al., 2004; Yaman, 2004)

3. The energy species (electron, ion, atom, and free 
radical) generated from plasma can improve the 
tar decomposition. (Tang and Hung, 2005) 
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Why do we choose RF-plasma?
1. Avoid polluting or damaging the 

electrode.
2. Produce low temperature and high energy 

density electrons.
3. Economize the energy and the amount of 

working gas.
4. Can make sure the product’s qualities by 

adjusting the parameters (vacuum degree, 
supplied voltage, and gas temperature 
etc.)
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What is radio-frequency (RF) plasma
RF plasma is usually produced at low pressure
(3000~8000 Pa) via the alternating current (AC) magnetic 
field of high frequency (105-107 Hz, generally 13.56 MHz) 
and wide power input (0-2000 W), which induce the 
working gas to account for self cracking by intensely 
colliding and grating.
We can make sure the product’s qualities via adjusting 
the parameters of working pressure, input power, energy 
density, and gas temperature etc.
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Applications of RF-plasma
Tasi and 

Hsieh
(2004) 

CH4

Convert 80% CH4 into syngas, and achieve 
the selectivities of  H2 and CO of 93 and 74% 
(H2/CO molar ratio of 2.5).

Li et al.
(2005)

Hydro-
carbons

Plasma can increase the flexibility of the 
whole system, especially in the case of on-
board hydrogen generation.

Tang and 
Hung
(2005)

Sawdust
Yield 66 wt.% gas (syngas reached 76 vol.%) 
and solid product has high BET surface area 
(278 m2 g-1) and pore volume (0.15 cm3 g-1).

Most of the RF plasma applications are hazardous waste treatment
(PCBs (Kim et al., 2003), benzene (Shih et al., 2004), and DCE (Li 
et al., 2003) etc.), industrial manufacturing (SiO2 nano-fiber (Zhang 
et al., 2005), nano-ZnO film (Lee et al., 2005), and CeO2-buffer 
layer (Sohma et al., 2005) etc.), and invert gas production (reducing 
SO2 to element S (Tsai et al., 2004)) etc. 
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Demonstration
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The RF plasma thermolysis reactor

1. Mass flow controller, 2. vacuum meter, 3. continuous feeding apparatus, 
4.10.13. thermocouples, 5. crucible and its support, 6. copper electrodes, 7. 
stainless steel net (25 mesh, 0.71 mm), 8. solid product storage, 9.12.14. gas 
product samplers, 11. condenser and liquid product tank, 15. circulating 
thermostat, 16. auto-matching box, 17. RF-plasma power supply, 18. the digital 
monitors.
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The traditional thermolysis experiment

1. Nitrogen, 2. drying tube, 3. mass flow controller, 4. control board, 5. electro-
balance, 6. sample disk, 7. thermocouples, 8. furnace, 9. condenser tubes, 10. 
constant temperature bath, 11. to sample bag, 12. data acquisition, 13. personal 
computer. 



3030

The characteristics of 
the RF-plasma thermolysis reactor

Variation of  pressure in RF-plasma thermolysis reactor with 
gas flow rate using various gases. P: Pressure at the specific  
gas flow rate; P0: Initial pressure (89 mtorr) without introducing 
the gas. Constant exhaust of pump: 40 L min-1. The R2 values 
of fittings of data of N 2 and Ar are 0.9922 and 0.9843, 
respectively.
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The characteristics of 
the RF-plasma thermolysis reactor

PL (loading power) = PI (input power) - PR
(reflected power)

Time variation of reacting temperature (Tr) in RF-plasma thermolysis
reactor at various loading power (PL). Gas type: N2; flow rate: 200 mL
min-1; pressure: 1.08±0.2 torr; room temperature: 298±5 K. 
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Compare the thermolysis results 
using two heating methods

Pre-treatment process of sample: 
Sample (30-40 mesh, 0.06-0.425 mm) was put in the 

oven at 278 K overnight and then in desiccator before use.

Same experimental conditions:
Sample weight: 0.1±0.01 g
Carrier gas: N2
Gas flow rate: 200 mL min-1

Setting reaction temperature: 783±10 K

Different heating conditions:
The RF-plasma thermolysis: PL at 308±4 W
The traditional thermolysis: : 70 K min-1
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Pre-test

PL: 308±4 W; sample size: 30-40 mesh (0.6-
0.425 mm); gas type: N2; flow rate: 200 mL
min-1; pressure: 1.08±0.2 torr; room 
temperature: 298±5 K.

Sample weight, mg 300 200 100 50

Residual, % 0.63 0.61 0.53

0.39Decomposition,% 0.37

0.54

0.460.47

For the four sample weights compared, 
the sample weight of 100 mg gives the 
best performance!
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Variations of residual and Tr with time for the pyrolysis of 
rice straw using RF-plasma for heating. Tr: reacting 
temperature. PL: 308±4 W; TP (plateau temperature): 
783±10 K; sample weight: 0.1±0.01 g; sample size: 30-40 
mesh (0.6-0.425 mm); gas type: N2; flow rate: 200 mL
min-1; pressure: 1.08±0.2 torr; room temperature: 298±5 K.
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Variations of residual and Tr with time for the pyrolysis of rice 
straw using traditional thermal heating. Heating rate: 70 K 
min-1; TP: 783±10 K; sample weight: 0.1±0.01 g; sample size: 
30-40 mesh (0.6-0.425 mm); gas type: N2; flow rate: 200 mL
min-1; room temperature: 298±5 K.
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The RF-plasma thermolysis The traditional thermolysis

Type of  pyrolysis Solid product, 
wt.%

Liquid product, 
wt.%

Gas product, 
wt.%

RF-plasma thermolysis 50.0 0 50.0

Traditional thermolysis 42.6 1.5 55.9
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Concluding Remarks
1. The RF-plasma thermolysis offers faster heating 

rate and can retain more residues of rice straw 
than the traditional thermolysis at the same 
plateau temperature TP.

2. The RF-plasma thermolysis has no corroding 
problem because of no formation of tar.

3. The time to reach TP is short, decreasing the 
formation of complex compounds from 
intermediate residues at various temperatures 
during the period of temperature rise. We can 
infer that the contents of gas products from the 
RF-plasma thermolysis of rice straw are simpler 
with better quality than those from traditional 
thermolysis.
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Summary
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Keep in your mind!
The wastes should be the resources 
be placed in wrong place. (The wastes 
should be the resources placed in right 
place.)
The fossil fuel is limited, but the 
renewable energy is unlimited.
Today’s needs should not comprise 
the ability of future generations to 
meet their needs. (Reference: Our common future, 
The World Commission on Environment and Development, 
1987)
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THANKS  FOR 
YOUR  ATTENTION!

Graduate Institute of Environmental Engineering,
National Taiwan University, Taipei, Taiwan.
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