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ABSTRACT : The purpose of this study is to analyze emergy flows of rice for evaluating the value of rice production and
sustainability. Emergy analysis evaluates the sustainability of systems or processes considering all the inputs to make a product or a
sevice. In this study, we analyzed the emergy flows and indices of rice productionand compared the regional emergy values using
statisticcal analysis: input materials, hours per unit area(10a), and production costs. As the results, we found that the rates of external
investment (EIR= 18.87) and environmental loading (ELR=21.7) are significantly high during the rice cultivation. However, emergy
yield ratio(EYR) shows that rice is a valuable resource because EYR is 5.12 and environmental Sustainability IndexSI value is as
low as 0.24 and it shows rice has low sustainability. This study also shows that Chungcheongnam-do has the highest SI value for
rice production due to low environmental loading and abundant natural energy during rice cultivation. These results of rice emergy
flows and sustainability assessments could provide a way of sustainable rice cultivation with decrease of environmental loading from

fertilizer.
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(a) Solar heat energy

(b) Wind speed (70m)

Figure 1. Natural Solar and Wind Resources in South
Korea (from KIER)
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Table 1. State-level input data for Emergy Analysis (per 10a)

Content Energy Unit Country GG GW CB CN JB IN GB GN Remarks
average
solar* |kwh/ni/day| 376 | 337 | 352 | 358 | 362 | 355 | 374 | 360 | 372
Natural | wind* m/s 378 | 286 | 422 | 430 | 459 | 467 | 535 | 503 | 465 Renewable
resource rain n 560.13 | 496.67 | 554.97 | 629.35 | 525.60 | 544.49 | 543.56 | 472.64 | 586.09
soil erosion|  g/nf 228.00 | 228.00 | 228.00 | 228.00 | 228.00 | 228.00 | 228.00 | 228.00 | 228.00 | Non-renewable
seed kg 7.15 572 | 699 | 631 | 724 | 804 | 816 | 660 | 6.67
N kg 1553 | 2146 | 1293 | 957 | 2036 | 1400 | 1817 | 574 | 13.09
I . P kg 538 | 10.14 | 323 178 | 675 | 379 | 637 | 175 | 508 | Goods and
B Materials K ke 233 | 443 151 | 078 | 2.88 169 | 269 | 080 | 218 assets
u pestcide ke 040 | 040 040 | 040 | 040 | 040 | 040 | 040 | 040
t
lzvﬂa%g;‘*oﬁ o 417.41 | 347.88 | 423.00 | 396.55 | 445.60 | 370.13 | 381.36 | 456.68 | 434.61
Energy labor hr 1347 | 1189 | 1622 | 1444 | 1358 | 13.16 | 1338 | 1410 | 13.23 Applied energy
and labor | popor hr 586 | 1025 | 524 | 397 | 973 | 255 | 416 | 459 | 440 | and labor
Capital land won | 239,054 | 234,658 | 188,145 | 211,482 | 248,046 | 302,490 | 223,582 | 237,974 | 195,701 Canital semvi
. apital service
SErviCe | capital won 21,670 | 19,992 | 24,175 | 19,162 | 23,912 | 21,300 | 20,136 | 22,375 | 21,328 P
Ouput | fice(rough) ke 657 607 627 666. 688 654 554 685 648 Yield
straw ke 693 899 579 871 746 595 556 599 846 Yield

modified and calculated data based on data of Statistics Korea

*  solar and wind energy are calculated on the basis of data from KIER

** irrigation water: Kim et al., 2013

*** GG: Gyeonggi-do, GW: Gangwon-do, CB: Chungcheongbuk-do, CN: Chungcheongnam-do, JB: Jeollabuk-do, JN: Jeollanam-do,
GB: Gyeongsangbuk-do, GN: Gyeongsangnam-do
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Figure 2. Diagram of the principles of emergy analysis

(Zhang, and Long, 2010) . .
Table 2. Emergy metrics and index

Em,- — TT,; Ei, 1) Name and abbreviation Formula
Yield (Y) Y
] ) Renewable Emergy flow (R) R
Em; : Solar emergy flow of i material or asset Non-renewable emergy flow (N) N
Tr; : Solar Transformity Imported emergy flow (F) F
E. : Energy flow of © material or asset Emergy yield ratio (EYR) Y/F
Emergy investment ratio (EIR) F / (RtN)
o2 A o MR ZHe Table 29} 2-& o)A X Environmental loading ratio (ELR) (F+N) / R
Environmental sustainability index (SI) (EYR) / (ELR)

vol. 20, no. 4, 2014 37



OJAIR] - B - A1l

3. 947 AP

B ATNHE oA BAME B =il 7
A AU AR BAH %7l sl A
2 sgom, oE 9lsl WA B % GIs AnE F@
AR FEII AR B ADE BH S Relsho]
STy AT BAolAE @A) w=HAlcke] A
Aol g HPoA 58S BAsT 1 A9 B4
A A&AsAe Angon, ¥ AL ol8d vl
olecleee =Y A9 1 AxMsE Avngcy
S 2R AR 02 Adsgel BE v 589
Aolg sk A 4L vasigc

Statistics

[
I T
Analysis data
National Analysis Regional Analysis
[

Emergy flow during
rice production by
province

GIS data

Emergy flow
including straw-
to-bioethanol

during rice
production

[
Value of resources and Regional characteristics of
environmental sustainability energy flow for rice production

Figure 3. Research processes for emergy analysis
based on statistical and GIS data

‘ Emergy flow

1. T= B4E 01S8t HHK| 24

NHA = &9 WF 10a T FUEL L ojuix| 9} 4
AStAch AA A A9 d= H
71#o 2 31H 2™ Choe et al.(2003)
T5 TAZ W] ASYSFE 190¢-S 7HH3A T
RENUAE =FAl g% & FAEN H
FS 7Eo

4 =4 F 24 <, ZEY 22 714 HsY
A ASE viyge g dHolEHE AP,
714 Hl89] 7% Yun et al(2011)8] AFAIZ 7|FE0
2 gl gol met gtk =3 =90 A9, By
A= Kim et al.(2013)9] E¥A= A+ 23 T I8 ¢
HE wgoz 4bgetga, Wwiee Afode EF 9
H g EOZ & Age 7Eo 2 2Bgetth wof
9] Aol A As7F MR EA8HA] 2o} Lee(2012)
o] TEIETH ATEHIANE nigoz dulste A3t
Atk =E5EH 599 A FANRE FAE ol&3to

i
tlo
2
ox
o
fu
tlo Az

3

¢

Jo l’é{ fo Iy
H

ol &
o -1m@
e

M

@
[0}
ofr
T
=
1t
é
N
o

=
=
Ny
fot
N
<
N
r

ANUA R 23T =5E e
7|Eo R 4o, FE 9
2989 Af avlEs VEoR kTt

Table 3> FUEZE A= B A8 oA &
A ARE dHAE Uelle BYddudAl 7lE @9l
& (sej: solar emjoules)E LFER 7] 93] AR&3F 257
Fob EHE AASHL Ut o] JheH =g A
HIRE =5 sdste ATE A8stdon, oux]
B4 ARE 7 ARS 233 Aee x3skA] o
£ E4 9 duATS iR AuEE HeE
TE3k AAISHATE

= ALt gt ol MAE B3 A Figure 4), A
A oHA F AR 24%E A3, FUEH0)
35%, =5 T FHo| 38%E ZHZt xAETh #A)
A=A 73%E A= FY=E 9 oduA 7hed
M 2 e Ve f4aE FEHoE yeiyen, ¥
AR 25 IPARE, Al 1A 845 4R Aoz &
A= AT

A= AFE F dFolA FYEe oA HEES Y
ERli= EIRS 18872 "¢ A UElRTh ol 549
A5 AdoA 4L AUATE Wadx E7-etal Bl 79
A D 71AIE Ao g T 9RoA BEE o] =2
7] W&l Zew #odth 34 HIgs Uehe
ELRS] 7% Izt &5 93t &2 oA 355 /M
AS =2 #E 7HAeE =Wy AS 2173 AR
E3 0.9 1993 ASE vl E 483 ojge
ole] S43.004 Y942 ELR 3 Hws] & u
(Ulgiati and Brown, 1998) AFAAlH BT} 2jFoAl FUF]
= FYAUATE ddHo® w558 ongith

Az"lel & 71Y=E YE= EYR(Emergy Yield
Ratio)2] 7% FdH oo nHls| 1 4AF=Eo] 10]3}
o] #Es UEhlE A9 Ado=ZA VA7 fle Al2H
S ougth SEvet =He] A s 2R B
23 Al 2DE AYozZR JAIZE dSS YERa
}.
A& X 4%(SI, environmental Sustainability Index)= 4}
=] AYALH A ik Fastel dEET 7Y
g AR, A&7 fEiAE ZEAU Al2Eo]
E8 EYRS 7HAal W& ELRE 7}Aof 3t} A&7
T kol 10]8ke] A AM7E B3-S vk, 108
o F A5 el @ #H ZeF 137 104k]e] A5 A
o] HYFl FEE =k 20059 ElUEr T4
o] AL A&EA A7} 255 AANE 1y HE AN
S} 19899 olgE]ol Y2 0.172 A|&Ado] HojXith
I FHEATHLee et al, 2005). ©]S 7|FoE B o ¢

M
ok

>

N

¥ o



AMA A4S T =H

o

Aarel 2 7 Bk

Table 3. Emergy flow of input and output during rice paddy production

Item | Raw data | Unit | Transformity | Solar emergy (sej) | Reference
Renewable sources (R)
Solar 2.13E+12 J 1.00E+00 sej/J 2.13E+12 Odum, 1996
Wind 1,152,619,852 J 1.50E+03 sej/J 1.73E+12 Odum, 1996
Rain 2,767,019,229 ] 1.82E+04 sej/J 5.04E+13 Odum, 1996
Non-renewable sources (N)
Soil erosion | 103,076,064 | J [ 7.40E+04 [ sej 7.63E+12 Odum, 1996
Goods and assets (F1)
Seed 7.15 kg 9.70E+08 sej/g 6.94E+12 Bastianoni et al., 2001
N 15.53 kg 4.60E+09 sej/g 7.14E+13 Odum, 1996
P 5.38 kg 1.78E+10 sej/g 9.58E+13 Odum, 1996
K 233 kg 1.10E+09 sej/g 2.56E+12 Odum, 1996
Pesticide 0.40 kg 1.48E+10 sej/g 5.92E+12 Brandt-Williams, 2001
Irrigation water 41741 m 9.10E+05 sej/g 3.80E+14 Buenfil, 2001
Applied energy and labor (F2)
labor 17,620,444 ] 4.50E+06 sej/J 7.93E+13 Campbell et al., 2005
motor 4,905,992,000 ] 1.07E+05 sej/J 5.25E+14 Odum and Odum, 2000
Capital (F3)
capital service | 255.11 | s | L50E+12 | seif$ 3.83E+14 Saga et al., 2007
Output (Y)
rice (Y1) 657 kg 4.47E+09 sej/g 2.93E+15 Liu et al., 2012
rice straw (Y2) 693 kg 4.38E+09 sej/g 3.03E+15 Liu et al., 2012
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Figure 4. Emergy flow of materials and assets
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Table 4. Emergy flow and indices (significant figure :3)

Value
Ttem not including | including
capital capital

Renewable Emergy flow (R) 542E+13
Non-renewable emergy flow (N) 7.63E+12
Imported emergy flow (F) 1.17E+15 1.55E+15
Total Emergy flow(R+N+F) 1.20E+15 1.61E+15
Emergy indices
Emergy investment ratio (EIR) 18.9 25.1
Environmental loading ratio(ELR) 21.7 40.9
Emergy yield ratio (EYR) 5.12 3.85
Sustainable index (SI) 0.236 0.094
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Table 5. Coefficients of rice straw-to-bioethanol yield

Yield Blogthanol Epergy n Transformity
Item (ke/10a) yield Bioethanol (seil))
(Lkg) (ML) !
Rice 693 025 2.1 3.837E+05
straw

Table 6. Emergy flow and indices including bioethanol
from rice staw

Item Value
Yield (Y) 7.44E+15
Renewable Emergy flow (R) 5.42E+13
Non-renewable emergy flow (N) 7.63E+12
Imported emergy flow (F) 2.15E+15
Emergy yield ratio (EYR) 3.48E+01
Emergy investment ratio (EIR) 3.99E+01
Environmental loading ratio (ELR) 3.45E+00
Environmental sustainability index (SI) 8.66E-02
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Figure 5. Regional emergy flow of renewable
sources(R), Non-renewable sources(N), Goods and
assets(F1), Applied energy and labor(F2) and
Capital(F3)
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Figure 6. Emergy flow of natural resources (solar,
wind, rain, and soil erosion) by province during rice
paddy production
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Figure 7. Emergy flow of input material and applied
energy by province during rice production

Table 7. Emergy index by province
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Contents GG GW CB CN B IN GB GN

ELR not including capital 33.99 20.05 14.68 3043 14.71 18.25 20.33 17.93
including capital 55.53 39.87 30.96 51.90 34.93 36.30 41.13 34.58

EYR not including capital 4.15 4.93 7.63 3.99 6.99 4.85 5.79 6.39
including capital 3.37 3.83 5.52 3.19 4.37 3.58 4.17 4.88

ST not including capital 0.12 0.25 0.52 0.13 0.48 0.27 0.29 0.36
including capital 0.06 0.10 0.18 0.06 0.13 0.10 0.10 0.14

* GG: Gyeonggi-do, GW: Gangwon-do, CB: Chungcheongbuk-do, CN: Chungcheongnam-do, JB: Jeollabuk-do, JN: Jeollanam-do,

GB: Gyeongsangbuk-do, GN: Gyeongsangnam-do
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