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ABSTRACT

The global focus on mitigating climate change has traditionally centered on carbon dioxide, but recent attention has shifted towards
methane as a crucial factor in climate change adaptation. Natural settings, particularly aquatic environments such as wetlands, reservoirs,
and lakes, play a significant role as sources of greenhouse gases. The accumulation of organic contaminants on the lake and reservoir beds
can lead to the microbial decomposition of sedimentary material, generating greenhouse gases, notably methane, under anaerobic
conditions. The escalation of methane emissions in freshwater is attributed to the growing impact of non-point sources, alterations in water
bodies for diverse purposes, and the introduction of structures such as river crossings that disrupt natural flow patterns. Furthermore, the
effects of climate change, including rising water temperatures and ensuing hydrological and water quality challenges, contribute to an
acceleration in methane emissions into the atmosphere. Methane emissions occur through various pathways, with ebullition fluxes—
where methane bubbles are formed and released from bed sediments—recognized as a major mechanism. This study employs Biochemical
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Methane Potential (BMP) tests to analyze and quantify the factors influencing methane gas emissions. Methane production rates are
measured under diverse conditions, including temperature, substrate type (glucose), shear velocity, and sediment properties. Additionally,
numerical simulations are conducted to analyze the relationship between fluid shear stress on the sand bed and methane ebullition rates.
The findings reveal that biochemical factors significantly influence methane production, whereas shear velocity primarily affects methane
ebullition. Sediment properties are identified as influential factors impacting both methane production and ebullition. Overall, this study
establishes empirical relationships between bubble dynamics, the Weber number, and methane emissions, presenting a formula to
estimate methane ebullition flux. Future research, incorporating specific conditions such as water depth, effective shear stress beneath the
sediment’s tensile strength, and organic matter, is expected to contribute to the development of biogeochemical and hydro-environmental
impact assessment methods suitable for in-situ applications.

Keywords: Methane emission, Shear stress, Biochemical Methane Potential (BMP), Webber number
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S22 28 5 BT FH 9] Eolth(Joyce and Jewell, 2003). SHY AR EAJo] AIHA R o] F0i%] 7-9+=Hgtr}
AXoh= 529 93k S| = SHK(Sills et al., 1991; Silva and Brandes, 1998).

SHE o] A2 @A dS Hoke o 940 EAE Sa 3 PHAIS HRlt). 940 HA2 TP(FR)), &3l 7=

T4, gEataegt fHo] Qlrk(Bastviken et al., 2004). HE7EA TS G214 T)0] 22 Ribs A (5] of

ol 540] 23 H EAE ieh Aol F-a3t @40l
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<Experimental Procedures>

(D Sterilize reactor

(2 Prepare medium,
substrate, inoculum

(3 Inject prepared biomass
and medium

@) N2 purging

| (5 Capping with aluminum seal |

| (® Extraction gas |

| @ Analyze gas composition |

Fig. 1. Experimental flow chart

2.1.2 0|24 " : Modified Gompertz model

2 Aol Wigke] ge ol 24 el oI +4517] 215t Modified Gompertz 1741 AH85I3AT o] W74
UubH o = nE TeA| 2ol TEE= S-shape & WS AHE ¢ 3loH, 53] 2 5l Aol o gt 4] =
olg#or Ak vl A5 AT (Fig. 2). TRl 548 AeiAlIA o e A 7abe A cr AS5E = e A
ARsste] r7goll A o] 24 712 vikE Bl ea efht e A7) 171 go] o] Fo1A4 £t Modified Gompertz 1% 9]
AR A (DI E

M()\ft)—#—l]

M= P+ expi[ z (D

oJ7] A, M tA17F 50 ek =8(L/kg VS), P=ZAZ] Hg ~8(L/kg VS), R-2 Z|t] wlet AAR&(L/kg VS/day) S 2]1]
Stk A B AARAAZE QJulsh e= 2pAd=olet 4] (1) B0k 182 Fig. 29 gt

Growth parameter
plot

Growth parameter
e.g. gas production rate

01 2 3 4 5 6 7 8 9 10 11 12
Time

Fig. 2. Typical cumulative methane production curve by modified Gompertz model
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2 AolA= 2 A2 7of T2 BMP test A2 Modified Gompertz ®734] FE9] 8] A4S &5, A4S

7= ZH Azl wE vl APESI AT

2.2 BMP test

22148 M=

Ao AR tAE2] 7142 D(+)-Glucose©|th. AER @ A= Glucose = H T T R-2] o2 A|74dollA] 71
et 2ot 2 URe Bolet e Al Bof| A HPAETE 714 A3l A Glucose(CsH2016) ] 0124 Z| o me A
(1 71¢, 0°0)& 715222 0.35 L CH,/g CODOJt}. COD(EFeF At @48 = S 40t shd e 4 o ¢

o Z|zolet. T4 @714 AsloA f7] 20| Hgte g HlE]= ke A wiou {7 B4 9]
ol et oefobAl A= At mhebA], & Atollis 57122 9] Jofl uhet Hehi =R <15t 215l Glucose 824

o
l
!,

C

o] f7lE 555 4 =74 717|191 HS 3700 UV/Visible Spectrophotometers 53l 7Hd24 0 2 CODE &5t 34t
d TRPE2 A A Ejol| A BA| SIS AXIA] 0L SA] 1A el = JghE 4 Qe 8-S Tt S 12 bt
Ao = ZoA] {7 1FE9] & UEUH, Hlm] A& Aokt A= ARGE T H|AS v gdells 27] 714 5
(SOy= B} 7|ek ol A] 4018 Sta e A B0 2 hgatel, 27]9] vlo] oul s X0y 714 M e 9
o= E 4 Utk W2 §/X HlgofM= A 0] =olrl= kel om, =2 S/X HIEolA = RHHE A7a-go] Wot

Xk §/X710.25~0.52] SIS 7HY wff AMgste] AAlE x| Astol] Siet et vl&= daiA lck(Liu, 1996).

2 Aelrte gk A doke Mg dwo & Ul 22} shpafelde] IR E ARSI oM, o= thek 31 119
£ VS 17,000 + 250 ppm F& Z3I5t Qlrt 718 Fhe 8 0 H =S o] 916 CODE ek, 35
COD/VSE=AMISE] AAIE 915l 0.5 2 Aot Et E[ZE Edo oh2 vgt /g L8 FAs] Slsl Refiet HE
2 o]Fo7 EFFS A 2 07 At Befl(Sand)©] A9 IR ORE 771 BEARR R AR ARSI
om, AEA fAR= 7+E(Kaoliny & AT SITE TR HEAL F271 1A}, 712719] HIF-2 Table 13 o] 79 -fA

-
st 474 710k WA 5 H8E S AR s

Table 1. Characteristics of sediments used in BMP test

Sediments Mean diameter (m) Specific gravity
Coarse sand Jumunyjin silica sand 0.00185 2.63
Fine sand Jumunjin standard sand 0.0005 2.6~2.67
Clay Kaolin 0.000003 2.6

2 AR A ARGE G HIA] O] F/3-2 Table 2] Yt QLo H, o]= AP AF-S] BMP testof| A ARSS G vl =719
WS TFA7 IS 7351t (Kazumi et al., 1997). 2% G oAl = S22 Fo] TR SPdof A A
]

=

2 H] lon, L HEE 0w AT A 7=

oz
olt
2
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Table 2. Composition of the test medium

Nutrient Stock solution (mg/L) Test culture (mg/L)
KH,PO, 5,000 500
NH,CI 5,300 530
CaCl- 2H,0 750 75
MgCl, - 6H,O 1,000 100
NaHCO; (Buffer) 20,000 2,000
2224 2N
2 ATo) Az 2k, S35, ElXE 54 9 COD/VSE 7J5tAth Table 3). HA, 2 2712 28~34°C2 A
AoV, o5 91 B A9 31 3] B et e, K —;— 12:417]7) $Jste] BlAbEo) &
Pl S5 4 Gl RE R AASHA. B, 71T Mol Q15 eSS ISt 1] $15] et 0] 25
9Ja} hesiolct

Table 3. Experimental conditions

Temperature ~ COD ppmy/

Case ©0) VS ppm RPM Sediment
0.25 Blank (b)
1 31 0.5 120 Blank (b)
1.0 Blank (b)
2 28 120 Blank, Kaolin (k), Fine sand (f), Coarse sand (c)
3 31 120 Blank, Kaolin, Fine sand, Coarse sand
4 34 120  Blank, Kaolin, Fine sand, Coarse sand, Fine sand + Kaolin, Coarse sand + Kaolin
5 31 0.3 90 Blank, Kaolin, Fine sand, Coarse sand
6 31 120 Blank, Kaolin, Fine sand, Coarse sand
7 31 150 Blank, Kaolin, Fine sand, Coarse sand

A, f71E 2 HFEC] Hlgol ThE COD/VS=0.25, 0.5, 1.0 2% 2710 A75I3Ith Case 191 3% fr71= 2 4

F2o| ugeo] Aeke Sl Sl Al AT} 7P 2He] §718 9 HEE o] 0.5 UERY, Case 2~77H4

0.01 m/sl141 0.2 m/s 2] HY lﬁi ‘%E]f‘)r‘:]'(Yazdandoost and Attari, 2004; Garcia, 2008). & A2lo]A=RPM O 2 A
T 20& FEeklal, ARE2 90 rpm, 120 rpm, 150 rpm Q= 38513t} Add2] 5444 RPMe|| ot ATE &
A= S7gstk=d HAIZE Qlot, FLOW-3D =I5 o] ofsl Aoz A7t -5 UAsHA Adste] 242}0.0203 mys, 0.0259 m/s
0.0312 m/sE = ;}'ﬁﬂr.
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Q) BMP test ZHI7HE Lo Aelihis 4813 R0 28517 glote] Aok 91 7 -
a7} Q0 m, HeEol gt 25 A A EIIT Table 32 HAHR] AR YR 908, Fig 32
AN AR RS 719) S Ve ol

Silicon cap <—

Serum bottle(100ml) €+—

Diluted water(70ml)

Sand(20ml)
/""_4_——-—_——_—_""-‘ o
Sced sludge(10ml)

Nutrient medium/buffer(10ml)

| J Glucose solution(10ml)

Fig. 3. Experimental reactor configuration

22328 Y VLS

BMP testollA] HIEH A2 7] =20 31 1 @& T A vigt o= AitE ol mL CHy/g VSE FHER]TL
& e E COD/VS I HAE T Sl mL CHL = Altste: 2 A7l e 72 #4110 mL)E AR5t
of 48 ATttt A Y E= 7hA S S0 T AES HEET] ol EAISE 7EA 0 kg fEste] o] WE AH
o Ede o Al2s S5k rAE A9HE Fol A E 7 HIRte] 50~80%, oAFRFE ATt 15~45%, 7] 5%,
J12]31 A5F0] S8lreAH,S) 2 T3 % 0] QItHMclnerney et al., 1979; Seibert et al., 2008). & Aol M= S H 714 A
A& FFAJHISTP, 0°C, 1 atm) = HLISIGA, of wf A&t HehAl2 4] (2)9F Lt

B 273 760 — 42.2
Ve (STP) = Vg 35¢) < 273435 760 ¥

o]7]A], 42.2 mmHg=35°CollA 9] 357 |92 ofnfolm, A8 2% 2210 Aokt 23157]94(28°CellA] 28.349 mmHeg,
31°CollA 33.695 mmHg, 34°COllA 39.899 mmHg)-2 AR&5to] APkt

2 Aol A= A3 7EA F mEtel] S5 ol S735kSinh A H Zhol ok HiehE S746E] 919 1 mL o] 7k~
2 ZFAE 57 7400 AF15HaL 0.2 mLE 7951 Gas Chromatography(Agilent 6890 GC)E AF85}o] Het vl-&
= 57513t Table 4= % AR AFEEE GC Y Al A1 Ll Zio|oh. Table 40l P 24 H 11t 2
44(99.999%)7} 7HE]o] AR ARGE|IA, wgk ZRA0] EAE ERISE] ffol ke HEH(99.999%) 7 Mk HA
(99.999%)E =Rt Mgk T 71(100%, 80%, 60%, 40%)5 ARESIAH. GCE 285t o= 7129 o= 57851
STalA= alid GC W FA =0 = 3= 7Rl Tt Gas calibration©] .51}, Calibration 21}, 337 FAS] AFTHAA|
+ 0.98= T=E]3Uch(Fig. 4).
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Table 4. GC operating condition

Analytical conditions

Category
Instrument GC-6890 (Agilent)
Column CP-Molsieve 5A (25 m x 0.53 mm x 50)
Detector type TCD
Detector Temp. 230°C
Carrier gas N2 (99.999%)
Injection port temp. 200°C
Injection mode Splitless
Column flow Pressure: 4.8 psi, Total flow (N): 10 mL/min

Oven temp. programming 100°C, hold 2.0 min — 30°C/ min to 150°C, hold 2.0

-|Rel. Res%{4) 13.853

Comelation: 0.98330

0 20 a0 80 20 Amcunt]s]

Fig. 4. Standard methane gas (40, 60, 80, 100%) calibration

2.3 A8z 2
2.3.1 COD/VS A &4

A 8 AA™E CODIVSE S78517] flsl 71718 B85k em, A 2719 G0l 918l CODL} Glucose F=7F

?’1 E:' [o s
O] TAIE AP 0 2 B3It 11 A}, COD2} Glucoser= AFLAE HERG.CH, o202 defA Q= TALt
1 800
1600 ¥ = LO0Sx + 15,248 .
R* = 0.9996
1 400
1200
E 100 T
&
5 &0
¥
] o
;r'-..'l
400
e’
20
. 1] 20} L1 LICH] ROy 1 Ry 1200 | 400 16060 (B L
Glucose ppm

Fig. 5. Glucose and COD calibration
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AR 2RISHSITT. Fig. 5ol et A= AaHA1 9] 2l AEAE e, 27410l 2JsHH 300 mg/L2] Glucose= 24
AFeFsr] Qe Ak @72 316.75 mg/Lo|th O B4 AA: 84151 COD =320 mg/L} A FAFSHA Yehd2 E]lst

N

3.2 BMP test 22t

A2 9F3000114 6004 Bt HaP= S om Hgt ~go] o] ThA| thH] 1% ofot= Z78E o A T=otirh 5
Els A3 FAo 3704 Y=Lt Case 1-2 AlLJ5HL COD/VS 22 0.52 AA5HA Y, EJXE EAof k= o]
e S A5 98l El&E0] 9l 27 (blank), FE(Kaolin), 1A Coarse Sand), E5AKFine Sand)Z 35}
8-S 5Ptk 4% Gompertz B2 75E0 2 e wgt 30 Ark= et A= (P), H o AL R), A1 &

A\ A)E Table 52} Fig. 60l FEMSITE. = A e Aik= 47 % Gompertz KA FHA1710.97 oS ERlsHlch

Table 5. Comparison of historical data and simulation results for power generation

Case Sand P R A
Blank (0.25) 5.33 0.0211 89.2
1 Blank (0.5) 16.79 0.0552 249
Blank (1.0) 32.60 0.0356 285.7
Blank 13.23 0.0164 306.8
Kaolin 8.14 0.0138 282.6
2 Fine sand 15.591 0.0161 307.0
Coarse sand 15.83 0.0144 329.3
Blank 16.79 0.0552 249
Kaolin 12.43 0.0477 251
3 Fine sand 19.57 0.04939 251
Coarse sand 18.06 0.0517 251
Blank 18.57 0.0677 181.4
Kaolin 11.08 0.0374 148.6
Fine sand 18.58 0.0718 135.3
! Coarse sand 20.82 0.0895 142.7
Fine sand + Kaolin 13.03 0.0559 129.6
Coarse sand + Kaolin 134 0.0497 126.8
Blank 13.88 0.0451 243.9
Kaolin 8.59 0.027 227.7
3 Fine sand 17.43 0.0383 248.9
Coarse sand 16.15 0.0396 239.6
Blank 18.52 0.0561 192.1
Kaolin 12.74 0.0307 178.6
6 Fine sand 18.37 0.0544 190.7

Coarse sand 21.27 0.0482 190.5
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Fig. 6. Results of Gompertz model regression

A9 A}, 28°C 2 120 RPM, 31°C 2 90 RPM 2.2 A% Case 22} Case 5& Al2I5kal=, Coarse Sand oA A3 o
gho] Ziigko] 7Fg =7 Ueht o™, Koalin®] 74971 A7d Ztigle] 7P W 1 0 2 Yesit), 2kof whebi= 257}
Z7 ol w2t P, R 2 A ZHo] PAP} g ehobA Ui, 2 of| e AdotelA] Hi-3-0] 71453t 2 Qlof| ghatliEsdo] 57 st
At Wl 55543} Pl RPMEH Y PeIstolA=R, A7t ZA| AEEAT a2 ERlIskgint 2 Aqtelxe=
RPM2] H3P/} ubet Heh-g-8 o] ¥ista 75t RPMo| 71l wet 2249l 4=2]st] E4da o] vt gk
S 7RIt Isteint. ElAE E9at Aeistoi s 2 A7 3712 794 coarse sand 7P, ROIA 7P 2 271
HIok= 218 SRIsHeInh o) nAETe] 52 HH 2] A1 7]Fo] AJtA 0 &2 FE5] 27| whizoll 7137t =gt=] 79
Zottt. B HEO] 79 it 2| Fo] uf¢- 27| ufze] 302 QIgh vgt EE-&o] ulk¢- Wk megirt

Fig. 77} Fig. 8-2 27t 2L ot vlet A5, T & o veb /4590 WAE Urehdl Aol Fig. 7-2 25 9 B[ &=9] &
TR TAIE SIS 4= Sl=tl, 27t S 7ol whet vt A} 2o viet 382 Sk A o= veisto, 7
A AR Aok A o2 YEkth 5, 2537t wlet Hek dEEe] oS on|oh= Zolth Fig. 89 HTh 9]
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Fig. 7. Relation of temperature and methane production rate
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Fig. 8. Relation of shear velocity and methane production rate
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2.3.3 D[ErErARs Hake A
2 Aol ve HiE BastelA a9l 7o) BAE AESIslArt & R 71 el A 3)el vehd At 2
o] 52 9 tj7] qrElell 457] 35} olele M At 2k o] wf 7] =4 Zlo] olejel et FAHrtn Fhsialck

(Langenegger et al., 2019).
Ky, cH, * CCHQ(Z)"'KH,N2 ¢ sz (2) = P=pgh+ P,,, —Ppyo (3)

oA7|A, C,, 4%—/r\—/\‘:]-(z)oﬂ w2 w|ete] 85l e (mmol/m’), Oy = 40l 831’5 (mmol/m’), K, on = = ueko] Henry’s
law 32 AF(Pa - m*/mol), A . N2% 49 Henry’s law $]2H4d AF<(Pa - m*/mol), Pol| & &3l 71Ag=olH, p=Eo
(1,000 kg/m’), g= FH7H5E(9.81 mvs”), his 54l(m), P, = 719 (hPa), Py o 7571940l
Hgto] HAgoto] 825 = M2 Henry @] H2| 1} 0] 917, Q“OHEQ} At ATAdo] it T2 AtollA=
o] A3 77| Y HES7| & ARSI 7] wol 2 2] F3FE FAlottt El&E9] ¢zt 3719}T7‘1]94 A5

o}
H

7o) AIE A5 flote] T2 4291 Weber number s 28 }‘ﬁ‘:}

4

1714, 021,000 kg/m*] B U, o (m/s) AT &5, D(m)y= GAF T7]0]0] ouf, Al A= sHo] Aol A WS-
517 w2l spdol olgh QI BA = Qleh AR 0 )2 71 FHONA ] FHAFE 21O = 0.073 kg/sed” = ALIEIA
THLevich and Tobias, 1963).

|t EA EefekebA] @<l 7ol PAl= Fig. 9ol Uehd ZAA ™ 2 19k R3(y=Cln(x)+K) = - =] Lo H, 29
57} 57 Foh vgt dAgedo] S7 o= WAV EEE Qe K 2ol whg ndE BHE 1 -Soll e of e AskehA a4
of| thet Aotk Al CY] 789 32 & 1.2~1.5 4o ATt o] of Tl Fl 9 4-0ko] A= gR161] ok WhH A
T K 25t PAVE Qe A o = LEiTh

25
=1.5022In(x) + 26.82
20 g ?g H 0(;293 o8 X'y = 1.2504In(x) + 24.432
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Fig. 9. Relation of Weg and methane production
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Here] @A 7EA k= 7R 9FO] o ATy (CO,) Het 218l 7335t o|2et Heh vlE S5 U o4 S e 4
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w712 g 51 8] Aol Mg vlte] 0 AR Elo] gk 4870 2iE| o] et vjEo] Tt A7)
SR AU el ] H Y AP, o R $p cfle| B o2 et 2
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