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Thermal conductivity of soils amended by sugarcane bagasse-derived biochar

Koji KAMEYAMA', Teruhito MIYAMOTO" and Takahiro SHIONO'

Abstract : Incorporation of biochar, ie. charcoal pro-
duced by the pyrolysis of biomass, into agricultural
soils affects the physical properties of the soils, and
thus may alter moisture and heat conditions in agricul-
tural soils. However, the effects of biochar incorpora-
tion on the thermal properties of soils have yet to be
investigated. Therefore, we investigated the influence
of biochar incorporation on the thermal conductivity of
Shimajiri Maji soil and Toyoura sand. Sugarcane ba-
gasse, i.e. the residue obtained by pressing sugarcane
stalks to extract juice, was air-dried and heated in a
batch-type carbonization furnace at three different py-
rolysis temperatures (400, 600 and 800 C) with a hold-
ing time of 2 h. Incorporation of the biochar decreased
the thermal conductivity at a given volumetric water
content of each soil. It decreased the estimated ther-
mal conductivity of the solid phase and the volumetric
solid content of soils, and increased the porosity of
soils. Calculation results using the de Vries model sug-
gested that the thermal conductivity of the Shimajiri
Maji soil is affected by decreasing volumetric solid con-
tent and increasing porosity regardless of soil water
content, and by decreasing thermal conductivity of the
solid phase only at higher soil water content. In addi-
tion, the calculation results suggested that the thermal
conductivity of the Toyoura sand was mostly influ-
enced by decreases in the volumetric solid content and
increases in porosity, and to a small extent by decreas-
es in the thermal conductivity of the solid phase.
These results showed that the thermal conductivity of
agricultural soils is affected by rates of changes in the
thermal conductivity of solid phase, the volumetric sol-
id content and the porosity, when the biochar is incor-
porated into the soils.
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1. EUBHIC

[N FF v —1 ZEEY ON4 F~<R) OEGHRA
B D) b HBREREME LTI ROZ L2 0
9 (Lehmann and Joseph, 2009). = Z T, #rRE i,
ARBILEW R E 2 BEPFAL L WIRBTNET 52 &
Lo TITbhAbES O Z L THY, FITOBMH
B (Fast pyrolysis), @ # 214t (Gasification), ® %
1t (Slow pyrolysis) 2 4 3 & v % (International
Energy Agency, 2007). Zh o OB EDTH: (K
HELRE) LR E R4 T ADOMAEDEIZLD,
RopotMEoONL T F v —=EONE (B 21E
Lehmann and Joseph, 2009; Sohi et al,, 2010). =D 72,
NAFF v —2HV2546, € OFERE R 3% ]
N BUENDB.

NAFF v —% HEOGREM & LTHV R, R’
A X o THEORKT), RIENZ EDU‘EIR, €0
YEARE S R T A U TEA L ETH S
(f1 21Z, Laird, 2008 ; Lehmann et al, 2006). Z#iZ,
NAFF v — IR MAEWT RIS T 5 ERD D
(Baldock and Smernik, 2002), Fi#EvhT%E W IAFAE
T520TH5H (BIZiL, Laird, 2008 ; Lehmann et al,
2006). F72, "M A Fr—ZEEELREOFEWEE
WAERFETAZLOME SN TS (Fl21E, Namgay
et al, 2010). Z D7z, N FFrx—%HTHER
B¥aZeicky, BEhosEteistzn b4
BAS, HHPAOREFEINER SN DD 5.

EOETHINA T vy —2 A CHERR T %R0
fibhTwb, BEHEBIELS AT S [BR~—Y ]
WS E)EUNTAPSLER LN FF v —%2RAT
LiBCTHDH (FIz21E, Chen et al, 2010). WHREEh
BRI —VIIEHEEMEH I EENE WD,
BAKGEI/DE VT EHBHMS NI TWw S (Kubotera,
2006). 2& D EUNTARRDONA FF v —% B~ —
VEEANREAT S I LI LD, RIEOREE O (H
BRER o) AEL, HRRGESHEINT % 2 &3
ENTw5 (Chen et al, 2010).

NAFF ¥ —OHEREA X ) KRR 2L
BHERITIE, HEMREEE, MBS, B X LB AR b [l
IZEALL T D720, ZofboWEmit: (s, 24z
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R AYHAREE) IZoWTHEBRIZEIL LTS
LEZONS. FRCTEOMREL, BIEYWOATE (H
FOR3E, MOAFE) LTEMAEY O LITKE
BT LML TWwAD (B 21, Jury and
Horton, 2004). L2 L, /N4 FF ¥ —OLIERADKG
PRFRIE: DAL O Wy BB T3 B D W TR X
N7zdb oY, FOd, N FFr—DRADL
BEOBYRER L EOBUFEICS 2 5B OWTHRE
HPelLlTwl Zeid, 4%, "M+ Fy—oLTERA
L BBREAORETUE LT DI ETH 5.

NAFF v —IE, AW N4 3 R) OBGRIZE
DAERESNED, Ao LEA~OEANLZ THEOBYR
BEREFRT I EPHE ST S (Abu-
Hamadeh and Reeder, 2000 ; 1Ll%, 2004 ; Gupta et al.,
1976). Ekwue et al. (2005) 1%, TIE~OHREWERAL
I B HIEOBEROKT I, REEORAIER T
LI ERRBLTNDS.

AR L7z X912, N+ F v —oTERAZ TR
JRE R, IR, B L OILBRES A2 23 €5, &R
DOBAZEHRIF0.025Wm' K' TH Y, & (0.596 Wm™
K R t8Emw 25Wm' K X0 5132210
72% (Campbell and Norman, 1998), =3 ® #fz R
WEHIBRFEICL > TRKRELCEHE SN S, Ochsner et
al. (2001) 1%, THIEOBIZEIRIIFAMTOBINAEVE
WK T T2 2 2HMELTWA,

Z 2T, KBTI, &) SUNTAHKDONA F
F v —ORANFTIHEOBYRERITE. 2 B2 W5,
THrIEwHMELZ 9, N FF v —OEEIRE
PEEOBZERICEH 2 2B 2PN T 729, 3
OB B FALIRECER LA FF v —% B
X —VICRALTEOBREROWUEEZIT- 72, KIS,
NAFF ¥ —ORABDPTIEOBZERIZE 2 208 %
HOEPIZT L7020, BARZ 4BEBICEZTEBR~—Y
THICRAL, TEOBREROUELIT- 72 HIZ,
WD 720, BHPICOVTHRBEOMEEZITo72. &
W, H—RET, BrLeERIZBYWTIno S
W LHEETHY, BEREROWEICDRHVLRT
W5 (B, 2AS, 1998 i S, 2003). BiHfs
121, TEOMEWE O TRV ERER 2 Ry k%
ZEATEY, o1EI ) FOBRERZRT &
EOBSFE I SN TWE (B2, LS | 2003).

2. B EFE

2.1 &5 #

B~ — 2, WMEE BT oY by & VIR
DERS0-20cm 220 L L, JAHZ L7212 2 mm iz
HEL-b0RMEH L By — VIidaKaE b8
T&H Y, USDA 13548 (Soil Survey Staff, 2010) T
13 Typic Hapludalfs 124338 & 11 4 (Kameyama et al.,
2012). Bhl~— Y oREMKIE, # (0.05-2mm) A
7.7 %, ¥V I (0.002 — 0.05 mm) 2% 19.0 %, %+ (< 0.002
mm) 273.3 % Td - 72. USDA O 45$ Tl clay (24

Y45, T, BHRFEEIZ2Mgm?® ThHho .

BIL, BEAEERSH P OBALZ 0%
fEH L7 BWiboREMBEIE, B2797.5%, ¥V
231.0%, Kit231.5% THo7z. T2, TR THEEIZ2.64
Mgm™® Tho7-.

FERIPERA LA FF v —1%, BT »HAFL
728 EUNTRENy FRRAFITBNT, 3250
BeAIREE (400, 600, 800 C), H-iE#EE 2 C min”, #
FILE R 2 B, BARGHO LM TSR % 1T - TE
B L7212, 2 mm ffi % i@ L7zd o0& EERICHER L7,
800 CTHER L7z FF v— (100% >~ 7N) OFIR
A 70 A—FIZXDME LR, FHES, &
E3xZENnZEN, 3.48 £ 1.34 mm, 0.82 = 0.36 mm, 0.36
= 0.15mm Tho7z. T2, 400C, 600C, 800CT
HER NN FF ¥ —DORTFEEILX, FhEh1.50,
1.57, 1.86Mgm™ T - 7.

2. 2 BEFROAE S E

NAFF x —DOFRALRES X RAZE ORE % f{#H
T57:20, WA TN ERDLHICHEAF LA N1 F
F v —DRAGIRED LB L FHT 5720, 3HEORL
LRALIRECHER LN A FF v —2Ewlk0, 3% T
B TEIZIRA L7z, 72, BAFEGORELZHNHT S
72, 800 CTHEE I NN FF ¥y —%2HEILO, 1, 3,
5% Tl LI AL HIZ, 400 C, 600 C,
800 CTHEE I N/NA FF v —HARDRED /-2
L7z, &8, "M+ Fr—DRAHE (R) ZUTO
KTEFREINS.

M

R=
M,

(1)

2T, MRARIOTIEOER (g), My: N4 FF v —
DR (g) 2RT.

F 2T WIHA F vk EMA TRES S 0.30 m* m™
OFPFN CHREEREL AL, HHMEHE LTty
TN ERGTNGA R, WNEE4em, B 8cm
OT7Z7INVHEHIS L Tcm DB ST TRELE. &
B, KHHY TN OEEEEIL, BRIREBICBWTy v
Vo7 LaBRoRmBE LG a0oMNelEEMEs Lz, £
=, N F y —RATHEOFEMZR, HRZE, SHZEE,
W L 8, N Ty —HBAROK T EEE VT
DTo (2), 3), 4 Rk gLz,

_lwR, R 2

0= ey TPy

n=1-g¢ (3)

dp=1-0-6 (4)
ZIT, o BEME (m’m?), p,c H YTV OEERE

BE(Mg m™), py @ BRFHEMgm™), po: 34 FF v —



fiffse 7 — b

A T F v =R AL TIEOBLER 83

WARDOR F#E Mgm™), n: BEX (m*m?), ¢ 1 &
HE (m® m™®), 0: &A% GEAHE) (m’m™) 2577,
BRI TN OFTEBFOGEEE, FEHE, HEREL
Table 1 IZ7R L7z,

BfngEoWEE, AL (2003) DhikxrBEIC
Decagon #: KD2 # i\ CiT1->7-. ¥3, KD2 7u—7
(B 1.27mm, EE6cm) 2% FIVICHAL, 20C
WZEEE L7 HIRT v Y N— N CT—BiEE L7218, Bl
ROWPWEEAIT o 72, W 30 4Bk T 3 ATV, 3
OFHEEREME Lz, BB, HIRETy T T4
WA ERE, WEPOY Y TUhs0#EEE TE 720
Bi <& 9 ReRE L 7=

2. 3 BMHDOBEEFROHE T E

NAFF ¥ —DORADVEHOELERIZE 2 58 H%
Meatd 5728, Ochsner et al. (2001) 12y, #dmER
OREAEFNZLLTFIZRT de Vries EFIVEBEMA L, /N
AFF v —HR BRATE NMFF vy —RATED
EAH DB BEREDOHEE 21T - 72

K, 0,0 +K,0,$ +K o

A
K,0 +K, 0 +K,o

(5)

ST, ALY YTV OBEER (Wm' K, A %
MOBYEER (Wm™'K), K SHOEMBE, w: i,
a: M, s EMZERT. /2 BEAREK X DT
ORI KDENS.

Kz:% (1 (%_ 1) gf]_l (6)
Z§'=1gj:1 (7

CIT, Ay WHoOBRER (Wm' K, g IR
BaERT. BIRFEH g, g, g5 TR TFORIRIEK
HET50 gl ohPELVERELLZEA gid
g=1-2g 2 5F8H T& % (Campbell and Norman,
1998). g, &, 13 (BR~—7, 8y, "M+ F ¥ —
BAR, NAFFry—RBATHETER TR L2l L 3
720, SHOFRETIERIBE LT K720 T2,
TMARDBARER } 1L, ZHRIETIEIRZKOMETH Y,

TR ARDMEE 2D, A, kRICXhRDI
(Campbell et al,, 1994).
/10 = /.{a +f;u ( Aw - Aa) (8)

ZZT, f, TEOEGKFIMKGFET AMRITEEZRLT
By, kAL HEEEINS (Campbell et al., 1994).

Jo= 9)

ZIZT, Oy HERKGTO—DH v b F 7EKE (m
mY), ¢g: Ay VEFTIPREORERL AL LD ERET
B, ERT. 0,1F, LKL, HEoFER
TERH T EREDPOMET S I ENUERTH LD, N1
I F v —HARR N A F F v —RATIETIEHEEAIA T hE
THAH720, KAFE LT H-o72 FHERIZ, ¢ I
PR ST 2B TH D720, R E LTI o 7-.

(5)=(8) KITBWT, WHDAIRES A, 1X0.596 W
m*K* (20C) 2HW72. F72, ZHOBYEEE ) 1T,
0550, & 0 bV AIRZEAOBBERTH 5 0.025 W
m'K'(20C) AW, 02560, &) dEVEAIIKE
KT SN2 BROBRESR 0.074Wm™ K (20C)
%M\ 72 (Ochsner et al, 2001). %3, FEMHOB(RER
A IRAME L L.

L7235 T, WMOBLRESR L, Bk g, Ko
TU—DOhy NETERO,, g% T4 v T4 Y ITINT
A =5 L LT, BB OWEMIC de Vries ET IV ((5)
-9 RX) @A L, MR ETREDEE IV TERA
T3 (B~—, Bli), N4 F v —Hk N~
FF v —RBATIEOFEMOBZSBERDHEE 217 7.

3. HWREZEE

31 RIEBEDELEBAINAAF vy —bLULEOH
{nEE

B2 B ALIREE (400, 600, 800 C) THM X7z,
A FF v —HiK, BH~—YB X OB ORREE KR
EHZEROPGEE Fig 1R LA BEZ2 5 0.30
m’ m? DA BT, 400, 600, 800 CTHEEEH
72854 F F X —OBBEROEIL, FNF10.0-0.2,
0.1-0.2, 0.1-02Wm'K'THh b, BHR~— (0.2
—0.5Wm' K", ##f# (02-1.5Wm'K") & Hig
T 5 LR EKEOBMNIIT T 2 MEA /NS V. 72,
RACIRIE D\ & B KRR & KR & SRR O BR O E

2.5

Measured value Modeled value

L ¥l Biochar(400°C)  ----- Biochar (400°C)
2.0 I X Biochar (600°C) - —— Biochar (600°C)
~r 21 Biochar (800°C) - -—— Biochar (800°C)
[ ®  Shimajiri Maji —— Shimajiri Maji
O Toyourasand ~  reeeeees Toyoura sand
1.5 F 0 .... o
[ 0.
1.0 | o

o .7

0.5 ‘ .———0—-"‘/’/‘/“
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Fig. 1 RALIREDOR R34 FF v —HiK, Bhi~—Y, &
M2 B T IR E KR L BRER O R.

Relationship between volumetric water content and thermal
conductivity of biochar formed at three different pyrolysis
temperatures, Shimajiri Maji soil and Toyoura sand.

Thermal conductivity, A (W m ' K™)
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WII/NE o 7z

BUREROHERE R (Fig. 1) 12 de Vries EF IV ((5)
- FZHEAL, NAFFr—HEK BRv—7,
BHBOBRMOBIEROHEE 1T > 72, de Vries EF
WAZ X TP HFERE, WEl & i RiFIC—3 L7z (Fig
1). 400, 600, 800 C THEE I NN A T v —HAED
BEMHOBEERZ, FhFh15 13 15Wm'K'&
e s h, RAGBEIC X Z2EEIINE otz 72, B
P~ =2, Bt oOBEMHOBREROHEEMITZNEN
2.6, 6.7Wm ' K' THY, Bl 2 /sl
R L7z BEEE N F y —HAKRTIER L7256, N
AFF v —HAEROBMHOBMRERZ, BR~Y—VOH
172 1%, B0 1/5 - /4w filiz R L7z

32 RILEEDEREDINAFTF v —DLEEAD
GERICRIFTHE

RALRE DR R LN, FF v —% 0, 3% (w/w) TH

—~
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Fig. 2 BALREORR 2154 FF v —% 3% (w/w) TRAL
7o HBIC BT 2B E KR L BIREROMR: () B~ —7,

(b) Eififid.
Relationship between volumetric water content and thermal
conductivity of soils amended with biochar formed at three

different pyrolysis temperatures at 3% (w/w) : (a) Shimajiri
Maji soil ; (b) Toyoura sand.

BRA L72A OB EKE L B8R0 Bk % Fig 2
WRL7:. BR<—YTIE, 0.1-0.3m® m™ OKHE
THNA 4 F v —RATHORER L, WEATHEID
H0.1-0.2Wm' K" (6-51%) %< % - 72 (Fig. 2 (a)).
—7, EHTIE, 0.0-0.3m’ m™ DK TINA F
Fr —RATEOBERIE, BEATELID L 0.2-
0.7Wm™' K" (11-52 %) 1< % - 7z (Fig. 2(b)). 7=
FRACIRIE DR B34 F F v — R ATIE TR ER % Lt
WL E, BV hore

BUREROWPERE R (Fig. 2) 12 de Vries 7V % 38
ML, N4 FF v —RATIEORFEMOBYREROIHEE %
1To72. ZOEFIE Table 2R L72EY TH D, 13
B L CHRMOBZER PN FF ¥ —D 3%
(w/w) DRAICEY, FEMHOBEERIZEHI~— YT
Fo3H, BHEMT3I-4EKT LA F/2, MM F v —
O FAIREEANR A T3 0 AR O BAZERIT - 2 %50
INE o Tz

T2, NAAF v —RATETIE, MEALEE LS
L CREMHEINRA L, B2 IN3 4% (Table 1). N
AFF¥—D3% (w/w) DRAICEY, BH~v—VT
EFEARAY0.39 m® m™ A5 0.34 m® m™, Bl T3 0.57
m*m? A5 0.48 m®* mP 1K T35 (Table 1). TD728,
TN FF ¥ —FRA L ZBOBREROMK T I,
FAHOBZEHEAMET U722 LI, BB
FAHOE G L, BYREROKGAHOE & A3
L2 EIGERLTWwWAEEZONS.

BR~—Y (HRATHE) 123 LT de Vries E7 WV
FEHALIZBOT7 4 v 574 YRS A= Z T, [H
MOBSEERP 26 Wm™ K' 205 1.6, 1.8, 1L.9Wm™
KM ICZAL L7236 0 HE OB ER O T 84 % 35
L7z&Zh, 10-24, 8-19, 7-16% (#=0.1-0.3m’
m?®) Thote. F7z, WREEKESENT 51251 T,
K& BT A2 EmER L. —F, FHEZ 0.39
m’ m? A5 0.34 m* m® ITZL L 723 E 0 BsE R 0
TEAIE15-16% (A=0.1-03m°m™) TH Y, ik
GRFIZEb LT —EDfliE/R LI D20, B~ —
BTN FF ¥ —% 3% (w/w) TRALLZED
BUREROMTICE, BREEREICED S TREHZEOWR,
A (FBRROBI) BS—EIlE5 L THBY, HiEEAE
AN % 12D T REAH O BZ B DM D25 5- 258
T5LHMEINT.

FIRELC, Efs (EREALE) e LT, BAHOSE
BMRAETWm K 205 4.3, 49Wm'K'i2Z{k L
NGO TEOREROKRTEHELRAFE L/-L 25,
3-14,2-9% (#=0.0-0.3m’m™) Tho7. Bhi~v—
VEMBRIC, HREEKENENT 2o T, KTEE
B MM Z R L7 —F, EHEZ0.57m’ m™
25 048 m® mP IZZBAL L 723 & O B EER 0L T H &
1226% (6=0.0-0.3m’m®) THY, FEEAEICH
bOF—EDEER L. TD770, BHBIZB VTN
4 FF v —% 3% (w/w) TRA L7ZEOBRER DK
T2, EMEEOEAD (FRROWM) OFElIREN
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Table 1 BzHERZNWE L 720 > TV OEHRFERE L RS 0 (a) /34 F v —Hifk & SR A 13,

RABH~—V 1, (o) N4+ F v —RARMHD.

(b) WA FF ¥ —

Composition of samples used for thermal conductivity measurements : (a) Biochar and non-amended soils : (b)
Shimajiri Maji soil amended by biochar ; (¢) Toyoura sand amended by biochar.

(a) Biochar and non-amended soils

Biochar Shimajiri Maji  Toyoura sand
Sample
400°C  600°C  800°C - -
Dry bulk density (Mg m™®) 0.16 0.16 0.16 1.07 1.50
Volumetric solid content ~ (m®m™) 0.11 0.10 0.09 0.39 0.57
Porosity (m’ m™) 0.89 0.90 0.91 0.61 0.43
(b) Shimajiri Maji soil amended by biochar
Pyrolysis temperature 400 °C 600 °C 800 °C
Biochar content (% (w/w)) 3 3 1 3 5
Dry bulk density (Mgm™) 091 092 102 093 0.86
Volumetric solid content ~ (m*m™) 0.3 034 037 034 0.32
Porosity (m®m™) 0.66 0.66 063 066 0.68
(c) Toyoura sand amended by biochar
Pyrolysis temperature 400 °C 600 °C 800 °C
Biochar content (% (w/w)) 3 3 1 3 5
Dry bulk density (Mgm™) 123 124 140 126 110
Volumetric solid content ~ (m*m™) 048 048 053 048  0.42
Porosity (m’m™ 052 052 047 052 058
LRI N ZhiE, NAAFry—zEHRITRALZZD, EBE
B~ —Y LBl TR LG, "M ATy —ik FEDORHWEBHBA~DORARED, B~ — TV ~DEAR X

A& B BEEROKTHAIIEMHBOHIKE P72
(Fig. 2 (a), (b)). T/, REOHEREIS, BR~—
BT, TEOBREROM TINS5 FAHERR
A (MBEEOMN) & RHOBMRERK T ZhEhOF
BENERLERMPRON. o okRix, Bl
DFi7s, OREMROWAEEG (HROBmMEE) 29K
EnZl, QOBEAHOBYZERD T 20, RO
W2 B & KA DB OFEIK E VT LR
LT3 LeEZONS. BR~Y—Y T, EHEORHD
EE (MBREOMMEE) BENEN13% (6%) TH 5D
DITH LT, BWTIE, EMHEORIEE (HEFED
BmEE) AENEN16% (21 %) TH -7z (Table 1).

DL EholzZ LIERLTWS.
BINAFF v —DREAEIPBRIZERICRIFT
800 CTHE ININAFFx—%0, 1, 3, 5% (w/

w) THERA L7 & OB E KR & BIZER OBk

% Fig. 31TmR L7z BR<Y—JOWE, BAREDENIC

& % BfRERAOEBII/NE Do 7z (Fig. 3 (). —H,

EHDOYE, RAROHEMIEWERZERIMKT 55

s Sz (Fig. 3 (b)).

BURER O ERE R (Fig. 3) 12 de Vries EF WV % 58

ML, "4 FF v —RATEOBEMHOBILEEOHEE %

=4

O

1572, ZOREIZ Table 21K L72@Y THADH. Wl
DOFIFEIIBNWT, N[ FF ¥ —DRAEEG O & I
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Fig. 3 "4/ *+Fx— B00C) 2R%2HETRALLE

BT BB E AR L BZEROMR : (a) Bhilw—2, (b)
LA,

Relationship between volumetric water content and thermal
conductivity of soils amended with biochar formed at 800 T
at four different contents : (a) Shimajiri Maji soil ; (b) Toyoura
sand.

Table 2 /N A FF ¥ —{R AT FEAMBYREIR O HEE .

[ AH O BB DMK T 2 A ATH S 7z,

F72, BAEIGOELICEY, BEHKROWDEEG (1
BREROBMEIE) BT 5720, IEOBYSERD
TIHEEBLTWLLEELZLND. NMFFr—D1, 3,
5% (w/w) DIRAIZED, BH~—T TIZREMEE2%0.39
mm?® A5 0.37, 0.34, 0.32m° m>, B TIZ0.57m’
m> 25 0.53, 0.48, 0.42m°>m> 2§45 (Table 1).

B~ —7 (BRATE) 123 LT de Vries E7 WV
BFHEALLEBOT 4 v 74 YT XA=FFHWT, [H
HOBSEERHPE 26 Wm' K205 2.0, 1.9, 1.6 Wm™
KB L L7234 0 BB OB ER O T 34 %2 A5
L7z h, KTHEEIZ5-14, 7-16, 10-24% (6
=0.1-03m’m®) THo72 —F, EHEZ0.39m’
m>® A5 0.37, 0.34, 0.32m®m™ 122 L 7238 0Bz
RO TE A7 15-16, 21-22% (#=0.1-0.3
m’m?®) THo7.

FIBRC, Blfs (ERALE) LT, B oBE
BMERA67Wm' K' 5551, 49, 40Wm' K" I2%&
LS EGEG0 HEOMZERORTHEEZRAE L2 L
25, 1-8,2-9 3-16% (=0.0-0.3m’m™>) TH-
72, —J5 AR % 0.57 m® m™ 4 5 0.53, 0.48, 0.42 m* m™
WAL L 235 O BEER O T #1413 13,26, 40 % (0
=0.0-0.3m’m™) THo7-.

AEORED S, RABEHMT 512250 T, FH
DBYEERZAIZ & 5 HIEOBYHERDK T E G, B
HEAIC X 2 IO MZE RO T H &I L 72,
B~ =228 2 THOBMGEROIT I, AFEE
AKEIZB D & FREAHFRA (BB A3— &%
LTHED, HREEKENS %5120 TR OHRE
ROBTOFGAWMT 5 LHERIN T2, Bl
2B B HEOBREROM T ICIE, FHERD (HER
W) OFGARKEVEHE SN,

4. HHVIC

NAFF ¥ —Z TIEEREMN L LTHELRMETH
5. INET, AR RIESOYE, ELEOWRER
HICET ARSI HME s hTws. LarLl, otk
B LEMEWOER) 2 ITKE BT L HBREAD
WEEAMHLZLDIRIEEAE RV, 20720, K%
T, ELH)EVHRONAI T F Y —DEHR~—TV LB

Estimated thermal conductivities of solid phases of soils amended by biochar.

Pyrolysis temperature

- 400°C 600°C 300°C

Biochar content

(% (w/w)) 0 3 3 1 3 5

Estimated thermal conductivities
of solid phases of Shimajiri Maji soil

Estimated thermal conductivities
of solid phases of Toyoura sand

(Wm 'K 26 1.6 1.8 2.0 1.9 1.6

(Wm'K") 67 43 43 51 49 40
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WA NDRAD TIBOBIZEHRITE 2 25OV TR
L7

INA K F X —HARB X IR Z N Z 72085 B8R
REWE LchR, B UAREKETIE, NMEFrv—
BAREILEL D) QRWARERZRT I LALLM E
o7z, de Vries ETFIVEFWTNA FF v —HAEB
JFOCTEOBEMOBRE R LR LI T H, NAF
Fr—HARZ13-15Wm' k', BR~v—YI326W
mikY, BEHBIZ6TWmlklE ol FDo,
NAFF ¥ —HEROBEMHOBIZERIL, BR~—T 0K
2501, BiHitdD 1/4-1/5 ThH A LI Nz,

SHHORALIME CER LI2NA T F ¥ —% 3% (w/
w) BRA LGRS TV 2B L, BRER 2 e L
72T h, RALIREEDE NI & B BEEROE NI S
WZ EWbh ol T, ZBICELL T, N FF v —
D 3% (w/w) DRAL, TEOBMLERZET S5
fERE o7z

de Vries EF NV & WTNA FF v —RATIEOME
MHOBIRERZ KDDL L, BHR~Y—YT1L6-19W
m'k?, BB TA3-49Wm'k' %Y, NAF
Fr—ORAIL Y EMHOBZERIIET L F7,
NAFF ¥ —RATECTIE, MRALTEE L CHEH
KO L, BRSNS 5. 0, N FF v —
ZIRALZGEOBREROMLTIX, FAHOBYREIR)S
KT L2 &Iz, BRERIECEMOE G5
L, B8R RWSHOEGAHIN L 722 L ITRH S
HEEZLND,

de Vries ET NV & FlW-REHERE»2S, B~v—¥
IZBWTNA FF v —ZRA L72BEOTIEOBREED
BTFICIE, AREEKRRICHED S FTEMASRRA (PR
m B—ZIHESGLTBY, RHEEKRENIL%BITD
NTEMHOMZLERIK T OFGIWEINT 2 L HESI L
7o F7z, BB S LEOBKEROMK T,
EAHREA (FBREREN) AR E CHFSG L Tnw5 LS
ANz, TORBICX BECIE, BT oA, @ B
FOWAEE (HBRROMMEE) BvRKEVI L, @
MHOBARER DTN 20, FEHEORAIHES B2 S
FHNOBEROEBENPRKE NI LIGERLTWS EE X
b7,

INSDRERENS, N+ F v —RAICL S TEDOB
{REREOMTIN LT, BEHE (&) £21ks B
DOBRERLEDFG L TBY, ZOFGFEIETEOE
MHOBIRER FEHE, ZRFOBMOKRESIILST
B bZ EpRgshi.

HE
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