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Abstract

This study presents the achievements and limitations of the voluntary-based Total Maximum Daily Load
(TMDL) through statistical analysis of water quality monitoring data and performance assessments of TMDL
plans implemented in the Gyeongan watershed. The results clearly showed that responsible local governments
complied the allocated TMDL and the designated water quality goals were successfully achieved in the
required period. This was possible because the Ministry of Environment provided innovative incentives, such
as, relaxations of the existing tight land-use regulations and full-scale financial aids for constructing and
operating public treatment facilities to draw local government voluntary participation. However, a couple of
problems which decreased the effectiveness and efficiency of the voluntary TMDL were identified. The
different TMDL implementation schedules between upstream (Yongin) and downstream (Gwangju)
governments caused delay in water quality improvement and exaggerated TMDL allocation to the local
development which made excessive investment in the treatment facilities. Although it is not directly related
to the voluntary scheme, technical methods for establishing and assessing the water quality goals should be
improved so that the effects of flow conditions on water quality are properly assessed. We expect that
results of this case study contribute to developing a more effective voluntary-based scheme for the
implementation of the so-called ‘tributary TMDL’ in the future.
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1. Introduction

1.1 Background
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Z]; Total Maximum Daily Load, TMDL)’} =FH 3
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1.2 TMDL in Gyeongan watershed
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Table 1. Summary of TMDL plan in Gyeongan watershed

Categories Gwangju Yongin Remarks
Target pollutant BOD BOD
. Phase 1 : 5.5mg/L
Target water quality Phase 2 : 3.8mg/L 4.1mg/L
Water c.quahty' target GA-B GA-A
setting point
. 1
Flow condition 3.595 m3/s 1.530 m3/s Oyr average
low flow
Phase 1 : Upper area
Total Maximum Phase 1 : 3,146.3 kg/d 5,626 ke/d of Seoha Weir
daily load Phase 2 : 5,309.9 kg/d ’ Phase 2 : Gyeongan
A and B watershed
. . 0,
Allocation load Phase 1 : 3,012.1 kg/d 5,063.4 ke/d MOS : Phase 1 5%,

Phase 2 : 4,778.9 kg/d

Phase 2 10%

. source reduction facilities
Load reduction plans

Phase 1 : Construction and expansion of sewer treatment plant
(Gyeongan, Gonjiam, Opo, Docheok), Maintenance of sewer
system(1st phase), Improvement of effluent water quality | Construction and expansion of
(Gyeongan, Gonjiam, Opo, Docheok), Installation of nonpoint | sewer treatment plant (Yongin,

Phase 2 : Construction of sewer treatment plant (Gwangju2, | Jeongsu, Donglim) Maintenance
Gonjiam2, Opo2), Improvement of effluent water quality | of sewer system, Improvement of
(Gyeongan, Gonjiam, Opo, Docheok, Gwangju, Maesan), | effluent water quality (Yongin)
Maintenance of sewer system(2nd phase), Direct purification
facility, Installation of nonpoint source reduction facilities

Seongmit, Mohyeon, Dongbu,

Period(approval date)

Phase 1 : 2004 ~2007(2004.7)
Phase 2 : 2008 ~2012(2008.12)

2007~2012 (2008. 4)

. . Conversion variance
. (Conversion average water quality + %)
Average Water Quality = e ‘ (1)
. . In(measurement water qu,a,lz'ty) + In(measurement water qu,a,lz'ty) + .-
Conversion average water quality = 2)
Nmber of measurements
. . In(measurement water quality) — conversion average water qualityz +- -
Conver sion variance = : 3)
Nmber of measurements — 1
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" 2 & el sk daid e Brkedo] Al A Tkt EXo] & A7 A EO Atk mEkx HFulEAl
F APY FERT 92 SRR grkE Jhedel At d =l E

2. Materials and Methods

2.1 Study site
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Table 2. Regulations in the special water quality control zone (2004.5)

Category Zone 1 Zone 11
- factory which discharges designated water - factory which discharges designated water pollutants is not allowed
Wastewater pollutants is not allowed - factory which discharge more than 200m’/day wastewater can be

discharge facilities |- new factory which discharges more than
200m’/day wastewater can not be located

located in STP service area or in the outside of STP service area
only when wastewater can be treated less than 30 ppm (BODs)

- building which has total area larger than
800m’® can not be located in the outside of

Sewage discharge | STP service area

- building which has total area larger than 800m? is allowed in the

outside of STP service area only when wastewater can be treated
less than 20ppm (BODs)

facilities - hotel taurant which has total 1
oLl or rezs urat Wch fas fo%at ared Har8CT | potel or restaurant which has total area larger than 400m’ can not
than 400m” can not be located in the outside . . .
. be located in the outside of STP service area
of STP service area
. - cattle shed which has total area larger than 450m*(cow) or
- cattle shed which has total 1 th .
Cattle shed cattie Shec wiuch nas tofal atea larger than 500m’(pig) can be located only when wastewater can be treated less

450m*(cow) or 500m*(pig) is not allowed

than 50ppm (BODs)
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Fig. 1. Study site.
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2.2.1 Water quality analysis
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2.2.2 Evaluation of TMDL target water quality
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2 skl Bkt thJohnson et al., 2009; Teague et al., TN € TPE= #3F¢] 42 ALF(12€~29)d dsd 5%
2011). FFxAY FELS FFAE7HFlow  duration #es BAT ddFoE o] FHI A5Hd= EE 2
interval)ell @} F2 8HI 9lE High flows(0~10%), FED FEo] vuH 42 55E Qe o §F 37
Moist conditions(10~40%), Mid-range conditions(40 ~ 60%), 2 I9 Mgz AgHT v FFo] duHoz H2
Dry conditions(60 ~90%), Low flows(90 ~100%)<] 57§ T3t A7l LEE2 g 5% F7PF AVIFLE tEA
o2 FEI9 A5 tH(Babbar-Sebens and Karthikeyan, ety =t ols fFE® ol & 29lo] BitFog
2009; U. S. EPA., 2007). +FAEE GA-A% GA-BA A Z+ghs Bgsith f71E AEFER] BOD € COD7F &
4 78 FFo] SFHA Fol Aol AR Bk R Ao 71 2 BEE Hole ofe I 3 fFo=
A8(F-+F BAANS &3l AE)E GA-A9 GA-B AF Al FeAYY FTo] AWFor I3 HH| 5§ =4 =5
9] AR 79 W3 "=z A LDC S AT FF d f71ES 2t WHEFY 3t 7F 59 dTo=
AzE A 109(2003~2012) ¢ A5 E &3k A HHATHCha et al., 2012; Shim et al., 2005). TN ¥ TP &
o YLEFE TIFAFAIANAE FRF 559 FTFo 2

2.2.3 Evaluation of TMDL plan Aoz #AdT 3] TPY F+ 20109d °o]F R 5&7}
A$A1 Qe Uit = FrHE f8 &AA FF A Faska 201 £ Holxd ol

AlY eHdFHERE AFAY BaA 9 o|FFrt BRINE
HHEEO 2 20061 o] F Fo LFA(AT, &, HA, AFASF
W&, dAvE) 9 F WESFatF s geotsilen,
HFAERI 2012d AE tiv] &g EAFAT =3 o]
B7b BIAE Sl A= At A8 dF F Azt
A 9 FA s A5t A9H aid o &

#E BAFAT
3. Results and Discussions

3.1 Water quality changes in Gyeongan stream

TYSYG d¥a +2E9sE Z¥rd BOD, COD,
TN 9 TP BT ZAaFAE YeEIL 3o LHASTH
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29 AR e olH7 Ao 2 BUHTN(Fig. 2). Al7|E2
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Fig. 2. Temporal water quality changes.
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Table 3. Mann-Kendall trend test

Categories GAA GAB
Whole Period Phase 1 Phase 2 Whole Period Phase 1 Phase 2
Kendall’s tau -0.180 -0.102 -0.165 -0.199 -0.169 -0.099
BOD S -13,479 -1,074 -4,808 -14,860 -1,778 -2,871
p-value < 0.0001 0.069 0.000 < 0.0001 0.003 0.023
Sen’s slope -0.005 -0.008 -0.007 -0.004 -0.012 -0.002
Kendall’s tau -0.077 -0.014 -0.156 -0.066 -0.079 -0.093
oD S -5,810 -143 -4,552 -4,954 -826 -2,698
p-value 0.023 0.810 0.000 0.053 0.163 0.033
Sen’s slope -0.003 -0.001 -0.008 -0.002 -0.006 -0.003
Kendall’s tau -0.190 -0.134 -0.132 -0.138 -0.083 -0.064
TN S -14,333 -1,418 -3,891 -10,407 -876 -1,867
p-value < 0.0001 0.017 0.002 < 0.0001 0.139 0.141
Sen’s slope -0.007 -0.017 -0.007 -0.003 -0.007 -0.002
Kendall’s tau -0.425 0.043 -0.558 -0.547 -0.152 -0.581
Tp S -32,025 454 -16,394 -41,232 -1,607 -17,053
p-value < 0.0001 0.443 < 0.0001 < 0.0001 0.007 < 0.0001
Sen’s slope -0.00103 0.00030 -0.00180 -0.00071 -0.00060 -0.00080
% Bold : Significance level at p-value <0.05
79 GA-A%t aH79 GA-BY 2 WstE HlusfEH 7 A1EE 20049l AR T ESAAA
) z
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Al 29 olF Fdo] A=Y eH, FFAFY F-F 2004
| o]F A&A o JNAFAE Bt 2 81X 73
STHEY APl FHEglel

E gag gk A0 UEathFig 3. A9E W8T IRIN AFAA FAunE
BE 8RBT §712Q(BOD, COD)SEE $3%e]  GA2 AG7AA 248 BE FBA 375 48 29
Table 4. Spearman’s Rho
GA-B
GA-A BOD COD N TP
rho B57+* 762%* -112% A2T**
BOD
p .000 .000 .027 .000
rho T8I .868%** -.048 A15%*
COD
p .000 .000 343 .000
™ rho 148%* .189%* .890%** A94%x*
p .003 .000 .000 .000
P rho A20%* 397** 395 .832%*
p .000 .000 .000 .000
** . Correlation is significant at the 0.01 level. * 1 Correlation is significant at the 0.05 level
rho : correlation coefficient p : significance level
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Fig. 3. Spatial water quality changes.
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(F9 5) 79 2 BEBYHOA, T4 5 2 =AU 39239 #3842 Fo A=Y B4 H5E 20059
odd 59 dFoz ddFrHPaule et al, 2015). HE 714 33 o] EHHF U AHALS ASHFH 0AET
A= FAA YR £4 WA 2 W ARl AT e 2ESA @7 PEe] meb 439 Ao Table 59
A T $2e 3P 2l 47 $AFFH 2o GaAY AWE SUe YWY AP z- 3l
FAYAE FRFE Fstl wet F3EHA AdEHJL U 2 2010874 = HExFE S Aoy, HFAEA 2012
WA o]FolE 1 ZFHVF A FASATE Eg 20089 Tt 33 o] EHH 71F 35mgLE EXFEE 147% =
BOD$} Zo] FFA] A9 dF FFstrAA L B7T I 243 Ao 2 Jelgth GA-BY A £F=2H Yo =
Fdo] odgld ARk YotF ¢2 HE dTol= & Wt o] A1FE 20053 o] F 194|(5.5mg/L) = 2A(3.8mg/L)
7H e AL B 0 SRAGeR Z4F AR /4 EEFAS BF BT e A02 Yo HFd
ToE A% 7F IR FFskFAZAE SRT 0l Z20129)9 39 o5HE EEE 25mglE EXFRS
Faste Aoz gudEt 344% 2% SHRAT. EG BEFA 449 2A7 99
Table 5. BOD evaluation of water quality at target point
GA-A GA-B
(mg/L) lyr Avg. 3yr moving Avg. Target lyr Avg. 3yr moving Avg. Target
water water
Avg. T. Avg. Avg. T. Avg. quality Avg. T. Avg. Avg. T. Avg. quality
2005 4.891 4.855 N.D. N.D. 5.5% 3.771 3.776 N.D. N.D. 5.5
2006 5.070 5.120 N.D. N.D. 5.5% 4.348 4.398 N.D. N.D. 5.5
2007 4.398 4397 4.780 4.782 4.1 3.388 3.416 3.835 3.881 5.5
2008 4.586 4.585 4.682 4.695 4.1 2.763 2.764 3.494 3.529 3.8
2009 5.020 5.132 4.664 4.677 4.1 3.284 3334 3.143 3.153 3.8
2010 3.485 3.475 4379 4.401 4.1 2.291 2274 2.786 2.788 3.8
2011 3.187 3.150 3918 3.900 4.1 2.550 2.539 2.718 2.714 3.8
2012 3.782 3.842 3.493 3.497 4.1 2.632 2.653 2.494 2.493 3.8
T. Avg. : Average of estimated by TMDL method N.D : No data

*: Boundary water quality condition in phase 1 Gwangju city TMDL plan

Journal of Korean Society on Water Environment, Vol. 37, No. 4, 2021



270 olgied - of&s]

Table 6. Unachieved target water quality (BOD) from load duration curve

Categories Low flows Dry conditions Mld-Rgnge Moist conditions High flows
conditions

Phase 1 50.6% 57.1% 42.9% 28.6% 6.3%

GA-A Phase 2 33.6% 35.1% 26.7% 33.3% 9.5%
Whole Period 40.3% 43.1% 31.8% 31.8% 8.1%

Phase 1 48.1% 36.4% 83.3% 23.1% 7.7%

GA-B Phase 2 27.9% 15.2% 28.6% 19.4% 0.0%
Whole Period 35.2% 23.6% 45.0% 21.0% 3.0%

1000

A Monitored load(Phase 2)
O Monitored Load(Phase 1)
100 A Target (BOD 4.1mg/L)
10
)
g
= 1
aQ
Qo
3]
0.1 A
0.01 4 .
High N Mid-Range L Low
Flows Moist Conditions Conditions Dry Conditions Flows
0.001 T T
0 20 40 60 80 100
Flow Duration Interval (%)
1000 i
A Monitored load(Phase 2)
O Monitored load(Phase 1)
100 4 Target (BOD 3.8mg/L)
A 9
s w0{d M 5
g Higs 0908 L& %
g 5 AT U
g 1 A8 DR & B
0.1 1
High ) ) Mid-Range . ’
Floi\/s Moist Conditions Conditions Dry Conditions F]Ig’zs
0.01 T T
0 20 40 60 80 100

Flow Duration Interval (%)

Fig. 4. Load duration curve in GA-A (up) and GA-B (down).
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Table 7. Pollutant source and discharge load change in each city on Gyeongan A and B watershed

Categories 2006 2008 2010 2012 Prgi)lftzl;’n

Population (Capita) 160,105 163,505 164,555 166,842 278,265

Cattle & Pig(head) 89,985 75,920 72,726 70,222 89,985
Yongin Wastewater discharge(mS/d) 4,842 5,443 4,632 4,717 4,329
Developed ground ratio (%) 10.2 10.9 11.2 11.6 15.9

Discharge load(kg/d) 8,425.10 6,185.40 4,604.90 3,994.30 5,063.40

Population (Capita) 210,227 219,874 235,590 261,350 346,624
Cattle & Pig(head) 9,616 10,720 10,567 7,224 9,616
Gwangju Wastewater discharge(m’/d) 4,138 4,555 6,160 6,358 5113
Developed ground ratio (%) 10.3 11.2 12.3 13.1 15.8

Discharge load(kg/d) 5,637.30 5,288.20 5,558.90 4,015.20 4,647.60

Table 8. Implementation status of load reduction measures

Year Yongin Gwangju
2006 - Maintenance of sewer system (lst phase)
2007 Construction and expansion of sewer treatment plant (Chugok, Gyeongan, Gonjiam,
Docheok, Opo), Improvement of effluent water quality (Gyeongan, Gonjiam, Docheok)
2008 - Improvement of effluent water quality (Opo)
2009 Construction of sewer treatment plant | Improvement of effluent water quality (Maesan, Gwangju), Installation of nonpoint
(Seongmit) source reduction facilities
Construction of sewer treatment plant . o .
2010 P Direct stream purification facility
(Mohyeon, Dongbu)
2011 Maintenance of sewer system Maintenance of sewer system (2nd phase)
2012 - -
250 55 250 0.0
@ &
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Fig. 5. Water quality changes due to investment of load reduction measures.
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