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Table1 Outline of the Investigated Waste Water Treatment
Plants (WWTP)
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Table 2 Characterization of Sewage Sludge Samples
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Fig.1 Size of EC-5 Soil Moisture Sensor (Left), Picture of EC-5 Soil Moisture
Sensor, Emb5b Data Logger (Right)
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Fig.2 Results of Individual Difference Confirmation Using Each
Medium

Table 3 Properties and Chemical Composition of Sewage Sludge Samples

ooy | R [maunE SEFEHLK [%-DS]
[%w.b.] | [%-DS]| C (0] H N Si Al P Ca | T-S| Fe | Mg | K Na
A JLEL 82.24 84.37 138.30131.89]6.39 | 691 | 2.13 1098 | 359 [ 1.86|1.33 | 0.68 | 1.03 | 0.69 |N. D.
B ALERY;
(AR 787 7954 139.31129.17| 587 | 456 | 3.19 | 22 |193|0.871095]1.07|0.34|042|0.11
B}leﬁi% 45.83 7847 140.03126.69| 6.35 | 4.78 | 3.15 212 | 1.88 | 0.84 1094 | 1.02 | 0.34 | 040 | 0.12
(B2 JET5)8)
C L3 88.07 7659 143.02|18.72| 703 | 7.04 | 1.77 | 154 | 285|139 | 1.18 | 1.27 | 0.58 | 0.26 |N.D.
D JLE; 85.95 7691 142.05|20.19| 6.53 | 6.83 | 2.40 | 0.97 | 201 | 1.39 | 2.00 | 2.75 | 0.36 | 0.22 |N.D.
E L3 80.17 85.77 145.14|28.06| 7.01 | 5.05 | 1.68 | 0.89 | 1.52 | 1.23 |1 0.79 | 0.61 | 0.36 | 0.30 |N.D.
F ALERY; 74.09 9156 [3842|42.41|593 416|112 045|211 107|097 124|041 |0.31 IN.D.
G ALERY; 84.18 84.34 145.83(23.30| 7.15 | 727 1094 | 0.73 | 2.17 | 1.03 | 1.20 | 1.23 | 0.67 | 0.54 | 0.36
H ALFsg; 75.46 87.74 4756|2728 7.16 | 533 | 1.47 | 049 | 1.18 | 0.74 | 0.61 | 0.41 { 0.30 | 0.18 |N.D.

N.D.: Not Detected
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NLRTIEM I EDOZEE) A% 5% L, 135 cm KT Tl
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L72->T, IELVWEHllO7Z20121%, 2% Ed
Oy FOEmHD»SEX 75 cm DL EIZAESRYE T
W72 ENTWBLENH L LR SN L, Fig. 1 TR
L72& 912, EC-5 Soil Moisture Sensor ® 1 v Rl
556ecm THh A, Oy NEZT Th < BIEEEH O —
O HERNRIE Tl 72 SN TV DLLEDND b,
EC-5 Soil Moisture Sensor ®Jcia X A1) ¥ & —
DL 5 45 cm O EICEHEL, WETESS (T
i) O REAE F % Fig.3b 1289 KiBEK%E 1 mL
(Fm&03cm) §2H&HALLEATIE, 42cm 5
45 cm O THIESZEUIIEML 72 2 & SRR T
&7z BAKBRZE S 1.5em 3 2o% A LA T,
w3 3em £TTIE, Kot &BARBGIR ML CTh
59, HAITE® (1) EC-5 Soil Moisture Sensor O {4k
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OGS N TV D EEZBNL, F72, KiEK
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(a: Confirmation of Measurable Height (Top) with Sensor Tip Place at 0 cm Height, b : Confirmation of Measurable Height (Bottom) with Sensor Tip Place at
4.5 cm Height, ¢ : Confirmation of Measurable Weigh, d : Minimum Required Area of EC-5 Soil Moisture Sensor)

Fig.3 Confirmation of Measurable Area of EC-5 Soil Moisture Sensor Using Tap Water, and Dewatered Sewage Sludge Samples
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W 3 ecm OREUCTREICHEIEHFHICEL TWb EE R
bMb, A C HLHEORIKGIEZ V7RI B
WTh, KEKDHE LR CEHAZRLTWAH720,
W 3 em O TREIZHIEFRPHORFICEL TV b
EEZONDL, L7zo>T, IELWEHIIOZ-9121F,
D7 L bE 3 em ML EIZHENS SRWE Tz s T
WEHLEDH L EHEEREND,

Pl EofEF X ), EC-5 Soil Moisture Sensor % fi ]
LC, MBI OIE R BMEX 5 720121, Ko
FHEID ICEE 3em, B8 75 cm Do AR ZER 2
HERE T EINTHWELLELRHLEEZ BN,
AT SCHRAEY E RS T AR L 7 o 72, Fig.
3d |2 EC-5 Soil Moisture Sensor @ il %€ W] BE FEIH, % 7R
S
(3) EC-5 Soil Moisture Sensor ;8 E k174

10~71C F T H WG o FAKHBIRHE 2 AT,

FAREE O EC-5 Soil Moisture Sensor & H 71l % K,
L 28 EC-5 Soil Moisture Sensor @ i JfEIZ5- 2 %
B L 2R % Fig. 4 12”3 Koeto )
L, MEEICHBIL T, IREEDSE < % % I UK ET
OWMIMER LA 2 Z LR 720 TOELEIE, K
(2) #H5 L, 0145%TC ' OZALIZES T b, EC-
5 Soil Moisture Sensor O EEAKA-E % FiAT L 729647
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Fig.4 Change in Probe Output Voltage of EC-5 Soil Moisture
Sensor with Temperature
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HOLAELDIIRRKREDP-772D, REHEOLA L
DIZINEDPoTze LAL, REIGETH 2B IZELT
Whoe L 82 5720, ERmMILERICIZRADLRH % L E 2
YA

VLEDOFFE X D, EC-5 Soil Moisture Sensor i
BAFMEIIHER SN2 DD, FTOREBEIINSL, W
WM TH D 15~25 CTl2B W Tl 1.45%, miRseft
TH5H50~70 CIlZBWTIE 290% HIERE=NAE L 5
BETHH, FRERMFICBVCE, FEHEMEIZZ

WEEZZ LM%,
(4) TKEBREAWATEKPFHOX YU ITL—-2a32H
L UEKEKRHTE

9, FARFBRZ W IEKGEOF YY) 7L —
voa v, A LY ~H LB T O LB
HRBAROEKRICB IS, TEKGEIOMDE (B
JE) R SEELOBBEERDLZET, HiROE
KA HEE L LC, 4 BB L7z, BARRYIZIE,
TR ELOWIIE L HRER O D ST E & B S
L35 1A ERQB) 12, HEKGE O IMEE S
e 351 kAEN4) 12, HEAGEIORIED
3K EHRARON S HED 1 RN ZFHEKE T
BRERX(5) 12, IHKGEIOHIIMED 3 KA % i
R ETHAER6) ITRT, LIROF YY) T L —
varXiE, BIET, YUINTHLEENERTH L,
SOF Y ) TL—ra i, BEKGEEMHL
G Z G L 7B 0 AT SR B0 BT,
RMBIDH Y, KIFZEIZB VT HIERZ A7z,

M=8.751X OP—0.0483X p+1.189 (3)
(Adj. R*=0.852, p<0.01, "Ik F¥F iR =
9.124%, “FIgil5E 255 =7.640%)

M=6.890X OP—15.583 (4)
(Adj. R*=0.820, p<0.01, 3P HRiRE=
10.033%, ~F34ill 5 757 =8.434%)

M=0.151 X OP?*—5.049 X OP*>+61.203 X OP
—0.0322 X 0 —174.926 (5)

(Adj. R*=0.903, p<0.01, — 3 P F a5 =
7.413%, V3558 3535 =5.794%)

M=0.133X OP*—4.706 X OP*+58.568 X OP
—186.731 (6)

(Adj. R*=0.890, p<0.01, I HiRiaE=
7.873%, V35 5E 347 =6.301%)
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A FV3RXDFYy)TL—-v 3y THLHA
(5), (6) OFAYAdj. R*iE, ZIFF3HFHRiqE,
FIRERAED 3 ODHBIZBWTIHRICEN LR E
RL7ze 72, 3kXoFry ) TL—varRicbn
T, AERE LT 3BEZI) ARz GB) &2
SEEZI) ANTRWA(6) 2T L L, 2EF
Fid ) o (5) DFA% Adj. RME, I FIGF IR
= CPIHHERZED 3 ODOHEHIZBWTHICEN LK
REZRLED, FRIEIERETLET 2o 7
Cobos® 2 & % &, EC-5 Soil Moisture Sensor (&, #
HHEIZBW T PEREIEREDN £ 3%, FEti
BT £5%0fExRL, THEOHFKDEINE L
bl THKGFNCEDHERENRELS 2D L
HENTWwW5bE, 72, Mendes et al?” 12X % &,
EC-5 Soil Moisture Sensor 1%, ZEHOFESLIEICE
WL P EREED £71% O %2R L7z HEE
LN E D L, BEOEBIREIL 88%-DS &, AR
FENZH W H IR OB E & K v, L2t
T, KRG EEH W2 TRKGROEKREEHI O
A, MR 7% UDNTH DL EHEESI NS, 3K
ROFv )7L —2arXG), R6) EHALHL
LCONSEEOHFEIZEDLS T, FHRIERRENT
WIZWFE > TWize LALGDS, BEPIZH LG
BRIV RYTHEIINTVAHRLZED) 7LV A A
EAREFHINZBWTIE, »EHEEZFEFC) 7IVE A
LHIET A2 EDHNETH L5605 L, PEFEEE:
EEETEDEKRENFHITE L & X fEICEHIA
TRETH B, L7225 T, KWFFEIZBVTO LK
R L 72RO EKREFHINCIE, K6) DLH%
SKEADPEEELZLOX YY) 7= aryXEHVS
ZrlZL7, #2°C, Fig ba i) ~viii) 12, 3 &2
KBELLOFY) 7L — a3 ryRE A~H WL
DFHE PR 2 12O WTER L 728 bX %2 7R L, Fig.
S5aix) |2, SKANSHEELRZLOFY ) TL— 3
& A QLB ~H WHIE O ¢ X TOFRREHZ OV

T L 7zma, $2bbX(6) 2MRT 5, £72,

A~H B O FH IR 4 12D W TR KR BR 71212
L7255 CTHllE L 72T R O &K E & H13K S5 %

L CEHlI L 7275 R O & KD MBIX % Fig. 5b 12787
Fig.5b i) ~viii) 121%, A QL ~H WEY 0 H R
B4 OFHIR R LN 2 #H L 724 R %, Fig.
5b ix) 121X, A~H WHE O3 X ToHRAF O
G R HA R Z B L2k R 2R A~H LEty;
DHERAEHI BT, RERE Adj. RME209 DL
THY, MFEIZ Lo TROZSKROMT,
FWICEWHEL S 5 2 LR SN, A LEY;~H
QLIRS 0D § T OWLEL; O 15 VR O &K SR G HIE 2
REHE L7297 (Fig.5bix)) Td, Adj RYEH
09763 £, MTFEIZ L7205 TRDIZEKEDOM T,
M ) BROCHIEIA S B = & AHERR S Tz,
TR R L 72 SRR ENOIRE O 2L,
AiE D 3.2(3) EC-5 Soil Moisture Sensor O i K AfF
PHHERR TR L7z &) ICHEIIZ/NE WS, KIFFETO
FHICBWTC, HiRTOF Yy ) 7L -2 3 v EHIRT
DFxYTL— 3 O TRKAS CROMEZ)
Hy, XQ) 2EHT DL, HKT80% DEWIZFK
Y3 5720, FHihskElE  inEticsnwe, f@uic
Fr) 7L —2a rREERTL2HPET L VEER
bbb, 22T, G HWHSOHR%E VT 15~25
COFRTIER L72F Y ) 7L —2a »yK&, 50~70
CERTERLZF v ) 7L — 3 R a2 ER) Tk
L, mEIZLDEEZHEIOT, X (7) L Fig.6a i)
(2 GALEG B REE 2 HER L 72 HiIRTOF v
V7L —3aryiw, X(8) L Fig 6aii) |2 G
BoHERAEEZHERLBERTOF YY) 7L —
varikE, X9 & Fig. 6aiii) (& G LG OHR
AEE HWERR L 2&iE (Fii+&iR) CoF v
71—y ar®Xw, R(10) & Fig.6aiv) (2 H L#H
BoHERAEZEHCERLFERTOF YY) 7L —
varXE, (1) & Fig.6av) |2 HHOHR
REEHVERL2ERTOF Y)Y 7L —v a3 v A%,
X (12) & Fig. 6a vi) 2 H WES O HRE % H W E
B L7 (Rt i) CoFy ) TL—v gy
XERT, 72, G HUHESOHRSAEIZOWT,
TARGBR TR L7228 THIE L 72RO EKELEL -
BRI L CREI L 7275 O & /KR OHBIIX %
Fig.6b i) ~vi) 1Z/R7,

M=0.1685X% OP*—5.9914 X OP*+73.918 X OP
—236.14 (7)
(Adj. R*=0.940, p<0.01, I I F )RR =
3.730%, FHill 2 iE 7 =3.212%)

M=05845X OP*—18.837 X OP?+202.48 X OP
—663.6 (8)
(Adj. R*=0.904, p<0.01, —F I F JiiaE=
4.667%, <39l 32 =3.869%)
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(a: Cubic Calibration Curves of EC-5 Soil Moisture Sensor with Sewage Sludge without Bulk Density, b : Correlation Graph of Sewage Sludge Water Content with
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Fig.5 Calibration of EC-5 Soil Moisture Sensor with Dried-Dewatered Sludge
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Fig. 6 Calibration of EC-5 Soil Moisture Sensor with Dewatered Sludge

M=0.1587 X OP*—5.4019 X OP*+65.028 X OP M=02072X OP*—6.6259 X OP*+72.881 X OP
—203.64 (9) —224.72 (11)
(Adj. R*=0.822, p<0.01, =3I iR = (Adj. R*=0.943, p<0.01, &P P HRiRZE=
6.925%, “F-3Filll 7E 772 =5.509%) 3.945%, P E 7R =3.796%)
M=0.0468 X OP*—1.6091 X OP*+23.561 X OP M=0.0906 X OP*—2.9976 X OP*+37.146 X OP
—72.308 (10) —113.61 (12)
(Adj. R*=0.952, p<0.01, — V3P iR~ = (Adj. R*=0.942, p<0.01, —FePHFJitian

3.818%, “V-3gilll =7 =2.796%) 4.516%, “T-Ig A =3.747%)
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0ot T, 12 I2BWTIL, FHllELR~E
AEREtOXF v ) 7L —varRThrR(A) &
DENTWD, FiREFoX vy ) 7L -3 v T
HHA(10) L Vix%o Tz, Adj RME, —FFH
EHREEICOWTE, XA XA HFE LY
%o Tz,

LoT, FKHEROF Y ) 7L —2 3 Y AA~D#
EME, FRTORHIE, BRTORHNEZH 412725
FHRRREL b eVghol, 72, EiRIZBW
T, VIR L PIHMERENRKRELC R 5
& X, BiREEE T ClE EC-5 Soil Moisture Sensor
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B b L2 7L —Ya v RAEEHRT A LI
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Table 4 Correlation Coefficient and Average Measurement Error of Measured Moisture Content of Sewage
Sludge Using EC-5 Soil Moisture Sensor with Specialized Calibration Equations for Each WWTP and
General Calibration Equation of All WWTPs

kit A B C D E F G H oA
FHRsEE (%)) 3807 | 1716 | 4266 | 5344 | 2113 | 3078 | 4345 | 3426 | 6.301
JUEREA. R | 0934 | 0978 | 0950 | 0921 | 0986 | 0958 | 0951 | 0946 | 0.890
(a) (b)
0.94 0.94
o o}
e, O |
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= xmo b oﬁ
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(a: Initial Water Content of Sludge Samples Versus Coefficient of Determination, b : Ignition Loss (VTS) of Sludge Samples Versus

Coefficient of Determination)

Fig.7 Correlation Graph of Properties of Sludge Samples Which Used for Establishing Calibration Equation on High
Temperature Versus Coefficient of Determination
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Abstract

Due to its high moisture content, fossil fuel is often used as auxiliary fuel in case of thermal treat-
ment of sewage sludge. Real-time measurement of sewage sludge moisture content makes it possible
to optimize the consumption of auxiliary fuel and process of thermal treatment. Thus, in this study,
we examined the applicability of the dielectric soil moisture sensor as a handy method to measure the
change of the sludge moisture content in real-time. The results indicate that we could establish single
calibration equation for measuring the moisture content of multiple sludges. Independent variable is
cubic function of the soil moisture sensor output voltage. This calibration equation yields good fit to
the data (Adj. R?=0.890), and average measurement error of sludge moisture content was 6.301%.
Furthermore, making specialized calibration equation for each sludge is more desirable and it assured

less measurement error of 1.716%.

Key words: dewatered sludge, dried sludge, moisture content, soil moisture sensor, real-time

measurement




