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Z DT HOHERIREAICF 5T 2 Z B LREBEOHEL AN L TV 5, COP21 NV i T b7z
2°CHIERB LN 15°CE N RRICH L, FENEWEZ BEEZBIT 57200 T, DA EIT 2050 £ T
D CN (I—ARy - =a— KT/) FiEmk, 2030 FFF TO 46%CO, HIMZ B AZEL L TES
L7z, BREEAENRT 510, (LA EHEOFAFTRE T XL F— Ol T %)L —ER R D TR
i em b, 2 LT EBEM BN - B2V T b KR,

IR E Ok T2V —{HE R, U AR 28 FLEIERY VK IEIZEE F o Tuve 1990 FERITFES
R & IS DA B o 7oAy IR 23 5 L7z 2005 2 B — 7 (i AME AN 2R
Uz, 2011 FEELIERIL, RAAREBRZEOMEEROEE D 2 LI X 0V IHE OB S 61T,
2020 4FIZ1E COVID-19 AL RIT & 2 A - EFEFRBIOE HIAZR 2 E DRI L > THRE
GDP 73 2019 4EFEEE 4.5% 0 L, TSRV IR/ L 2 — 8 13[R] 6.7% L 72> 72 (B 1-1)
Rl LU b, EEm X —HE O 720 TlE BIZiR <72 CO, Z A B O B AR % /K T
TRV, BARF=FAVF—FHRICEENTE LT, AW, AR, RATA (LNG) Wb

IZHD X5 %1720, 2021 FFEO— RV F—ORERILIT, AR EHZ< 363% % HD 5,
WUNTHRD 254%, LNG 23 21.5% & 72> TR, —RE=F VX —0 8 FILL LA AN KT
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BT OB - FEZBE LU TEEL TV 2L IE—KRZFAXT—D I —Rr=a2— F T L
EREREE R DRI R TR0,

12. AT RN F—FAL F= R

NAF~2F, AWHROERTHY . HAFRERAKER THY . AMLAHK R EOAE
REXFH LT, THRETBRE EHShdsZ bbb, S A~RIX, ZOEELHENRSHV A
ZAX, BRI TR T CO, NT U AR (I—Rr=a2— K7 N) | FftEOH 5 &R T
b 2B, X 12 13, A~ ZAGROTE L A EOH 2R, N A~ AT, SEIEREHR
it 238 U TN AIREEC S A LB . F I3 D oA A _— A DB D Z LA
RETH D, 2050 FFITRIT D, RO AL A~ AFEIL, TT NVFRESCERMBE AN CHHET S &
50 ~ 250 BV (BMEIX TR~ EERZHES) THY, HRAOEZ XL F—FHEE 600 ~ 1000 EJ/AF
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JFECb H D, mIMEEOIAFENAEEL, A4y ) — LT T FoREEEm LS 2
DL OWEND W, BUEDLNEDOKRE NA A~ ZAAPE 2 2 NMIEETFETH 11000 /m® TH Y,
AELTHAT x—F 2 L Wl U CHAMEYS 720 T 4 520 Emnbl B iRe i 2 {7z & ofinfi
HENO@EHEBZEZ DL, "M A AOFMHREERE (A7 vy n) | ESIERERNSNA A~ AD
ZRBHERT D, KERNAA A~ ZAEIRORT > v v /L, 2050 FO RO F T 3L F —7FF

URE Z B E R T HIAR) OHERENIEGZ I AN—FT 2IFEICREN, RIZZ T —HEDOAR
OAfid& A 0 ~ 30 USD/GJ (0~216 USD/m*) D#ifH CEH T 5355, RO = 1L — HiEAM it
o EE 0 ~ 23 Gm’/year (0~165 El/year) &EH#EE SN TWBP, FEEHAOH 2 =1L F—KHIZE
T2 &, REFRNAA A~ A1 2050 FFITHRDOTEE R VX —HED 2 ~ 18%% i /=7 AIREMED
Hol, ZNOOEREEE X AN RIIRERAA A~ A, L<IZ, DRETHRLEERAX 2
BEE T2 3 A~ ZgEHUC B 2 0F5E A T L7,

1.3. A F = AT R —BHEIT

A T~ AERBAEATIE, WBELRYERIA . BV RO AW SRRSO U S D B T A Y
—IZHFTE D, WBLRYERHR TIREL O SE R = -CIABER R D 1A L& AR & U T2 fBdl: « oy
BRETHDZLBEL N AT ABREL (R b= TV 7y KD OfGES ZhICE E
N5, BUEZERERHC AL AR R IR IR RGS | RIS | [ R AL B R E L2
BIL TH 7 EDOLIRREBBITIEICEET D HITEBHFE T ON TN D, N A~ A%, HAEWETH
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WIER L, =3 F—B LU0 AR EOAEICTFE LT D,

B RO A LU TITR AR5,

1. AR RV —DER: BUMRIT A A~ A0 B S A A A NVSOFIEAT A 72 & O k3
NR—F BB, BAEMRET RV —OAERICTFGT 5, BOMRIZE D | {LABREHIK
FETITRIR, [BR, T ABREDG H i D,

2. BEFEM OB BRI AN % 3 L CTERMZR L2 7 aE A TH D20, N A~ ARHHK
BEZEW) D ILER & [FIRFICBEFEM O HI S [FIRFICAT S Z &R TE D, ZHUT LY, BEEYOLSIC
85 REE~DOARM BB TE 5,

3. NA A ADERRI: BRI ANA d~ AT AR RN CERT 5720, ESREDRIE
Y. KL< TR EOHAEFRRERL GIFHIHTE 5,

4, A FTHANOESG: BGRIZE > TH LD A T A A VT, BB LT E LTE T
D, ALY, AWM 2 R AT IR R X — OGN AR E 72 B

5. ATRRMETT A DR BRI A LB 7 AL LTHENTH S, BT R ITHE
RAFET o AR TE | ZIGICDI5EET 7Y r—ya 2@ LT 5,

6. “FERALIRFE DR R K > TH LN AERAEM ZBE 28 L LTRIH L, ZOfE%E COoy 23
FAELTGE THO AL I~ ADRAEE SN DR TEMH R LWIN Lz CO, Bt Eh s o
HTHDHDOT, RKEPO CO, WEEIT FERRANTIR) B LR, /A F~ A5 O ZRIREN
AEIEE R IE, BFOBBEC XD COo, DPEHZHIRTE 5,

L LAds b, BUMRIZRIREME L 5 5.,

I SRR —OER: A A~ A% b AT CINIT DA, D 5= R A — 2 AT
BUEChHD, ZOI LIRS B RO R FE LA LS, 20 FHE TR £ I
FTEERBNBH D,

2. AR ORI BRI k- TELRBARMICIEL, 2E L AVRMBCRYRE SRS
TERBY . TR LI AA FA A LRAREH R DR R E T S5 R B 5,

3. HARORENE: /A FoA 72 8 5182 1200 DB IR R R L2 b 0 LISV L
Sl HEEALL) £< 0T CRENE->THY . RIETLRERCT R A X —45%
() 2 E AR DB B 72 0 ITBEAREAT IR —) [ ESRD SN TN S,

4. B B TO AL A~ ZOBUMRICE S BET A SR OMBLAEE TRV S . T
DB T 5 EEESEA ShD, LERS-T, ZhbOWROLBALE, BECH5,
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5. RRFMEORBE: BUEDRPLTIE, BUMRIIRTEa A FEOHEIRTH Y . 2D Z L3RG
ROJRFR WA 2 HR LT D

6. SOHIBIOHES, FE: BB CORGT 7 A LHIBENEE L < . & < ISRE 72 S 05w 72 S 78 4
EThDH, ZOIEEEDT 1Y AREO RO E MO MR TR RN 5 5,

BUMREEANIL, A A~ 2O EAIMIERIH D712 % < OFTREMEZ AN L, FfRRAVICIZS 572

REMEZ I <, & ITERBE SALZRERE DT O RN S D mdnE A A A A NVin &%
EIRTH D 2O ER AR DT o TS I~ ZAOBG kit « i ORI 7 1t 2§k
FHIBAT %% < ORFE - ISAIE T TV BP0,

1.5. T AEEATC R 1T D &

1.5.1. H 2L 7 m & 2

77 24t (Gasification) 1%, FE{RREHCRALIEDE ZBLA (0., KZEK (H0) . CO2) DIF(E
THDVEIFIE T CTIET 2 Z LIS Lo TRIBRIEN 2 2 A FET 2 BULFE S 2 13EL - ALK
ST REATHD, HAETIE, Bl O OFFE F CTRBAEIRTRIG L, G A (synthesis
gas, syngas & PHEINLD) WAERT D, AT ADMBUESURSEUCIEHZ Ko TR 223, — K1Y
21X CO & Ho ®DWIINDHITMATAZ Y (CHy) PHOBERAWKIENEZEND, AT A
X, A BRI LF—T a2 FE T o ATHHATE 5, AiEII%E, BHE, L¥7ntx
Tho . ALFET T v N7 4+ — L ORECE R - T AR OMIE T 5, AKX, AN
BREHCH DA THHEMABEEL Y bE VIR TS v ZAD(EFEZ I LT —Z i - I TE
5 AIREME DN @m0 TR L F — RO EE BRI OBLAN O bIER S TWD, N A~ A
UL K OBWF| T v A Fib b, B, FEWELES X OWEWE L., 72 EH
OGRS VD, FEBLATREZe T A LR OB & X 1-512-F, Brffmfeid, BEELH DHITMER
B DFOGBREETAA A~ R & EIR, RIK, E72IXREOBRERCMIE D & 2L Wi+ 5 7 a
TATHD, 20T RT AN RREGR, BRI, RB R TE HM, T

(Vi Z B FE DAL )G TRTELUTDO L H 127 B,

IAAA = Hy + CO + COAg) + BAb/kFE (HC) (g) + 54— /1(1) + Fv—(s)

B 1-6 IZR L7k o1z, HAETEEOELEICEWTEZ ORI 5, MBI TH HH
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BREFE TIT A A~ AP ORGP ZANIAAIFE T L0480 Z o b ZJFEHTEIR TRvwizo, (b
BOBIFIEEAERZ B2, BT, BT bRs TOMBEEWE (&2 (H) »bH
100 ~ 1,000 (EEfEMEAHS =2 —L) ) BAERL, [HICERET D, BRI ESS TH
. TDH, BRI ERBI ZMUICE EN2MORE TR (FiR) TRETLIEHIET A
RN DPAET D MRS D, BGIREIED DG DAY (A, X —N kikh=F v
—) 1, O LU L CRAMICEILEN, Hy, CO ., CO,, BLOH0 IZHE#HT S, Loy
fRAEFRRIT 0, 721F T2 < BUSFHRND CO, ° H,0 EWREVIZEE L, Hy o COIZHET 5, ZD Xk
N, TAET O FIET - FEFETONTIR TS (BIRTHIL) EITT 5, T ALERKAERY
%, CO. Hy. CHi BXOZEN S DI AR S Lo 7o & —v (F&RIE LAY ThH DM,

2 (CO, H;
R e e ﬂ_]

=

(ZI\vFr 7 WE. ) .Js:s 7J< H AL 7N

co Hy. CH4 H,0.
[co H,. CH,. H,0, CO,. C,. 7Fv% 7 CO,. C,. BB

X 1-5. T AL 7 rt &,

[ GASIFICATION REACTION (T=25°C) ]

[CARBONAT[ON IOXIDATION IWATER GAS SHIFT IMETHANATION I STEAM GASIFICATION ]

I

C+C0,2C0 +172KJ/mol
(BOUDOUARD)

C+H,0 © CO +H, +131KJ/mol
(WATER-GAS )

CO + H,00CO,+H, -41.2KJ/mol

C+2H,»CH; -72KJ/mol
(HYDROGASIFICATION)

2C0 + 2H, — CH, + CO, -247 KJ/mol
C + 120,— CO -111 KJ/mol

CO + 3H, © CH, + H,0 -206 KJ/mol

AV4

C + 0, CO, -394 KJ/mol

CO, + 4H, — CH, + H,0 -165 KJ/mol

CO +1/20, — CO, -284KJ/mol

V\/
CH, +20,— CO,+2H,0 -803 KJ/mol CH, +H,0 ¢ CO + 3H, +206 KJ/mol
H,+1/20, - H,0 -242 KJ/mol CH, +1/20, — CO +2H, -36KJ/mol

X 1-6. T AIZE ENA R (272 L, BEUGTIEZR L) (08
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1.5.2. 7 AEEHTIZBE$ D 8F

T AIE, TAEA] (ZEK. 0. HiO . COxy HDWIFTZENS DIRGH) DOFF{ETF T, 500 ~
900°C T A F~ A Z ARV ANTHAH T 28 CTH Y . RVWBANBHIEOREE 13 & 5, T A kIX
BUOMRETRI2 Y | T AMUITERHA A (CO /My ) OHFERY EEDIZDD T ABED &5\

IRARY & T HHEMNZ 0, HAIZ L > TR LN D EMERA AT A, WIRRERC L
LA T T R T — A THDHTD, NS A~ R EE (RE, BE RERMEERY) Lox
X— - ALFREEEAERE T A REIZH O HATE LTHER I TH 59,

BERA ADFENIx L CTRRDBEHFELIZL > TRZ2 D, E<IT, BRI AT ORE Y — VR
FERLH, & CO DE/LME (H/CO B) ITEHEBERIEETH D, AN A= —22b OERITH IR
DI, TAMEDORENRE SN DT AMEAEE L T rn v A 2@ IRT D2LENH D | IR
RIT I T 72 0 A BT 2 BT 2 0P DD, AT e X &l (GEE) &k, EE
WA ADEICHR L CEENREN 2> TWDZ L2 BETILERHLDIIFHIETH
RN, BRI D T ACIERP OGS DR EIE. BT AR DI 5 — VIRERS Hy /CO FEDRETS &
SICHETHD, Bz, K (BIK) BEY — VIBEEZRD D 2—P—26f LTix, AH A
Ba@mbbloDIlFEDT AMERER s )V —= 2 U AT AR SN D, Bl T ABIRE
RENZWEST D LI Lo THRT ADMRE #EbT 22N d D, £, LEIDE U THE
U)o T 2 A2 BRIRT 5 2 & b AIRE T, B o W ALA (F : 225, BBR., AKX E) XA T
AR E R B e 52 5, S b, BEKR, MEIUR, WRT AMEERR ERR D Z A T DT A
CEOGER D IRININDEGEIR Z A T DRISEREIEIRT 5 Z L IC K > TERIT AME KL TE S
AREED B D, Bl IE, PBBAR R EER T ZbgmlE, WA D oRov A 7 ualf AZ—E
CEAESTERED DD I AMEGER & L TTRIRS N DG 08Dy, TR Doy —
B UMNEFICEIET 272DITiE, =T AIUATREZR G R A H ORI 50 mg/Nm? Klifi T V) |
[RIRFICFRRE & — VIR EEDS 100 mg/Nm? Kjii T D & F AV TNDHUT, SA A~ 2T A{0IF, A F
Y AHRZ U= VBB OREFB L L TIER SN TWD, LLERS, 207 et xnbiGs
NDERT ANTEFEZ T ANENEREO X —ANEENT WD, X —MEHTRT —F7—7
ANBTZ VLR N DD ARG EAAET L2803 H0 ., TiR7rEATO
BER T TARRMOMEL I ESE TN D D, ZEAEDERTAT ) r—a Tl
HAEERT DN E BB T B IO —LDO—5dH D WIEREERET 2HERD S,
L7eo T, AR AROMRLT « & —/VIREEHIE, FaTORELIEIL, A 4~ AN A% FE
ET D DOREIREOOE DL o> TN B8,
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K 1-7 1R ENTWD L D12, T.A Milne & RJ. Evans!'"N&, £k & 72 WP 988 DS EVMR « 7 AL T
FRCOER - BT 24— NVERET D HEEZELOTND, ZLOFRFICRHIINTND Z
EDO LD, EBHIEZ T2 RS YED T EFR (N8 7 H L E) 1E 1000°CEL E
DILE T+ R WAER N STz N3 & b RRETED L0 D TH D, M 1-81%
Elliott?23 /R L7 4 — A DFTHFTH Y 2 — /LD ETRER D DB R - 7 AL OHEFTE (TR
) L EBICEbT DERE R LTS, Bk L7z X 512, IREEDY 1000°C %8 2 5 F5 A Cldsy
VS FRALE R TE DM, ZODIIEFRARE ®IRICT D72 DI BAT DK (AT
AD—EET) OFEE, ThbbT X —HENEMNT 5,

1998 1247047z BUIEA/KE T XL F—EDZ —VHIET 7 F a L &Ek Tk, < OHME
MRUB R S TFEPREVERILEME T XT (¥ —) LERTLHZLTHRE LR,
Z— VT T ERME, #— V=T YLD, BEONE DB L o iSRSl Hk T o8k 4 72
MENRHY, ZNOORMBEIL T v ARMIET TR, TAZEATLZ Vo0 F—EICY
WA RET, B — NV OFFERFIRE (L) X, et 20fE L ko ——7 7
Vo —a ACRESRGFT D2, TA{EDRIRIL &, EOHEEITHAE LB 2 b5 it o H
IZ X252 —NVOEHEREL, BIIEOMEICE W THRIEICEERFETH S, M 19177 T L 91T,
PRI X ORI BB D AMUBG#RT, BT A DR MR E BB LSO THY . ATRERIR
) =RV F LR BREEIERE A W 00 D MR D D,

________________________________________

ST T — - ------- \\‘ / Thermal A
: Pyrolytic i ! i
1 1 1 1
i i i Steam i
i gasifier Updraft i i i
i Downdraft i E Partial Oxidation i
i 1 1 1
i - i E 1
l\\ Fluidized bed ,; i The Catalytic “Destruction” of “Tars” ;

N e e e e e e e ‘\ Il

________________________________________

X 1-7. TALIZ LD H—NRET & .

Phenolic Alkyl Heterocyclic
Oxygamates’ Ethers * Phenolics ’ Ethers ’ PAH ’ PAH
400 °C 500 °C 600 °C 700 °C 800 °C 200 °C

X 1-8. [#—/L] FREAA % — A Elliott (1988)42 7R & f /=, 20
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— ¢ Close-coupled combustion (kilns, ovens, furnaces, dryers, “town gas”
for local distribution, and boiler firing)

* Hydrogen fuel production

» External combustion for power: externally fired turbines, Stirling
engines, steam engines, thermo-photovoltaic cells, catalytic oxidation,
and thermo-electric systems

. « Internal combustion (IC) diesel and Otto engines

Gasifier End Use — ) o

* Compressors

« Gas turbine internal combustion

* Fuel cells: molten carbonate, solid oxide, proton exchange membrane,
and phosphoric acid

» Chemical synthesis: methanol, ammonia, methane, Fischer-Tropsch
_ liquids, other oxygenates

1-9. 77 ZAVHF D fc i FH . 122

1.6. 1 A{LA & Pl DB E|

T2 T 1 ZNZBW TR, T AEAIOZRIR, T AR OFEFH, 36 L O oA 5 - fil
B> 2 A4 TREGRA AOUE - FLRL, FBE Y —VIRE, BLOTX VX =% (xy bo= 3L
X —HUEA A AR =T ANR) ([T BEH 2D, Z0H, HRETZHITFREREY BAF
BAAMET B AT D LICEN LTS, T AEAOEIUCE L TIE, T4, KERE
TRRUIRFENR A STV D, KRR AITIZLL T ORI H 5, BRI, () X0 EnFEEL
BOHANERSNDZ &, (i) O, %485 & LTHHET 256, 2250 N ITR 2 AR A SR T
XHI L, BROGH) HAMEEARE U TR EBEDOW T & T 2B @ili7e itk > 7 o b A
REIZ DL THLPB, H0 2 AMEAIL T 256, MOWREDEL XL —ER(HFoN
HIENHDL PN, —J, CO, #RRLAIE T 50 AL, BE LRFEE CO [CEBTE HDTHER
ENTNDD, CO, DUSHEIE H0 £V bIRWEB X BN TNDH72, COr 20 AEH LT 50
ZAIE EBAFE D HE AL TUVR LY,

NA T ADT AT S DL, @i, 7An )V BXOT A0 ) tHHeRE (AAEM)
fifft (K,. Na, Ca) . BEBEBEME (Fe, Ni, Co 2&) BLOZOMIZHESNDY, ZhET
IZENi SN2 < OFFRIZE > TT A B VB LY AAEM DB3A A~ 2 DOEVif & 77 ABIZEh R
IR 2 R ERN LML T WD, AAEM , T748b5 K, Na, Ca I A A~ A ICEE
A% inherent 7o filiAE (7272 LIKIREE) 7o, Z ORISR REANT~OIERICBT 52 < 5 &
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7, [44-47]

A G AT AMITEG R (BfE %8k =devolatilization & H N9, /A A~ A5 F AR &
LCOHA, Z—=NBLOF ¥ —2EM) & HFRIEMRM DT A0H & BSOS 2 7 24k (BERTH
HF ¥ —DIIE) - WH (KRS THDHA « Z—=ILORIE) O ODOFR TR S D,
ZIH DER LIREOBYLFAVRFEII N T S K7 AAEM I K D8 %21 5, AAEM ORI
ZAEAN & BAERIFICERICBIE L TV 525, —fRIIICIE, AAEM fEDNFET D 2 L I2 Lo F ¥
—DOROGEIE R & 2T KD GMRAT ANEOR E, 2 LT, 22—/ O (B fERF D £ Rl
F v —RENZBIT 2 WESUSHEEDOHEK) BNRD LN TWDE, AAEM OReE AT A x4 5 5%
BT RDOLMEERL, AY—MEERTH Y . LR ORERSS OMITIIOKET A 27 S ROG
RED X MHNTARTF DBIE B FIS TR,

F v — DA AT D AETEPEIL. K2SO4s or K2CO; > Nap,CO3 > KC1 > NaCl > CaCl, or CaO  (fih
BERITERAR) DIETH D Z LR ME SN TVDHE, I 5T, KCOs ICHIRT 2 K il o FE MR
B K o T ERNCR B 22 T V0 2 & b iE STV L0, FEEIZE i & 7 2 fb 2 a8 L

ST

I}

TIT ) ZBPE T 2L BB L2 E . T A (B2 BIENSHEH &N D B AE35E T LTy
K #HEF v — %) 1250 KCOs & LTK ZBIUT S Z LITrBETHD, 2F0., A7
T AN K2 VA 7L L TRV LFIHTE 5Dk, K% KCOs & LTHELEZEAICIE

SNDATRENEDR B Do A A~ ZADEGGE - T AEIZB T K, & <IZ KyCOs D3 et D
BRNORBMERENE B DBND,

L7 ZBPEES iR - AT ke R

T, BERDZ T FTF 7 b ACRIGERZEH Lo A~ 236 KOBEFY D T 2RI
TOHELREESTND, BRDETNEMEHLIEL DV KT T bANA A~ 2T AR O PERE
RATIZRET 28 b H 5, 7T v 7 T 7 M AbEE TR, BERTEREO B TAER LIZZ —1 0
—ERIT AT AR S D DRI RS AR DHEH SN D 72, E D & — /L O & I 23 E IS
25, XU RTT7 MHAEERTIZEDO L S RRMENE Z 5720 ed, AT AR OEREZ —L
BREIR, LU 6, BleZ —VWENEZ 5T v —FHEENO X — /L O E R IR
TELHZEREDREDIZ, Z—/VREITZER (0) 2Z<EALTLEETH 100 mg/Nm’-dry A
WHRET O ENE LY, ZOMBEIL., F—ORIGEIZIBWTESG S LOT AERNEITT 5 2

WERT D, 2k LT, Bl 2k (7 216« B8) ZWELRYICRRRE L 72 Z > DO RUG
PECHEMET 2 BN MU R E SN TV D, Ahrenfeldt DBV RIZ K > THERK L 7o %
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oy (HA, Z—)) ZFx—EnH L CBAOKIRE (RIEMOREERIGE) ([CEAL, £
ITH N ESHIGIZE > THE L, TO/RE, 2L OFERITIFFHETE N, F74
Ly (IS TRV RS KRB U B AER) OFETIRETHY | HE= 1050°C, ZEXtt
= 0.5 LW O IEFITREE LR (3N F—PRERESBETFSETLE I T LEEWERLL) O
ETHERE T 7 X L UREIT> 500 mg/NmP-dry Th o7z, 72 & 2miBGGEEZEA L TH ¥ —/LD
HEITRS TRVWEFZ 5,

[0 ==sm Ni/Al,O;, dolomite or olivine
[0 =mmm char or activated carbon

0.5 i E ™"} dolomite + Ni/Al,O; (tar < 100 mg/Nm?)
| ] i i ™™} char (tar < 100 mg/Nm?) (
Sod B ™
&7 —
i ! _ O,-steam
B ] - : el
= - 1 1
m 037 : ; 770-800°c | 0 oo0C T~ss0-es0°c
o i ! = mmmmmm b TEFEICEAT BT Ry
S ] ML booooonpf--1050-1100°C | FREBFEOFEALIL,
& 02 ke METEARLBLER
& S b aiee TTRREREL T
4
0.1+ ~ 800850
] 900°C  900°C 700-900°C
o | T 1 T é | T T é T 1 | 1 T 1 1 | |'M‘l k
0 0.5 1.0 1.5 2.0
K#ER . ®FEIE (HO/C), -

X 1-10. H,0-0, F721% HO-ZER Z LA & T 2 /31 A~ 2 H AMUITBET 2 JeATAFZER O CHH &
Tz WO/ A F v ARFENVILE O3 A~ A RFBE/N L OBIGR. FRH CHA EMHEIL. VB
J& D% H — RS (ki ; e~ ) ESfiiEs)sss (Ni/ALOs) #2iE L. 100 mg/Nm’-dry
RO 7 — VRS 2R LT 5E. ~ UL A & B, RUSERZEESLICT 5 7O R/ NR S E
72 QA TV ARFBENHELTH Y, ~L LD & FTOFEK CIIMGE T EICANL TE RN EH
ZHid,

Tl E TEGR & F v — DT A ZATV, TN A THRE TRt 2 vWie 2 — VB %217 5
ZEEMELEMELLL . R TH Fu~A hOHBEA EER) ~0RE, HEE TR~
PERRUCEROS 8 (i . Re~A FHD VI R~ A F+NV/ALO;) DRREIC L D & — /LR R
TR L TEL OFEHIRH D, REMRFTEESN BT 5 RGREOFZK 1-10 1237, 20K
X, WRENE T AMIREE, 0/C B LN S/C Btk (M ofEk A 8L B) bRd, FEDOZE
IZBWTHBENRRREMSE (VL X0 b EofEER) MRS LR35, BROFT,
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Ra~<A b (F— Fil) 38X ONI/ALO; i L CHRH A O % — VIR % 100 mg/Nm’-
dry RIIAEB L 72 HFICTH D, ¥ —VIRE L ¥ — VIR (ERFEVE BRYE) OBIRITH A LA
HEOLRMIZ L > TED DD, 100 mg/Nm’-dry (35 X% 0.01 wt%lZAM T 5, /A F~ ZADE R

IR D Z— VIR (BERTD 40 wi%l T 5L, F =D 99.97%L Ea2 SR LTI LHTH —
BEIX100mgNmi-dry 12725 E 5% 5, Fa~<A N EN/ALOs (RfE) OMAAFITHEEDN,
AEDD 720, F o — « IR O SBCE ORI~ EEE Y < Te DI TmiRREN LETH D Z
b BT ERYRCa—F 7T L D NI/ALO; OfH & KTEERMICh 7= - TRhIE, #Ifl L
TERBITAS TR, MHOEREL LT 5700 7 U AR 2@ H L7z % — V8 Tk
T IR =G B R o 7B,

BRI G AR & T v — kT FE (T v — DB Ak &R OE B FREITT ) 225k
L H AL - B G % B L= 7 1 A5 Henriksen 5PN Ko THgTS T\ 5, B R
W (FA, Z—) O—HIEF ¥ —hFFIE OGS TEAEEL (=1100°C) 12X > Tl L,
ZORICKEBNTESIZHE SRS, 2070t RZBWTTF v —RFBNO X — VBT
¥ —RKEMOEmNZ —/VIHIERE ) (F — VDL FERE ~R) ZIEN LT DTH Y Gl A
(BREF T A) HoDH — ) VHREE %2 < 15 mg/Nm3-dry &\ 9 FH IRV L~ULE TIRIEC & 587
Hayashi 5L, A A~ 2D H 2% TRISHKIH A 128 2 G ZRE Tew (T AGIRES
SEIRE TIX72Vy, ZOREIC Lo TR RV F —BIE =1 T AN FENRE S D)
WX -oTHHE, FHMiL Wb, B —~FBIHO T 2T, ZNEIUEFE D Tew OFPHNRH
D HRPETITE T PMEL 220 | AP VX —HIINNS 2D (BT AEREL 72
%) o B 1-11 2R L7z L0, BT AT, Tew 23 300°C HHWIEZEN LD BIKETH D
CENBERORBETHY . TORFEBOBIALF RV F—HEN (KERT AL LTI &b
NSV, IR 2T, N A R BB R, B RERY (Fx—. Z— - TR) DI
RIS D DD B 7 2 TH DA, K 1-12 ORI R85, & <12 700°C f2E T
T2 - B RS E % T2 AR A DBENC L » TR RZ BB 75 2 LIck > T, T OBEEN
BORARD DL F =R F— T SN D ((BF =R LF =B BR D 6 ~ 8%) 1R
ICE o TRERDT m 'R ERE MR D2WMH AHE (95~ 97%) M55 D ATREMEN & 217,

16



——CEL-lignite, LHV
2% 1~ ===-CEL-biomass, LHV

15%

10%

5%

Chemical energy loss on LHV basis

100 300 500 700 900 1100 1300 1500
Texita oc

1-11. B A D2 H THEE  (Toq) O E L TOFET R L X —H k2]

----------
—————
- ~

\

Partial oxidation \
“with O, (> 1000 °C) /

.

First stage
quenching by
Gasification &
reforming

Volatiles

Syngas
ca. 700 °C

Second stage
quenching by
Pyrolysis

Solid fuel

Syngas
TS 300 °C

1-12. ZEPUHAR A A O AR [ B8]
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1.8. CO, & - U Ak

BT ANEO I RAL & & — VR RO /M GREICITE v) ZFERFICER T 2720,
ITHRZEIT T A bR O, AR IR & ifl, U AL ERR,. 7w AREHEROFE 2 R L
TEPL, COy ZlRALAIE LTHOWD AL (BRIEAI= 02+ COx & 5 W MTZER+ COy) 1E, A A
~Z (CO -H IF) & CO, (HA{EA] - COPR) % RFHIASIMEME/ L, CO V v FIREI A%
AT DIBTERI 72 A D CO HEHHT (Negative Emission Technologies) D& D> TdH 5, CO Y v F
HAZERT D L THEND CO-0, AT Ho0-0y H AL LV & Hy 7T 72 Bk W A & AT %
M, ZAUFTKEAR O T A TIEARI R R e ey, BARREE 1 2 AT 2 KEMIZEL D Hy B
ERMHY OB TEEEIND L TFHEND DO TH D, (LFAFEE L TRERGHKAT A D H/CO
PRI KEMHR Hy L DIRGICE S TEX DI ENTE S, B, Cl GRUICHLE H/CO b,
2 DBE 2 THD (AX )=, PAFILT—T)b TH /) —)b FLT 47 E) , COr-O,
T AANFIAA F~ ARFORED D VIFENZEZ D2 EDRFE L COICHRMATE SRR H Y |
ZHNATRE & IR AVUE AT RRIR B AP R D CO, THHEL WA —R X TT 4 7 Tk R%
KBLTE D, i, AT ATFHESCKFERIE T G TR/ el (5D Th HH0,

CO; . COx-0, . CO-ZEXE T AUHN & T DA A~ AD I AT T 2WF781X. F¥ —D CO;
A BT DAFTEZ BRI IERmRD TO 7y (B 21X 3CHEk 41) T4, IRERDBREICE XD
BORBE TR DM, 2L OFEE D CO, DIEERFIM 2 E#k L 72782 BB L T\ 528, CO, &M
fEFl & LTIERT 20 AMUITER SN TN 7 A0 U0E DI D 20dh 5 42

CO, W AMUANL T DA A~ 2T AL, RFEOFHGENREERICEERT 27 a2 0D THDHE
525, COy B BAHIR T HZ LM OIS IFRE THOBIE, 2hRM7: CO BRtaf H H i B
FELFLDREBE DB TH D, COy HABIE, KEH COp I DARIIZ EEERY « MR H IR 95721
T B T DE AT AT IARERAL P I TR T & D, COy T AMEDEEARF L, CO, 22—
FRALIRSE (CO) &7k E (Ho) ICBML UGS DI ETHD, 2O mRANL, i 1000°C HHWILZ A
ZHWE THAESND DT, A AR DIV IARBE A W E T A2 D R RBEAS B K ZE B I, 7KK
REAZTRE DRMEZ FOGSETEWMA AL LR T DT 0B A THD, ZOT mR AL =7 /-
MEA R E 2 HFF L7 AR L TRIETE D, ZHIUCH LT CO, BB A LT DR IAYUE I RIS
S A% AT D DR FEMT 2 BT 2 ZE DL SRIZITHFFEBRE D BRI T D, Wi RKMEIT AT T M
JilE, COx & Hy & CO LAKIZEMT 57 2R THY , ZOFINIfMENS AR R R ThD, ZORIGT 1A
(b e B RO DIRIRAL DS EEL < BIEAFFEBR R B P IZ D, SAA~AD CO, HAMEE D, CO,
DALFERHAEL TR, CO, 2 WAL 2 EE R BT 25— C, Z<OMEDHY | il iR & i
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WAL RORERORRE, = RF =2 ROME, TR, VAT ARG 7RE Ok 4 7210 TS R E A5
Thd, Fz, CO, IRDOREMRE (BIZIZLIHET mE AP AF D CO, | KEH COy DRI [EIULRFOFREE
b, AT e ADORN R EFEB A REPEICR B E 5.2 5, ITVORERINIC, 2RI TRE IR CO, AL
WFOBIFNHE AN Y THID ATREMEIT B\ DS, T ETIS, @ CO LR, M AR, #— /L se i
REFRBIRENI VT L CBLMER DD, BipD T3 F —ERH7 a2 Okt G (B 2 1L EM - KFR
WL LDRA) . CO Z ke L T i 2 S 57 n bt ADBHR L LG HE THD CO, ZUWH -
T ZACHN & T2 R T EPRER BRI, AR SRR L RFe Al REZR = R L X — DR KA FEBL T 57D O EE
PR A R LIS Lo,
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2.1 ERABOFR (REED Y U AHEF AL A< R)

REFHRNA A~ AR E LTRIR (BHETT) EOAXZH Wz, AFLZEEHI A X4 10
mm Ki@HOF T AF > T Thol-OT, FHATIANCH T L T2 ~ 4 mm Ok T- 2872, LAEIC
RARDEERITIZZ OV A XKL OREJFRE Uie, Ml REENE, X 2-1 1R 3 FIE TR L
7oo JFEHIE T 105°COZERFT24hMEL . EHKEIRE Uiz, HRFEEHT, Fancdiid Lok
iU 7L (KCOs) WIRIZ 24 h iRIE L7z, Tk, m—& Y —T R b—%  (GROE b g
W, X2-2) o TEIKIBEWN KR EMNREFERE L, 77205, KCOs TV Hinz
BRAEIC L o THBHIIE L7o, KoCOs FHFFIFUEE (L%, K FHEFEUR L F597) 12, S H1T 40°CT
48 h ELZZRi i U BN R do DI AEEBRIC R L7, KRR O KHLEFRIE, 1.0 H2DUME 05

mol-K/kg-dry-JiUEF & L7z,

L y N | ) )
. 4 :i._ X ﬁ@ﬁ U ,7_&%«5 4 40 °C 48’%&‘1 g
2% WAL 72X WA B BY Y LR R

(m—F Y —x R L—%)

[X] 2-1. KoCOs HEF R F i fl )5 1%.

222.—HJ—T /N R L —H,
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2.2. By PRI AL - SUEERE R

K HEURHE, X 2-3 (2R 9 Bgeds & & O I BV iR - 0 AERRBRICHE L7, AL, St
R 2T 0w R 2T % o DORIGH B EMIGET X O 2 « SE ROGE 2 B L 7o
LD ThHD, BOMKISERITIAZ ) a—a_XTRL 24 - SCERIGETRFEERE (550
FBEE) MORISERTH 5, KEREEHL, JREAR v /3= 6 —FHE (1.2 g/min) T 550°C |2
INEA U 7= BV R EOS SRS 60 min G L7z, BUBEE & BICF v U T H R (No . #EEE> 99.9995%)
B Lz, B RBGARN TAER L7- T v — 8 L ORI ILZ O £ E 5 A b« SE KGRI
ks SNz, B AL - WEIGE (EE 5 710 — 730°0) 121X CO 8 LN 0, Zilfifitin L=, 7eds,
7 ZAL « SE S a IR AT —Em O K v — (KEFFEEZ X 2-3 1R L7z & FEER
DGR FREE ICHAG L, AR L) 2H0AATE, 20 K T v —FEE O & S 1% 350
mm & L7z, A - BB RGHR % @i U CRGRAMCHEL L2 R0 5 b, &8 X —L (4
F&E> 200) (T=T YT 2 THIEL, BEZ—L (O FE< 2000 BEOKIZFET 4 v#
T O T HERE RIS 2B ARG Lo, R A I~ A 7 a bR~ N7 57 BaEONE
EROCTRHIX, BT 5 L & BICRBE N ANy ZITHIE L, AR O EIEIZRE I
LS
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B KHEFRHEERE 1.2-1.4g/h

\ A YAIA-AY MA=5= W KiEER 1.0mol-K/kg-dry-[& 4

2 | ) 7 W CO,/\{ATACHE#AEE 0.41 - 0.72 mol-H,0/mol-C
B O,/C/\MATAH##ALL  0.25 — 0.31 mol-O,/ mol-C
N RNREE 550°C
B NEHALERE 730°C(Fv—FEE)
B REENTAFEEERE 1.8s
B[R RE T S G B R 60 min

Rk t—

a-5J-17

KiERFr—FEHE
B% =350 mm

aEI-IL

180°C -40°C -70°C _70°¢c

0°C o o
BES— —
- HAEAFDBEIR LEF o
K+ EHS—VER KB LBt %)

¥ 2-3. By =7 2R IEE (T35 R) .

2.3. AR DEIYL

X 2-3 (R L7z kDT, HRb - EMSERD PR SN R0 > B, EEX —/L (HT)
X 170°C IZMMBMRIE Lie= 7 v v v 2 Tk, 8 #—v (LT) &K (UGS L - THERK
L72/K) 130°C (—3&) | -40°C (—#5) | -70°C (ZH, 9 b —HKEI VI AL —X% K ([ZHH
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L7 R o gs (EXEE) ZHWVWTRaICmI Lz, LT ® 5 bbb FE&N/NS{LEY
IIRUEY (CHs) ThHoTo, HT X7 4 VX 52T M THETHZ LIk s TREZFEI LT,
Pt B E I R T TR0 IR LAT W, B . =R B SIC k- TEBS & Bl ., R
(TERY) Er—F U= KL —v 3 (60°C 750 mbar) & JBEREIC L > TEBIIFREL
Too BEZERCIRITIREE LI EIR 20 LEEROBE &2 HE L. HT IXREZRKD 7, LT B LUK
DR D EHEMII 2R A T U CEIRL, ZD®%OHHTICH LT,

2.4. FEBROHT
2.4.1. FEBERENE AT R By D E BT

FHEAEMEAT A (Ho . CO, COy, CHy, CGHs BEW GHe) X, ~A/mH A~ 777
(¥ 2-4 ,w—x )Lt A = 248 Aglient990) CTRIKMT L7z, HAFEAI 2.9 min HIZITo 72,
Z O, BRI AD—EEEESITRE (AARVVEL BELMASS) (ZH AL, Hy, COz, HO BI T

CHy ZE=% VU7 LI,

X 2-4. ~ A/ aFAIa~ T,

2.4.2. BFRIZ K B 7 — )V X OKDOSHT
LT BLXOHT 7% boEiklE, #AZua~br7o77 (K2-5 =% x)b~<—4H) 2 Hn
TEESH LTz, 7B R TR LRI —AT 4 v v —k55E (K 2-6 , BUEVE 7 T3

2fk, MKC-710) W TER LT,
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[X] 2-5. GC/MS (/X—F o)L~ —Hl) X 2-6. 1 —IV7 4 v > % —KSEF

2.5. K T v —DOFR

AR D K D12, B8 - T AERRBRCIE, FAlc i L7e KR v — % 0 2 b - BB
JSFRIAATE, 20 K T v —Id, K #HE5E (K #8573 1 mol-k/kg-dry-char) DEViIZ &
STHE LT, FOTFOOMNRER X 2-7 12757, KEEF v —R 3 EOFER 7LD ¢
YA XN EL 2D Z ENHA LD T, ki 4 ~ 6.7 mm (B fE—c'E - T AEERBRIZ VR
BEEDH A XDRRKEN) b O% W, BV RIRE I I B i - A LB E W L 550°C & L, A
AR IOZ = VDRI, b RO TIEIZ K-> TTo 7,

[

N,
Thermocouple
A
Feedstock Hopper
Micro-GC
Pressure 400 °C 280 °C _l
@ gauge { '
" LT L )
otor 550 °C erosol Filter
Motor AAPAAAPPAR n } . 3‘150 oC GasT Gas Meter
Screw-Conveyer Pyrolyzer ‘ _____ ﬁ
Furnace
N,

Char Collector Fixed bed of

glass beads

0°C -40 °C -70 °C

X 2-7. K ABFFF ¥ — R D 72 60 OB 3 il i
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2.6. By iR A4 - BERBRO S

By fiR—77 24k« BCERERIE, R 1 IORUIS R ER T O G HOE LR AT 9 BIFEML-, o
S OFERD TR L 1= 3 ARGR SCTITFIE T 5, 723, R1 ~ R7 IZHBITDHWERE (Ty) . 0o/C LLBLD
CO,/C HITWTNHALRITR RS T ot AL a2l — v ar O REE EX 7LD ThsD, TatAT 2l
—ar Tk, WA AN (FEHMEAT JE BRI HE) 78 95% &8 X D4 F A hiH 422 L3 T&EIZns, TD%
RS T D Ty 02/C LB LT COY/C HLDFAE DR D273 5 R1 ~ RT DSRMFEEINUIZ, 7235,
R8 1% 0/C HAFRFIFNZERIZLIZEE (02 DRIREZFHIET2720) . R 13 Ty % 710°C IZ F T 7256
(T DB - H AEMERBIC KT D5 AT T 57200) Z R EL TRELTIZD D TH D,

& 1. B R 2 - SRR SR

Run ID R1 R2 R3 R4 RS R6 R7 R8 R9

K-loading, mol K/kg-dry-biomass 1 1 1 1 1 1 0.5 1 1
CO,/C, mol COz/mol-biomass-C 0.721 0.606 0.572 0.549 0.502 0.419 0.494 0.692 0.657
0,/C, mol Oz/mol-biomass-C 0301 0.287 0.286 0.310 0.296 0.297 0.247 0 0.304
Reformer/gasifier temp. (Tgr), °C 730 730 730 730 730 730 730 730 710

2.7 MIEEHER DR E
K fHEF B O A ~OERHR (PRFEIERE) (TEH IR 2 MRS T D HH IR 1T D RFLALED
AR A& (mol-C/min) @ K HAFFFUEHMEHGHE  (mol-C/min) (Zx95EIA & L TRDI,

o Lp o ((C-containing gas,mol—c/min) — C from CO_,mol—c/min)
HEER) = 2

X, (2

(C— from biomass,mol—c/min)

X 2-8 1%, RRBLVRSZFHIE LT, A2 T4 L HAZHNC Lo TR AL ED B FE
flids L OV K HFEEHILS RO R ORIEETH D, KT D 1~ ORFHICHE I EARB R
HFoRToy MBROND, ZOEMMBERIZ. K HEFFUED I A ~OEEHRE)S —FITRTZT
W5 ZEEEWT S, R2 0BG, EROMEE (7 AEREE) 13 K B RFEEREOEE

UFUBMIEREHEE) L0 b RE < ZHUIHHS L2 BN 2 THANCROSERITHEA AT K HEFT
Y—D—EHHE A AL LIZZ L (Tbb, RN TT ¥ —OH AEPNREICHEIT L2 &) %
RY, —7. R8 OEAHIIMEE OKR/NBIRN R2 ST 5, g, # LR e Ty
LT, RIGHRNICERB LI Z L2 B%T 5,
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'S

w

R2 RS

w
"
~
1

17=0.9994

<t

=& Cumulative amount of syngas ~&— Cumulative amount of syngas

Cumulative amount of carbon, mol-C
~

Cumulative amount of carbon, mol-C

& Feeding amount of K-loaded cedar @ Feeding amount of K-loaded cedar

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Time, min Time, min

] 2-8. R2 BLO'R8IZBHH A (43 L7- CO 2 [R<) DBEBAME (RFEUE) BIOK fHE;

Bt BRafta R (F) DR L.

2.7. B\ 2L - WERBRIZBWTE LN Z — /DT

BT Al - BERBRICEB T 54— (HT BLOLT ) OFEUGER X O HrEIT 3 Tlal~
7oo 29 1%, ERRICEM LIZZ =LA DT | N ARIKOGETH S, 7V A ~ E OBRIE
znEh (A) =7aY L7 4 THfE L HT . (B) 0°C $Effigs o EMICERE L7- LT . (Q)
0°C HEffigR D THEBICERME L7= LT &K, (D) —40°C §ffier CHEUX L7= LT . (BE) —70°C ¥##ffigs (=
) TEUR L7 LT O TH 5, (O). (D) BLY (B) OWRITEETHY | B L FEIE
ILEMTI TS METHIGENRE o7z, LT O LWk T %R 3 5,

X 2-9. 7 N AIEfR LT Z —)L.

2.8. Z— )LOHER|ZHOWNT
HT . LT B L OHEREFTERRILKE BTX BLOMMOT LR LB ¥ MAHC) % 450HT
LTSRS S - R 23 2-10 12777, R1 ~ RO |[Z81F 5 HT . LT 3L MAHC I 105~
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10%%D RO CTIRWEEFRIZ 8 1 | RINEKRDGE O ¥ — Viirlasid (B gD A OBE OILRIZR
HHD) 1E 99.99%LL ETH o7, FZ—/VENLE X OV HTIE ORI TESRA O UGE & AR D & — L
(L<IZHT) ThoTHEREAAREE T2+ &0 K HEFFUE 2 53 2 3B 7 IE O RELIC X
> THRD TIRGFAFH D & — VIR A FHBLLKRET L2 LN TE, ZOLHITH—/ HT 25T
A5y) IREIPH O TE R L= DIXAH IR YO T TH D,

100 100 b
a s
MAHC @) Light tar (b)
E 107" E o)
: o
3 3
1072 . 10725
= =
c 2
o )
107 4 = 1074
g 3
< =
S 1074 5."10'41
1075 1078
Rl R2 R3 R4 R5 R6 R7 R8 RY Rl R2 R3 R4 R5 R6 R7 R8 R9
oy ©| 5. (d)
= Heavy tar g 1077 H
= z I Heavy tar
Q103 ? B Light tar
2 = 107+
Bl @?
4 S
z £
g 5
z10° E
3 £ 10°;
= g
9
s
107 O 107! -
Rl R2 R3 R4 R5 R6 R7 R8 RY Rl R2 R3 R4 R5 R6 R7 RS R9

X 2-10. (a) LT. (b) HT B L (¢) MAHC DIV & WA A OEE (HIER ) .

29. F ¥ —h b0 KDEIY L ER

fitfit & LT K OFEEFHAOEB TRetE 2 MGt 5720, T Ak - WERISEN O H L7
Fy—00 K it - EITE 5008 9 & di~To, BV R-UCE - 7 AERBRZ I RONER &
HRE THAL T LRRIGEZ R DA L, NHOKYE K fiFFy—2 R itiLz, Zo
T — 13D THRICER <. B E DOEMIZ L DEKERETHZ ENTERPoT72H, BY
L S IRERFFIKITIRIET 2 L 91 Lic, ZOXHICLTEINL: K #HffF ¥y —IcEFEND K
I, AKEBEMEK . KA K BROBAEME K IT0BEL, ZnfhnitsE= Lz, K ORI
EHTOTFNEE K] 2-11 1ZRT, AKEMH K BEOKRE- IR K IZ, WinvbAr 4> 7 e~ b

7574 (M2-12 , BES/ERTE, LC-20AD, SIL-20A, CDD-10A, CTO-10ACSP) IZ k> TE&E LT,
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FEARVEME K OIZERME AR ISIR 2 AW T2 12 D ER DS K B RE T 72 N B2 RIREBE L, o T2 K &l
WIRIZ X > TR L, WikE AT 7 ua~ I 7 41 ko TOlLTERE LT,

®. Iron Chromatography
@ Water-soluble K
—) {quuld A
B ‘-%3%

£
Solid A

Iron Chromatography
Acid-soluble K

T Liquid B
ety . Iron Chromatography

shing Insoluble K
Solid B

X 2-11. K fHEFF v —OPEF. K OFILE L OVERO FIIA.

|

Acid-wash

D CEIEED
I2/7690~7
S5F90%PF 2%

M2-12.4F v~ 7T 7.

KT K #HETF v — & LI BEovdim KIS K OKEKR) ITEERFZDEEIZH AW,
ZDOEEIZIZTOCAC 7F T A ¥— (X 2-13, BHERERT, TOC-V B8 L 4 — h ¥ 75 —ASI-V)
PR\, EELIEERBIIIRBA A THDLHELT, TOEERD,
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% 2-13. TOC/IC 7 F 5 A H—

DL EIC R FIETHOEITo TR, K @ 92% (R1 ~ R6 DY) MNAKREMETHY . VI

FRRIIAMHE K THDHZ LR oT-, BEREMED KITEEFHN T 1% R CThH -T2, Mz T, K&
PE K DF) 35%73 KoCOs . K1 65%72 KOH & LCHRINEND Z & bbhholz,
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3=
K HEf A G~ X DENS iR L
C0O,-0; H AL DO a5}




3.1. K #HF A Fv RS FED AT

K,COs 72 ED T NVH V) &R D 2 VLT V) TEG B Z R LTS A F~ ADOEGfFIZ D
WCIRIEATIFZE DS B 5, il 2 1. Rutkowski®iL, A A~ 2 FHEKY (Bre—2, ~Ikin
—A=F VT UBIOY I =) 1T KC0s & 10 wt%tHEF L CEVMiET 5 & | Z— L O InRAMLADS
L, E<ICOCHPELIURTTDZLERBL TS, 7272 L, S OIHEITY /=
TIFRHBAI R & 2GR ORD (30523 wit%) NRONTZH DD, o Zps3 i DUV TIEBAZE 223
DRI oTs (Bva—R d4—4] wt%, T2 3231 wite) ZE LA LTS (S EK
EEDTH—NMEEEZL WD, FEYE LTOX—NVICRIIAHTH D) . Wang
3, REANA A~ AL KCOs ZHEMPNZIRS (FLEAN) 12X - T 5-18 wi%iHEF L, BVnfiE L7z,
KoCOs DFEFFIZ K DKLy DI ITBEZE Tl oo hy, BN X 0 IKIEN GG T 2 &, &
512, Rutkowski & [FIBRICHRA /7 DB R E K ZBIETHZ L 2ME L TVWD (ZOHFETH X —
IKEGD TERSNTWAMBERH D) . AERAA A~ RNKE RS (QREL - 1/8-
1/1 wt/wt ) L CEVMiRZAT o7 Chen B DML H D, 1O LAUE, A A A4 A WVILERIT
14 IRAIZ L 2T 6047 wt %IZid L7y, IREHA2E A VTHERZBM L ITE 2Ry (ZoHf
BTHF—VIKEGOTERSNTWOIMERDH D) . YRR E 51T, BITHRICEN
TIE, F—/VICROBAE RN Z 2 & OW|EIT7e\, —J7. DiBlasi HWNIZ — %K & orHf
L. AW ELTEREL, IWERLIRELTEBY ., TOREK., 714 V&R (Na, K) OKEYSC
RIBIEOWHFFZL > T23 ~ 1R IR TTHZ LR LTz, ZOXHIT, Tuh ) BBEITEFE
RED & — )VAERR AP (B D WA Y — v O IR R RE) 32 EMfEESn s,

RWFGED T R A —VIATIRGE (Bk « THERFIEER . RFEFK) TlE. K OFFEN & — VAR
HNC 52 DB HOWTH LRGSR, 37006 KHEEFE (K.CO;) % 1mol-k/kg-dry-cedar & L 7=
& EOEE Y — VIERRIEDN 90%LL BICET 5 Z LAV Lz, & 2 CARMFZE Tl 24 if
Heii & IV T K HEF R 2 BV iR (550°C) L K #EF DR 2 MRE L 7,

3.2. B RAERM A TS KEROKE

BN R R 0 AT BAE T KoCOs H1EF (FHFF3E 1 mol-K/kg-daf-biomass) DiZ#E% £ 2 IT/RT,
K ZHEF L2 WEEHZ DWW TR AR & DD KoCOs #HEFIZ L - T HT 38 LU LT IR
DODWTNENREIKTTLHZ L, EITHT DIERIETAE L (8190%) . 2T XD KCOs
PR DN FILHEG DN RO A THRE WD ENFEFES NI,

H— VR OIK FIXTF v — I, KRB L CO, IEOHMI L > THitE SN, ¥ —3F
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F ORI OB KITZEAE LS OIRHE (3D WIEH — LD 5 DIRFBEN %2 & Te IR R O
HE) . COy ERDOBNMIE KoCOs D—EEMRNR LT (EibBATHFZE (B - THERFZE=) ) Z i
Lo T LM THRND T CO, DH D WITZDRIBEAE (CO 7R E) OREELES K, =&
ZATAKMEHT A7 FRUE (CO + H,0 = COz + Ha) DOREN RS AR S5, KoCOs DHFFIZ L D
GERR BRI MR OMREZ ATTE & TR, CO NERPHEHZ L > TR T L7z (2 22H) 130K
MEHAL T NS D WL Z N ERFEORRZE b7 DT MOSISEE S V- HEE & B L7,

% 2. BSRAE R S5 2 I F T KaCOs FHER D 5428

Run ID R-P1 (No K loading) R-P2 (K-loaded cedar)
K loading, mol-K/kg-dry-cedar 0 1.0
Yield, wt%-dry-cedar (K-free) Screw-conveyer Screw-conveyer
Char 23.4 31.8
Heavy tar 7.9 0.8
Light tar 20.8 93
H20 17.6 24.5
H» 0.1 0.4
CcoO 13.6 9.7
CO, 10.7 19.5
CH4 2.4 5.1
CoH4 0.57 0.39
CaHe 0.40 0.56
Total 97.5 102.0

BRI IS T DA O3 &8 U C, HEFEAY 1 mol-K/kg-dry-biomass D J5UEH & VT 90%LL
O HT IR 2 RHL T X 72, KoCOs HFRFIE CO, IR A M I, CO NERAZEKTFTEEDH, ZD
ZliE, AT D BB O AT L KT T RN H D L O I b s, AT &
S THAERT DEMAT ADILE, CO DILRITANA A~ ADuHEMAL, £ LT CO/C ., O,/C T
FoTikED, Lieido T, A2l - WHEHIGEICBIT 5F ¥ —OH AEHEE, # — /L OUEH
ERHFCEL Fr—« =L DT ASOEHEDR = 100% T o AUTERIRF O AT AR « ICFEIX
BREEIC A B, T LA, BEICH L TRROANR LD 2 — LV OWELBSGROERTENT
TG0 (HEOAREZ ENZT /NS TEDLD) PEETHD,
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3.3. FUHAR Y 27 v & RIZBE§ 5 5E1TH%E

Oike & USWEEE U AT AALBEAIC IS T Ho0-0:, ZRILAI & 9 5 BV i-E - 4 ALk
BRI A AT o7 () 3-1), B D3RR ERRERORBEE LA L 1D, £z, Ttk
AVIal—varbEML, TOBEEEE X CTRRICBU 28ERGE2REL TS, 71
AV I ab—va i, AT o AT Okkx RPERRIEE (GRCT AE - MR & BRI
DEIR) ZEDS LIZTFH L, e AR (K7 vy ) Z2HEEEHET 2 DICAZITH D,
B R « W AGEGERBRICH W 28 A~ A1, KoCOs fHEEERAY 0.5 mol-k/kg-dry-biomass C
HHRKENA TR (AFX) ThbH, Oke LMNIT I 2 b—ra URERZENE X TR E L T4
(Texie = 700°C, H,O/C Lt = 0.5 mol/mol, O»/C kt = 0.21) IZBWT, REH A~OHHE (JRFEHL
W) =99%., HRH AFOREEE Y —NVEE ~ 3 mg/Nm3-dry, B ¥ —/VEE =~ 60 mg/Nm’-dry
R EOMREZFIEL TS, T & 720°C & LG A IR X — VIREZ S LIZTIF5 2 212
REI LTV D, 7272 L, Hi0-0, A AL TIIAMES A7 MdJis (WGSR) O#EATIZE - T CO X
(N, A~ ARFEIEAE) D T0%REICHE E o7, s LT, RIFZERBRET ORISR E LTz
CO»-0, B ALDEE . CO, 23 CO JFF L N WGSR OfilHl & L TI< Z L1k > T COLEE K
LM ETED LS, Ed 2T, KVREEZR 1CO, #F 722 bH (T AbAD &35
B - SOE A A OBE S SEREIC Bk L7,

p B
s Lt BHBA
BHEAR o KESKHAL-HE
T,»<300°C
/ gy — amHR@T,

F v — /il RIREEA

B %A

3-1. Ho0-0, Z Wbl & 3 2 MU 27 22 2 OREABSSI D Tyl S8 - 5 A
P81 2 B A TR,
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Oike & DHFFEWIZZEIZ L T, CO,-0, Z AL &+ 2 H ML 27 v X 2 ERGH L7
(X3-2) 0 HAEHN % HE T CERMENED H0 7> 6 IFEEMETED COx IR 2722 & I2 k- T, CO D
FERATREL 70D, 12721, KUTIEE D TRV, AT AF D CO, & KRR T 52 L7
BRI ANEE @D DR, BRI AND CO, ZBRET DN AT a ARNEEL D (CO,
DoyBEE Hy0-0, & T AMEAI L T 558 bREK) . AR TIE, A F~ X RKFED CO ~D= 100%
BRHAANATRE N & 9 2n, X T, BT A PR X — VIRIE 2 H,0-0, & 1 AEAIL T 256 & A%
HOHWIENLL B TE 2008 9 D ERRGEL T,

R

{
Bk gk -»{c BOME RIS
BoE1E
o——]

~¢ - 02

C0,(25°C) ——f ='
| i Fr—HiziE-%HE
1
RERE ampiz
Tt <300°C :
N ﬁfﬁﬁX@Tg,

F v — /i ARG

Bk %A

4 3-2. CO,-0, Z Wbl & 9 2 FHMUMAR T 27 v 2OME (RIFFRIZI VTR .

34. 70 RV I 2 Lb—Ya v

CO»rOy ZMALAIL T DH AT BB ZADEH T I 2 L—ra y&fThhole, H—BOE )
i) 2 X DA IAITFERME (F 2) 5%, BEMUS (FAE) 2o\ Tik, B
R DA R A~D 52l WGSR O (U ABIFH0) . B & & e s R0 6 O B
B=0., &2 E LT, ¥ alb—a  HFEOFEMIT Appendix 1 2B I, 2 b—
VavIlBWTHELE e AT n—% K338 T, ZOYIal—rarOxtRE LIESE
Fut AL, B, E - TR P TIE AL, B AR L BRI SER DR O BAT
BEABIRCO DTS mERX (BT ABHEFIH) Thod, FRNOF ¥ —, KMEEOIEERILHE
LRERCTHLN, EHVIalb—rva VIR EL 52RO TGN E Lz, o, k5L
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L7 a2 30T b S GMB~OBGH A BN &) 2 E Lz, VoMo k24
A (Fx—, Z—, KBIOIEEMMEST X) X, 2TEE - TAEOSERITEALZEZT 0,
BEO CO» ZWALA LT HHE - H AU K o THRA REREHRT 5, WESUSTH HES)
FRIC LB R BB, AR ABIBMC Lo CTH 2 b D, GH A LT OBEEE BRI LT
BOLFIHRERBE L IBE L L EFTLH5OTHAMEATH S CO, O TFRICHIAS N, WbWwd
Text Z FIREZRIRVE T EHL LN TES, Va2l —rarTIRIOZEE/ELE, B, ¥
T b— g UREROFENIT Appendix 1 IR L TWAH AN, COy TEME DA ARFEIL, & HIK
WA 200°C K T o 7o, AR A DR A KD DT Tz - T, SWET AMBISZRD H F
IZBWTCO, COr, Ho BEUH0 X VPHHRIZH D Z L, TRbHAKMET A7 M) (WGSR)
DAL T D EARE Lz, MBEOMEERFIAICBE LTI 34 GM) [ORLEeERE T nk 2%
ME Lz (2720, BRI ISR, K HEFTF ¥ —138E - F AEBRERIEE D D E#
IZHREH S, WEAIORKRITKTEL, 2RI KV KEED K Z2F v —bilitd 5, flis Okl
D) OF v —IFFEERA L, SHICENLLZ K OKER) Z2RAWICHETS BlxiEx7
L—RIAEEHA) . ZhcL> TR L K EEEHK (FHRER) F ¥ —ORAY & By iR
FORERICHART 2, v ab—va VORER (BYUrMEIGSH. SE - T ARSI 1B 5
BT AIREE, COo/C B LT 0,/C th & AR AR « MALOBIFR) 1XFEBREAFIC K S H 7,
TREAVI ab—va rOfR, TROLRIGSEKME L EREDOREMRIL. BV E-oE - 7 AEEER
(7o ARHEEGARR) IS K> THEIET & X —F v MR L o T,

I
KIBFI1AIA-Fr—

13
550°C COZ -~ 1 COZ
BARE R -J;c

4
K

Kig#
AR ) ) L' LJ
i BRI

730°C
= ﬁij’j7\< 300°C
ﬁk
(=]

- L e L owico
B o002 lesssoez e g2 002

3-3. CO-0, & 7T A LA & T HH MM T A7 m 2R BT OWE 7 n— L BERT ok X,
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QKB AFIA VYA DI Fr— =

BRRS-Fr—
L OB B = 550°C
&
_y |
Kif%
% EB '.’::E;. 5:“::: S
—e,
vl s Eafr
—C% ———— _02 é
! ren_ st
303 < ‘:H'.
g o Siyee
_, #Fo—0N 2L
A s ‘ 0 EA— )LD E — —’
c{gz EE 7 o 3 ‘t -"ﬁ_!'.-"'; Fr—DK%k
B HcO0  amAn R =R (s
HOBRE — FHAEKEBFEFv—
700-730°C OUHADIL

3-4. FHEIUHAR CO—-0, T AEMEEIX

35. 78RV Ialb—va ViEREER
SH - W AEBOSE O ORERAT ZE (Ty) = 730°C, CHy R =0 (XX EREL, 5

WTFERWE) FRE L THO0-00 0 Al & COr-0, ALY R = b—v 3 U & T AR %X 3-
5759 (CHAUE=3% (RFEHUE)) LMELTZV I 2 b— 3 COFERIT Appendix 1 128 L7z,
CO»-0, ZALHI & T 55 A (LI CO»-0, H AL ET) 1, H0-0, (LAl & 32 4 Ak

(LI# H0-0, H AL EFRT) D X0 b RIFICHEV CO IE (JAl—d COyC & H0/C 1) %5 %
HIEBHALNTH D, ZHITIAT, CO IEHRIF COYC ORI RT D Z & b2 B,
SOIZEHBROIFINA AV AREDIFFEED D WVILINED LB X 58D CO #HiETX 5 nHE
PR RENTZZETHD, 2T LT, H0-0, HAIZL D CO PHEITHATH 75%TH Y,
Bl Z1E Oike HWIAEEA L7z HO/C = 0.5 TIX 70% R THH, AvIal—varickoT, 4
TR LTZED [ CO:-0; H AUIE Hy0-0; AL LD b CONERE -2 | NA A~ ARFEDIZ
EREAE CO I T 5 ATREMEN R ST,
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1________99_(_(:02'02) I
Q %9 H, (H,0-0,)
2™
£ 0384
3 |
;F =1 CO (H,0-0,)
HZ. 2

§§ 0.6

0.5 1

{ H, (CO,-0,)
0.4

03 04 05 06 07 08 09

H,0/CtE or CO,/CEE, mol/mol

3-5. CO2-02 T 2t LTV Hy0-0, H AEIZE T 2GR AL & CO,/C tudd %\ id HO/C Fhd

ES(E

e
©
o

: H,0-0,

o
o
2]

IRNF—EEDE T AINFE

0.8 — T T T
0.4 0.5 0.6 0.7 0.8 0.9

H,O/CLE or CO,/CEE, mol/mol

3-6. COy-0, H AbE L O HhO-0, H AUITEIT 5 =R X —FHED SR AUNEK L COy/C thdh
%W T HO/C Ehod B,
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0.4 -

2

TED 0.3 ‘F’_'_V’_CP—Z-—OOZ———‘T—‘
m H,0-0,

ﬁ 0.2

i

= EEREHIEA

ﬂ 0.1 4

<

o

0 T T T T —T T T T T 1
03 04 05 06 07 08 09

H,O/CLEt or CO,/CLE, mol/mol
[X] 3-7. CO2-0, AL L O H,0-0, HAEIZEIT D 0./C e (WEEEF &) & CO./C thdh DWW T

H,O/C LD BAfR.

CO,-0; H AfbH LY HoO-0y H AKIT LD A0 (JFEHERAL S BB B YE D G Rl T AIE)
& COY/C o %N T HoO/C FLDEHR %K 3-6 (27T, CO,-0, H A (kI LU H,0-0, 4 A ki

FTHH COYC & HO/C A< 0.7 D& & 5% A A DM ARFEEFE 25 L, MiH DR
BTN ThDLZ LRI o, HBTHE I, CO-0, HALIE H0-0, HAELD b LY KX
WO/CIHZME LT D, ZHIT COLEE « T ALDIE D S HOBHE « T AL VD bIREED R E
WehTh D, LD REZREEE, KV KE 0/C ik, TNENRBEAIIH T ANREZIER
(L BEELRBLERADYD) BLIOIET GEEWMLo X0 BERETORD) SELH0H

DI ZNHRIE, ZNOMEPHAEDEBEZ X v BV LboTofiiREFZZDBND,

CO2-0; H A LI L OV H0-0, H AKIZEIT 5 0,/C . (MEFEF &) & CO./C Hd 5\ i H0/C
oOBRE K 3-7 IR LTz, BERO X 512, CO»-0, H AL H,0-0, T ALV 1 0, FFEBOR
REWV, BB T DHRZ G E G -SE - T AERBR O RME (0,/C L @ 0.41-0.72 mol-
COy/mol-biomass-C, CO»/C tt : 0.25-0.31 mol-Oz/mol-C-biomass) 3. 35 IR LR R A E 2
THE LT,
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3.6. KENA A <R (AF) OEGRASGH-HKH « AL CEEHEAT 2SR

K HRH B O E e By il - W AERBRIE, Eib v LS a2 b—va U ORRER E 2 T3
i L7ze X 3-8 IZRBRILE 2 T 5, BONTRRZUBITRL, BT 5, SERWE ST &
(ELANE T St 1oV Wy

IA70-1vbA-5-
N;

REX

I7OVILI4LE & AT A5 47 - EUR

R

-40°C -70°C _70°Cc

E55—), [
iR X+ BEES—VEIR

KEFFr—FEE
JB& =350 mm

"EV-N

IX] 3-8. HifGE B R T AEEE OB (X 2-3 DFEE) .

3.7. K#HEF /A A= 2 DB LA A~ DU
3.7.1. K AL F 2 ZADBRY A ~DIGHER

JFUEFD K fHEFE % 1.0 mol-K/kg-daf-biomass, Ty % 730°C & L7 Rl ~ R6 {2V CHLNT-E
AT AN (CHy IR A G T ERIRBOBmIE | RELEE) 2K 39 ([Ze7my N TRT, £,
BAHR Xe 23 COo/C Fh & & HITEIMT D[ 5 COy B H ALAI & L CTHERET 5 Z L 3L Th
Do XclZ COYCH>05IZBWT 1 22D, Xe> 11T, BOMSUSERICIBWTAER L, &F -
ZACSZR S STz K HEFFF v —12 2 TREBRANCSE - F AN ERICHEA AT K H#HEFF
Y —b WAL Z E2ERT D, ZOX DI K #HEF ¥ —D CO, #A{KIF 730°C THEsD TR
WCET LIS A, 72, CO/CHIF 04 RRETH-THHTEEE XD,

M Dermy M, K HEHEZ 0.5 mol I U7HE (R7). O, AL D5A (R8) BLW
To% T10°CIZ FIFHAED Xe THDH, WITHOEHAELIIXT 5 Xe DIKTAHL/NTHY, KH
FiER 0y/C B LV T lTW T b HEREAER 7 TH L LHIC& 5, Oy 1THE - T AL F
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EOKMICIBNT 90%LL L HE S, TEOFREBENOF ¥ —H AMEICHEICITF S L,
LNLARE, O I ZKHICE T 22—V OBBEIZRELFE L (BiR), Fv—CO, HALDTHRS]
RIFATH D F —VOKMHREPMET LIEHR, T —OT AP RRITET L2 EX BN
Do Op IZUH « HACRIGEE 2 BVE S S B B 12 DICBERRBIRLAI TH 52, BHENICTF v
— I AMEEARES D 0 DREFINH SN o7z, 7B, Xe = 100%TH D R6 IZRIF5H CO ILH
(94%) 1Ty alb—varriziF %L,

140 -
X
-
il 120
3
<
= 100
S
* 4
5w kEmE o
> 50% 38 R8 O, #&L
=
= 60 T 1 T 1 T I T 1
0.4 0.5 0.6 0.7 0.8

CO,/CLL, mol/mol

B4 3-9. NA A~ ARFED I A~DUHEF (EFIRRBIZI T HE5#15) & COy/C thDEIfR.
B MIR—TUE -+ T AEERBRDRER NS . RAWKFEA A (CHy) DAERERITHI 3%-C (R1 ~ R6)
ThoHZENGPoT, T T, ERTHONIZARAT ADINE L | CHy IHE=3%-C % KE L7z
TuE AV 2 b— g VORERE LERRTT S (K3-10), Xcx100%TdH D R6 (COY/C L=0.42)
BT 5 CO IR, CO, R (A CO, ZGTellR) BIUOH, IRIT, vIab—ia i
—8T 5, —H. Xc =~ 113%TdH 25 RS (CO./C =0.50) DA, CO WITHRARN LY I 2 Lb—
Ta v ERRLN, MO ADRRIMNA BT H, D LiF, FENTMEIAAL K HETF v —
(K #HF5EEE D & H/C t, O/C EIWT N B ERNTNS KKK Y v FTH D) 72 CO, & DK

JEICE > THAE L, #RZ D438 CO RO ERN L7z & & 2 UEEHEMICEETE 5,
FERER (RLR6) L3 alb—a ORREZIDICHELIBE Lz, K3-11ITRLZL DT,
RR D KX 912, COL/C 3 >0.41 Z#Z 5356 CO DILHEIT 100% 54z (VIab—rva T
FELTWReW), ZoMmIE, COUE (KR LzDIFSE - HAEISERH A O CO, fiEmn b
ARWiEZZ LIy RO COMUETH L) ORUMER & EERICKIR L TH Y | X 3-9 O
FIZRET 28, T RbbFEANMAALT K HFEFv—0 (=7 A ST 7) HALOFERE LT
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MATE D, ZAUCKHLT, IR (@7 2y ) I, ¥YIab—rarfElR (HFi) & E<—
T 5, Hay CO, CO» 3 LU H0 IEDBIRIZ WGSR DA E T 5 O T—HHUZIEE 2 20
B, HEEZTE LTS MINRIZZ I AN TR AP EZ > THEI LT L b ZDORELE
LLZFDHZLEFRNED THD, WGSR OF-MIEHIL Ky = Pcoreq Pizeq /(Pi20-2qPco-q) = 1.38
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3.7.2. KEH A7 MRIGICEET 288

Rl ~ R6 IZBWTHOLNEZ HHONERE Y I 2Ll —r g R LEONRK 3-12 THDH, Xe =~
100%T&H % Rl (¥H, CO/C =041 DT m v ) OHONRIFTI I 2L —a IR
D HARVE, WGSR DIUSPEN Ky, L0 b T/hS ol Z 2B ETE MPIic@7 ey |
TRLUIEMIENRRTY I 2 b—va e —87 25, ZHICH LT Xe > 100%TH o7z R2 ~
R6 DEED HO IRIZY I 2 b—3 9 VRO I GBS TERWDS . SOSREIE K, (23U,
Z oL, FANAHAALT RFEY vF K HEETF ¥ —OH AEHEITIC L - THRESA CO Y

v T2 D — WGSR D3EITT 5 — O ERPMME T35, v—F7 v R Ko TR TE %, il
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ERH LD, HLETRENZ I Ro LMIRTE 5, Thbb, KHEY vF° K B

F ¥ —DH ZACHEITIZ K> TR I T 2 T A0 IRHEM (C, H,0) By Ialb—iaé

X B2 DIRPUC /2 D — T, WGSR IHIFIEPHNCE L (2 b—Ya v OERY ) FEE,

Hy NRD—F (v Ial—val)] BDEAAEEEZLND,
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3.7.3. %HE - FAERISHALD - HEDOZ U F L —2E

B RO - 0 AEEREBR TIEBOGAR & BERUFINEN L7223, ZHUE~ o FHUE O SOG#3 T
IERERETDONEE ERAETH 72720 THD (ISR NETELZD), LHLRBE,
BOSR-E « H ARSI ED Y O o 2L E—INEREL EhARan L ) Tid, By -
T AERBRIT 7 0 ADERK THEE) L3S0y, 22T BVt nicks i 5 ARy
B KRR & OB - T AMEBUGER I DIZ T AR AR - MO =X e — R LT, =
AV E— HETE & 45 D IV RE RIE Appendix 2 IZFEL SRR TWAD TEIEILIZ0, K] 3-13 (kb
fERART,

Rl ~ R6 [ZHOW T H )L E =S A RO TR R A K 3-13 (-4, XOHKEEIILE « 7 AEK
JEERARIZBIT L2 2V E—nbHARCBIT 22 2V E—2Z LW eETHD, Lizho
T, Z>0 THNIEHOICB T 28T ADZ 2L —DI1E ) 0NE <, IERTERIF NS OB
AP TONTZ L Z27RT, THEITHICE< 0 THIVUZERTRICEHEN D DMENEZ ~7-Z &
g, BUIRLIZE1IC, ZTWTHoORBRTE > 0 ThY | [ERTESFN D OB AT
bl Z Enbholz, 72721, COJC HA/NE W RE ~ R6 DA, ZETEE LHY - (RA7 58 2L )
DOTH2%[1% &RV /NS, 2O LT R4~ R6 OERBMEIL FERMIZ, L1XE2)
WIEAS R A Bl L 72 SR itz 2 &b oz, L7z -> 7T, R4 ~ R6 IZHB VT Xe >
100% T > 7o FHEIL, JEBIDO BT A~D Rz FZRE L7 2 L ITHY T 5, CO/C A KRE
WRI ~R3IZBIFLZ U X AE—EIHEL0> 0 THY, FHANAHAAL KT v — D A
b (cXc—100%) HAREWVIZEREL 2D,
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3.8. Z — NV OUEIZBE Y DAY
3.8.1. RS HHE

COx-0, W AL T B2 ANZRIT 5 # — NV OUWERMEZR U DI dhTe-> Tk, BE - T ALK
Jigs (Fy—FEBE L TO LEOKMH (~y FAN—2) ¥3-14) IZBTJ2Z—VSEBL T ZH
(BB D D SUS ORECHE 2 B 2 D LERH D, BVDMRIGIHCB W TAER L K HFFT
Y =B RLOHEIR Sy (A, Z—7EK) (3. SE T AMESUG# & OHfe N 208 U Tl - A
EESERITEA SN D, RN, T EHMEMIZBNT 0, L OIS EBaBbIG) 12k-o
TN AT DM, COy, EDKMINITIFE A LT NWEEZBND, ZZTHET
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FFF ¥ =008 LIIREBIZH Y . ZOF v —DOUEDR EIT UL, COy . S HITIE 0, G T5
RESIEDEZ D | ZORER, HRKY (L<I2F =) BT ¥ —RE O (REFH) H5
WITEBERE SN D WREEN H 5, 2O Z LIXObICHERT 5, B, FANC K HEF v — &
AFERVER (B L, K HEET v —h T IX8E - VRO T2 T L. RGSRER O
TICRE LA SICEI) 2R RERE LT To7E 2A, 00 D 96% PN HE SN D Z Ldbno
oo ZOTEND, Oy 1F K HFFF ¥ —h - FHREBICA DN ERHEE SN2 EELOND, K
PR v —RL 7RI ClX, T v —hi T O CO, F AL LRI RITZEIT DX — L OUEN
WHHNCHET S %, BB, K 2 s T2 EBEE TR, 78 Z2AMTHLFvr—D 3
7 v LRI~ D R FENTH & AT H R O T 2L OBREIEEN L > TR &£ 2 bR 5b,
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FATRIC L o T LN SN T TF v —RKEIZHBIT 2 HEROSIER 2K 3-15 (IR LT, #
— VI FEBEN T v — ORI THEMKFE AR A O RFNTHIC L » THESEL, DL CO,
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\Z R DT AU FE AR TE D SN D,
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i R R ORI 21E (RE) Fr—R R OEN 2L GRE)

3-15. F v —RIENZ I 5 BEMARGE - LT 2 (bds L O AL EFN-05152,

3.8.2. #—VORE - HAERIGEC BT HE

BE -« HAMEBISERICB T D 4 — VU BRI E 2 BT 5, ¥ 3-16 I HT . LT 36 & U MAHC DX
RKard, B, WEERT A= T 7OEMICK3-9 Z#FHE L, Rl ~R6 DA, HT (Mw >
200) BELTLT (Mw<200) DIFIFIHE « HACSICERIZIB N TENZEIL 4.0 ~ 49478 LV 3.7
~ATHIET B, WA OFREET CO/C A REWVIEFEZF LWV, WTNOEMFIZBNTHLHEEE
DERHE L F > TRVIEEORESENER I NI, 7oB, G A (dry) HOKRE Y — Vg
EEHELZEZ A, LT EEIX 0.6 ~ 8.5 mg/Nm’-dry, HT #EE|X 0.08 ~ 0.66 mg/Nm’-dry T >
2o A —IVITITED LR ENE MAHC DOHEFEIL 0.07 ~ 10.6 mg/NmP-dry Tdh o7z, ZD
KO TMRIRE Z — VR IZ, ANA A~ AT AT DR 0TI E TIClE SN2 &
R, COy ZWBEHN & T 5 2 — N OWEITHHO TR ZE R 5 VEREZ FE#H L7,

4 3-17 1% LT B L HT WEEO BRI 2B 2RISR LIc b DO TH D, JREHTHERF LT
K:CO3 6 5 W IZUCH KT H{L%f (KOH, K 7 axv REEZHND) 1T, BORICET
% HT IR 2/ 1R T SE 5, RWT, BE » T ARG TIE LT B LU HT IR 1.5 ~ 2
HHE T3 22, WHE - VW AMeGE EEOSME T 0 I L 2% (k) 2Ede XTI 4~ 547
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3.9. WE - AN ERH O DF v —[EUY « K #liH

BE - HAEBUSENDIRY L7z K #HETF v — 20 LICRER AKX 3-18 1T”d, £7. KT
ZOWRITERRE (> 99.8%) DKEMED D WVITIE AN (X 2 0 2V R BRI T RTeE) Th
S72. KDKI35%M KCOs ., 581 65%3KOH & L CIEIL S L7z, F v —FmOiFEEA K fiT KO,

(Wx>0.5) BHSIEZEZ BN TWHI ExHEZDE. ZHITKERER L T KOH (ZH# L 7= &
BIATE S, ZOERMEEICESTIE, K i KCOs (35%) BL KOH (65%) & LTHESICY
YA 7 NTE D, DiBlasi¥lix, KOH DIFE 9 23 KCOs & 0 & /3 A~ RAESFFRRF O 2 — LA 2h S
MRENZ EZHE LTS, LEEA->T, KCOs LY b KoCOy KOH IBAMZ HFF LTZ A D 4
— VIR S KoCOs DA ERFF LA L0 KEWE IR SRS,

m KB (K,C0,)
w KA (KOH)
mKARE - BEAE

6' '3'0' IGIOl '9'0'
KD EIREE, %
[X] 3-18. K DAY I L UML T RE /5 Af.

A A
‘ AV N\
4 N
: o | ok KO
N Xy
07 o A - y
KzCO3 | I generalization ) —— > (.5
R Oy oK -
. : no evidence o
/\ /\ UAN A ) U metallic K )

Kopyscinski et al. (2014) Wigmans et al. (1983) Meijer et al. (1991)
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ARWFFEL, A A~ ADOEBERDT AT a2 L LT, BN CO-0, H AT Bt AERE
L. 207 & A& Ui B0 508 - 0 AR A i L7, SR RIS & Al
27w Z0MRE, TR0 L (1) N AV AKFBDON A~DOFREEM, () F—/LOEEWE
BEO Gi) AV v () OFERY A7 VEEEL,

AW L > TIHRONTEERMA A E L DD,

(1) BT 27 1 & AT, T = To = 730°C, CO/C < 0.7, 0,/C < 0.3 OEESRMT

TREL BN A TE UL, 95%LL Lo A% (JFOEHMEAL R B EZLYE) | 100% A
BO COMNENFOLND (TR Iab—a IR

(2) BRI ZME T 7 R 25l U7 B iR - A B A b RS D i Y T
BT 2 &, B ORERANA A~ A) OB A~ORFEHR>100%, KRR 2 —/L
IRE (BE % —/L ;0.6 ~ 8.5 mg/Nm’-dry, HHE ¥ —/L ; 0.08 ~ 0.66 mg/Nm*-dry) . & A
D CHy IR FE <3 vol% S RIFFIC S B 5,

(3) MRIKFREE & — VIR, BRI T 5 & — VRIS (B Y 7 LAOMBEAER), #—10
O, E (RfH) BLOH U U LHEF v —REICBIT H5HEDOEFR T B AT Lo THRRAS
N5, WE « HAEBISEITBT 5 % — /L ORI 99.98 ~ 99.997% T 5,

(4) JEEHZHFFT 28 Y 7 AT KCOs BE U KOH OIREWH E LY YA 7 ALFIHNARETH 5,
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Appendix 1

Process simulation for 4-th generation
gasification of potassium-loaded biomass
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LIBORIEI RTHARXERELLT:

Simulation of 4-th generation gasification of biomass

Definition of adiabatic reactor

no heat supply
to reactor (inside)

X
)

input (feedstock) —=| reactor — output (product)

X

}

no heat loss
from reactor body

heat balance equation around reactor
Enthalpy of input (H,,) = Enthalpy of output (H,)

Without saying, H is a function of temperature as well as the
composition of compounds.
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Material balance around reactor

inpUt (Fin,C + Fin,H + Fin,O) - reaCtOI’ _>OUtpUt (Fout,C + Fout,H + Fout,O)
|

0

no leakage of material

elemental balance equation
Fin,C = Fout,c

Fin,H = out,H
Fin,O = Fout,O

Material balance around reactor

inPUt (Fin,C + Fin,H + Fin,O) 7 reaCtOI’ _>OUtpUt (Fout,C + Fout,H + Fout,O)
|

0

no leakage of material

elemental balance equation
Fin,C = Fout,c

Fin,H = out,H
Fin,O = Fout,O
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Chemical equilibrium

If you consider (assume) that two or more chemical
species are chemically equilibrated in reactor, you can
assume (in case of WGSR),

Kp,WGSR = (Pcoz' Pr2)/(Pco Puzo)

You can also consider another or other equilibriums in
the same reactor, if necessary.

Enthalpy of known compounds

You can access NIST Chemistry WebBook.

https://webbook.nist.gov/chemistry/

NIST f stanbarbsanpTecanoLoay  NIST Chemistry WebBook, SRD 69

US.DEPARTMENT OF COMMERCE

® Searchv NIST Datav ‘ About v |

NIST Chemistry WebBook

NIST Standard Reference Database Number 69
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Enthalpy of char and tar

There are no such database. Hayashi/Kudo Laboratory previously
developed equations for estimating the enthalpy of vapor of tar (mixture
of various compounds) from its overall H/C and O/C atomic ratios
(ignoring N and S).

Hua Yang et al. Energy Fuels 2013, 27, 2675-2686.
dx.doi.org/10.1021/ef400199z

The enthalpies of tar (as a crude material, vapor) and char were
calculated as function of temperature according to the above.

Simulated processes

gasest HHi) <——variables
2
. water o
biomass* — pyrolyzer tartt gasifier CO —+|  heat ‘é.’)
CcO exchanger | &
charttt 2 S w
CH, §8
T no char 27
i no tar assumed E- S
given assumption S
experimentally ( ption) (0 or 3%-C) CO2 o
preheater | 2

l

*biomass: its elemental composition and calorific value are necessary (cedar; 19.0 MJ-HHV/kg)

Tgases = H,, CO, CO,, CH,, C,Hg, C5Hg, C3Hg, CH;OH, CH;CHO
For all the gases, their yields are necessary.

TTTar:  its mass or C-based yield and elemental composition (H/C and O/C ratios) are necessary.
Tt Char: its mass or C-based yield and elemental composition (H/C and O/C ratios) are necessary.
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Equations involved in simulator

H
asp;s Topn H,
- ?Natel' =730°C Hzo
biomass* —- pyrolyzer ———— ", " ——= gasifier co
25°C char Hen1  CO, INEIEEEM

CH,
HCOZ,Z
preheated CO,
[ variable [OR Five variables

Hoz (=0)

Enthalpy balance eqn. (1)

Hoy + Hoz + Heoo2 = Hyyn 1
o ’ R Five equations

Elemental balance eqgns. for C, Hand O (3)

Chemical equilibrium eqn. (1)

Equations of enthalpy balances around heat exchangers

downstream/upstream of gasifier Heat balance equations

(7]
c
syngas 5
— Hsyn,1 - Hsyn,2 = pr - Hbm
730°C "5 ~
Amount is Hsyn,1 g- Hsyn,2 - Hsyn,3 = Hco2.2 — Heoz,1
given. ()
y r gases 2 Condition
. bm py water -
1om — > > - o
biomass 25°C pyrolyzer 550°C tar |'E Toyn2 = Tcoz2 =30 °C
char
Amount is H
given. syn,2 7;yn.2 ‘ﬁvariable
/ 25°C Tco2,2
CO,————{ preheater | co, To gasifier

H o
Hcoz1 022 / Three variables

iabl
Hsyn,3 7—syn.3 «—vanable 7/ Tsyn,2 7—
0, "~ variable T €022
25°C syn,3

syngas
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Result of simulation

Case 1: CH, yield of 0 mol-C/100-mol-C is assumed.

T-reforming (Gas T at reformer exit) 730 730 730 730 730 730 730
CO2 in (= CO2/C molar ratio, mol-CO2/mol-C) 0.3000 0.400 0.500 0.600 0.700 0.800 0.900
02 in (= 02/C molar ratio, mol-O2/mol-C) 0.2723 0.278 0.284 0.289 0.293 0.298 0.303
CO out 0.9591 0.972 0.984 0.994 1.003 1.011 1.019
CO2 out 0.3399 0.427 0.515 0.605 0.696 0.788 0.880
CH4 out 0.0000 0 0 0 0 0 0
H2 out 0.5519 0.527 0.504 0.483 0.463 0.445 0.429
H20 out 0.1375 0.163 0.186 0.207 0.226 0.244 0.261
CGE on LHV basis, - 0.9738 0.9681 0.963 0.9574 0.952 0.947 0.943
CGE on HHV basis, - 0.9619 0.954 0.947 0.940 0.933 0.927 0.921
Syngas temperature after heating pyrolyzer, °C 216.2 253.0 285.1 313.3 338.3 360.5 380.4
Syngas temperature after preheating of CO2, °C 190.8 215.6 235.7 252.3 266.3 278.3 288.6
CO2 temp after preheating, °C 160.8 185.6 205.7 222.3 236.3 248.3 258.6
[CO]J2/[CO2] 2.71 2.215 1.879 1.634 1.447 1.299 1.18
CO+H2 1.51 1.499 1.488 1.477 1.467 1.457 1.447
Net CO2 conversion -0.133 -0.067 -0.030 -0.008 0.006 0.016 0.021722404
Case 2: CH, yield of 3.0 mol-C/100-mol-C is assumed.
T-reforming (Gas T at reformer exit) 730 730 730 730 730 730 730
CO2 in (= CO2/C molar ratio, mol-CO2/mol-C) 0.3 0.400 0.500 0.600 0.700 0.800 0.900
02 in (= 02/C molar ratio, mol-O2/mol-C) 0.258 0.264 0.269 0.274 0.278 0.283 0.288
CO out 0.922 0.934 0.945 0.954 0.962 0.969 0.975
CO2 out 0.347 0.435 0.524 0.615 0.707 0.800 0.894
CH4 out 0.030 0.03 0.03 0.03 0.03 0.03 0.03
H2 out 0.498 0.474 0.453 0.433 0.415 0.398 0.383
H20 out 0.132 0.155 0.177 0.196 0.215 0.231 0.247
CGE on LHV basis, - 0.975 0.9695 0.964 0.959 0.954 0.949 0.944
CGE on HHV basis, - 0.964 0.956 0.949 0.942 0.936 0.929 0.923
Syngas temperature after heating pyrolyzer, °C 209.3 2473 280.4 309.4 334.9 357.6 377.9
Syngas temperature after preheating of CO2, °C 184.7 210.5 231.4 248.7 263.2 275.5 286.1
CO2 temp after preheating, °C 154.7 180.5 201.4 218.7 233.2 2455 256.1
[COJ2/[CO2] 2.45 2.007 1.701 1.478 1.308 1.173 1.06
CO+H2 1.420 1.408 1.397 1.387 1.377 1.367 1.357
Net CO2 conversion -0.155 -0.087 -0.049 -0.025 -0.010 0.000 0.00651

62




Appendix 2

Calculation of enthalpy difference between
gasifier inlet and exit for R1-R6
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Data for process simulation: (1) product yield and mass/elemental balances

Table 1. Product yields from continuous pyrolysis

of K-loaded cedar in screw-conveyer reactor.

Product Yield, wt%-dry-cedar
Char 38.6

Heavy tar 130 total = 10.9
Light tar 9.60

H0 23.95

H, 061

CcoO 10.71

co, 12.20

CH, 2.33

CoH, 053

CoHs 0.40

Total 100.2

Comment: mass balance is OK.

Table 2. Product yields from continuous pyrolysis of K-loaded cedar on C, H or O basis.

Product Yield Yield on C basis Yield on H basis Yield on O basis
mol or mol-C/kg-daf-cedar mol-C/kg-daf-cedar mol-H/kg-daf-cedar mol-O/kg-daf-cedar

Char 26.9 26.9 9.38 3.28

Tar 6.95 6.95 9.38 1.01

H,0 13.29 0.00 26.59 13.29

H, 3.03 0.00 6.05 0.00

Cco 3.82 3.82 0.00 3.82

CO, 2.77 2.77 0.00 5.54

CH, 145 1.45 5.81 0.00

CoHy 0.38 0.38 0.76 0.00

C,Hg 0.27 0.27 0.80 0.00

Total (products) 42.6 58.8 27.0
Cedar 42.6 58.8 26.8

Comment: C, H and O balances are OK.

Table 3. Elemental compositions of cedar, char and tar.

Material Cedar Char Tar

H/C ratio 1.380 0.348 1.350
O/C ratio 0.630 0.122 0.145
C content 51.1 83.9 76.5
H content 5.92 292 8.67
O content 429 16.2 14.8

Data for process simulation: (ii) enthalpy of pyrolysis products at 550°C

Table 4. Enthalpy of pyrolysis product at exit of pyrolyzer (550°C).

Temperature Product Amount Enthalpy Enthalpy
K mol-C or mol/kg-daf-cedar _ kJ/kg-daf-cedar _ kJ/mol-C-daf-cedar
823.15 H2 3.026 46.41 1.090
823.15 H20 (steam) 13.29 -2963 -69.56
823.15 co 3.824 -361.5 -8.489
823.15 C0o2 2.772 -1025 -24.06
823.15 CH4 1.452 -69.77 -1.638
823.15 C2H4 0.3779 16.47 0.3867
823.15 C2H6 0.2661 -5.349 -0.1256
823.15 C3H6 0.000 0.00 0.0
823.15 C3H8 0.000 0.00 0.0
823.15 CH30H 0.000 0.00 0.0
823.15 CH3CHO 0.000 0.00 0.0
823.15 tar (crude) 6.947 41.27 -0.97
823.15 char 26.95 -249.77 -5.865
Total enthalpy -4652 -109.2

Comment: The enthalpy of tar (vapor) is calculated by an equation proposed by Yang et al. (2013).

Estimation of Enthalpy of Bio-Oil Vapor and Heat Required for Pyrolysis of Biomass.

Hua Yang, Shinji Kudo, Hsiu-Po Kuo, Koyo Norinaga, Aska Mori, Ondfej Ma$ek, Jun-ichiro Hayashi.

Energy Fuels 2013, 27, 2675-2686. dx.doi.org/10.1021/ef400199z.
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K-loaded cedar (298.15 K)
-6,158 kJ/kg-daf-cedar
-144.6 kJ/mol-C-cedar

Heat from syngas
Required heat supply
= 35.36 kJ/mol-C-cedar

Pyrolysis products (823.15 K)

-4,652 kJ/kg-daf-cedar
-109.2 kJ/mol-C-cedar

Gasifier/reformer

Syngas(1003.15 K)



Process flow of Type IV gasification
in CO,/0, mode

Process overview and features

Dry K-loaded biomass is pyrolyzed with a peak temperature of 550°C. The tar evolution is completed within the
pyrolyzer.

The entire portion of the pyrolysis products is fed into the second reactor that plays a dual role (char gasification and tar
reforming). This reactor is hereafter referred to as gasifier/reformer.

0O, at 25°C and reheated CO, at T¢q, are fed into the gasifier/reformer.

The gasifier/reformer consists of a moving bed of K-loaded char, which the vapor is forced to pass through, and the
headspace above the bed for the vapor-phase cracking and partial combustion of the volatiles.

A major portion of O, is consumed in the headspace.

Major reactions in the moving bed are K-catalyzed char gasification and tar reforming over gasifying K-loaded char.
The syngas exits the gasifier/reformer at 730°C, enter the first heat exchanger surrounding the pyrolyzer, and gives a
portion of its sensible heat to the pyrolysis (34.4 kJ/mol-C-biomass).

The heat of the syngas is further utilized for preheating CO,, which is fed into the gasifier/reformer.

K-loaded biomass

Heat exchanger 1

550°C

Process simulation

All the reactors and heat-exchangers are adiabatic to outside.
K-loaded biomass contains no moisture.
K-loaded biomass is completely converted into CO, CO,, H, and H,0 in the gasifier/reformer.
CO, CO,, H; and H,0 are chemically equilibrated at the gasifier/reformer exit.
The elemental composition of the K-loaded biomass is shown elsewhere.
A set of experimental data on the yields of the pyrolysis products ranging from non-condensable gases to
char (see elsewhere) are given to the simulator.
The simulation is performed to calculate the syngas yield (those of H,, H,0, CO, CO,), O,/biomass-C
molar ratio, the syngas temperatures at exits of the first/'second heat exchangers, the temperature of
preheated CO, as functi of the CO,/bi C molar ratio with the above-mentioned assumptions
together with the followings;

« AT for the second heat exchanger (CO, preheater) is 30°C.

*» The CH, yield is fixed at 0 or 3 mol-C/mol-C-biomass.

« Total pressure of the gas is 1 bar anywhere in the reactors.

*» The syngas temperature at the gasifier/reformer exit (Te;) is given (for example, 730°C)

* The O, temperature at the gasifier/reformer is given and fixed at 25°C.

» The biomass (K-loaded biomass) temperature at the pyrolyzer inlet is given and fixed at 25°C
In the calculation, eight equations (for C balance, H balance, O balance, enthalpy balance around the
gasifier/reformer, those around the heat exchanges, chemical equilibrium for WGSR, and AT for the CO,
preheater) are solved simultaneously. The solutions are the yields of H,, H,O, CO and CO,, the O,/C ratio,
temperature of preheated CO,, temperatures of syngas after the first/second heat exchangers.

Pyrolyzates

Heat exchanger 2

CO, preheating i {02

AT =30°C

25°C

o}

ga
730°C

---Syngas =— Syngas

Figure 1. Process diagram of Type IV gasification in CO,/O, mode.

Graphical expression of process simulation for CO,/O, mode

Hex-1 7o Fs Pyrolysis products Syngas
K-loaded cedar Yields and elemental compositions ﬁm: OI :zo{mo:;mo:-g-ga;-ce:ar}
char, tar, Hz, H20, CO, CO;, CHa, C2Ha4, mt. of H,O[mol/mol-C-daf-cedar]
Amt. of C [mol-C/kg-daf-cedar] Toy CaHo. Cate, CaHa, CHiO, CHO Amt. of CO [mol/mol-C-daf-cedar]
Amt. of H[mol-H/kg-daf-cedar] —— Pyrolyzer ——— T,,=823.15K Input Amt. of CO,[mol/mol-C-daf-cedar]
Amt. of O [mol-Olkg-daf-cedar] Hy [kJ/mol-C-daf-cedar] = Amt. of CH,[molimol-C-daf-cedar]

H, = AH;® [kJ/mol-C-cedar]
T=298.15K

co,

Amt, of CO, [mol/mol-C]
=CO,/C ratio

H, [kJ/mol-C-cedar]

T=29815K

Classification of variables

Input

Input (experimental
data)

Calculatable from
other variables

Unknown

Nomenclatures

Hex = heat exchanger
H, (n = 1-8) = enthalpy

Teozs He

Preheater

Tsynzs Hs

Syngas

Amt. of H, [mol/mol-C-daf-cedar]
Amt. of H,O[mol/mol-C-daf-cedar]
Amt. of CO [mol/mol-C-daf-cedar]
Amt. of CO,[mol/mol-C-daf-cedar]
Amt. of CH;[mol/mol-C-daf-cedar]
T= Ty [K]

Hs [kJ/mol-C-daf-cedar]

Amt. of C [mol-C/kg-daf-cedar]
Amt. of H [mol-H/kg-daf-cedar]
Amt. of O [mol-O/kg-daf-cedar]

TPY
TCOZ
Ty =1003.15 K

o,
Amt. of O, [mol-O,/mol-C] ~ 298.15 K

= 0,/C ratio
H; [kJ/mol-C-cedar]
T=298.15K

Eight equations

Amt. of C [mol-C/kg-daf-cedar]
Amt. of H [mol-H/kg-daf-cedar]

Amt. of O [mol-O/kg-daf-ced

Qugsr = reaction quotient for WGSR
Kuwgsr = equilibrium constant for WGSR

Around gasifier/reformer

Eq.1 Enthalpy balance eq.
s — Hy— Hy — Hp =
Eq.2 C balance eq.
Eq.3 H balance eq.
Eq.4 O balance eq.
Eq.5 Chemical equilibrium eq.

dwgsr =

ar]

/gsr,
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Around Hex-2

Eq.6 Enthalpy balance eq.
(Hz + H; —Hs —Hg = 0)
Around Hex-1
Eq.7 Enthalpy balance eq.
(Hs + Hy—H; = H;=0)
Eq.8 Toyn2— Tooz = 30 K

Ty =1003.15 K

H; [kJ/mol-C-daf-cedar]

Amt. of C [mol-C/kg-daf-cedar]
Amt. of H [mol-H/kg-daf-cedar]
Amt. of O [mol-O/kg-daf-cedar]

Gasifier/reformer f

Tor

Solution
Eight variables
Amt. of O,
Amt. of H,
Amt. of H,0
Amt. of CO
Amt. of CO,
Toym

Tsyn2

TCOZ

|

Derivation of process
performances



Process flow for Type IV gasification in H,O/O, mode

Process overview and features

K-loaded biomass Only the differences from the CO,/O, mode are mentioned below.

|

730°C X
Pyrolysis

l 550°C

Pyrolyzates

25°C

2

Reforming/

gasification

—Syngas

The sensible heat of syngas is utilized for not only heating the
pyrolyzer but also generating steam from water at 25°C.

The syngas between the pyrolyzer heater (first heat
Adiabatic exchanger) and steam generator is compressed adiabatically
for condensation of water. Then, the generated latent heat of
water (temperature = 150°C) is used for generating steam in
the steam generator (= second heat exchanger)

200-350°C

compression

Power consumption for the compression is not considered in
St Steam the simulation.
eam eneration
100°C g 25°C

Process simulation

The simulation is performed to calculate the syngas yield (those
Syngas Water of H,, H,0, CO, CO,), O,/biomass-C molar ratio, the syngas
temperature at exits of the heat exchanger, as functions of the
H,Ol/biomass-C molar ratio.

It is also assumed that H,O in the syngas is condensed
completely, and the entire portion of the generated latent heat is
fully used for generating steam from 25°C water.

Comparison of syngas yield between H,0/O, and CO,/O, modes

(Assumption: CH, yield = 0)

1.2 H,0/0, mode; T,,; =730°C 1.2 CO0,/0; mode; T,,;; =730°C
" 13
0 [ I [ — i |
g’ H, g co
o (=]
2 o0s 2 03
Q co Q o6 H
Q 0.6 ] W—o
E £E 04
o °
g 04 € 02
g o, g
3 o2 2 = co,
> >
04 0.2
0.3 0.5 0.7 0.9 0.3 0.5 0.7 0.9
H,0/C molar ratio, - C0,/C molar ratio, -

The CO,/0O, mode produces much more CO while much less H, than the H,0/O, mode. The
CO yield in the CO,/O, mode is around 1.0. In other words, this mode can convert almost
entire portion of biomass carbon into CO. Assuming that the produced CO is fully converted to
organic compounds by a C1 chemical technology with external supply of H, (ex., solar/wind
H,), the CO,/O,-mode gasification can maximize the carbon negativity.
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Comparison of other features between H,O/O, and CO,/O, modes
(Assumption: CH, yield = 0)

2
/ H20/02, mode
1.5

0.6 q

/Hzo conv. in H,0/0; mode
o4 Eh—c_wo

0.2 4

C0,/0;, mode

/ CO; conv. in CO/0; mode
0
‘/

0 T T T T d -0.2
0.4 0.5 0.6 0.7 0.8 0.9
CO,/C or H,0/C molar ratio

0.5

H, + CO yield, mol/mol-C
Net H,0 or CO, conversion,
mol/mol-C

0.9

0?5 0?6 Dj7 0?8
CO,/C or H,0/C molar ratio

0.4

This figure shows one of the features of the CO,/O, mode,
which gives very low or even negative net conversion of CO,.
This indicates difficulty of net consumption of CO,, and the
CO,/0, mode is therefore inappropriate for conversion of
external CO, into CO. However, it should also be noted that
the CO,/O, mode requires no external CO, supply if CO2 is
recycled to the gasification.

The sum yield of CO and H; is equivalent to the maximum
yield of H,in case of full conversion of CO to H; by the water-
gas shift reaction. This figure indicates that the CO,/O, mode
has no advantage over the H,0/O, mode if the main purpose
of the gasification is H, production. In addition, the H,0/O,
mode is slightly for producing syngas with a prescribed H,/CO
ratio stand-alone, in other words, for syngas production
without external supply of H,.

Comparison of other features between H,O0/O, and CO,/O, modes
(Assumption: CH, yield = 0)

0.5 C0./0; gasification; Texit = 730°C

CO,/0; gasification; Texi = 730°C

0.4

H20/0; gasification; Toxt = 730°C

0.9

0,/C molar ratio

Cold gas efficiency on LHV basis

0.1 H,0/0; gasification; Text = 730°C
04 0.8 -
0.3 0.5 0.7 0.9 0.3 0.5 0.7 0.9
CO,/C or H,0/C molar ratio CO,/C or H,0/C molar ratio

The cold gas efficiencies in the CO,/O, and H,0/0,

The CO,/O, mode requires slightly more O, than the modes are almost equivalent to each other on the

H,0/O, mode. This is mainly due to that the CO,
gasification/reforming is more endothermic than the
steam gasification/reforming.
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biomass LHV basis. Note that the H,0/0, mode is
not thermally stand-alone at H,O/C > 0.5 due to
the lack of heat for generating steam. Though not
shown in this figure, the cold gas efficiency, if
evaluated on an HHV basis, the H,0/O, mode gives
higher efficiency than the CO,/O, mode.



Example of simulation result

K-loaded cedar (298.15 K . —_
-gisz th/:l?g-Z;f(-cedar ) Calculation of cold gas efficiency

-144.6 kJ/mol-C-cedar

Syngas
H,:  0.5227 mol/mol-C -
Syngas CO: 09768 molimol-c — |HV =402.8 kd/imol-C
-pyrolyzer-----— (5;’2% P Hy 04431 molimol- HHV = 425.8 kJ/mol-C
Cedar LHV = 415.8 kJ/mol-C

HHV = 446.3 kJ/mol-C
Pyrolysis products (823.15 K)
-4,652 kJ/kg-daf-cedar
-109.2 kJ/mol-C-cedar

at CO; 0.419 mol/mol-C Efficiency = 96.9% (LHV), 95.4% (HHV)
anger (298.15 K)

Gasifier/reformer \ Syngas
(493.2K)
0,0.279
'—— Syngas(1003.15 K) mol-/mol-C
(298.15 K)

H,:  0.5227 mol/mol-C
H,0: 0.1668 mol/mol-C
CO: 0.9768 mol/mol-C
H,:  0.4431 mol/mol-C

How to examine the enthalpy balances for R1 — R6.
The same simulator as for the simulating Type IV gasification is employed.

» The CO,/C and O,/C ratios are the same as those employed for either of R1-R6.

» The yields and properties of the pyrolysis products are given experimentally, i.e., a set of experimental data from
continuous pyrolysis of a K-loaded cedar in a screw-conveyer pyrolyzer is used.

* The enthalpy of the pyrolysis products (Hy,) is calculated by using the data from the continuous pyrolysis of a K-
loaded cedar in a screw-conveyer pyrolyzer at temperature (T,y) of 550°C.

* The enthalpy of syngas (Hs,y) is calculated by using experimental data for the yields of CO, CO,, H,0, H,, CH, and
C,H, from the continuous pyrolysis-gasification/reforming in the two-stage reactor with T, of 550°C and T, of
730°C.

* The enthalpy of tar is ignored because of its extremely low yield.

* The enthalpy of char from the gasifier/reformer is ignored because it is not discharged from this reactor.

* Calculation of temperature and enthalpy of preheated CO, (T¢o2 and Heoz) and others

* The preheating of CO, is simulated in the same way as the CO,/O,-mode gasification, and thereby T¢o, and Heo, are
calculated.

* Without saying, the enthalpy of O, is 0.

Enthalpy balance calculation
The enthalpy difference is given by AH = Hyy, — (Hpy + Heoo)-
AH > 0: The heat supplied by the electric furnace is more than the heat loss from the gasifier/reformer by AH. In
other words, the reactions in the gasifier/reformer are endothermic in overall.
AH = 0: The heat supplied by the electric furnace is equal to the heat loss from the gasifier/reformer. In other
words, the gasifier/reformer is operated under a thermal conditions equivalent to an adiabatic one.
AH < 0: Opposite to the case of AH > 0.

68



How to examine the enthalpy balances for R1-R®6.

Three unknown variables are T, Ty, and T¢o,.
Three enthalpy balance equations, Eqs. 6, 7 and 8 are applied to calculate T¢q, and H; together with T, ., and T, ,.

Eq.6: Hy + H; — Hg — Hy= 0, EQ.7: Hy + Hy — H, — Hy = 0, EQ.8: T, — Teop AT = 30

x * x*

P i Data from continuous Data from continuous
r?pe d ies pyrolysis of cedar pyrolysis-gasification/reforming
ot ceaar (K loading = 1.0 mol-K/kg-daf) (K loading = 1.0 mol-K/kg-daf)

Enthalpy of CO, ' ' '
= Hg (Tco2) .
Enthalpy of cedar Enthalpy of pyrolysis Enthalpy of syngas
= H, (25°C) products = H, (550°C) = Hs (730°C)

L

Enthalpy difference = Hs — (H4 + Hg) [kJ/mol-C-cedar]

How to examine the enthalpy balances for R1-R6 (continued).

Enthalpy difference AH = Hs — (H4 + Hg) [kJ/mol-C-cedar]

The reactor used for the gasification/reforming in this work
* not adiabatic
* both heat reception from the electric furnace and heat release (loss) from the reactor body

Taking the above into consideration,

AH = 0: Balance between the received and released heats
The reactor was operated under a thermal condition equivalent to an adiabatic condition.
(The reactor is, if adiabatic, stand-alone thermally.)

AH > 0: The received heat was more than the released heat.
The reactor was operated under an endothermic condition.

AH < 0: The received heat was less than the released heat.
The reactor was operated under an exothermic condition.
(The reactor is stand-alone thermally even with some heat release (loss).)
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Result from calculation of enthalpy difference between gasifier inlet and exit (tables)

Yield (gasifier/reformer exit) R1 R2 R3 R4 R5 R6
Hz, mol/mol-C-AWC given from experimental data 0419 0.441 0.406 0.400 0431 0.400
H,0, mol/mol-C-AWC given from experimental data 0.111 0.101 0.108 0.125 0.119 0.118
CO, mol/mol-C-AWC given from experimental data 1471 1.348 1.183 1.120 1.087 0.944
CO,, mol/mol-C-AWC given from experimental data 0.547 0.456 0.530 0.535 0.499 0452
CHy, mol/mol-C-AWC given from experimental data 0.0170 0.0326 0.0478 0.0324 0.0309 0.0283
C2 (as C,Hy4), mol-C/mol-C-AWC given from experimental data 0.0017 0.0020 0.0037 0.0038 0.0026 0.0037
Texits °C given from experimental data 730 730 730 730 730 730
Tsynt, °C Calculated 350 315 308.7 296 283 228
Tsyn2, °C Calculated 275 254 2504 241 234 193
Tcoa °C Calculated 245 224 2204 211 204 163
Enrhalpy difference, %-LHV-AWC Calculated 10.42 109 4.14 2.25 2.16 1.77
CO,/C ratio given from experimental data 0.721 0.606 0.572 0.549 0.502 0.419
O,/C ratio given from experimental data 0.301 0.287 0.286 0.310 0.296 0.297

Yield (pyrolyzer exit)

H,, mol/mol-C-AWC 0.0710 Common among R1 - R6
H,0, mol/mol-C-AWC 0.312 Common among R1 - R6
CO, mol/mol-C-AWC 0.0898 Common among R1 - R6
CO,, mol/mol-C-AWC 0.0651 Common among R1 - R6
CHy, mol/mol-C-AWC 0.0341 Common among R1 - R6
C,H,, mol-C/mol-C-AWC 0.0089 Common among R1 - R6
C,Hg, mol-C/mol-C-AWC 0.0062 Common among R1 - R6
Tar, mol-C/mol-C-AWC 0.163 Common among R1 - R6; H/C ratio = 1.350, O/C ratio = 0.145
Char, mol-C/mol-C-AWC 0.633 Common among R1 - R6; H/C ratio = 0.348, O/C ratio = 0.122

Result from calculation of enthalpy difference between gasifier inlet and exit (graphs)

Excessive progress of char gasification
resulted in endothermic operation.
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Gas yields at steady state was appligd. Gas yields at steady state was applied.
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Dynamic C conversion, % CO,/C ratio, mol/mol

¢ AH > 0, but as small as 2%-LHV for R4-R6.
The reactor was operated under conditions very similar to adiabatic conditions.
The dynamic C conversions, 2 100%, is expected if the reactor is operated under an adiabatic condition.

* AH is over +10%-LHV for R1-R3.
The reactor was operated under endothermic conditions.
The pre-charged K-loaded cedar char underwent ‘endothermic’ CO, gasification to a significant degree.
Dynamic C conversion of > 120% is impossible under adiabatic conditions within ranges of CO,/C and O,/C ratios
investigated in this work
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