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Abstract: Many changes in the scale and structure of the Korean rice cropping system
have been made over the past few decades. Still, insufficient research has been
conducted on the sustainability of this system. This study analyzed changes in the
Korean rice cropping system’s sustainability from a system ecology perspective using
an emergy approach. For this purpose, an emergy table was created for the Korean rice
cropping system in 2011, 2016, and 202, and an emergy-based indicator analysis was
performed. The emergy analysis showed that the total emergy input to the rice cropping
system decreased from 10,744E + 18 sej year ' to 8,342E+ 18 sej year™' due to decreases
in paddy field areas from 2011 to 2021, and the proportion of renewable resources
decreased by 1.4%. The emergy input per area (ha) was found to have decreased from
13.13E+15sej ha™ year' in 2011 to 11.89E+ 15 sej ha™ year™" in 2021, and the leading
cause was a decrease in nitrogen fertilizer usage and working hours. The amount of
emergy used to grow 1 g of rice stayed the same between 2016 and 2021 (specific
emergy: 13.3E+09 sej g™"), but the sustainability of the rice cropping system (emergy
sustainability index, ESI) continued to decrease (2011: 0.107, 2016: 0.088, and 2021:
0.086). This study provides quantitative information on the emergy input structure and
characteristics of Korean rice cropping systems. The results of this study can be used as
a valuable reference in establishing measures to improve the ecological sustainability of
the Korean rice cropping system.

Keywords: emergy analysis, emergy table, sustainability, specific emergy, emergy based
index
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Y (Oryza sativa L.)= A AlA 19| of Axto] 340
2 g-gsh= F-837F A2 Clth(FAO 2018). 5351, # AHl
HA-2 A A2 9] 11% 7S Ao 5kl W
O] Fehel A2 ¢IFto] HF k= AR 9 21%E ARt
TH(Yuan et al. 2021). A AAIH S 2 +85]+= He A7
o] E o]4o]ZITH(FAO 2018), )17 S7tell oI5t A=k 4=
8 37FE 1HPS o B LS AEH o= Sojuof
o Ao 7 FAE I Itk (Schneider and Asch 2020).
2hA], A 2 S 90% oY= Btk oo A
o2 A A4 W A RS 597] 1% k8 A
Zofigieh EAQ A Ait=el =, 1 dAlof HIE
', B, Bk 59 2010 & A4 (production)
= 1960t et HI S mf oF 186% S7HAAL, A& AJ4F
“d (productivity)-=> ¢F 124% /3= 3lth(Devkota et al.
2019). SHAIE, & Agite] SHE et A4, Q) 2 vl
29} FoF] AT T F7H S ™ (Devkota et al.
2019), HE Alist] $18F =2 A |27t 9 J
oFe= ARl o &2 Wslskal Qloh A AlA| 30% 2] BH-E
7, 14%°] Hl=&, 10%2] Foto] WAt FU= T Q55
QS ol (Yuan et al. 2021), Bl'5AF Al 28 (rice cropping
system)©] ZAHAES] B&4 e ml|= ol digh
o5 & 42 Alg et At & 4= QlTh

FEuete] BEAL A|AE O] Hoh= 9 B A4k
= 2to)7F Qlek. A5t wote] Hsk= QIgh 11g & A&
H|gFe] A= <16l (Jeong et al. 2021), -2 H2te] HIE
et = WA 19909 1219 haollAl 20221 709t ha
T AEH o7 A om, B AiEES oF 38% ATl
TH(KOSIS 2023). SHARE, o] 7|7t F<t HEARS 917t &
o Aol A& 07 g5E o] tFEo] =o] TAHSL
O™ (Ray et al. 2015), 71A2FE2] 571 7H Al A
S7F 50 AL BE2 AN 917 o9 #igkEo] o]
FolF &, Selutete] HEAr Al L' AL
Sh7] f1_t HA12 o A|RE At BE 9 A5 QHY
o]7] f1gt o= WISl & & Stk SHA|Y
2t XA Fx o7t MEAL A AE 9 2| &75/3
2] & FEFS Tw0] AFEA| FATE BlFAF A AF 9
%7782 Aleg AAAHERE of 2t 473, A, 1 24
o HHstA At o] Qg2 A¢FS Wi (Yang ef al. 2021),
HEAE A 2O 2| & 715 dof tiRt Adjt A4 o] A3
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Emergy analysis for the Korean rice cropping system

E|ojof of A|ARIS] G-git A&T7HEA Atelo] #E A
< 37] 918t e o] F 5t (Shen et al. 2021).

71&9] &7 9 A Y A&7l HigE A
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3t S QIZke] f= 38l ASsH]
wzol, 2atA o i Alage thefet 44 a4 W &
ol tigt T A&7 Hsde B ] oot ©] 2
gt HAIE FEo5H7] fIol, 2ol ™A (emergy) B
o] AH, 27, Atde ZA theFRt Al2d=e] it A
ol 28530 UTh(Li et al. 2023). ©] YHES A 2H

2t T 249 7 E A9 A 7HA] "idlell shie &
&7 AAE7] SIsl A7 o2 AR o U A (energy)
E= A7 (exergy)© THY AHAE 7o = A AH
B7tot= E7 ] Atk (Brown and Ulgiati 2004). ©]2
g AlA|lo] s I Q192 4 )
4 9 oq7]9] 552 &Y @9 (solar emjoule
solar emergy Joule, sej) = SIS = QA 5=, A|
o] A&7Fs= FAA R B 4 = o=
2} (Eyni-Nargeseh et al. 2023). of|# %] 2415 o]§
A A2J0) 2577 B7tE = (Li et al. 2023),
|t (Eyni-Nargeseh et al. 2023), ©|&2]°}(Cristiano
2021), ZF= (Lewandowska-Czarnecka et al. 2019) 52
=7t A EEsHA g Qe W, = 5 2okl
A 285 Atele F5] Eath & A9 Sud AT Al
7F Qo1 (Lee et al. 2005), 20161301 HH 2| TYEH
oM 2] 714 (geobiosphere emergy baseline, GEBagis;
Brown et al. 2016) ¥} A 75t 2F ol Tigl of 2] A4t
"5 (Brown and Ulgiati 2016)°] BF9E 4 gl3lal, A&
& 2] Z-83F Hlo B 7 Al )l A7} .

2 AFoME =l HEA AL o] A&TsAd Hs)
£ oA HEES o8t 24 AAlstL Aot
gt ol z] glol&2 23st] flsl, ol FdH= a4
(item)E 21572 ARSI O™, Li et al. (2023)2]
of] whet =2 A2 & O] ©9f o[ 2] g (unit emergy value,
UEV)2 Al'dsto] £40f &8t 244 H ofHA] Hlol&
= 7oz, ofz] 7|gke] A & AlrkS 4235k 2011,
2016', 20218 HgAF Al AFS] S R4 H, =
o] A7+ Zyfe} Blwsto] S WEAL AlLE O] A&7 bs

4 AFelg B7ch
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B A= 20119, 20164, 20219 2] U] B354}
A AL B4 giit Al A"l o7 At Qejuhete)

HEARE ol A o] RZ| L qlovt 87l = (715,
T, SAEE, AeRL, depds, A4E8E, 73
) 7F HA] = WA 0] 96%, & AYARFS] 96.2% 5 AHA]
1 QOB F (KOSIS 2023), ©] AFER AT A AH Q]
£ ST 2011, 2016, 20211 0f A
T W A A AR Y] HA-2 7F7) 818,315 ha, 746,235
ha, 701,940 ha®lo™, & (23 7|F) BAFS 242
676,174%, 675,874, 625,481 %=°]1THKOSIS 2023). &
T A99] 20114, 20169, 2021 A2 742} 1,702
mm, 1,241 mm, 1,231 mm%1, B 712 12.05°C,
13.24°C, 13.26°CTHKMA 2023).

2.2, Emergy &M

o # 2] £49-2 Odum (1996) ] ®Holl wh2t A| Ale] &
A== BE 7HERE oA ZhS “solar emjoules (sej)”
ofel= B oA A Telz Hesto] LEhm, 29 A
@A Y-S Sl Y E: (1) energy systems language
(ESL) diagram 7] & 214, (2) oM A] At 2 of[w] 2] H]
©]= (emergy table) 27d, (3) oM A] 2|3 (emergy-based
index) AAT 9 24, Al2Hlof] EEE RE A Q19
A ofuz] Bl 249 % W A7E sej= WG]
S4l+= unit emergy value (UEV)7} 8% g +
doade g4 Ala"e] wet UEVE #Fel7t 971 of
woll, 2= UEVE &7 WelA 23 AdEsE 2ol 7t
At EshARt ddH oz 718 dlolE o dHATE EA
St} wh2bA, Li et al. (2023)°] AR “recent, new, and
authoritative” ¥2]°| w2t UEVE A= &, U] H
SAF AILETE FARRE 2] AJAE ] tiet - Foll A
UHANE A7Ake] 22 A+ AHE THSE UEVE 2
Bok3lth. & AolA BE UEVY 7]5to] B= 7t #|
T FAEE= & DA olHA] 2 (geobiosphere
emergy baseline E4= global emergy baseline, GEB)->
Ao A 17 E XA ZEQ1 GEBaois=12E+24 sej year™
(Brown et al. 2016)5 AH8-5AT. WA, o] 42 it
1 GEBaois €19] gh& 7|HFC.2 41" UEVE GEBaoss 7|

484 (©2023. Korean Society of Environmental Biology.
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2.2.1, Energy systems language diagram

of 2] F4o] A thAl= ESL tholo] 1o 2 A of
& A 2FlE EAISHE Zlo|th ESL tholol 132 Odum
(1994)°] At energy systems language®] 7| 252 &
A, A|A”O] AlF7HA A Al A" R B - 9
Aol o] thefet &4 Ti= o]0 355 UERd 2
9] Rl BEAE Al 2~81e] ESL tholo] 185 Fig. 1
of Wt} ol 2] W 2ol Ae Al2gof] FlE= o
Hz o] FHozA HYD, X F, 24 AR 572l
A2} (tripartite) G412 (exergy source)< 1l=|sfoF St
Z|RF(Odum 1996), 2= B&A = 2A40] FFe o] ¢
o8z F FFO ATt o5t (Eyni-Nargeseh
et al. 2023). LFN A FY == oM 2] (emergy source)
O 2 A HgAtoll AREEE Fa%t Q191 AL T,
=, A9, =, Fof, k5do] o] 240 2ot

o,

2.2.2, Emergy flow accounting

oMz EA4 0] & A dA = M2 555 FA5t
7] 91l Aladle] EQlEle e E-} o x]e] AdA
550] 7|A4H oM H7} Ho]E (emergy evaluation
table, EET)& 2d5h= Zlo|th. AAH ESL diagram=
7IHte 2, =l HsAr Ala"o] B E= 489 oY
A& AEF AEE 552 Odum (1996) 2]
o2t 5o Al IEo s EREUT (1) AY7HsRE 2
¥ (renewable resources, R): Y E, A g, =4, STAE
o] 3}atA oy x|, FHFET2] 2FH (geopotential)
T 354 oz, (2) A B7Hs 7 A (nonrenewable
resources, N): E 7-71= (4] olaf| &4, Z|5k=r, (3)
A28l eRo A Q19)H o= BRI oMY (imported
sources, F): & 3% (37, 3¢, 5, A48, vz 6%
(A&, QL ZE, 4, B9 7718), 5o, T4k ks o
2bAl, EETOl= 2% 21719] @=50] BisAL A|2Hlof| ¢
Hie B4 9 oyzjgez xatr]glom, 7F o] AA
SEIUEVE 7|WHe = o2 7F AlLT= It

2.2.3. Emerg-based indices
oM 2] 2A49] Al A HA= M EETE ©]-85t
o[ 2] 7|9t 2| & (emergy-based indices)E 4t&E5t= A
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Fig. 1. System diagram of the Korean rice cropping system. Solid lines represent the flow of energy or matter, while dotted lines indicate
the dissipation of energy within the system. A detailed explanation of the symbols in energy systems diagrams can be found in Odum (1994,

1996).

ofrt. o =] 7Rk Z]E% oheret MY e

THARGE QLo 2 AFelME ARt o g de

e oAl 20| HA x]ua AFE9TH ZF B E
o2 2t (Odum 1996; Zhong et al. 2018).

(1) Renewable fraction of emergy use (%REN)=R/U. %
714 Ue A2l 98 F oMA (R+N+F)E 9
njRtet, o] A EE ALl FYEE WA 5 A
7Fs’t ALY HlgS UER R, gho] S5 A 2H
O] A &7Fs/do] ekl weke 4 gl
(2) Emergy investment ratio (EIR) =F/(R+N). ©] | &=
P 2R BAHE oA (A7 + A8 =7
2Ryl thgt Ql9jH o FlH °ﬂU17<H H&S o
BhfiRg, gto] 245 A9A omA] Tl tigt 9
T} EoF A2’ o] A&7 o] ‘;%E‘ri’ et 4
Atk
(3) Emergy yield ratio (EYR)=U/F. ©] A3+ YA
F315 offmx]of theh £l A oM 2] 9] a2
LERH, o] gho] 245 Q191 o= FRlH o9
ot Al2lo] Aibd o] k= A ofm|Ritt,
(4) Environmental loading ratio (ELR) = (N + F)/R. ©| %]

L Eolw |7t 249 jE] LRSS 2
Tt QA91AR1 A 9] HlE-S YEtlH, o] Zlo] 245
| ¥= €74 24 (environmental pressure)

15} (environmental load) 7} =tH= Z< 9

(5) Emergy sustainability index (ESI) =EYR/ELR. ©] #]
B A 2go] W B g ool e v e
Uehl= 222, ELR HH] EYRO| H-&2 ALHET
o] %Io] —:LZ,:E i]—ﬁxq OPEﬂoﬂ H]gﬁ }\]/\Eﬂg AHA}/H o]
O AR ootz AU 58 9 A4k

g2 st o AgH,

(6) Specific emergy= U/Output. ©] Z|F= T/ Al A7l o]

Sdolu A3t T2 AAtsh| flo AR o HAE
BN, sej 9] TSI HAIB, o] Fho] 242 5
gt o] HEEL A 919 L oA} 2

L AL oulgi,

23, A3 1t&

S AR A2 Y Ak 2 gt
5 ouALe] da A2E S5 98, BA B3
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Y HAHI A (EGIS 2023) 014 HiZSH= 30 m s E
5 EXNEA S &8ato] U] 5449 2
shIgct, EX0E 5= ofd] ofof] A4 ZgH

0|z & 7|Hto g2 A= 201132 HsAL Al AL
Landsat 7 $1/d°] 2008~2010A°l Zgsto] AztH EZ|
o2 g e AL8st97, 20167} 2021192 HAL A]
AHLS Landsat 8 $1/3°] 2018~2019d 9] EFsto] A2}
H EXuE ARE 485ttt EX0E 25 0] T34
BRE J|xo= JARE /MEE (KMA 2023)°] 23
717452t = (Automated Synoptic Observing System,
ASOS)OIA A7 A LA, 8712, I3, &
BH-EE ARE FEOl] &8I oH, AR 1=

SRTM4 90 m DEM (Digital Elevation Model) At=5 &

o

w10 of

—

ATt (Jarvis et al. 2008). $HH, 2| Gof 23t o HZ] 5
EA517] 18] =R AA g AT Yo Algste A=A
FHEXEE S O W (Kim ef al. 2019), FU-EF
2|5t AFERFS 42t A TR S HA| A
(WAMIS 2023) 3 =725t HAE (NGIC 2023)°114]
A-gote BAREE o853t

ANH o2 EQIEE oAU = F, 5k, T4}, o
ol gt A5 I7FEAIEZE (KOSIS 2023) 0l 4] Al&
sk BAIRRAA 53 = HEAF A AH] AS-
H AR HE, A7 E FRE FES & A= AFEA A
H7t d sty gigoll, SA% o] Yot ute] 22 o H
SEAH| A (MDIS 2023) 27 =7H7|3o] ARG 4}
. (raw data) & FE5}0] of| 2] 4 o] L8513t

o 18 o oo

Table 1. Annual raw flow of items input into the Korean rice cropping system. A detailed description of the raw flow calculation can be

found in Supplementary Section Al.

Raw flow for each year (unit year™)

Note ltem Unit
20M 2016 2021
Renewable resources (R)

1 Sunlight J 3.49E+19 3.00E+19 3.14E+19

2 Earth cycle, geothermal J 2.16E+15 1.97E+15 1.86E+15

3 Wind, kinetic J 4.21E+16 2.86E+16 2.22E+16

4 Evaporation, chemical J 1.89E+16 1.34E+16 1.21E+16

5 Runoff, geopotential J 9.79E+15 702E+15 6.38E+15

6 Runoff, chemical J 4.26E+16 3.00E+16 2.73E+16

Nonrenewable resources (N)
7 Soil erosion J 4.83E+15 4.40E+15 4.14E+15
8 Groundwater J 6.60E+14 6.35E+14 3.40E+14
Imported sources (F)

9 Fuels, diesel J 8.51E+14 9.51E+14 9.61E+14
10 Fuels, gasoline J 4.07E+14 4.23E+14 4.35E+14
1 Fuels, kerosene J 8.56E+13 1.20E+14 9.79E+13
12 Electricity J 9.44E+13 2.25E+14 1.97E+14
13 Fertilizer, nitrogen g 5.14E+10 3.54E+10 2.10E+10
14 Fertilizer, phosphorus g 9.00E+08 5.78E+08 4.24E+09
15 Fertilizer, potash g 8.59E+08 2.33E+08 5.63E+08
16 Fertilizer, silicate g 1.85E+11 1.90E+11 8.45E+10
17 Fertilizer, compound g 3.54E+11 3.43E+11 3.68E+11
18 Fertilizer, organic g 1.60E+12 1.92E+12 1.35E+12
19 Pesticides g 2.45E+09 1.94E+09 1.68E+09
20 Seed J 8.57E+14 735E+14 6.63E+14
21 Labor hr 1.19E+08 7.86E+07 6.76E+07

Exports (V)
22 Paddy rice g 6.76E+11 6.76E+11 6.25E+11

486 ©2023. Korean Society of Environmental Biology.



3.2 1
3.1. Rice cropping systemof] £2=l = of|{ x|

HEAF A2l FQlH 21572 B4 9 ofjuf x|t A
Abgl Hofl tigt 2011, 20164, 20219°] AAE (raw
data)Z 7|¥FC & (Table 1), olHA] Hlo]E-2 2ttt
(Table 2). o|HZ] BA A} RE ALox] A FFE50
5}5H4] of| 1] %] (6th item: runoff, chemical)7} H-5At A|&

Emergy analysis for the Korean rice cropping system

ol £A5= A7 A (R)S tEsh= 2o & U
Efeteh =l WsAt AlA”l o] B s ol 2]e] 271 &
Holl Az, o Hlm, 5, A4 vl 0% & HlES
2ok Aoz BAE Ik 2011183} 2021 Atelof] <
kA 2"l BYEE Ad7FsE AL AYETHS T
AL (F) 9] oM A]= ZYZ}F 326E+18 sej year™!, 131E+18
sej year ! TAGITE 71 717HERE, AIAH] QJFofA] Q191A

o2 2Q1E oA (F) 1,946E+18 sej year' A4

Table 2. Annual emergy flow of items input into the Korean rice cropping system

Emergy flow for each year

Note [tem (seruEn\i/t’U Reference for UEV (E+18 6] year™')
20M 2016 2021
Renewable resources (R)
1 Sunlight 1.00E+00 by definition 34.87 30.02 31.40
2 Earth cycle, geothermal 4.90E+03 Brown and Ulgiati (2016) 10.60 9.66 9.09
Sum of tripartite sources 45.47 39.69 40.49

3 Wind, kinetic 8.00E+02 Brown and Ulgiati (2016) 33.68 22.86 1774

4 Evaporation, chemical 700E+03 Brown and Ulgiati (2016) 132.63 93.46 84.97

5 Runoff, geopotential 1.28E+04 Brown and Ulgiati (2016) 125.34 89.84 81.68

6 Runoff, chemical 2.13E+04 Brown and Ulgiati (2016) 90772 639.77 581.69

Largest of 2nd and 3rd sources 90772 639.77 581.69
Total emergy of R? 90772 639.77 581.69
Nonrenewable resources (N)

7 Soil erosion 9.41E+04 afterb Odum (1996) 45415 414.14 389.56

8 Groundwater 2.06E+05 after Odum (1996) 136.13 130.91 70.02

Total emergy of N 590.27 545.05 459.58
Imported sources (F)

9 Fuels, diesel 1.43E+05 after Brown et al. (2011) 121.73 136.03 13740
10 Fuels, gasoline 1.48E+05 after Brown et al. (2011) 60.21 62.66 64.42
1 Fuels, kerosene 1.45E+05 after Brown et al. (2011) 12.41 1741 14.20
12 Electricity 2.21E+05 after Odum (1996) 20.86 49.75 43.63
13 Fertilizers, nitrogen 3.06E+10 after Brandt-Williams (1999) 1,573.48 1,082.66 642.77
14 Fertilizers, phosphate 2.80E+10 after Brandt-Williams (1999) 25.20 16.19 118.66
15 Fertilizers, potash 2.21E+09 after Odum (1996) 1.90 0.52 1.22
16 Fertilizers, silicate 5.46E+08 after Pan et al. (2016) 101.10 103.76 46.18
17 Fertilizers, compound 1.15E+10 calculated 4,066.21 3,942.11 4,229.49
18 Fertilizers, organic 2.96E+08 Amiri et al. (2021) 474.09 56787 400.73
19 Pesticides 1.88E+10 after Brown and Arding (1991) 46.15 36.48 31.67
20 Seed 8.41E+04 after Odum (1996) 72.13 61.82 55.72
21 Labor 2.24E+13 calculated 2,671.18 1,759.53 1,614.37

Total emergy of F 9,246.66 7.836.78 7.300.46
Total emergy used (U) 10,744.85 9,021.61 8,341.73

“the total emergy of renewable resources is calculated as the largest between the sum of the tripartite sources and the largest of secondary and tertiary
sources to avoid double counting (Brown and Ulgiati 2016)

bvalue converted based on GEBagis

http://www.koseb.org
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o, A, e o HlE =2
= vehth 20219 BlEAR ALLE ] £
(U)= 201137} H| W5} 2,403E +18 sej year™ At
S = Uehth

201630 BlsAl A|2H”lof] FQlH oM x]= 20119
H|wsho], e o 2 RE d= AL (R+N)9| HIEC] 0.8%
HAFAL AR WA L] Hlgo] FTIRE Ao 1t
EFRtTh(Fig. 2). 2021499 020 E d= JYE}
55 Aol E9]0] 2016 HH] 0.5% A O™, Q1A
Q1 ol 2] 9] Hl-&o] 0.6% F7H3T. 2THA 0=, 2021
of HE AL Al2|of FQld Q191A Q1 o MA] o] |5t
£ Hlgo] 109 HHET} 1.4% S7HE A0 2 Yebtt

= H 3] [e)
o Qi PEe

—~ 1204
3
> 100 =3 R
— == N
o /= F
g 80 -
+
w
> 601 86.1%
kel
= 86.9%
5 j 87.5%
= 40
£
3 20
o 5.5% 6,0%‘ 5.5%
uE_, i 8.4% 7.1%» l7.0%
2011 2016 2021
Year

Fig. 2. Comparison of the total emergy and the ratio of renewable
resource (R), nonrenewable resource (N), and imported source
(F) input into the Korean rice cropping system in 2011, 2016, and
2021.

20
(a) =
15 == 2016
== 2021
10 A
5,
=)

=
g
d

N
o

Emergy flow change (E+13 sej ha'' year’1)
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W5 AF A2 EHof] Bl ThH A (ha) T oA S H] L
ot A3} 201195 H 20219712 XA O F 1.24E+15

sej ha™' year™ A%t A o= LEFSITH(Table 3). 2011
A3 20163 Atolol= A9z FPHE ofH Aol
0.80E+15 sej ha™ year™ ZAxsto], FQJE F o] A4
O] thF-E-S A1t 201697 2021 Atololl= A7
Fs} 2}t ZHAg%ﬂ»—B} X}QJQETH Add 01]131 117}

i, O]Hﬂo] ol =] —‘nz—?:}fi 0.10E+15 sej ha™" year™

2011L4 tiH] 2016qu4’ 2021L4°ﬂ HAG £ I99A
Q1 AL (F)2] SE Fig. 3°ﬂ e ST F4E o
2] STHO| A, HES- (item 10), 5 (item
11), A8 (item 12)2> A% Z7HI1, 2 Y= (item 15),

734 (item 9), ¥

Table 3. Annual emergy flow per 1 ha in the Korean rice cropping
system

Emergy flow for each year

Sa- -1
Emergy input* (E+15 sejha™" year™)

2011 2016 2021
Total emergy of R 11 0.86 0.83
Total emergy of N 0.72 0.73 0.66
Total emergy of F 11.30 10.50 10.40
Total emergy used (U) 13.13 12.09 11.89

*renewable resource, R; nonrenewable resource, N; imported source, £

100 A == 2016
== 2021

-50 4

-100 4

-150

13 17 21
Item number

Fig. 3. Emergy flow change by item in 2016 and 2021 compared to 2011. (a) ltems that changed by less than 20E+13 sej ha™' year™ and (b)

items that changed by more than 20E+13sej™" year™".
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B9 (item 19), T4 (item 20)= &% A4S AR ‘/]’E}
oL, o 2] 9] M3lrt A7) 3kt (Fig. 3a). BH, ¢
Bz (2l 4, #718)= 2011 tiv] 2016197} 202
| o] F3to] Ate AvE Bk 201197 Hlﬂé}oi
201637} 2021 FUH Q191 o] HE}o] FQ3t
8212 HA4 v E (item 13), % H| & (item 17), 5
(item 21).2.2 YEFSTH(Fig. 3b). 20118 ©]% 23 H|&
ARE-2] F7tol Ot oM 2] FQlo] 2A| F7IRE WA, HA
Hlm ARE B I BAIRe] A7t & Q191211 o 2] &4
T HAE ol Ao YEyit

3.3. Emergy-based indices H|

H3sA} A 2=lof| tigh %RENT} EIRS 5U5H]|, 2011
WAHRE 202197H2] 2|&7Fs/do] AlEaiA dastal o
= HolF8lt} (Fig. 4a). 55|, %REN-> 2011~2016'3 Al
olofl 0.014 ZATH F 20210l HST A9l gl HHdA,
EIR2 2016~20213 Atelolt 0.397 S71eto 244 Q1914

0.10 ~ (a) r 8.0
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A~ EIR :
0.05 50
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Year
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—@— ESI "o
0.1 === Specific emergy T
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0.10 \
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a
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¢l o] F]lofl tieh o]EL T} A|&A 072 ol )
BT olet fALSHA|, M AL Al AF 9] of 7] &

o o] A4S (EYR) T 218 8= (ELR) SHOlA = 2011
GRH 20219704 HAF ofebe Zlo = FAE I (Fig.
4b). AHu}A] oz H=X} A|AH0] HE= SHA ofg tjjd]| A)
A3 (ESD)Z 2021 7H ‘;l?&ﬂr(Flg 4¢). LT TH
o] HE Aufstr] 1ol =Y F- ollH ] (specific emergy)
+ 20114 15.9E+09 sej g 'ollAl 2016 13.3E+09 sej g™
= gaglo 2021900 § ol fAAskA] ¢ Aew

UERSTH (Fig. 4c).

4. 1 %

4.1, o} x| 22X A

S B AT AL e
P & JmAE l+14 o 0}01 2021% 7=

1201 (p) - 14
A
1.18 -
= - 13
1.16 &
1 = v
5 s 2 g
114 —®
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A ELR
1.10 . : : 10
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Fig. 4. Changes in emergy-based index values in 2011, 2016, and 2021. (a) Renewable fraction of emergy use (%REN), emergy investment
ratio (EIR), (b) emergy yield ratio (EYR), environmental loading ratio (ELR), and (c) emergy sustainability index (ESI) and specific emergy.
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% 11.89E+15 sej ha™' year™ St (Table 3). o]2]3t A}
© ol Hare =e] A AR|of] vlsl] A s] ¥ ghe
E2H, U WA Al L' o 2] Fio] Bl A A2 A
22 Uedith oS S9, S 3% (Guangzhou)
ofl Al =5 Aol A= B A2} (double cropping) ! 73
% 28.5E+15sej ha™' year™!, B2} TFE ZHES ¢ A
t 739 28.1E+15~45.2E+15 sej ha™
year 9] oHZ|7} BYJE = Ao w EASHTH(Li et al.
2023). Chen et al. (2021) F=1 FFA2 (Quanjiao) &
of sl =3 oMA] Ao A, o] LREARl HE
AF 2141 rice-fallow rotations WEE HEAL A|AF Y
34.0E+15 sej ha™ year 0] FYHTH H5HIch 3L
o]gho] T A AEF(Khuzestan) 501 thall ~HE Aol A
+ HEA
planting)©ll @2} 26.9E+15~41.6E+15 sej ha™ year™ ]
|27t BYJE= AR AHESHITH(Eyni-Nargeseh
et al. 2023). SFATE =W HEAF AL A B 1 g2 A
Asb7] f1el FAE= oM A (specific emergy) = 2021
W 7] 13.3E+09 sej g S (Fig. 4c), - THH =2
AAH (T2 3.63E+09 sej ¢!, Chen et al. 2021; S
2.66E+09~8.48E+09 sej g™', Li et al. 2023; ©|3t:
4.39E+09~6.66E+09 sej g ', Eyni-Nargeseh et al. 2023)
Hot 2 Aor FAHAN. wEhbA, omz] 24 S
A, =l AR Al 2ERE 28 2T o U A E AA B9
Sh= A|AEO| AT B o 2] tjv] Agibeke Yrpal
Atk ol A= Sl o BlAF Al AF o] ek
7] $1% Zlo] obd &e] FHolut Aul o] 5873
A7) et Ao s ekt ol
Z3RE -, UEVE A8k, AMgS
O] A=, 2 W Sofl ZFol7t e 4= 371
wofl, ol =] ghel A2 Bl aof| digh AR siAell=
A7 & 4= STt (He et al. 2020).
off 2] Z7]4ke] 2] E= AL o] gholl HIs) Hi Al
2”0l £ A o] FAdof ot g E T
7] dlzoll, A+ ko] mlue] o F-8 4 vt =4l H
SAF A 2~F19] %RENT} EIRE 212} 7.0~8.4%, 6.17~7.01
O & AL O™ (Fig. 4a), Ol oleollA] 43H A+
(Eyni-Nargeseh et al. 2023)°142] 20.36~22.95%, 1.66~
1.99¢}F Bl 8l wf, AAB7Hst 273 Aol digt oJ&
Eg]- /\]/\Eﬂ_,] ;(",4_7].;_/\-101 /\]—EHZ-] oz _3_71] 7<1:l S o

i (crop rotation) @t

H (dry bed seedling, wet bed seedling, trans-
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njgte}, =] HsAR AAF O] Q1A S QAR
of mht g 4= Q= A (EYR)2 1.14~1.1622, 5
=] A7 AL (1.02~1.03, Li et al. 2023)Hth= 11 0]
2] AH| (1.50~1.60, Eyni-Nargeseh et al. 2023) Hth=
2 kS UEHnt o] e fAtehA|, 2784 o Sl
T S BisAF A AE](10.83~13.34)2 o]2He] HEAL A]
271(3.85~4.65)°1 H|3l B & A= Ueyith F4H 2
A 2 oz]e] o5t A o thH] A AH 9] A4
SH(ES)ONAME = BEAF A2/ (0.09~0.11)2 T
(0.07~0.23)2] I Al LAT= FAFSEAL o]=h(0.32~
0.40) Hrte W2 o= AUt (Eyni-Nargeseh et al.
2023; Li et al. 2023). o|=2I3t A5 Sobotd, =W H-s
AP AR oM 2] T 9] 21&71sd SHAlA STt
FASALE ofE 9ot ofghat Bl WS w= A B
ThL & 4= Qlth | 0]9]9] 5 AlAHof tht A At
7H2] Sfist, =] B EAL A| AR ofm 2] Z|Hk 2]&57F
53 SHESHONA = T Al (Xiao et al. 2022)2} 7H.
a] Al (Wang et al. 2019)2] Y AAH, EHE 5 A&
&l (Lewandowska-Czarnecka et al. 2019) 2.t} g5}t
HhH | o]2ho] AR (shallot) AHR A28 (Amiri et al. 2021)
T 24 A4 Aef A2~ (Asgharipour et al. 2020), T+
28 5 A2R (Al et al. 2019)ETHE A&7sAd0] =
2 Aagolztal & &= 9k, Aol whah th Al AE 9
e, A5, =] F7 5ol 2pol7t o), 2 A+ =
9] &A A AR} v 7FERE S U HsAE Al A" O] 24
7V’ Ak Ak Al sieh g ol 2] B4 Autet 3
7l 28] s AR AF ] Lz} Auf W T2 A5 24

=2 0 Lty |
stof Mo R, T w20 A47beA
L IR e SRk o 281 4 S Aok,

4.2, X|£7Hs582] Wt

omz] B4 At 719, Al U, AFRA -2 A @
¢19] Hsle] FeFe 7] ghzel, 24 Ao whet ¥EAd
2 B & Qlth(Liu et al. 2019). & AT Ax}o] M=,
T WS AR A AH O] 2]E7HsdE 20117 H 2021
7H2] A&H 0w Akl Q= 202 UEHTH(Fig. 4).
Lewandowska-Czarnecka et al. (2019)-2 oM %] A&
7|Hto 2 EHT F} A A0 2&57HEAS 2002~2003
WAt 2009~2012H0 = FESto] HlwW g At {-ojn|gh
2tol 5 ZRIskA] 3. o] 2} [FAFSHA, 200418 7-E] 2018



W7HA 0] T 5 AlLEe B4R Aatel Ak ofjH #]
Zyle] 47154 (BSDS FEG Z7 FAIS ehA)
UTH(Xiao et al. 2022). LE2] AT, S 5H A~
Eﬂ_g] i]-ﬁxq ol—aﬂ (ELR)_ 1}1_5] % ]. ].oﬂ 014- A]/\Eﬂ_q
A BYR)E B Z71eto] 75% o= 24754 A
EESHE 9 528 9A5= A BAE Q) vhe
Liu et al. (2019)-> 2006~2015 %OLH =9 3171 A
A A AL"HS A, ALE7FeA Y] Hst FA1E
HEo] 9= 1& (Group 1: Qinghai, Ningxia, Shandong,
Tianjin, Hebei, Xinjiang), #27F £33t 15 (Group 2:
Shaanxi, Gansu, Jilin, Henan, Tibet), F&d0] 232t
Z15% (Group 3: Shanghai, Beijing, Guangdong, Hunan,
Sichuan 5) 2.2 oIt & A FolA2] U WEAk
Al2"lof| Tt 24 A= Group 20 £ 4= 3UTh Liu
et al. (2019)2 ©] 159 A|&7HsA49] Tart 4Hd 5
04 7]/R 9,1-_9_01] E_‘:L;G;G _g_o]o] 01_0_ ]E %_—rl.g].j_’ ;(H
Ve A B8] 2 D A9 ool 7] 59 oy ke
5210) 2p0] 2 242 a<lo] § 4eh) E Ao
= Aottt of —“%’—‘4 Ao} uprkriz =, 2 A A

NHE 5 7] ol ot FAE oA v A4t &
£9] F7}(specific emergy®] 74, Fig. 4c), =t HA}
Al2dl oz FoldE AY7Hs e AHd o] A4 (Table 3), ¢
A2 oA 2] T ks o] HlE 742 (2011': 0.289, 2021
1&: 0.207; Table 2)7F I ek, whebAl, =W Bl5AF A
2E O] oz S A&7 0] s A Ao £
A Ha 9 BsARe] 7AISke St ot Ao= wohd
o o, 2Hg o = R E WAL Al 2= BRlEE omA|
9T, 38 52 A EAo] 2] el & A+
o] A7t £ Axe] EolAQl Axelx] Hets| kst

71oe A ot A A o] aL AREA Q] ¥ AL Al 2H]
O] ofjHz] W2} ek de =lstr] sk, B 717kl thet
A oo 2] A4S FF L oot ok

TN

43,37 U BT A7 WY

2 Aol e = st =
£ omz] o2& 7|Hte g EAG oL, e AFoA=
7R Eojof & HAEE 7HA AL Qiek A, = 2H - 4
A AA A ado] ¥t H Huwet UEVZE Al4tE]ofof gt
o}, A Adle] Qs = om 2] & B 7set At A
AE7FsSH ZH 9] UEVE Odum (1996)3 Brown and

Emergy analysis for the Korean rice cropping system

Ulgiati (2016)°1 2]l *% %QMOL} Q1919 24 (A=,

W2, %9 5)9] UV 7} i A|eaE Aot g
Tt 2 ol A= Liet al (2023)94 UEV A1d] 993
& Fotl o, BE AL 440 UEVE A3 4F
Fo1 A9 AHolek AAZ 28 Sl ek, wret
/\1 ;]LLH =0 /\]/\EﬂOl?r_ E?:}th:} S} O]HZ—] ;(]-_?_] ol
A= UEV F& A77t &% = ofof ot o
g2, B ATE ) A DAY PO of

Solaitka Aot B8, vt Al2ge] Aue

A47k5E WA Shol, Fag A S Fao
B Ak A2 & A7t HA] etk o wkE
(Eyni-Nargeseh et al. 2023), 54 5 HAA &8 (Xiong
and Wu 2022), 2= #-& (Wang et al. 2021), TH2} (multi-
cropping) *82] (Li et al. 2023) 52 &Y AlLFOR F4
e olH R o] F2E WA 7|aL Aoz A AH 9|
A&7Fs/dol daFe nldeh mEbA, Sl HEAE A4
o] A&7Fs/d< o e olsfistr] flsiAe, Al4H
o] F+xE5 ¢& FAISFstaL oA ARESHL Y= o

S Al AS e Bart Qi

52 B

Al %Oﬂ FAH omA] T2 WIS FASH oH 7]
7|5Ee] 2| BE o]goto] A|AHY] A &75/3-& HII6Hel
1:]- T'b_l_/l 7:1_,)r %LH tﬂl"—/\]- }\]/KEN_,] ;(]_,_7}‘—/l-]8 2011
WHE 2021971A] A&2 02 FAste Ao= UEE
t}, olejet Ait= 7R A A e 2 HE U] H
FAF AR 2 R oA 9] Faet 7 ARk &
7hel oJgt Ao = wotETh SHH, U] HEAl Al AE
2011~201641 717t B2t FURL FFo] HE ikt 9
3 BUEE F oA = Zag ot 201697 2021
2 A9 FYS Aoz EAEE o]23t A= 2016
~2021'8 7|3tol| AR 2] &7HeAdE WEHA7RA] <
A o] B HlEE SO A S olF

oA = Z3the A oJnlgich whbA], S HlsA A
AR122016~2021E Atolof] 2|&7Hs7d SHA F84
Q1 HrgFo 2 WSttty wd 4= glok. ¢ ) 5ol
%1 UEVE AFEstal A7]3ke] uff Ao thgh o 2] 4]
& R, =W WEAE A|AE O] AREA Q] A&7

B Ao AE 20114, 2016, 20211 =] H5A
P
=]

O

http://www.koseb.org 491



| I
Korean J. Environ. Biol. 41(4) : 482-496 (2023)

st ofalie 4 9 loleh Ea, Th
eIt oful x| BAL vt A2Ee] 4
A AL 1T e nhele] Faw e

At A @7 =] Bls A A AERe et 2 S
oA B HEF /lglo, o] A|AEC] A&7 Aol
g A= T2 o] FHAA] Fth & ATl A= ol
AU o]-g5to], A2’ AEfehe] ToflA =
2H O] 2] &71s/d WSkE RAskaat Y o]

= 915014, 2011, 2016, 202118 2] = BlisA} AJAH]
of thgt ol 2] Blo]&-S& Aot om=] 7|8 &
A& st olm 2] 74 A3 2011~2021 F<HE]
=2 o] whet WA Al ARl FQlE F ofm 7]
10,744E+18 sej year 'Ol 4] 8,342E+18 sej year ' & A
1, A7 L] vl 1.4% AAF 2o YE
Wk WA (ha) FYE IHAE 2011 13.13E+15 sej
ha™ year'°lA] 2021'd 11.89E+15 sej ha™ year = #4
FAC R FAEI, A Hlm AR 9 = F AR 3
27F 5 flolgint. ¥ 1g& Aelishs b FYsE= 9
2= 201637} 20218 Atelof] HSE7F §131.0 W (specific
emergy: 13.3E+09 sej g™'), BI5A A|2H 9] A]&47H54
(emergy sustainability index, ESI)-<> 2011d5-E] 2021
G7kA] AldsiA dobl Zle 2 UebdTh(2011E: 0.107,
2016': 0.088, 2021: 0.086). & A= = HEAF Al
A0 o 2] B 2 W EA o] Tt AFAQ ARE
Al o] A7 b= =l HsAF Al 2F 2] AE A 2
Hets A5ote Ul 4% ARR

i)
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SUPPLEMENTARY MATERIALS

Al. Emergy flow calculation

All emergy flows in this study were calculated based
on GEBag16=12.0E+24 seJ year ' (Brown et al. 2016).
UEV calculated using criteria other than GEBag1s was
converted and applied based on the GEB2gi6 standard.
The numbering of each item described below corre-
sponds to the item numbers in Tables 1 and 2. Raw
flow values for the years 2011, 2016, and 2021 in each
item are presented in brackets in order. The raw flow
values were converted to values per ha by dividing by
the paddy field areas of 818,315 ha, 746,235 ha, and
701,940 ha in 2011, 2016, and 2021, respectively.

1 - Sunlight

Raw flow (J year'l): [area, {818,315, 746,235, 701,940}
ha] x [10,000 m? ha™!] x [solar energy, {5,045, 4,762,
5,295} MJ m™ year'l] x [1—albedo, 0.885 (Susaki et al.
2007)] x [Carnot efficiency, 0.9545 (Brown and Ulgiati
2016)]

UEYV (sej unit™): 1.00E+00, by definition

2 - Earth cycle, geothermal

Raw flow (J year'l): [area, {818,315, 746,235, 701,940}
ha] x [10,000 m* ha™'] x [heat flow, {88.225, 88.2125,
88.2125} mW m™] x[0.001] s mW™]x[31,536,000 s
year '] x [Carnot efficiency, 0.095 (Zhong et al. 2018)]

UEV (sej unit™): 4.90E+03, Brown and Ulgiati (2016)

3 - Wind, kinetic

Raw flow (] year™): [area, {818,315, 746,235, 701,940}
ha] x[10,000 m* ha™'] x [air density, 1.23 kg m™] x
[drag coefficient, 0.00164 (Garrant 1992)] X [wind ab-
sorbed, {4.325, 3.919, 3.676} m s 113 %[31,536,000 s
year™']

UEYV (sej unit™"): 8.00E+02, Brown and Ulgiati (2016)

4 - Evaporation, chemical

Raw flow (J year™): [annual precipitation +agricult-
ural water, {1.49E+10, 1.05E+10, 9.53E+19} m® year'l]
X [evapotranspiration rate, 0.27 (Kim et al. 2014)] x
[Gibbs free energy, 4,720 ] kg™ (Brown and Ulgiati
2016)]

UEV (sej unit™): 7.00E+03, Brown and Ulgiati (2016)

Emergy analysis for the Korean rice cropping system

5 - Runoff, geopotential

Raw flow (J year™): [annual precipitation +agri-
cultural water, {1.49E+10, 1.05E+10, 9.53E+19} m?
year'l] X [runoff rate, 0.61 (Kim et al. 2014)] x [average
elevation, {110.175, 112.063, 112.063} m] x [gravity, 9.8
m s % [1,000kg m™]

UEV (sej unit™): 1.28E+04, Brown and Ulgiati (2016)

6 - Runoff, chemical

Raw flow (J year™): [annual precipitation +agricult-
ural water, {1.49E+10, 1.05E+10, 9.53E+19} m® year'l]
X [runoff rate, 0.61 (Kim et al. 2014)] x[1,000 kg
m™] x [Gibbs free energy, 4,700] kg™' (Brown and Ulg-
iati 2016)]

UEV (sej unit™"): 2.13E+04, Brown and Ulgiati (2016)

7 - Soil erosion

Raw flow (J year‘l): [area, {818,315, 746,235, 701,940}
ha] x [soil loss rate, 10t ha™ year™ (Kim et al. 2020)] x
[organic matter content, 26.1g kg™ (Lee et al. 2021)] x
[organic matter energy, 5,400 kcal kg™'] x [energy con-
version, 4,186 ] kcal™]

UEV (sej unit™): 9.41E+04, value converted from
Odum (1996)

8 - Groundwater

Raw flow (J year™): [groundwater, {139,910,672,
134,549,196, 71,962,854} m® year™'] X [Gibbs free energy,
4,720] kg™' (Brown and Ulgiati 2016)]

UEV (sej unit™): 2.06E+05, value converted from
Odum (1996)

9 - Fuels, diesel

Raw flow (] year™"): [area, {818,315, 746,235, 701,940}
ha] x [diesel usage, {27.5, 33.72, 36.21} L ha™" year™'] x
[energy conversion, 37.8 MJ L™ (KEEI 2022)]

UEV (sej unit™): 1.43E+05, value converted from
Brown et al. (2011)

10 - Fuels, gasoline

Raw flow (] year™"): [area, {818,315, 746,235, 701,940}
ha] x [gasoline usage, {15.3, 17.5, 19.1} L ha™ year™']
X [energy conversion, 32.4 MJ L™ (KEEI 2022)]

UEV (sej unit™): 1.48E+05, value converted from
Brown et al. (2011)
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11 - Fuels, kerosene
Raw flow (J year'l): [area, {818,315, 746,235, 701,940}
ha] x [kerosene usage, {2.86, 4.40, 3.81} L ha™' year™'] x
[energy conversion, 36.6 MJ L' (KEEI 2022)]
UEV (sej unit™): 1.45E+05, value converted from
Brown et al. (2011)

12 - Electricity

Raw flow (J year™"): [area, {818,315, 746,235, 701,940}
ha] x [electricity usage, {32.04, 83.79, 78.12} kW ha™
year '] x [conversion, 3,600,000 ] kW]

UEV (sej unit™): 2.21E+05, value converted from
Odum (1996)

13 - Fertilizer, nitrogen

Raw flow (g year"): [area, {818,315, 746,235, 701,940}
ha] x [nitrogen fertilizer usage, {6.28, 4.74, 2.99} kg (10
a) ' year']

UEV (sej unit™): 3.06E+10, value converted from
Brandt-Williams (1999)

14 - Fertilizer, phosphorus

Raw flow (g year'l): [area, {818,315, 746,235, 701,940}
ha] x [phosphorus fertilizer usage, {0.110, 0.078, 0.604}
kg(10a) "' year™]

UEV (sej unit™): 2.80E+10, value converted from
Brandt-Williams (1999)

15 - Fertilizer, potash

Raw flow (g year™"): [area, {818,315, 746,235, 701,940}
ha] x [potash fertilizer usage, {0.105, 0.031, 0.079} kg
(10 a) " year™]

UEV (sej unit™): 2.21E+09, value converted from
Odum (1996)

16 - Fertilizer, silicate

Raw flow (g year™'): [area, {818,315, 746,235, 701,940}
ha] x [silicate fertilizer usage, {22.62, 25.45, 12.04} kg
(10 a) " year™]
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UEV (sej unit™): 5.46E+08, value converted from
Pan et al. (2016)

17 - Fertilizer, compound

Raw flow (g year™"): [area, {818,315, 746,235, 701,940}
ha] x [compound fertilizer usage, {43.21, 45.94, 52.40}
kg (10 a) ' year™]

UEV (sej unit™): 1.15E+10, calculated based on
NPK ratio (21:17:17).

18 - Fertilizer, organic

Raw flow (g year'l): [area, {818,315, 746,235, 701,940}
ha] x [organic fertilizer usage, {195.7, 257.1, 192.9} kg
(10a) " year™]

UEV (sej unit™): 2.96E+08, Amiri et al. (2021)

19 - Pesticides

Raw flow (g year'l): [area, {818,315, 746,235, 701,940}
ha] x [pesticides usage, {195.7, 257.1, 192.9} kg ha™
year™']

UEV (sej unit™): 1.88E+10, value converted from
Brown and Arding (1991)

20 - Seed

Raw flow (] year™): [area, {818,315, 746,235, 701,940}
ha] x [seed usage, {7.13, 6.70, 6.42} kg (10 a)™" year '] x
[seed energy, 14.7 M] kg™' (AghaAlikhani et al. 2013)]

UEV (sej unit™): 8.41E+04, value converted from
Odum (1996)

21 - Labor

Raw flow (hr year™): [area, {818,315, 746,235,
701,940} ha] x [working hour, {14.57, 10.53, 9.63} hr (10
a)” year™]

UEV (sej unit™): 2.24E+13, calculated according to
Li et al. (2023): UEVL=(MLxEMR)/ (365%8). UEV:
labor UEV, My: average salary of the rice farming in-
dustry (KOSIS 2023), and EMR: Korea emergy/money
ratio (NEAD 2015).



