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Мѝ  

ӭ›ᶺ Ɫ 95%ѿϱ Ԋ ЀП Ȳ ᵅ Ѐ Ἤ

ẃП Ȳ ю ὑоӰ ПṼ Ɫ ӐП Ȳ֪ױȲ╜ἈБ

ứὙ ᾼԛӢ ӭ ȲẔМӢ ᾬ╥ᶺ Ѭϩ ҵ

ᾼԛӢ ẃ ȲЛ ᵓὑצ ’ Ȳѹ ẓ ᾼן֫

ȴ о ᶧ о ч Ȳ…֯ ϯ ᴩ‍ оἤᾼ

и оч Ȳ ᵶ ᾬ ɎֽӢ ᾬȳ ᾬἨ ⱦ ɏ ѿכ

ⱢѻȲҠẁᵓӣᾼ Ȳ ẓ ’ ȲБכⱢԓ

Ӣ ᵓӣᾼ ᶾ ПϚȴ 

ȲӐױ֪ Ϛ֯ס 150 cmȲḕ 6 cmṓѠПҳ в ☼ה

оᶩӢ ᾬ о Ṇ в ᴩо ᶧП Ȳ

о ц ⇔ ὑ о֥כ Пכ ȲѿᵂⱢӑẃ∂Ӵ ᵂ

ц ов ☼ה оᶩо Ṇ П ᴕȴӐ П

ѻ ӭ Ɫ 

1. ᶙכ  ὑ 20 kWthв ☼ה оᶩо Ṇ П∂

ȷ 

2. ᶙכ о ᵂ о֥כ Пכ ȷ 

3. ᶙכ о ᵂ ⇔ о֥כ Пכ ȴ 

4. ᶙכ  ὑ 20 kWthв ☼ה оᶩП ȴ 

 

ȸв ☼ה оᶩȳо ȳӢ ᾬȳ оȳ֥כ  
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Abstract 

   Because Taiwan is not rich in land-based energy resources, the ratio 

of imported energy is above 95% at present. In order to decrease the 

amount of utilization of fossil fuel, the target share has set by the 

government for renewable energy. The biomass is the most important 

renewable energy beside conventional hydropower in Taiwan. Energy 

recovery from biomass can not only benefit the environment but also 

make profits from energy produced. Gasification, the 

environmental-beneficial process, defined as the conversion of 

carbonaceous feedstock, e.g. biomass or waste, by partial oxidation at 

elevated temperature, has been considered as a core technology to 

recover energy from biomass in the world.  

This study is to investigate the feasibility of developing a chemical 

looping process (CLP) integrated with a novel interconnected fluidized 

bed (IFB) biomass gasification system. In order to establish operational 

parameters and provide the information for future commercial design of 

an interconnected fluidized bed chemical looping process, all 

experiments are carried out in an interconnected fluidized bed hot model 

gasification system with four 6 cm x 6 cm compartments, and a total 

high of 1.5 m. 

The objectives of this study are 

1. Establishing a chemical looping process (CLP) integrated with a 20 

kWth; interconnected fluidized bed gasification system for applying 

metal oxygen carrier; 

2. Investigating the effect of the operational gas velocity on the syngas 

composition; 

3. Investigating the effect of the operational gasification temperature on 

the syngas composition; and 

4. Investigating the circulating rate of metal oxygen carrier in a 20 kWth 

interconnected fluidized bed gasification system. 

 

Keywords: Interconnected fluidized bed (IFB), chemical looping 

process (CLP), biomass, gasification, syngas. 
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ȳ ӭᾼ  

Ɏ ᶝȲ2015ɏȲᶺ ṿӣоӰד2014 ᴩѭϩ

Ҝ ᾼ 75.61%ȲẔМӰᾒҜ 7.96%ȳ ⱦҜ 34.71%ȳщ

Ҝ 32.94%Ȳ Ϸṿ ᶺ ֯ ṿӣᾼϡ о ᾼ Ὅϱ Ự

ЛϯȲ֯ ᾼד2013 Ὅ 248.70 MtȲҜԓ Ὅ ᾼ0.77%Ȳ

ᴯỰԓ 22֤ȲᴖϢᶁ Ὅ Ɫ 10.63 tɎIEA, 2015ɏȲᴯỰԓ

20֤ȲṸ☺ 1֤ȴ֪ױȲ ю ὑоӰ ПṼ Ɫ ӐП

ȲẔМӢ ПᵓӣЛ ᵓὑצ ’ Ȳѹ ẓ ᾼן֫

ȴ֯ ֵӢ ᶾ МȲӢ ᾬ о ᶧɎbiomass gasificationɏ

о Ɏthermochemical conversionɏч Ȳ…֯ ϯ ᴩ

‍ оἤᾼ и оч Ȳ ᵶ ᾬ ɎֽӢ ᾬȳ ᾬ ɏ

ѿכ ⱢѻȲҠẁᵓӣᾼ Ȳ ẓ ’ ȲБ

Ɫԓכ Ӣ ᵓӣᾼ ᶾ ПϚȴ 

ҫϚѠ Ȳо ᶧɎchemical looping processȲCLPɏⱢ

Ϛ ₤П о ᶾ Ɏֽ Ἠ о ɏȲ…ѿ  оᾬᵂⱢ

о Ɏᵛɦ ɧɏᾼ ᶾ Ȳὑч ∟Ҡ Ὅ ⇔ϡ

о Ȳѿᵓὑ ϡ о ғ Ȳẁ∟ שПӣɎ׀⅔

ӂȲ2011ɏȴо ᶾ ᵓӣẓ ἤ П  оᾬ

Ɏoxygen carrierɏ֯דФᴭ ᾼ оч Ɏoxidation reactorɏ
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ч Ɏreduction reactorɏв Ȳṳ Ӧ о

ᾼч Ȳ ẞ о ȳ Ἠ ӭᾼȲ ᾼ

ᾬѻ Ɫϡ о Ḧѿц иᴆ╬ᾬɎ ▼ᶇ Ȳ2017ɏȲֽ

1.1Ἤӱȴ 

 

 

1.1 о ᶧӱ  

 

о ᾼч ạᵛ Ϥɦ ч ɧɎfuel reactorɏ

М Ȳ ɎMexOyɏч Ȳ оכ CO2 H2OȲᴖ

MexOy ⁄ כ MexOy-1Ȳ֪ױ ч Ӽ ᵂ ч

ɎreducerɏȲẔч שἬӱɎ(1.1)הֽה ӂȲ2011ɏȴ 

 

ч :    

(2n + m) Me
x
O

y
 + C

n
H

2m
 ­ (2n + m) Me

x
O

y-1
 + m H

2
O + n CO

2  
(1.1)  
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Ὲ ч :    

2 Me
x
O

y-1
 + O

2
 ­ 2Me

x
O

y
                                 (1.2) 

ч  

C
n
H

2m
 +Ɏn + m/2ɏO

2
 ­ m H

2
O + n CO

2
                     (1.3) 

 

ᾼ MexOy-1 ԛ ϤῈ ч Ɏair reactorɏȲ

Ὲ Мᾼ ᴩч Ȳṳ ֫ MexOy ᾼ₤הȲᶙכϚ

ɎloopingɏȲ֪ױῈ ч Ӽ Ɫ оч ɎoxidizerɏȲẔч

שἬӱɎ(2)הֽה ӂȲ2011ɏȴ֥Ẇ(1.1)ה Ȳᵛ(1.2)ה Ϛ ᾼ

ч  Ἤӱȴ(1.3)הȲֽה

Л ֯Ẓч ᾼ Ȳ ӣȲ ẁϠ

оἬ ᾼ ȷֽױϚẃ Л Ὲ ᾿ Ȳᴖ╥

ч ᵛҠ ᴩ о Ȳ Ϡ Ӣ Ɫ CO2ᴖ N2 ҵȲ

Ӽ юϠ ₤Ɏfuel-ɏ ϩ₤Ɏthermal-ɏ оᾬɎNOxɏᾼ

ӢȲҠ ⱢϚ ɦ ѭ ч ɧɎש ӂȲ2011ɏȴ 

ӭ›ԓ ֯ о ч МȲѻ Ҕ╗ɦ ☼ оᶩɧ

Ɏdual fluidized bedɏṆ Ɏֽ Diego et al.. 2007; Kolbitsch et al., 2009; 

Shen et al., 2009ɏȲѿц Ɏɭmoving bedɏṆ Ɏֽ Fan et al., 2007ɏȲ

ֽ 1.2Ἤӱȴ ☼ оᶩⱢẒ ᴭ ѹדФ ☼ оᶩȲẔМῈ
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ч Ɫɦה₤ ☼ה оᶩɧȲ ч Ɫɦᵅ ᾚ

☼ה оᶩɧȲ ֯ ч М ч ∟ ☼ Ϥ

Ὲ ч Ȳԛ ☼ Ϥ и Ми ҏ ЊП

Ȳԛ ֫ ч ȷẔ Ɫ Ҡᵂ ֥

Ȳᴖ с☼ оᶩᾼ ☼ȲӼ ẁ Ṝ ᾼ ϩȲ

כ‚ П═ ᴩɎש ӂȲ2011ɏȷ ᶩהᾼо ч

ᵛ‍ѿ☼ оѠה ч Мᾼ Ȳᴖ╥ ѿ▀

☼Ɏplug flowɏᾼѠה☼ Ɏש ӂȲ2011ɏȴ 

 

 

1.2 о ч  ה₤

 

ѿ ☼ оᶩᵂ Пв ☼ה о Ɏɭinterconnected fluidized 
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bedȲIFBɏ⌂ҠᵂⱢо Пч ȲẔ… ֥Ẓ ☼ה

оᶩцẔ І ȲӦֵ ☼ оᶩ כ Ϛᶩ Ȳṳ ӦЛ

֝ᾼ☼ о ⇔ Іὑ֢ᶩ ȲᶙכἬ П֢ ч ᶧȴв

☼ה оᶩᾼ ᵂ ֽ 1.3ἬӱȲ☼ о Іὑ Ɏɭdense 

bedɏМϯ ṳ Ἁ ᾼэЀɎorificeɏ Ϥ Ɏɭlean bedɏМȷ

І֯ ᶩМϱὡȲԛ ᾼ Ɏweirɏ ϤҫϚ ᶩМȲ

Ểᴖױֽ Ởȴв ☼ה оᶩẓ ☼ה оᶩП֢ Ȳᵀ

Ẕ ᾼ Ȳֽ І Ȳ╝ẓצ П І

ц юП І ȲҠ ᵅ∂ ц ᵂכӐȲ֝ ᵂ Ӽ

֢ ☼ה оᶩⱢ ȴ 

в ☼ה оᶩП ἘỞὑ ȲKunii (1980)ד1980 Њ₤Ệ

ᾬἨӢ ᾬ о ᶧᾼ ӣȲ ҏϠӦẒ ☼ оᶩц

Ϛכ֥ Ϛᶩ П ἘȲⱢ Ϛᶩ иⱢҳ ԌȲᵓ

ӣ Іὑᶩ П ậ҅ Ԓ П Ȳѿ ∂ע Ӑцכ

Ғч ȴП∟ȲKuramoto et al. (1985) Ԓ Kunii Пҳ

ᶩ ᴩϠ☼ о І Пׁשṅȴ 

в ☼ה оᶩЄ ᾼׁשṅ⁄ᴞ ҅ד90 Ȳ Delftᶾ Є

ᴩϠϚṆԝᾼׁשṅȲKorbee et al. (1991) Ѡᶮᶩиכҳ
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иȲ ֢ ᵂ Ṷ֢ І☼☼ϩᴩⱢׁשṅȲṳӔה ẔⱢ

ɦв ☼ה оᶩɧȲᴖẔᶩ ἘϷכⱢѡ∟ ῏ Ṷв ה

☼ оᶩׁשṅ῏ỐⱢְ ȴ ֪ІɎֽэЀЄЊȳ І

цᶩ ɏц ᵂ֪ІɎֽῈᶩ ɏ ṅẔשׁ І

Ȳ Ὠ Ȳ эЀ Є Ȳ ᶩ ȲἬ Ӣᾼ І

Ϸד Ȳ֪ױ ᶩ ạ֯ Њ☼ о ⇔ צ

ṾП І ȴSnip et al. (1996a) ⁄ ҏв ☼ה оᶩ

ẞἬ П☼ ᾭ Ȳ Ӧ ц ᵂ ẒѠ њȴ

Ҕ╗в ☼ה оᶩᾼ ᴶ ɎэЀЄЊȳ ⇔ц

⇔ȳᶩ ἨẔד ЄЊɏ І ἤɎ ⇔ȳЄЊȳ ᶮ⇔ц

ἤɏȷ ᵂ ⁄Ҕ╗Ὲᶩ ц Іᶩ ȴ 

 

 

1.3 в ☼ה оᶩӱ  
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в ☼ה оᶩ֯ ᾼ ӣϱṳЛֵȲ Ӧ╥נ

Delftᶾ Є Korbee et al. (1991, 1994)ц Snip et al. (1995, 1996b)

ᴩв ☼ה оᶩ ԛӢП ȷ в⁄צЏׁש ὑϫד›ҿҢ

200 kWthв ☼ה оᶩ о Ȳ ֥ о Ẓ ד

☼ оᶩȲѿ ὡ о  (Wu et al., 2004)ȴᴖЭѡ По

ᶧ⌂Ҡ ӣὑв ☼ה оᶩȲ о ᴖṕȲẒ

ᶩҠиᵑᵂⱢῈ ч ц ч ȷᴖѿ ᴩ ∟

ϡ о ᾼ ᶧМȲẒ ᶩӼҠиᵑᵂⱢ ц о

ȴӦױҠṓȲӦὑв ☼ה оᶩ  ֵ ч П Ȳ ӱ

Ẕ֯о П ӣϱПҠᴩἤ › ἤȴ 

Ӑ ᵦ ὧᴔ ᾼׁשṅ ֯ ҟ ᴩ Ἤỗשׁ ɦ ₤в

☼ה оᶩо ч ☼ϩᴩⱢПׁשṅ ɧɎᵦ ὧ Ȳ2014ɏ

цɦ ☼ה оᶩ ᵂ иέ о ɧɎᵦ ὧ Ȳ

2015ɏȲὑϚḕ 10 cmṓѠПҳ в ☼ה оᶩᵐ М ⱶ

ȳӰᴊӰц ὑ֢ Л֝ ϯᾼ І Ȳѻ ᵂ

Ҕ╗ Іᶩ ȳ ᶩ ȳэЀ᾿ ȳэЀ ⇔Ȳѿ ᵂⱢӑẃ

∂Ӵ ᵂ ц ов ☼ה оᶩч Ṇ П ᴕȴ

Ὠ ӱȲҳ Л֝ Іᾼ ὨМȲ ᶩ ᵂ П
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ҒȲ І Ꞌᵧ ϱсᾼ Ȳᶩ Ғ Ȳ І Ӽ

ҒȲ эЀ᾿ Ғ Ȳ І ᵧ ϱсП ȲᴖэЀ

⇔ Ғ ȲЄ ϱ CRSᵧ Ԓс∟ ᾼ ᶮȴױҵȲӰᴊӰ ᵂ

ҒȲӂᶁ юȷ֯ ᶩ Ғ Ȳӂᶁ ᵅȷ

ᶩ Ғӂᶁ ϯ Ȳ ᶩ Ғᴟ 13.5 kg Ȳ І֪

ᶩᶩ Б Ȳ І ☼֫ ᶩȲ ю Іἒױ ϩ כ

ӂᶁ Ғȷᵀ ҒэЀ᾿ Ȳӂᶁ ᵧ ϱсᾼ ȷ

эЀ ⇔ ҒȲӂᶁ Ӽ Ғȴṿӣ Ȳ ᵂ ҒȲ

Пӂᶁ ṳ ыЄ оȲἬѿ ᵂ ṳЛ ẞӂᶁ

ȴ ϱ ṅשׁ ὨȲẔ ӑẃ֯∂ Ԓ ╟ ϱẓצ

Ϛứᾼ ᴕ Ȳѹ ṷЛ֝ ϯᾼ Ὠ ȲӼҠ

∂Ӵ в ☼ה оᶩч ᾼ ȲṳᵂⱢ ẃ о

П ᴕṼ ȴ 

ϱ ὨȲӐ ᵦ ὧᴔ ᾼׁשṅ ὑ ⇔ԛד2016 ᴩ

Ἤỗשׁ Пɦв ☼ה оᶩ оṆ ∂ ᵂиέɧ Ȳ

Бכғ∂Ӵ 20 kWthв ☼ה оᶩӢ ᾬ о Ṇ Ɏᵦ

ὧ Ȳ2016ɏȲӼҠᵂⱢӐׁשṅ ᴩ֢ о П ẓȴ 

ȲӐױ֪ Пѻ ӭᾼ֯ס ₤Пв ☼ה оᶩᶾ Ȳ
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ṳ ӣὑо ᶧȲὑϚБ∂ П 20 kWthв ☼ה оᶩ

о Ṇ МȲ ѿ  ẁ Ȳ ᴩӢ ᾬ оП

ἤ Ȳѿ ᵂ ⇔ȳ☼ оᶩ ☼ ȳ ҉

о ҏЀ Пכ Ȳṳ∂ӴẔ Ԉȷ֝ Ӽ

ᴩ  ẁ ѿц֫ Ɫ  оᾬП Ȳѿ

›∟Пἤ о ѩ ȲᵂⱢӑẃ ов ☼ה

оᶩо ч ᶧП ᴕȴ 
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ȳׁשṅѠᾎ  

Ӑ ᴩ о ПӢ ᾬѻ …ѿ Ѥ Ɏwood pelletɏ

ⱢѻȲẔ иέҔ╗Џכ иέɎproximate analysisɏɎҔ╗ѬԌȳ

Ҡ иȳᴊи ɏ а иέɎultimate analysisɏɎҔ╗ ȳ ȳ ȳ

ȳ а ɏц Пиέȴϱ Ἤ ᴩПиέѠᾎ…Ṽ

ᶺ ᴩ╜ ’ Ἤ ứП Ȳѻ Ҕ╗ NIEA 

R213.20CɎ ѬиɏȳNIEA R205.01CɎ ᴊиȳҠ иɏȳNIEA 

R409.21CɎа иέɏц NIEA R214.01CɎ иέɏȴ 

ҫӐ ἬṿӣП Ҕ╗ ứѬиӣП Channel DV-602

Ȳ ứᴊԌȳҠ иӣП Channel MF-40

Ɏ +50
o
C~1,600

o
CɏȲ ứ ӣП Parr 6300 ה қ

ɎCalorimeterɏȲѿц ᴩа иέἬṿӣП Vario EL а иέ

ɎElementarɏȴ 

о ⁄֯ὑϚ 20 kWthв ☼ה оᶩ о Ṇ

в ᴩӢ ᾬ оПо ᵂ Ȳ ᵂ ԈҔ╗ о ⇔ȳ

☼ оᶩ ☼ ȳ ҉ Ȳѻ иέ ӭҔ╗ о֥כ

ȳכ ȳѿц ᾒ ȴ 

Ӑ о Ṇ … ᾚה☼ оᶩ₤הȲ Є Ɫ 4 
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kg/hrȲṆ ѻ Ҕ╗в ☼ה оᶩ о ȳ ȳẁ ȳ ∟

ếиέ Х иṆ Ȳ 2.1ⱢӐ о Ṇ Пӱ

Ȳ 2.2Ɫв ☼ה оᶩ о ᾼ ȴв ה ᾚה

☼ оᶩ о ѻ …ѿ 6 mm⁴ SUS310Л ∂ ȲѠ₤Пҳ

ᶩМȲḕ Ɫ 6 cmṓѠȲᶩ Ɫ 150 cmȲ ᶩ М

צ 3 cm᾿ эЀȲ и ὰ Ɫ 6 cmȴ ᶩ П Ɫ

30 cmȲ╝ᶩ ⇔ӼⱢ 30 cmȲ І ֯֯ ᶩМϱὡȲԛ

ᾼ ϤҫϚ ᶩМȴ ӼⱢҳ 6 cmṓѠȲ 30 cmП

Ѡ Ȳ ӦẔἉ ϤȲ Ɫ᾿ 2.54 cmП SUS310Л

ȷ ṳ ѿ’ ȲṮѦ ҷȴҫ иᵉ Ɫ 2 mm

⁴П SUS310Л эὰȲэזּ 1.5 mmȲ эѩⱢ 2 %ȴ 

Ғ Ṇ Ҕ╗ Ғ ц Ғ Ȳѿ ѠהҒ ȲҒ

Ӓ ṿӣ ☼ὰȲ ֥∟ І ȲҒ ⇔⁄

Ӧ PID ◕ ạȴ Ғ Ҡ 7 Nm
3
/hr Ὲ Ӧ⅍ Ғ ᴟ

800
o
CȲ Ғ ⁄Ҡ ’═֯ 900

o
CȴӐ П о ᵂ

⇔ ứ֯ 700
o
Cȳ750

o
Cȳ800

o
Cȴ 

Њ₤ Ἤ П Ϛᶩ ☼ Ɫ 2 - 10 Nm
3
/hrȲѿ☼

ᴩ ạȲṳѿ PU ц ṳ ṿӣȲӦ֢☼ ạ
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☼ ȴ ᵂ Ȳ ᶩ ═֯ 1.1 Њ☼ о Ɏminimum 

fluidization velocityȲUmfɏȲ ᶩ иᵑ ᵂ֯ 2ȳ3ȳ4 Umfȴ

ҵȲױ Ӧϱẞϯ ц ȴ 

 

1.  2.  3.  4.  

5.  6.  7.  8.  

9.  ID Fan 10.  11.  12.  

13.  14.    

2.1  20 kWthв ☼ה оᶩӢ ᾬ о Ṇ ☼  

 

о Ἤṿӣᶩ Ȳᵛ ȲⱢӂᶁ 437 mmᾼ +Ȳ

Ẕ Њ☼ о ⇔╥ 18.0 cm/sȲ B ІȴӢ ᾬ о ҏП

о֥כ Ɏsyngasɏ Ԓ Ϛ и Ȳѿן ц Ȳԛ

Ẓ ᾿ 16.9 cmȲ 80 cmП ♃ה Ɏwet scrubberɏȲв
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҉ꞌ′₤  ȲѿѬᵂⱢ♃ Ȳ כ֥ П ᾒц

♃ϯȲṳ ᵅ֥כ ⇔Ȳѿᵓậ иέПӣȴ֥כ ⁄ ậ

᾿ ἼҏȲṳᾃ ᴟ Agilent 7890A ד έ ɎGCɏ ᴩиέȲѻ

иέ Ҕ╗ ȳϚ о ȳӧ ȳϡ о ȴ о֥כ

⁄Ṽ GCἬ П ѩẂȲɔכ ӣӐ ᴯᴞᴩ П ῶ

ᴩ П ȴ 

 

 

2.2  20 kWthв ☼ה оᶩ о  

 

о ӢП ᾒ⁄Ṽ ᾒ ד Ἤ ҏᾼ
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ɦ ᾒц ɧɎGuideline for Standardized Tar and 

Particle Measurementɏ3.3ᾪ ᴩד ∂ ậ Ṇ Ȳ

∟ᾪӐⱢ ɎIEAɏȲ цּר Ἤ ӣȲṳכⱢ

☺ ỗ ɎComité Européen de NormalisationȲCENɏП

ȴӐậ Ṇ Ҕ╗Ἴᵮ ȳ Ṇ ȳ ᾒן ц Ὲ

ȴἼᵮ ֯ о П∟ȲⱢ1/2 inᾼ310Л Ȳ

֯ Ϥ Ṇ ц ᾒן ›ᶁҔ ’ Ḋ Ȳṳ ═Ẕ ⇔

֯350
o
CҿҢȴ Ṇ ⁄ӣѿ Ȳ ӣү ף еҨ

ɎBright Sheland Intôl Co., LtdɏἬӢ ПFiltrafine IDV10S-3/4₤316

Л Ȳ 34.1 cmȲ᾿ 10.6 cmȲвᵶ316Л ȷ

ṳҔ ’ Ḋ Ȳ ═Ẕ ⇔֯350
o
CҿҢȲѿṮ ᾒᵐ ȴ 

ᵶ ᾒП֥כ ∟ᵛ Ϥ ᾒן Ȳḕќ

27 cmȲ᾿ 5 cmȲв ᾿  6 mmⱶ 100 gȲц 200 ml Ѷ

ȲԚ Хќ ᴭ Ϛ Ȳ ὑὍצԜ ᾼԜ МȴἼᵮᵶ

ᾒ֥כ ϤП ᾒן … ӣ Gast еҨ  Model 

0523-V3-G588EDX Rotary Vaneᾼ 1/3 hp Ὲ Ɏvacuum pumpɏȲ

ẔἼᵮ☼ Ɫ1.5 ï 3.1 cfmȲҫӼҒ Ϛ☼ Ȳ Ἴᵮ☼ Ȳ

ѿ∟ ᴩ ᾒ ⇔П ȴ 
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ᾒậ ᶙכ∟Ȳ МП ֥ ậҏṳ ϤҳЀч

МȲч Ϛ ⁄ ϱ ⇔ ạ ȲҫϚ ⁄ ϱᵐ ȷ

⇔ ֯90
o
CɎ Ѷ Пᾐ Ɫ82.5

o
CɏȲ ᴩ и ᾒц

Ѷ Ȳѿ ᾒᾼ ȴ 

 ҵȲױ ᾼ Ӽ╥֯ὑ20 kWthв ☼ה оᶩ

оṆ в ᴩ  ẁ ѿц֫ Ɫ  оᾬП

Ȳṳ ›∟Пἤ о ѩ ȴ 
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ȳѻ  

װױ ᾼ ӭҔᵶв ☼ה оᶩᶾ ד ᴕѝ

Ȳѿ Ɫ Ȳ ᴩ ᵂ ⇔ц ☼ כ֥

Пכ Ȳṳѿ  ȴѿϯ и◕

Ὠ ȸ 

 

Ϛȳ в ☼ה оᶩᶾ ѝ  

ɎϚɏо Пϡ о Ἐ 

ֵ ⅍ ╥ӦϢ ᾼ♄ ᴖ ӢȲḕϚ ҅ῶ Л֝ᾼ

ԓ Ɏglobal warming potentialȲGWPɏȴ ⅍ ᾼ

ѻ Ѭȳϡצ о ȳӧ ȳϚ оϡ ȳ◘ оᾬếг◘о

ɎIPCC, 2007ɏȲЛ֝ ԓ ⅍ ᾼ Ẕ GWPế֯

Є М צ⇔ Ȳ֪ױȲϡ о Ɫ Єᾼ ⅍ Ȳ֪

Ɫϡ о ֯ԓ ϢⱢ Ὅᾼ ⅍ Мᴾצ 75%ᾼѩẂȲѹ

֯Є Мᾼ  ȴ 

ⱢϠ Ӣ ᴖ оӰ ᾼṼ Єכ Мᾼϡ о ⇔

ҒȲԓ Є ᾼϡ о ⇔ᴞЏ о›ᾼ 280 ppm Ғẞ

ᾼד2010 390 ppmɎGMDɏȲⱢ’ ӂᶁ ⇔ᾼ Ғᵅὑ 2
o
CȲẔ

Ɫ Ṯ֮ Ӣḳ ἤ оПϱ Ȳϡ о ᾼ ⇔ЛҠ 450 
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ppmȲ Ằ Є ᾼϡ о ⇔Л ԛѩ Э ⇔ᾼ 15% ȴ

Ȳױ֪ ᶶ ю ⅍ ᾼ Ὅ ╥Ӈ ᾼȴ 

ẞӭ›ⱢѦȲ юϡ о ὍᴟЄ Мᾼ Ὅᶾ М֯

Ɏaɏ Ἠ ᵅ ᾼ ȷɎbɏ Ɫᵅ ᾼ ₤

ȷɎcɏ ҒҠԛӢ ᾼẃ ɎӢ ế ϩ ɏȲἨ

ᾼṿӣȷɎdɏ о Ὥ Ё МᾼӢᾬᵮן ẃ ֥ϡ о

ɎMetz et al., 2005ɏȴ− ᾼ╥ȲḥצϚ ᶾ ẁԓ

Ἤ Ȳᵛṿϱ ᾼ ḟѠᾎ᷾Ϥ ҵᾼᵘϩϷҠ ᾎб

ẞ ᾼᵅ Ὅ ȴ 

֯ ￼ ПϯȲᵓӣ  Ɏcarbon dioxide capture and׀⅔

storageȲCCSɏ ϱכ ӭᾼⱢ ПϚȴ ᶾ⅔׀ ╥ Џ

ế ד ẃ ҏ ᾼϡ о Ȳ Ẕ ᴟ֥ ᾼᴯ Ȳ

ṳṿП  Є ȴIPCCᾼ Ὅ׀ ᵫМ ȳ

ế ׀ ᶧ ҏҠᵓӣᾼЛ֝ ᾼ ȴ 

ὑ ֯Џ ế ᾼ ӣϱצϮ ѻ ᾼѠᾎȸ

∟Ɏpost-combustionɏȳ Ɏoxy-fuel combustionɏц ›

Ɏpre-combustionɏȲ ṷᶾ Бצᶙ ᾼ ѹ иẓצ Ȳ

Toftegaard et al.Ɏ2010ɏ Ϡ ṷᶾ ᾼ ᾓȴ Є иᾼ
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ᶾ ᵅϡ о ᾼ Ὅ Ȳᵀ⁯Ϸ ҅ Ȳ כ ᶧ

М ᾼ ế Ғ ∟ӐȴᴖПכ Ϡо

ɎCLCɏ ᶧȲһ ю ᾼ ӐȴIPCC֯כ Ὅ׀

ᾼ ᵫМ о ╥ Ӑכ ᵅᾼᶾ ПϚȲ

П∟ ᾼ о ɎEnhanced Capture of CO2ȲENCAPɏ

֯ › ᶧȲѹҔᵶо ȴ 

ⱢϠ צ ֵЛ֝о Б ҏȲвᵶϡ о

Ἠ╥ ᾼ ɎAnthony, 2008ɏȴϚ ẃ Ȳо ╥╓

ᾼ Ȳ╝òо ò ӣ֯ ᾼỆ ȲẔᵶ

צ ᾼ ȴ֯ ỞϚ П›Ȳ ᾼỆ ᾬ

ԛ оẃ ȴ ᾼ ӭᾼҠѿ╥ Ἠ╥ Ӣ

ȲЛ֝о ᾼ ᶧֽῶ 3.1Ἤӱȴ 

Ɫ ẞ ᾼӭᾼȲ ᾼỆ ᾬ Ӈ Ὲ Мᾼ

ԛӢȲ ṷ ᶧ ᵂòо ɎCLCɏòȴо

ᶧҠѿ ἨỆ ᾬ ᵂⱢῴ ȷṿӣ Ȳ

᾿ ế ֽщ ế ᾒ ч ȷ Ệ ╥ ⱦế

Ӣ ᾬ ӢЛ֝ᾼҠ ἤȴ֥֯כ -о ᶧМȲ

ế о ẞᾼ оч ᾬɎ֥כ ɏ Ȳ ῴ
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╥Ệ Ȳᵀ᷾Ϥо Ṇ ᾼ ╥ ᾼȴⱢϠ ҟ

о ȲỆ ế Ҡѿ ֥֯Ϛ ч Ȳֽ֯ ᴯ о

о Ɏin-situ Gasification CLCȲiG-CLCɏᾼ ᶧМȲ

ế ч в ᾼỆ оч ᾼ ᾬ Ӣч ȷ Ϸ

Ҡ ᵂо ᶧɎ Chemical-Looping with Oxygen 

UncouplingȲCLOUɏȲ Ҡ ҏẁỆ Ἤ ᾼ ȴ 

 

ῶ 3.1. ϡ о По Ẃ 

Aim Primary 

fuel 

Process Main features 

Combustion Gas CLC -Gaseous fuels combustion with oxygen-carriers 

 Solid Syngas- 

CLC 

-Previous gasification of solid fuel 

- Oxygen requirement for gasification 

 Solid iG-CLC - Gasification of the solid fuel inside the fuel-reactor 

- Low cost oxygen-carriers are desirable 

 Solid CLOU - Use of oxygen-carriers with gaseous O2 release properties 

- Rapid conversion of the solid fuel 

H2 

production 

Gas SR-CLC - Steam reforming in usual tubular reactors 

- Energy requirements for SR supplied by CLC fuelled by tail gas 

 Gas a-CLR - Partial oxidation of fuel with oxygen carriers instead gaseous O2 

- Process can be fit to produce pure N2 stream and the desired  

CO/H2 ratio 

 Gas CLH 

(OSD) 

- H2 is produced by oxidation with steam of the oxygen-carrier 

- Three reactors are needed (FR, AR, and Steam reactor) 

 Solid SCL - H2 is produced by oxidation with steam of the oxygen-carrier 

- Previous gasification of solid fuel with O2 

- Three reactors are needed (Reducer, Oxidiser, and Combustor) 

 Solid CDCL - H2 is produced by oxidation with steam of the oxygen-carrier 

- Coal & O2 are fed to the reducer reactor 

- Three reactors are needed (Reducer, Oxidiser, and Combustor) 
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ⱢϠ Ӣ ȲҠ ӦῈ Ἠ╥ Ḧẃᶙכ ᾼԛӢȴ

Ὲ ᵓӣὑԛӢ ȲҠѿиⱢẒ ᶧȸ о

ɎSteam Reforming integrated to Chemical-Looping CombustionȲ

SR-CLCɏếо ɎChemical-Looping ReformingȲCLRɏȲ

CLRẔῴװ ᾬẃᴞо Ṇ ᾼ ếϡ о ȴ 

Ẕ҃ᵓӣҠ и ᾼᾬ ἤẃ ч Ӣ ᾼ ᶧ

ⱢòѬ Ɏwater splittingɏòȲ֯ ᵑҠѿ о

ɎChemical-Looping HydrogenȲCLHɏἨòϚ ◕ ɎOne Step 

DecarbonizationȲOSDɏò ᶧȲѿцἬ ᾼо о

ɎChemical-Looping GasificationɏȲֽ֥כ о ɎSyngas 

Chemical-Looping processȲSCLɏ ᶧế ⱦ᾿ о ɎᵻCoal 

Direct Chemical-Looping processȲCDCLɏȴ ṷ ᶧ ֵῈ

ᾼ оḔ ẃᶙכ ᾼ ԛӢȴ 

ṷ ᾎᾼ Ҡ ὑ Lewis and GillilandɎ1954ɏἬ ῶᾼϚ

ᵓɦ ϡ о ПӢ ɎProduction of Pure Carbon DioxideɏɧȲ

ẔМ ϠϚ ᴿ Э CLC ᶧᾼ ἘȲϷЮ Ϡӣ ᴩ

оᾼ ᾎȲѿцṿӣẒ ӻ ☼ оᶩ Ệ ȴП∟֯ϥ

נ҅ד Richter and KnocheɎ1983ɏ ҏ CLC ᶧᾼ Ȳṳ
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ϠоӰ ֯ ᾼ Ȳ҃ ҏϠѿ  оᾬᵂⱢ

Ɏ о ȳ о Ἠ о ɏẃ ᴩ оч ȴ ᴖȲIshida 

et al.Ɏ1987ɏ֯҃ ᾼ ϩ ṅМשׁ Юװ о ȲẔׁש

ṅ╥ⱢϠ ю֯ ṿӣщ оכ ᾼצ ҷ

Ɏexergy lossɏȴ 

 

Ɏϡɏ о  

1. ᶧ Ӑ  

о ᶧ ӦỆ Ὲ ẞ Ȳ

ᵍ ếῈ П ᾿ Ȳֽ 3.1Ἤӱȴ 

֯ Ϛ ◕Ȳ   оᾬɎMexOyɏ оⱢ CO2ế

H2OȲẔ  оᾬ Ɫ  Ἠ MexOy-1Ȳ Ɫכ

CnH2mOpȲẔ ч ֽѠ ה 1 Ἤӱȴ Ϛ ◕ѻ Ӣ Ɫ

CO2ếH2OȲ Ѭᵐế о∟ ⇔CO2 ế Ȳ׀

Ἐ Ẕ҃ד ϡ о ᶾ ẃ ╥ѻ Ȳ֯ ϱẃ

ȲCLC Ӑṝẓצϡ о и ϩᾼ ᶧȲᵛ ᵍ ϡ

о аế ҵ ȴ 

 



24 
 

 

3.1 Ϛ о  

 

2n + m-pMexOy + CnH2mOp Ÿ 2n + m - pMexOy-1+ n CO2+ m H2O          æHr    Ɏ3.1ɏ 

2n + m-pMexOy-1+ n +m 2-p2ϳϳ O2 Ÿ 2n + m - pMexOy                         æH0   Ɏ3.2ɏ 

CnH2mOp + n + m 2-p2ϳϳ O2Ÿ n CO2 + m H2O                               æHc=æHr+æH0  Ɏ3.3ɏ 

 

2. о Ἐ 

о ɎCLCɏ Ἐֽ 1 ἬӱȲҠѿ֯Л֝ ₤ᾼч

ế МᶙכȲֽɎaɏẒ Фד ᾼ ᶩἨ☼ оᶩч

ɎbɏӻФɎalternatedɏᾼ ҉Ἠ☼ оᶩч Ɏcɏ ч

Ȳֽ 3.2Ἤӱȴ 

 

 

3.2. CLCч ɎHakonsem et al., 2010ɏ 
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ӭ›ԓ Єֵצ ᾼCLCЏ ṿӣẒ Фד ᾼ☼ о

ᶩч ȲẔМϚ ╥ ч ȲҫϚ ⱢῈ ч Ȳ֯Ἤ

ᾼ ч М ᴩ Ɏה 3.1ɏȲᴖῈ ч ᴩ

ᾼԛӢɎה 3.2ɏȲẒ ч П ⱢϠ ᵍ ♪ Ӈ ṿӣ᷉פ

⅔Ɏloop-sealɏד ȴ 

ṿӣ ṷ Ἐᾼ Ϛ ӣὑ ϯ ȲБצ ֵ

Ḇ Ṇױ֥ ᾼ ṅȴLyngfelt et al.Ɏ2001ɏשׁ ☼ה

оᶩ ᴩ Ȳᴕ ẞ ᶧ ṏֻᾼ Ệ ȲцỆ ᾬ

֯ ч ếῈ ч П ᾼ☼ Ȳױ ẓצ ֵ ὑẔ

҃ ᾼ ȴẔׁ҃שṅ ӱ CLC Ҡѿ֢֯ ϯ ᴩ

ɎKronberger et al., 2004; Kolbitsch et al., 2009ɏȲѻ Ӧᶶ ᾼϱс

ᵂⱢῈ ч Ȳếᵅ ᾚה☼ оᶩᵂⱢ ч Ȳ ṷ

₤ ֣ ᾼч ἤɎLyngfelt and Thunman, 2005; Mattisson 

et al., 2007ɏȲᴕ ẞ ֵ ᾼ ч ѩẔ оч

ᾼ ȴϱс Ӈ Ẓ ӭ Ȳ ϚⱢ СỆ ᾬ

Ṝ ϩȲ ϡⱢ ẁṜ Ȳṿ֯ ч М

Ҡᶙԓ ȴצẔ҃ᵂ῏ׁשṅẒ ч ꞋⱢ ᾚה☼ оᶩ

ɎAdánez et al., 2006; Ryu et al., 2010ɏȴ 



26 
 

Ὼẃצ ếῈ ч Ẓ ꞋⱢ ᶩד ᾼ 120 kWth ☼

оᶩ֯ TUEIENɎKolbitsch et al., 2009ɏȲ֯ Ṇ М ᾼה

ч ᾚדהѩȲẔ ☼ᾭ Ḃ Ϡ -Ệ ȷῈ ч

Ɫᶶ ᶩȲ Ệ ȴױҵȲỆ ╥ Ὲ ☼

Ȳѩ Ẕ҃ CLC ױѩȲד ‍צ ᾼỆ ế

ᵅỆ ׀ ȴ 

Son and KimɎ2006ɏɔ ӣЛ֝ᾼ ∂ӴϠ 1 kWth ᶮᶮᾭч

ᾼ CFB ᴩ CLCׁשṅȲҔᵶϠẒ ᾚה☼ оᶩ֯Мїц

Ẓ ᶮ иȲẒ ϱс ẞḕ ԌȲч ᾼ

ᶮᶮᾭ ӣẃ о оч ẞ ч ᾼ ȴ 

Shen et al.Ɏ2009bɏ Ϡ 10 kWthᾼ CLCЏ ȲṿӣӢ ᾬ

Ἠ ⱦᵂⱢ Ȳѿ ☼ᶩ҅ ᾚᶩᵂⱢ ч Ȳ ☼ᶩצ

Ẓ Ȳѻ ᾼ Ɫч ⅍Ȳװ ᾼⱢв ⅔Ɏinner sealɏȴ֯

☼ᶩМᾼч ⅍ ֥Ϡ ⱦ оч ế ⱦ֥כ ᾼ

ч ȴ 

ѿϱ ѩȲד ᾼ ἘⱢẒ ӻ ᾼ ᾚᶩế ӴᾼỆ

☼ ạȲ֯ᾎ ᾼ IFPצ 10 kWthᾼϮӻ ᾚה☼ оᶩɎϚ

ч ếẒ Ὲ ч ɏц ӴỆ ☼ ạȲẔỆ
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ҠӦ Ӵ ☼ ạȲḕϚ ч ᾼỆ ׀ Ӧ L

ạɎRifflart et al., 2010ɏȴ 

Dahl et al.Ɏ2009ɏế Hakonsem et al.Ɏ2010ɏ ҏϠ ч

Ȳ ֯Л֝ ᾭ֣ҵ ☼П Ȳ֯Ẓ ч П

Ϥ ἤ ѿ ᵍẒ ч ֥Ȳ ч ᾼ Ἐѻ ╥

ᵍ ☼ếῈ ☼ᾼ ֥Ȳ֯ ›╥ Ҡ ᵍᾼȴ 

 

3.  

…о Ṇ ᵂῶ ᾼ ֪ Ȳ ẓ ѿϯ ἤ 

(1) ҉Ṝᾼ ϩ 

(2) ֯ CLCצ ᾼ ϩ ἤ ῶ כ CO2ế H2O 

(3) о ч Пч ἤ ṳҠ ᴩч  

וֹ (4) ἤṾ 

(5) ֯Ὲ ч МἬ Ὅ CO2 Ṝѿἕ ḛ Ἤ ᵅᾼ

CO2 Ɏcapture efficiencyɏ 

(6) Лὔ Ɏagglomerationɏ 

Ӑᵅכ (7)  

(8)  

  оᾬП ᾼч ֯ װ ∟ṣ
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Ɏɑde Diego et al., 2004ɏȲᴖ ᾼֵэἤ ẁ Єᾼῶ

҆ ч ἤ Ғȷ Ғ Ҡ Ғ ᾼ ⇔ȳֹו

ἤ І Ɏionic conductivity of solidsɏɎIshida and Jin, 1994ɏȴ

ᾼЛ֝ᾼ› Ѡᾎ Ẕἤ ꜙ ȲẂֽ ᾭ 

оᾬ ֥ȳ ȳᵐ₤כ ȳ Ἠ spin 

flash Ȳ  оᾬ֯ ϱᾼиӁ ᾓȲ ẞ ч ᴩ

о ч ᾼ ч ἤȳ ⇔ ׄứἤȴױҵȲ ֽצ

ᾎɎimpregnation methodɏȲ ẓֵэἤᾼỆ Ϥᵶצ♄ἤ

  ᾼ вȲ҆♄ἤ    ὑ ϱȴ 

 

4. Ѡ  

ὑ CLC ᶧ ế ᾼׁשṅ юȲᵀϚ ᴖṕȲ

ế ὑ Ḋ Ȳ֪Ɫ ᾼ Ӣо֥ᾬẓצ ἤѹ צ

Ȳ֝ ֮Ȳ Ϡὗ ПҵȲϷ ц ׄԓᾼ Ȳדч

֮Ȳӭ› Ɫ ֯ CLC ӣϱⱢ ◖Ḋ ȴGarcía-Labiano et al.

Ɏ2007ɏׁשṅϚ ṿӣ CuⱢ ᾼ ᴩ CLCч ᾼЏ Ȳ

Ὠ ӱẔЏ ᾼỆ ᾬ֯ệᶃ ὑ‍֚ ἤ ᾬȴ 
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5. Ệ ᴩⱢ 

Ệ ᾼ ᴩⱢ…֯☼ оᶩч Мᾼ ἤ ПϚȲѿ

ᾼᶼ ⇔Ɏcrushing strengthɏᵂⱢῴḔ╓ ȲѿҠ☼ оỆ

ᴩⱢᾼ ϚḔᾼ ᴕṼ ɎASTM D5757ï95ɏȲ

ᴖ ϱ ᴕ ẞ о ч і ᾼо ϩɎchemical stressɏ

ᾬ Ɏphysical attrition effectsɏȲ֪ױȲ֯и᷅Ἠ

ᵂᾼ☼ оᶩCLC аМȲ װֵ о ч ᾼ ὨȲ

Ɫ Ṿᾼ ᴕ╓ ȴ 

 

ῶ 3.2 ֢ Ễ 

Carrier Facility Operation 

time (h) 

T (oC) Attrition 

rate (%/h) 

Lifetime 

(h) 

References 

FR AR 

NiO/Al 2O3 CLC 10 

kWth 

100 900 1000 0.0023 40000 Lyngfelt and Thunman, 

(2005) 

NiO/NiAl 2O4 + 

MgAl 2O4 

CLC 10 

kWth 

1016 940 1000 0.003 33000 Shulman et al. (2009) 

NiO/NiAl 2O4 CLC 10 

kWth 

160 940 1000 0.022 4500 Linderholm et al. (2008) 

NiO/ŬAl2O3 CLC 500 

Wth 

70 880 950 0.01 10000 Adánez et al. (2009) 

CuO/ɔAl2O3 CLC 10 

kWth 

100 800 800 0.04 2400 de Diego et al. (2007) 

CuO/ɔAl2O3 CLC 500 

Wth 

60 800 900 0.09 1100 Forero et al. (2011) 

CuO/NiO-Al 2O3 CLC 500 

Wth 

67 900 950 0.04 2700 Gayán et al. (2011) 

Iron ore CLCs 1 

kWth 

10 950 1010 0.0625 1600 Wu et al. (2010) 



30 
 

 

ṿӣ ỄɎlifetime of oxygen-carriersɏứ Ɫ֯ḥצч

ἤ ҷἨ ȳ Ɏfragmentationɏᾼᾭ ϯȲṆ М

ὑ оἨ ч ᾼӂᶁ ȴῶ 3.2 ӱ   М

ᾼ ỄȲ Ễ  ᾼ…ѿ ѹ NiOᵶ פּ 60%ᾼ

ȲּפҠ ᵂ 33,000 hrɎLinderholm et al., 2009aɏȲשׁױṅ Ὠ

ṿӣ ᵂ 1,016 hrᾼ ᴖ ȴᴖѿ ᾎ 13% CuO

ế 3% NiO ᾼ Ȳ֯ 900
o
C ᵂϯ Ễ  2,700 hrɎGayán 

et al., 2011ɏȴ 

 

6.  

ч М ḛ ֯ ϱ᾿ᴟ☼ϤῈ ч ∟И

Ȳ֪ױ ᵅ ᾼ CO2 ȷױҵȲ ḛ Ɏdepositionɏ

о ҷҟ♄ἤȴϚṷ ⅍ ᾼ ṅשׁ ɎIliuta 

et al., 2010ɏ ḛ ậḟὑ  оᾬȳ ἤḊ ếѬ/ ПѩẂȴ

ᶮכ ᾼѻ Ѡצהи о֥ᾬȲֽ CH4Ἠ╥ CO Cц CO

ᾼЛᶁоч ɎdisproportionationɏȲᵛ Boudouardч ȴ ᶮכᾼ

ᵡậḟὑ ȲἨ Ϥẞ Мᾼ ֽ H2OἨ CO2ȴḛ

֯ ϱᾼ Ҡ H2OȳCO2 Ἠ ϱᾼ Ɏlattice 
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oxygenɏ ᴩ оч ПɎMattisson et al., 2006ɏȲ оἨ

Ḧ оч ᾼӢכ ᶶ Ȳ⁄ ḛ Ӣȴ 

 

7.  

֯Ẓ ӻ ᾼ☼ оᶩ CLCМ ᵍ ἒױ  ế Ȳ

Ӣ ȲҠ ᶩ ☼ оі Ệ ế

ᵅȴ֯ ⇔Ɫ 950
o
C ϯȲ ѿ᷅הế ה

ᴩѿ NiⱢ ҒЛ֝ӻ֥ П Ȳכ╥ᵡצ

ӢȲṿӣ ȸAlצ 2O3ȳNiAl 2O4ȳTiO2ế ZrO2 ɎCho et al., 2006; 

Gayán et al., 2008; Mattisson et al., 2006ɏȲẔ Ὠ ӱ NiO/TiO2֯ч

֣ɎMattisson et al., 2006ɏȴ 

Cho et al.Ɏ2006ɏׁשṅ ѿ Ɫ ᾼ ֯ 

ч ∟ᾼ оч Ȳ ᾼᶮ Ӧ Fe3O4 о FeO Ӣ ᾼ

ᾓȲᴖ ☼ҟכ о ɎMattisson et al., 2004ȲCho et al., 2006ɏȷ

ᴖ֯ ᵂᾼ CLC ᶧМȲṳḥֽצ М Ӣҟ☼ оȴ

ϱȲ֯ 300 Wth CLC аṿӣ FeⱢ ᾼ ḥצ Ӣ

ɎAbad et al., 2007cɏȲ ᴿᾼ ὨϷ֯ѿщ ɎFeTiO3ɏ

Ɫ ᾼ CLC а ɎLeion et al., 2008ɏȴ 
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8.  

Fe ɎFe-based oxygen-carriersɏⱢӭ› CLCẓצ ϩᾼ

Ȳ֪ẔכӐ ᵅȳ ד ἤṾᾼ ȲᵀẔ CH4 ϩȳ

ϩц о ἤ ȴӦὑ Fe ҠѿӦ Fe2O3

Ɫ Fe3O4ȳFeOἨ FeȲᵀ֪ắ ϩ ᾼ ạҬצ Fe2O3 Ɫ

Fe3O4Ҡӣὑ CLC☼оᶩṆ ȲAbad et al.Ɏ2007bɏ╓ҏȲ Fe2O3

ᵶ Њὑ 10 wt% Лᵓὑ CLC☼оᶩч ṿӣȷFeOἨ Fe⁄

ṿ COế H2 ⇔ сᴖ ϡ о ֯ч Мᾼ ⇔ ᵅȴ

МᵶצAl2O3ἨTiO2Ҡ Fe(II)ч ᶮכFeAl2O4ἨFeTi2OȲ

Ҡ ᶙԓ Ɫ CO2ế H2OɎAbad et al., 2007a; Siriwardane and 

Poston, 2007; Leion et al., 2008ɏȴױҵȲשׁצṅ╓ҏ֪Ɫ FeO оכ

Fe3O4 Ȳṿ Fe ֯ ϩ ϱắ ɎCho et al., 

2006ȲRydén et al., 2010bɏ 

Fe ֯ ҟ М ӱȲ֯ ɎAdánez et al., 2004; 

Abad et al., 2007b; Mattisson et al., 2004; Rydén et al., 2010aɏцҒ

ԈϯɎGarcía-Labiano et al., 2006ɏꞋẓצṏֻᾼч ♄ἤȲ ᵑ╥

Мᾼ CH4ế COȴᴖ Fe ֯ṿӣϱȲ֪Ẕо ἤṿ

МЛὔצ ᶮכɎCho et al., 2005ɏȲѹ оᾬἨ
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ᶮכП֚ ɎJerndal et al., 2006ɏȴ 

֯Fe П ӭ› ṓᾼצAl 2O3ȳMgAl 2O4ȳSiO2ȳTi2Oȳ

Zr ȲẔМ Al2O3╥ ṓȲҠ с П ϩȲᶮכ

FeAl2O4ȴѿ Fe ⱢѻПḊ Ȳ COц H2ч ṏֻȲᵀ Fe2O3/SiO2

ẂҵȲ֪Ɫ ᶮכ ἤП῁ ȴӭ› Fe Б֯ ⅍ TGA

ế☼оᶩч ᴩ Ȳѻ ṿӣ ᴩ CLCᾼ ӣȲᵀ

╥Ь Ẕ аȲ Ḇֵ І ȴ 

  Abad et al.Ɏ2007cɏṿӣᵐ Ѡה כ 60 wt% Fe2O3

Al2O3ᾼ Ȳ֯ ᵂ ⇔Ɫ 800-900
o
CП 300 Wth чה

МȲ Ϥщ Ἠ֥כ ᴩ 40 hr Ȳ Ὠ ӱ ᾼ

♄ἤế ІЄЊ оЛЄȲѹ ц ȲӦ ὨҠ῀

ױ ӣὑ֥כ ѹ 99%ɎOrtiz et al., 2010ɏȴṿӣ

ὑ Al 2O3Мᾼ Fe Ȳѿ 500 WthCLC Ϥ ᵮ 

ɎPressure-Swing AdsorptionȲPSAɏɎCH4ȳCOȳCO2ế H2ɏᾼᶠ

ᴩⱢȲ ᴩ 50Њ ȴ Ὠ ᶮכȳ цҟ☼

оᾼ ȴ 

CLC֯Ệ ӣМȲѻ ṿӣ Fe оᾬ Ɫ Ȳ

ӣὑ TGAц᷅הч МȲẔМ Fe2O3/ MgAl2O4֯☼ оᶩῶ
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ṏɎLeion et al., 2007ɏȲᴖ Fe2O3 ὑ Fe3O4 Іϱᾼ Ȳ

װ20 о ∟ Ẕч ἤ ҷɎGao et al., 2009ɏȴ 

 

9. ᵅכӐḊ Ɫ  

ᵅכӐḊ ӣὑ CLCМῺדẃắẞ ᾃȲӦὑщ ᾬἨЏ

ᾬẓצṏֻᾼч ἤѹכӐᵅ Ȳ╝צᶦ Ҡѿ Ẕᵓӣ

ɎLeion et al., 2009b; Fossdal et al., 2011ɏȴ 

  ӭ › Б ᾛ֮ Ɫ ṿӣȲѻ Ӧ

FeTiO3(FeO·TiO2) Ȳᴖϭѿכ №ế ЄᵓṸἬ ᾼ♄ἤ

ὑ⁮‍ Ȳ⁮‍ ᵧ П ɎAzis et al., 2010ɏȴ

ѩ ֵ щ ᾬἨЏ ᾬ∟Ȳ № ֪Ẕ Ệ Ἠ

Пч ἤ Ȳ╝ ẃṿӣɎLeion et al., 2009a; Leion et al., 

2009bɏȴ ІῴỞч ἤ Ȳᵀ װ о

♄∟Ȳ ІПэ цч ἤ ҒȲ Ғ ὑ H2ȳ

COế CH4Пч ɎAdánez et al., 2010ɏȴ ♄ ᾼ о

װ ╥ ֯ḕװ ẞᾼ ⇔Ȳ ẞ⌡ứ

ᾼч ♄ἤȷ ṿ Ệ о Њ Ɏᵅὑ 20%ɏȲ ϩ Ѿ

Лắ װ ᾼ ɎCuadrat et al., 2011ɏȲᵀ Ệ о о

Ɏּפ 50%ɏȲ ϩӦ Ӑ 4% ᴟ 2.1%Ȳ֪Ɫ֯ װ100 о
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ч ∟ Ӧ ɎAdánez et al., 2010ɏȴ 

ὑṿӣ֢ Ệ ᾼ ᵂ CLCṆ МиέẔἤ Ȳ

֯ѭϩ ֯ 500 WthɎCuadrat et al., 2011ɏế 10 kWth

ɎBerguerand and Lyngfelt, 2008a;bɏ ᴩȴӦ 10 kWth CLC

ᾼ Ὠ ῀ȲẔ ᵅ ế ἤếӀ ᵅ Ȳ

iG-CLC╥Ϛ Ṿ ȴ 

 

10. Ệ о  

ҟ Ȳד ӣὑо ᾎБ ֵ ȲᵀỆ

ӣὑо ᾎᾼׁשṅ╥Ὼ Иד Є ȴ ⱦ Ɫ

ѻ ᾼ ẃ ᴖ ạϡ о ᾼ Ὅ Ȳṿӣὑо ᾎᾼׁש

ṅ ד ẓצᵮіϩѹẓ› ȴױҵȲֽ ȳỆ ᾬȳ

Ӣ ᾬ Ệ Ϸצṿӣὑ CLCṆ ȴ֯Ӣ ᾬ Ɫ ᾼ Ẃ

МȲϡ о ᾼ Ҡѿ Ɫ ὍȲ֪Ɫϡ о БӦЄ М

Ȳֽ֝ԏ֥ᵂӣϚ ȴCLC ᶧᾼ Л֝ ҏЛ

Ϛ ᾼ ȲẔМὙ ᾼ ╥ ҏ֥ ᾼ  Ȳ Ҡѿ

ẞ ֻᾼ Ὠȴ 

ⱦ ӣ CLCᶾ ᾼᶾ Ẓצ Ȳֽ 3.3ἬӱȲ Ϛ ╥Ԓ

ᴩ оԛ Ẕ ᾬ֥כ Ϥ CLC Ṇ Ɏsyngas-CLCɏɎJin 
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and Ishida, 2004; Anthony, 2008; Wang and Anthony, 2008ɏȷ ϡ ╥

Ệ ᾿ ϤCLCṆ ᾼ ч МɎsolid fuelled-CLCɏȲ

ẓצẒ Ѡ Ҡѿ ȲẔМϚ Ѡ ╥ iG-CLCɎin-situ gasification 

chemical looping combustionɏɎCao and Pan, 2006ɏȲ ӣẃ☼ оᾼ

H2OἨCO2 Ệ ᴩ оȷҫҵϚ Mattisson et al.Ɏ2009ɏ

ױ ч ѠהⱢо ᶧɎchemical looping with oxygen 

uncoupled processȲCLOUɏȲẔỆ ╥ ҏᾼ ч

ȴ 

 

 

3.3. ֯ CLCṆ Ệ Ẓ Ѡהӱ  

Ɏaɏ Ԓ ᴩ оч Ɏsyngase CLCɏ 

     Ɏbɏ ᾿ Ϥ ч Ɏsolid fueled-CLCɏ 
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3.4. ֯ CLCỆ Ṇ МȲ ч Ϯ Л֝ ᶧ 

 

ṷѻ ᾼч …ֽ 3.4ἬӱȲ ⱦԒ ᴩ о ҏ֥כ

Ɏѻ ᵶ COế H2ɏԛ ẞ ч Ȳ Ѡה CLCᾼ Ὼ

ᴿ ᾼ CLCṆ Ȳֽщ ȴᴖ iG-CLCṆ ᾼỆ

╥ ☼ о H2OἨ CO2 ᴩ оч Ȳ оᾼỆ

ᾬếẔ Ԍԛế І ᴩ ч ὑ ч Мȴ

∟ CLOU ᶧᾼ ἤ⁄╥ ֯ ч М ҏ Ȳ ⱦ֯

ҏ҉ ᾼ М ᴩ ч Ȳֽ֝Ϛ ᾼῈ

ȴ 

 

כ֥ .11 о  

כ֥ о ᶧ╥Ԓ Ệ ᴩ оч Ȳ

ҏᾼ֥כ ԛ ẞ ч МȲֽ 3.3aἬӱȴ о ᶧⱢ
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ᵮ ч Ȳ֪ױ ẁ ȲѹⱢϠ ’ CLC ҏᾼϡ о Л

צ Ȳ֪ױѿ Ɫ о ȴҫצ᾿ Ӧ CLCṆ ẁ

ᾼѠᾎɎXiang and Wang, 2008ɏȲ᾿ оч ֯Ὲ ч

МȲ Ӧ ӻ ӦῈ ч ẁ оἬ ȴ 

כ֥ ֽ֝щ Ϛ Ɫ ȲҠӦщ ᾼ ậ

Ȳױ ᶧ כ֥ ч ἤ П Ȳֽ ὑ ȳ ȳ ȳ

ế ᾼ оᾬ ᾼ ế֥כ ᾼчֻצ ἤȲѿ ᵅ CLC

Ṇ МỆ ׀ ȴ 

 

12. iG-CLC 

ֽ 3.3bἬӱȲ ᶮה╥ Ệ ֯ ч

Мѿᾬ ᶮה ֥Ȳ ԛ ⱦᾼ иἨ оҏᾼ ɎЄ

ֵⱢ H2 COɏч ȴ ч ╥ѿ H2OȳCO2Ἠ ֥Ẓ ᵂⱢ

☼ о Ȳṳ ᵂ о ᾼṔᴥȴֽὨ╥ṿӣ CO2ᵂⱢ☼ о

ȲҠѿעϯ Ѭ ᾼ Ȳѹ М CO2Ҡ

ṿӣȲ ὑỆ Ϸֻצᾼч ἤɎBrown et al., 2010ɏȴ 

iG-CLC ᾼỆ Ԓ Ӧ оч ᶧ Ӣ ᾬ

иȲֽч ה 3.4-3.9Ȳԛ ֪ ч ἬὍҏᾼ ᴩ о

ч Ȳֽч ה 3.9ȴѬ ч Ϸ ч ҏᾼ
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ɎYang et al., 2007ɏȲẔӂכ Ѡ 3.8Ἤӱȴֽה MexOy-1כ

ᾼ ԛ Ὲ о֫ MexOyȲֽч ה 3.9ἬӱȲ Ở

ȲẔ о ч ה ֽ֝Ϛ ч  ȴה

 

Coal Ÿ Volatile matter+ Char                                               Ɏ3.4ɏ  

Char mainly C + H2O Ÿ H2 + CO                                         Ɏ3.5ɏ 

Char mainly C + CO2 Ÿ 2CO                                             Ɏ3.6ɏ 

H2, CO, Volatile matter + n MexOy Ÿ CO2 + H2O + nMexOy-1                    Ɏ3.7ɏ 

H2O + CO ź H2+ CO2                                                    Ɏ3.8ɏ 

MexOy-1 + 
1
2O2 Ÿ MexOy                                               Ɏ3.9ɏ 

 

iG-CLCצẒ Л֝ᾼ ᵂ Ἐ ҏȲЄ иᾼ Ẃ╥ṿӣв

☼ה оᶩч ɎBerguerand and Lyngfelt, 2008a; Shen et al., 

2009a; Cuadrat et al., 2011ɏȲҫҵϚ ҅Ѡה⁄╥ Ϛᾼ☼ оᶩ

ṿӣ᷅װᾼ ṳиכϮ ◕ɎScott et al., 2006; Brown et al., 

2010ɏȴ ᾼ ᶧҠѿṳ ֵ ☼ оᶩȲṳҠЛ֝ ᵂȲᴖѹ

ч ᾼ ӭҠѿצ−ֵ ȲҠѿ ᵍЛ ứᾼ ᵂ Ԉ Лכ

ứᾼᾭᾓȴ 

☼ה оᶩ ӣ֯CLCṆ ϱ ὑ ᾼ ἤ╥ѩ

ЄᾼȲЛ֝ᾼỆ ֽ ȳ ȳӢ ᾬếỆ ᾬ ṿӣȴ

Ӣ ᾬБ Ὑצ ᶶᾼ о ɎCao et al., 2006ɏȲῺẃБצ
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ᴩᾼ CLC Ṇ ṿӣӢ ᾬȲ Ὠ ӱ ϚḔ Ӣ ᾬṿӣὑ

CLC צ╥ ᾼȴϚ iG-CLC Ἤṿӣᾼв ה ☼ оᶩᾼ

ֽ 3.5ἬӱȲ ч М ᴩ ế оч Ȳֽч ה 3.4-3.8

ἬӱȲἬ Ӣᾼ ∟― оȴ 

 

 

3.5. iG-CLCỆ ᶧч  

 

ϱṿӣ ᾼ ᶧҠѿṏֻᾼ ϡ о Ȳ֪ⱢῈ ḥ

צ ẞ ȲᴖѹϷЛӇ Ғ ҵכӐἨ ȲḆЛӣԛᵂ и

ȲT І☼ ϤῈ ч ― ϡכ о ᾼ юȴ

ᾼ оч ╥ ᾼḔ Ȳ֪ ֯ױ iG-CLCМ╥ⱢḟứἤᾼḔ ȴ

Ӧὑ ᾼ І ᴊиϚ ☼ ȲⱢϠ ІҠ

ѿ ֯ ч   ѿ― ᴩ оч Ȳ֯Л ⇔ Ғч

ѐЉ ᾓϯȲצѿϯ Ѡ ȸ 

Ɏ1ɏҒ Іи Ɏcarbon stripperɏȲ ІӦ ᾼ
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Ми ҏẃȲԛ ֫ ч МȲֽ 3.5ἬӱɎCao and Pan, 

2006ɏ 

Ɏ2ɏ Ḃ ч ᾼ Ȳṿ☼ ֽ▀ ☼Ɏplug flowɏ

ᴖЛ╥ᶁл ֥ᾼ☼ оᶩȲṳѹҠᴭ ֻ ч ȴֽױ

Іᾼ ᶁлȴ 

 

13. о ᶧ 

ⱢϠᵌὢ iG-CLCṆ ֯ І оḔ ᾼ Ȳ᷄ ẞᾼ

҅Ѡ ╥Ӧ Lewis et al.Ɏ1951ɏԒ ҏᾼ ᾎȲ и CuO

ҏᾼ Ệ ᾼ о֥ᾬ ҏϡ о Ȳ и

ҏ ὑ CLCṆ Мᾼ ἤȲ ᾼ ᶧⱢо

ᶧȴ 

CLOU ᶧ╥ ὑ ֯ ч М Ὅ ԛ Ệ

Ȳֽ 3.4ἬӱȲױѠᾎҠѿ ᵍ iG-CLC оᾼ

Ḕ ȲҠѿᶶ ᾼ оỆ ȲṳѹЛ Ṫ ֵ ᾼ

ȲϷҠ Њч ᾼЄЊ юẔ҃ד ӐȴCLCכ ᶧϯȲ

ӣẃ☼ оᾼ ṿӣѬ Ἠϡ о Ἠ╥ ֥Ẓ ȲẔӼ᷊

о ᾼ ᴥȲCLOU ᾼѠ Ҡ֫ןϡ о ᵂⱢ☼ о Ȳֽױ

―Ҡ ю Ѭ ᾼ ȴѿϯ╥ CLOUѠ ֯ ч ᾼч
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 ȸה

 

2MexOy ź 2 MexOy-1+ O2                                       Ɏ3.10ɏ 

Coal Ÿ Volatiles + Char + H2O                                    Ɏ3.11ɏ 

Char mainly C+ O2 Ÿ CO2                                      Ɏ3.12ɏ 

Volatiles + O2  Ÿ CO2 + H2O                                      Ɏ3.13ɏ 

 

CLOU Ṇ ᾼ ᴕ ч М и ҏ ᾼ

ᾼ ᾼד ἤȲֽὨ и ᾼ ᶶὑ

Ȳч М ᾼ ⇔ Ὼч ӂ ⇔ȴ

ч ᶶὑ ҏ ᾼ Ȳч М ᾼ ⇔

Ὼὑ ȴ 

 

14. о ᶾ  

֯ ד1950 Ӣצ CO2Ѡᾎᾼ ɎɔLewis and Gilliland., 

1954ɏȲᵀ CLC ⁯֯ Ӧד1980 Richterế KnocheɎ1983ɏ ҏ

ṿӣẒ Фד ᾼ☼ оᶩȲ ױ ᾼ Ȳ᾿ẞ

ױ҅ד90 ᶧИ ᵂ CO2ᾼѠהɎIshida and Jin, 1994ɏȴ 

ӭ›ԓ Єֵ CLCЏ Ꞌ֯ ԈϯȲṿӣẒ Фד

ᾼ☼ оᶩἬ ȴכ ☼ оᶩ CLC ֥ᾼ ╥ CFBᶾ

ὑכ ᾼᶾ Ȳѩ ֽȸỆ Ɏ ȳӢ ᾬế ᾬɏ
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Ἠ☼ о о оɎFluid Catalytic Cracking, FCCɏȴצ ὑ

ᾼ CLC ᾼѝ Њ 10 kWth ֯ Chalmers University of 

Technologyế Institute of CarboquímicaɎICB-CSICɏȲẞЄ 120 

kWthԒ Џ ֯ Vienna Universuty of TechnologyȲֽῶ 3.3ế

3.6ἬӱȲѻ …ӣ ӧ щ ᵂȴ 

֯ CHALMERSצ∂Ӵ 10 kWthᾼ ₤ɎprototypesɏȲṿӣ

Ni ế FeⱢ ᾼ Ȳѿщ Ɫ ғכ ᵂ 1,300 hr

ɎLyngfelt and Thunman, 2005; Johansson et al., 2006; Linderholm et 

al., 2008; Linderholm et al., 2009bɏȲ ῏ӣ֝Ϛ᷅ NiⱢ ᾼ

ғכ ᵂ 100 hrȲ װ CLCᶾ   ᵂ› Ȳ֯

аМ ᴩṿӣ NiⱢ ᾼ ᾼ  Ɏ> 1000ɏȲṳѿ

ד ᾼч ἤếᾬ ἤ ᴷ ᾼᶙ ἤȲ Ὠ ӱ

о 98-99%Ȳṿӣ ᾼ оצ ȴ֯ ICB-CSIC

10 kWthᾼ CLC ȲCuⱢ ѿ ᾎᵶ Al2O3ᾼ Ȳӣ

ӧ ᵂⱢ ғכ ᵂ 120Њ ȳ200Њ ɎAdánez et al., 2006; de 

Diego et al., 2007ɏȴ CLC Ȳ҆Ệ ֯Ẓ ч Мᾼ

☼ ѹҠ ạȲṳҠᶙԓ ạ ӧ оכ CO2

ế H2Oᾼч ȴ ֯ CLC ᵂᾼ› 50Њ ṷצ CuO ҷȲᵀ
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ч ֯ 800
o
C Ӕ ᵂȲ ḥצҟ♄ἤɎdeactivationɏἨ

ȴ 

IFP-Franceế TOTALӣ NiⱢ ᾼ ᵂ 10 kWth

аᾼ CLC Ȳѿӧ ᵂ ẞ ᾼ о Ȳ ӧ Ɫ

CO2ɎRifflart et al., 2010ɏȴ 

М ᴫׄӻ Є ϚүҒ ה CLC ⇔ 950
o
Cȳ ϩ

═֯ 0.3 MPa Ɏcoke-oven gasɏ ᵂ 15Њ Ȳṿӣ

ѿ MgAl 2O4Ɫ ᾼ Fe2O3/CuO ȲẔẓצ ч ἤȳЛὔ

ᶼ ɎfragmentationɏȲ Є о Ɫ 92.3%ɎWang et al., 

2010ɏȴ 

ALSTOM еҨ⁄ Ϛү 15 kWthᾼ ϩ Ȳѿщ

Ɫ Ȳ Л֝ о Ȳ֯Ẓ Фד ᾼ ☼ оᶩ

М ᴩ ᴩⱢПׁשṅɎMattisson et al., 2009ɏȴ 
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10 kWth Ệ   

(CHALMERS) 

(Fang et al., 2009) 

10kWth CLC  (ICB-CSIC) 

(Adánez, et al., 2006 ) 

10kWth  (IFP-TOTAL) 

(Rifflart et al., 2010) 
10 kWth  

(Xiôan Jiaotong University) 

(Wang et al., 2010) 

3.6. Ệ ế CLCӱ  
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50kWth KIER-2 CLC  (KIER) 

(Ryu, H. J. et al., 2010) 

120 kWth  

(TUWIEN) 

(Kolbitsch et al., 2009) 

10 kWth Ệ  (CHALMERS) 

(Berguerand and Lyngfelt, 2008) 

3.6. Ệ ế CLCӱ Ɏ ɏ 
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50 kwth KIER-1 CLC ;Ë0óAk5A (KIER) 

(Ryu, 2004) 

25 kWth Ệ   

(Ohio State University) 

(Fan, 2010) 

10 kWth Ệ  

(Southeast University) 

(Shen et al., 2009) 

3.6. Ệ ế CLCӱ Ɏ ɏ 






















