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Emergy evaluation of a refuse—derived fuel processing

facility in Wonju, Korea

Jin A Im

Department of Ecological engineering, Graduate school,

Pukyoung National University

Abstract

In Korea, wastes are disposed of through landfilling, incineration, and ocean
dumping. Recognizing the limited capacity of the environment in treating
wastes, the Korean government has adopted a zero-waste society policy in
which the generation of- wastes is minimized first” and then those wastes
generated are reused. or~recycled. The waste-to—energy initiative is one of
several initiatives proposed—to “realize—the zero-waste society. The initiative
supports development of technologies, such as refuse-derived fuel (RDF)
production, biogas extraction, landfill gas recovery, and incineration heat
recovery, to extract or recover useful energy from wastes.

RDF is a solid fuel produced by mechanically crushing, separating, drying,
and molding combustible solid wastes such as papers, woods, plastics, and the
like into a cylindrical form. The RDF processing has recently been recognized
as a viable alternative to landfilling and ocean dumping because it could

provide a stable source of solid fuels, save landfill capacity by reducing the
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volume of wastes to be filled. Construction of several RDF processing facilities
is underway or planned in Korea.

This study carried out an emergy evaluation on a refuse-derived fuel
processing facility in the city of Wonju, Korea, to evaluate the macroeconomic
contribution of solid fuels produced and compare its costs and benefits to see
if the project were feasible in the emergy perspective. The emergy
methodology is a system evaluation tool that uses energy as the common
currency to compare different resources on a common basis. The Wonju RDF
processing facility uses combustible wastes collected in the city of Wonju to
produce solid fuels, with a processing capacity of 80. tons/day. Only direct
benefits and costs-of the facility were considered in this study because of lack
of data and information on the~indirect tbenefits and costs. Direct benefits of
the Wonju RDEF facility inecluded RDF production and reduced landfill cost, and
direct costs considered | were costs for construction, and operation and
maintenance.

The emergy quantiy in the combustible solid wastes treated by the Wonju
RDF processing “facility . was 1.51x10" sej/yr and their emvalue was calculated
as 5.65 billion emW/yr. This—means that the. facility prévented the loss of
useful resources with a potential worth of~5.65-billion em¥ in 2007. The
facility also contributed to increasing the lifetime of the Wonju Landfill nearby
by reducing the amount of wastes to be filled by about 4% of its annual
landfill treatment in 2007. Total emergy input required to produce 5801 ton of
RDF was 3.57x10" sej/yr, resulting in the solar transformity of the RDF of
3.22x10° J/yr. The emvalue of RDF produced in the facility was calculated as
13.4 billion em¥/yr which is the real wealth contribution of the facility to the
Korean society. The emergy yield ratio of the Wonju RDF processing facility
was calculated as 1.73, implying that the facility contributed more to the

economy beyond the investment costs required to construct and operate.
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Direct emergy benefits of the Wonju RDF processing facility were calculated
as 1.42x10" em¥/yr and direct emergy costs as 7.75%10° em¥/yr. This gave a
net emergy benefit of 6.41 billion emW/yr for the facility and the emergy
benefit/cost ratio was calculated as 1.83. The emergy benefit-cost evaluation
revealed that the facility was a feasible project for the solid waste management
of Wonju in the emergy perspective. This study suggested that RDF processing
facilities could be an effective solid waste disposal alternative in building a
sustainable zero-waste society. Further studies are needed to provide better
information for the national waste management policy with indirect benefits
and costs of RDF processing facilities included in the emergy benefit-cost

evaluation.
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Table 2.1. Changes in the composition of domestic wastes over time
in Korea(MOE et al., 2008)

(unit: ton/day)

2002 2003 2004 2005 2006 2007
Total 35302 | 35786 | 35,142 | 33,670 | 22,739 | 21,937
Subtotal 30,079 | 30,118 | 29,439 | 29,213 | 18520 | 18,159
food 11,397 | 11,398 | 11,464 | 12977 1,910 698
Combustible _ -
paper 5,641 5,624 5,735 5,473 5,166 5,586
wastes
wood 2,400 2,424 2,421 2,261 2,308 2,425
others 10,641 10,642 9,819 8,502 8911 9,450
Subtotal 5,223 5,668 5,703 4,457 4,219 3,778
used briquets 535 595 574 611 563 -
Incombustible
glasses = = 5 % - 405
wastes
ferrous metals 886 896 845 705 711 570
others 3.802 4.177 4.284 3,141 2,944 2.803

Ty AZlEAe oAdE AR EWE(SA T, 2006, 2008) 74 Al TRl

A8l R A o] - Hot W 7= S v dat=dl HAIZE vk L9l A

27E A Rgo] Aol 7ol wel Aol gdestrie] el o

NUAZ 3F3te 'S LIH(H 7| STy, A2z 75). 2007l
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Fig. 2.4. Changes in the fraction of wastes treated by different
disposal methods over time in Korea(MOE et al., 2008).
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Table 2.2. Statistics-of the Korean landfill facilities in operation
(MOE, 2009)
Number Area Capacity (ﬁlgll:ll]{illetl; Used Residual Remaining
ot | 1000m) | (1000m) poeeiiEs Cio00m) | (16o0m) | lifetime

2008 220 29,468 384,963 9,425 192,498 | 192,465 | 20 years
2007 226 29,251 379,635 10,651 184,286 | 195,349 | 18 years
2006 227 29,213 379,416 10,639 176,499 | 202917 | 19 years
2005 232 28,567 372,111 10,529 166,418 | 205,693 | 20 years
2004 235 28,122 359,917 13,408 158,519 | 201,397 | 15 years
2003 238 28,231 362,508 15,644 150,859 | 211,649 | 14 years
2002 232 28,164 362,561 15,334 140,034 | 222,527 | 15 years
2001 242 28,255 361.648 14,248 126,950 | 234,698 | 17 years
1996 496 12,765 190,088 13,051 80,185 109,903 8 years
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Domestic wastes Fill quantity Bag for garbage separation —

12,504 ton/day
48,843 ton/day 12,801 tonkday recycling residues etc. 97 ton/day

Total daily waste in the sta-| Combustible wastes

tistics Construction wastes | | Fill quantity combustibles 10 ton/day 12,885 ton/day
318,928 ton/day 168,984 ton/day 12,601 ton/day | mixed wastepaper etc. 3,925 ton/day (4.7 million tonlyear)
| industial wastes | | Fill quantity combustibles 371 ton/day +
101,099 ton/day 12,601 ton/day |- incombustibility etc. 8,529 ton/day

Sum
33,376 toniday
12.18 million ton/year)

dumpi sewage sludge 2,507 ton/day |
487 ton/iay . | Wastewster sludge etc. 5,464 ton/day | —
waste lime dust etc. 1,516 ton/day

Organic wastes
20,491 ton/day
(7.48 million ton/day)

livestock manure
131,335 toni/day

ocean dumping 7,100 ton/day

Others
318,928 ton/day.

food waste leachate| | ocean dumping 5420 ton/day A
8,225 ton/day

Fig. 25. Quantity of ~combustible wastes -and organic wastes that

could be used for energy resources(ENVIC, 2008).
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&, 2007).

et SelAE 2008 #Al 77%7F HFo R MEH I Qo] g Sl A
& o] &3 nfo]orta e nPAT T A AU G| o] F
A ok U kA e el AxE wpe] ek AAAIE S 5970 27t 7t

gtk 2007 FE 20116E7bA] 19A], 29 AR o] e 3

AASIAIA 1A, 2ZAA 1704, AZEAE 6374 5 & 814
Bl

A AAE S FFD Aot (@A AL S AL, 2008).

G W @AE A4 As

MYE A7Ee VA deelA vIBEd o8 RaEEy s
Ashsd, 1F 50~60%7F MEIACH)OIH, o] 4k8tEA(COy 7t 35~
39%, 718k 196 miwke] Aba, A, d8hsa, VOCs, ©3lFadt 5o oA
b7 AR (R -, 2008). MR 7E~ (Landfill Gas, LEG) el A %] &}

A3t A TS AT P B2 42 ARe olitste At

Sl A E@E L A= 227700 BEHVE Wy T viErks g
o gt Alde] AAlE X 11AARE ofF At wigrtx 34 olyA
3t A FE R 2wy AREo] e, FEAv A A S
AA A AR S0MiE EHAE S ThEska o, 2007d k= Y
o2 1789 Y] Folg &H vtk 1 ¥l Table 237 o] FAb Atw)

HAA A = 6MiF LAAAES 7Hsstr o, 35 &4, gd 3
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F 5% 24 Uz BoA F 4TI BANLE S o we
$A o MY AE MY kA E QA A Hel FulFo A A3

129 9] Fols S BF+= 201297bA] it WEd 6704, SR
3]

WE7bs B AUAE AdS 5T Aol

Table 2.3. Uses of methane gas recovered from landfills in Korea(MOE,

2008)

Landfills . capacity = recoYered uses
gas (Nm’/min)
total 469
Busan saenggok power. generation oMW 39 gas engine
Gwangju unjeongdong power generation MW 20 gas engine
Daejeon geumgodong power generation 3.4MW 40 gas engine
Pohang hodong power “generation 2MW 19 gas engine
Kunsan naechodong power. generation MW 8 gas engine
Cheongju hakcheonri power generation 1.05MW 10 gas engine
Jeju hoecheondong | power generation 2MW 25 gas engine
Suncheon wangjidong power generation 1.85MW 60 gas engine
Yosu manheungdong | power generation 1.85MW 30 gas engine
Masan deokdong power generation 0.8MW 13 gas engine
Daegu bangcheonri gas supply 187.2 1000m7/day 130 gas engine
Seoul nanjido gas supply 662 1000m7/day 50 boiler fuel
Ulsan seongamdong gas supply 60.5 1000m/day 20 sugzlﬂeze;::lry,
Wonju heungupmyun gas supply 7.6 1000m’/day 5 boiler fuel
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4. A71E 1P AR3 ALY

7hoH7lE 23989 B9

H7e 1PdAE5RDP)= A7= FollA 557, W7 ¢ BA &= &4

Aol dx2A4Y 59 7ty RS 1A e v a4 dEH=

WHE AFE P dAdsolth(Fig. 26, AW EE, 2006, T AL FAL

2008; 75 2008). o] = HE2=EH S 60% ol A =

4 - 55715 (Table 2.4 AgtsiAl Ax3 APAE AFS #HET

¥ 18 A g (Refuse Plastic Fuel, RPF)E} slH, #HElo]o]E Alg3te] 11
]

FAdzAFEe] T4 - 371l AdshA e LG ABAFE HERolofaL

oo
p‘L
s
k=l
ol
re
nl
N

& A g (Tire 'Derived Fuel, TDF)g} 3koh(3k=r23+ 4 2} 9 FAL 5, 2008).

RDF& < #o] 4,000~4500ka/kge= = FAero]l - =F(3,900kal/
k)t o w7|ES o]l&3lng oA K or 7S g
T dE AEE dzmold, aal o ol ygxpglel-Hls] 47z Byl 7}t

ot ARl 54 &yte] &olstth. o)Wl RDF= Algho]8-¢] oy
APoR AREE = S ¥ ooflt HU|ES A AUt JhsstrE

NIA Ao B2} BREAG BN Adsed AT 5 de S
ek el v AHE slwole & & ATk F, 2003 AAA

5, 2006; AltHR, 2001; g2 ARl AE, 2008; €73, 2008).

A

o
I
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Fig. 2.6. Refuse-derived fuel manufactured in the
Wonju refuse—derived fuel processing facility

in Korea.
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Table 2.4. Quality and grade criteria for refuse-derived fuels(ENVIC,
2008)

Types Criteria

combustible solid wastes that are not crushed, ground
or cut are prossed, heated or rubbed to produce
products with consistent shape and size; the cross
section of the products should be circular through out
the column with a diameter of less than 30mm and a
length of less than 100mm

RDF

] combustible solid wastes. that are not crushed, ground
L. shape and size or cut are prossed, heated. or rubbed to produce
RPE products with consistent shape- and size; the cross
section of the products should be circular with a
diameter of less than 50mm. and a length of less than
i 120mm

sorted, crushed and cut to produce products with the
TDF same size, with final products with a length less than
120mm on the longest side

2. low heating' value > 3500 kal/kg (for RPF and TDF, > 6,000 kal/kg)
3. moisture < 10% of RDF weight
4. ash(dry) < 20% of RDF weight (for TDF, £ 4% weight)
5. chlorine(dry) < 2% of RDF weight
6. sulfur(dry) < 0:6% of RDF weight (for TDF, < 2% weight))
Hg < 1.20mg/kg
Cd < 9mg/ke
7. metal(dry)
Pb < 200mg/kg
As < 13mg/ke
I > 6,500 kal/kg
1. heating value 1 5,500~6,500 led/ke
» m 4500~5,500 lal/kg
v v 3500~ 4,500 kal/ke
y I < 05%
. 2. chlorine a 0.5%~1%
concentration(dry) m 19%~1.5%
v 1.5% ~2%
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2, Ak gheads FolA o] &3 f lon,
2L o] &7bsetrh(3E -, 2008).

S-gutels QS RDFE AME 24 2o Algata o, 954 4
Abell W3-8 RDF A8HdelE AAste] RDFE HYeds= A&
ATFA AAE AAR S A §- 2006 8
20089 7€714 RDFE A=z AMge A¥ oyx dAztg¥adrt Azr
LISSTOER 7 5| A (3t $H 4 2k & A, 2008). Het 9 52T (T <)l
RDF #dgxdes dxste] A Ay A7k vz Azraast
648TOEZ FAHHAT. 2 Yoz 2011d £35S HxZ dFA o 10Med
o] tl¥ RDF A&HHNLE A43 1 JrH(A A4, 2008).

o H7IE AP AES AL S Ak
(1) A

7h F+HAHED)

FHAge] vl P43 (Landfill Directive)@} ¥ 7]& 422 % (Waste Incineration
Directive)> RDF¢F 23 #&9= RIS e WA otk migA 3
S AR 2R 7IEAR 5% o)) B A 2RI
e AmiEe FAs o, ¥
Zho dad A FAHE "L
(untreated municipal waste)9] 272 883814 o, AAZHHE AXA

55 s Qe § 712 a4nd Wed 38 34< Adska o
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(B3 A3 AE 2008, 78 ¥ela, 2007, AN, 2008). o] H 7 o]
o= & oA RDF At &go] B &dsAa vk

S A= 1980d ] AlA Hx=E A2 A4 (Mechanical Biological
Treatment, MBT)7| =& 7I%3ste] #H7|ES &8 AE3te] RDFE A4tkst
I Atk MBT+= vl = 9 Hase /714 #A7le3d S22y, £l

T A2 At AN HTIEo]l £H e ul, AR 77 2
g 714 HVIES WAES o &ste] AEsta ndwe] RDF 9
= BAS Adste 7lsolth 20069 VEo R U A 787 Al
A 718 7208 Eo g-AzF 3005 E9] RDFE -AAeta glow g
AL, AHE e 3 st R dss &85t Slvh

L zEgotet ojeE]ol HAMBT 72 ©]&3te] RDFE Aikst gl
=, exEgoks A7 18R £ o8] RDFE A4, HA| Ag7del

o] &3}, ojggolo A= AHE ZEo AZF 979 =] RDFE o83l
o] Hro &= \Hl7]of o A = ¥ ¥ 7| &(Municipal Solid Waste, MSW)2]

40~50%%] 279HES RDFEE A4Este] 189 50 =70 =9 7F4 o= Alql

E 4 wueln Rlomp R el AR 13 gl Az 0% E

Bl gz, flvka oA RDFE Akt i we== F7hatal

A FACITHAFA AR F 5, 2006, 2009; A A ABAE, 2008 A
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(L) vl=

AMNAS H2E 7Heatda, 19759 7Heat7] AlEHeE AmesAlel 2005/
TR AAE HES 309709 4 ¥ EF RDF-AA A|ES AAdskh
A w=e 257] o]4ake] RDF AlzA| A3 3001 718 RDF-A
g 29 ToIHA 5, 2003; $=3A L E AL, 2008; 34, 2009).

aul
ot
%
T
N
B>

Qe AGHZE AL FEE 27 %, W H 15% AEelth 1990dd &
W T A FAaY @R tolSale] vlE g mep s o R 47t
g AL Hol =R AV EAR AR S ARsl AT 19949 Eopuld
E #old AlEe] RDFAIEFE B A9S Aletlal, 19979 o] F
o2l WAFo] W2 TAPAZEE RDF AL AH=Z tiAste] RDFE 22

Hom wolx AHgsHe st Al ide E9skelrh QRO RDF Balst

J

o}t @A 7099782] RDF * 5
I ARG E HHA 1135S 7Fsstar gtk RDE/RPF AAFFS oF 15,000
~20,000%/9 A== stolE RDFAEE o]&3le] o 500MW AEZS 23
stal JTHA 5, 2003; AFFAFAE- B, 2006, 2009; A1) A, 2008).
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(2) = At

el i 1983 M Al FAE wlgAo] Hgom @IS
oz 3 1,500%/Y TFRe RDF A S Akt o] AAde dl
nPARRE =Ygt dl&F Ao AR H7|Ee] Fgo] =i, A
(409% o177k wol 23kE o] Qlo] B 7hsskAl Zaksdth 1990 thell =
TAYGAE TAHSE RDF7F ol AlxHATh 1990d ] Zodl+ &R H

b 7)ol ek 200m' /Y el RDF Al S AFA 845 A543

o, 4PES AFol 100m AEZ AN 2ol or] Helg ol
Sehgich =@ N FE AL BT Psgn Anle) e myor

AN E AR AT deekA Xeha, 19959 A 100=/d T E

°] RDF A2FA A S vl Golden Energy CooperationAl7} A X 35Foich =1

=2
rlr
o,
Hl
=
D
o,
-\
rﬂh
=
=
)
=
-\
ol
-3
>,
2
rlo
a3
>
e
N
N,
K
)
iz
ol

Fou e EAR LSS ekt 19969 19989 3 <
A7 EE ddoE st RDF Az 4AE d=zAdrdat ()
MstolAA PFAIAN ZHs <o T3 5, 2003;
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o wrAdo] wel ool d 4 g
19959208 2ey] oAl BAFAS Adgel et 712 W80
o} RDFE Axsted A% 8740 2AHAT. 0033 = e E g

i

A 9] &84 = (Extended Producer Responsibility, EPR)7} =% l+=d], ©]

ZPAAEoIY 2FAAE AZEo] s AVIES LA o AP

rr

oo

SRS Aol GRE Rolshu, ABE 9FF oA ¥ A¢

AdEel == HE ofds AMARREH Agsts Aot (A

1t
)

B, 2006). °] Aol ZQloZ RDF Aitel xfdo] 7hsshA = At
20061 AFAlol A& HE Agst AldS HAAEke] dA7tA] RDFE A
Aeta lom, W2 AAACA RDF M-S HEStar A, 31 Fo
Atk @Al =] G e FAk) 2008/Y FE S RDF AiAd S 7
Astar glom EHA o] 90E/Y R, FEEA o 103E/Y e RDF
A A ol A HATHA 5, 2008, AFAAHA - 5, 2006, 2009;
Atd, 2001; 2745, 2008).
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5. AlM=A A

ELEEEE

A2k 4

gk

of dagh Aol 899 = dEeHom FaAe] AEoAL
(willingness—to—pay)ell 93] ZAAs o] kvf 2y A T4 7HA= A
o] -2 &l 7lofsh= mkE Hrlehstl HAIE vk AEJAE o] &7
A7k A o] ol 8ot Astel 842 el 503t Ao =T
S GretE R AASE ) Ao I F(real wealth)E B7lebA] st
Atk olE 918 tietoe g Odum2 oYAE 3539 (common currency)®
b AL Aok tHQdum, 1996). ¥ A (emergy) Md-2 dUAE T%
stH| & o]-&elo] g7 &tell 7]ofsk= Asket 894 7o A E HIHE
AMA = fenergy memory' & =4 EHI Aoz, “ IpA An|= A
AEE e A A 0 ZALSE B o8 TheE AUXATE g9
3, ©9+= emjoule= ARE-3HTHOdum, 1996). odlS 5o $E7F £3] F+Y
T U= Folo A E el Al @A HoRgehE U-E wlo] &-Rbeka 7t
ot Eolt QIbe] wsHint ofu}t o] yHrl et dadd
B AU (Y, vig, v, 9SEA, A5, 714 $)I7HA 238k Blolth
A4 oAHA TN M= TE oA E Husty] fal AMgets T F
el ovA = Bl Aoty mekA] el A =RE AlFeto] shte
ArbEo] RHEo A7) 71A] 27 o2 AbEE BE AU TS H oA F
S 7o 2 Yed AS "M X (solar emergy)etal 3FH, ©@¥+= solar

emjoules(sej) & AHE-$HH(Odum, 1996).

|
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L S RS R R

oAM= Jdel A4 =g ke g HAE dyAe FRed de &
& AdE o] 2t FoltHOdum, 1996). oo uke} kel om=] A9
oA Ay wpel zFo] oM oA = jE TRl o] &THe ek dl|AS
HFolluAE 7IEor & duAE giketo] o] &3t

AMA MM AR v FFH AUAZE 7HAE e 4S5 & F 3
T T899 Aol YA X (transformity) 2 UEFHTE o YA WS E =
g 7HA ks oly AHlATE whEolH = - AR FYE A
FA, S oAHMAEF o] Aol 7L e AUAFSRE o] ek, el
ARR-3F 23] Wl emjoules/J; emjoules/g, emjoules/W, emjoules/$ 5 o] &
THOdum, 199).

Fig. 272 Bl A7k Aej=, A4 #44S 7 A A7l A= b
= oY A8k & (energy transformation chain)S X.oj &=tk A3 A1
2ol web gAY sk 40,000J8 Sl UA 7F U Ae U= A
& WEsHA 2] 1) AJR O Fo] Eolee He BT vk Fig. 27
o] A7z 498 A 2HAS meh dyFAsE Ao x] EHEHE o
UAE el Fig. 279014 Al2Eoz So0jo= fAUst X2l ek
oAl 40,000J2 Al=gl oA dojus BE oy Adgkage] 23t

o7 yofgity, weba] o] AJAgle] o mx] Ff#F2 40,000 sej7t H Tk
(WA F2 B FNHAE 7IFo = el ghol Fellm =] 40,000 sej
= 7 @AY duAFeR Yol A U, A, A7) oA g
= 717} 20,000 sej/], 40,000 sei/], 160,000 sej/Jo] W, oA M gte] o
@ol doldE oUuARELEE AL JUAHEL=T}t S5 A4 A

e g Eed, ot duANS AZTE delA 2 X X A

Z
=



3 HOdum, 1983, 1996).

AUARBEE omA] AdoA 7|Fo =z ARgatal 9l

el 2SS Bl AW s = (solar transformity)@} &9,

emjoules per joule(sej/]) ] tHOdum, 1996)

indirect sun
40'000']/ embodied in rain

/4 y

wood
Plants

2J

Geological
action

coal

1J

B ol YA =
o9 solar
Power electricity
>
ghant 1144

Fig. 2.7. Emergy quality chain used to calculate solar transformity

(Odum,1983).
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6. AFAT

7o #7712 A dle A @7t

I QoA owA] JidS o]&stel RDF A S ®7hgk Abels oA
gleh. wepa of7lel A= o] WM ES ol&ste] HI= AP ks
B7EgE =9 AtdlE AESAH. f-Eyetel = obF #H7iE APl wgt
ol x| g7k Abel7h et

Marchettini et~ al.(2007) olZ#ote] ngwr|= #atiets HulsH7]
Aeto] oAy WHES A &8 Ak olEk, o] ATl E HrleAd U
(i, &7, Fuishd = 4, A8, A28 Al 2A= ol oHA Hrt
£ 433}tk Marchettini et al.(2000)2> A& te ugd¥7|E Adgt
< Hlustr] Aete @9 #H7E(g)s Ast=H =& HE&S CdHAR
UeEbd Z, 5ol MR v 8- (emergy costs)Y} ZF HzEE o] H7E
F(g) 33 ALA7L. 4, ] 5)9 oA = @A 2 (emergy
savings)= AlAFeFA Tk o wx| A A} ol mAf Hl-E Alole] H]E UERd
environmental yield ratio= E/H|3}7} 39322 7} =tH(Table 25). =,
Hujstrt £ Bl&oiH] Aejo]l 7 Zvk ol Hle] mlE2 £ olmA
H]-g-0] 19%Rt o] Hejow dgate] b W AdE Bt 1Y
toolm A |l oA Hg Atele] ztm Bkl = ol M A (net
emergy)© A7to] 7B mokth &, 472 thE dickel HlsE] el HUE

g & dvlx fele] A4 A,

o
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Table 2.5. Environmental yvield ratiolemergy savings/emergy investment)
and net emergy of three solid waste treatment alternatives
evaluated by Marchettini et al.(2007)

System Environmental yield ratio Net emergy
Composting 3.93 3.59x10°
Landfilling 0.19 -4.21x10°
Incineration 3.20 3.84x10"

g, ngdEs AY AR 24 0 Al

St Al RDF Aol dish AAAd 248 S+ A2 7149
THAZRDE) Y AAA EH 2 AE=EY #3 AF, B E 5
t}. o] Aol A= RDF A9 AAA B4 =9 Aldol] that HE=

SEEIE S

7]

e

+

ADTE A v § Yolrjar, F A& ow 5= 808/ ol If
oA AVIE 13 10799 d59] vjgo] Bad so® e
o]7]A= RDF Al Zad vl&S dAdvel fA#Au R Fi9
ok dAdu]e] Ag AJA 9 ZTEE ]
A¥], FAA S, 243, A", FE, A7) ¥, ZEA R (AR
Zu] #En]), AE AL A En] RDF £y 2 F238ke] A a9tk Fig.
288 A FEAE AHEue g AN &S ERd Zlelth R
Aglel 71ek AEuer 1du 7 AR ek vl &S Ao A A A=A

it

AA e AL, FAdYE = wA] Q)
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ok 2y RV ARFE 7PN vEe vrelA 1, g7t AA G
H &2 Frhetadnh. AlA o] qfRe] Aaglel HEH] T AR(EH)7E 2HA
E X9 RDF AlZ2A]A A
A7 24000=2 H7ES A 49 RDF Axv 42 F 127,8299/(&-
A7 E) o w2 FAFEJTE o] kel FA#AHIF 965794/ (E-H T E) o R
75.6%% A8, AN (7PN E 31,2509/(B-H 71 E) 22 24.4%
& Tk

F=An) YA B FAH2006)= RDF Alx#Aols= dda Ag7p @ol
avEtE He adske] Ay dsn 8o 93 RDF olyA] 239
&= RDF ou#] 3455 Atstdth(Table 2.7). 71 A3 WAl RDF
AL el YA 8EgS 76.6% ool W, RDF Alkel Al-&3F =}
SArolv A o8l RDFE] @y x| #e] 2ull o] @okr} o] adtol A 43
RDF Al tR e} 22 30%=/d<l Sir8hal Fol 6735k, °F 2,1254]

Bl A7 5 HARS B S Eeh

_0|L
rlr
e
o
o
N
N
o
H
x2
O
of
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ofo
oft
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(@]

o
o
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Table 2.6. Construction and maintenance costs of a RDF processing
facility.‘'with different treatment capacities(SLC, 2006)

(unit : ¥W/ton-waste)

Items Capacity(ton/day)
20 10 30 100 200 400
Waste throughput 6,000 12,000 24000 | 30000 | 60000 | 120,000
(ton/year)

Depreciation 67130 | 60571 31250 | 30093 17747 | 15,160
Labor 37,333 18,667 17,500 14,000 11,667 8,167
Fuel 55250 | 55250 | 51000 | 51000 | 51,000 | 51,000
Slaked lime 1.100 1,100 1,100 1,100 1,100 1,100
Activated carbon 1,150 1.150 1.150 1,150 1,150 1,150
Water 120 120 120 120 120 120
Electricity 9,000 9,000 6,000 6,000 6,000 6,000
Maintenance 10,025 9,045 7,000 6,741 5,300 4527
Management 9,333 4,667 4375 3500 2,917 2,042
Residue disposal 1065 1065 1.065 1,065 1.065 1065
RDF transportation 7.269 7.269 7.269 7.269 7.269 7.269
Total 198776 | 167904 | 127,829 | 122038 | 105334 | 97,600

_88_



100%

80% |— I~
[] Others
[] Fuel

sos _. . | | [ Labor
L . . [l Depreciation

Fercentage (%)

20% |

0%
20 40 80 100 200 400

Facility capacity (ton/day)

Fig. 2.8. Composition -of the operation and maintenance cost of a
refuse—derived fuel processing facility for different processing
capacities(SLC, 2006).

Table 2.7. Energy .recovery rates of a refuse-derived  fuel processing

facility. for- different processing: capacities(SLC, 2006)

scale thr\(z]fgslzimt cc]::rllzztrﬁlc)lttizn consfl“llrlril)tion LIDLE st ooni:liion rIZ:c?\rfizy
ton/year | Gealyear | Mih/year | Gealyear | kiyear | Gealyear | ton/year | Gealyear ke %
20 6,000 | 13812 900 2,025 420 3738 3,330 | 14,985 1,684 76.6
40 12,000 | 27,624 1,800 4,050 840 7,476 6,660 | 29,970 3,367 76.6
80 24,000 | 55,248 2,400 5400 | 1,560 | 13,834 | 13,320 | 59,940 6,735 80.4
100 30,000 | 69,060 3,000 6,750 | 1,950 | 17,355 | 16,650 | 74,925 8,419 80.4
200 60,000 | 138,120 6,000 | 13500 | 3900 | 34,710 | 33,300 | 149,850 16,837 80.4
400 | 120,000 | 276,240 | 12,000 | 27,000 | 7,800 | 69,420 | 66,600 | 299,700 33,674 80.4
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1. @7d2

= ATelA elwA FrE e AR A7)
_?.__

=
Alell = AgErlE 1P AR Aol

A% 9

Stttk = =H), A H 24 1159 A8 AH7F Eler) AJd rEE

AHA 11,276, AFHA 249%6m, AHA 3,148m' o] tH(AFAl, 2009). ¥

AFANA B WA AEA FAMHL P o F

Rt nFARS Adel FYHT webA] Aol #PA Briw #7)

¢

=
7o g2 1E T 605109t} o 7|4 AAkek RDF+= Table 3.1 t}eRHH

RDF #d5+ "ol 2555 ol 2007d 1€ 109 nJdA=AF =+
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Ay 9@ wrEAdd 2 Ydebd $= ok Fig 313 2o A8 Ad& o]&3te]
i, S Bl B @ ArjEe 1, 2
1712 ) oA 1, 2238 s AR F

H| " 345 A3al Ring-Dies type A3 72 &) A vhE=374 2

Table 3.1. Grade examination result for the refuse-derived fuel produced

by the Wonju refuse-derived fuel processing facility, Korea

(www kacrdf.co.kr)
Item Criteria Results grade
diameter < 30 15
RDF size (mm)
length < 100 43
Low heating value (kal/kg) < 3,500 4,569 m
Moisture(%. wt) < 10 1.29
Ash(% wt) ) 18.1
Chlorine(% wt) = 2 0.96 a

Sulfur(%_ wt) < 06 0:31

Hg <1.20 not- detected
Cd e 4] 1.49
Pb < 200 4854

As < 13 not detected
Cr 34.14
Metals Sh 5.47
(mg/kg, dry standard) Co nput 1.98
Cu measurements 60.32
Mn have or provide 137.52
Ni them to end users 16.62

Tl not detected
A% 10.94
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2. AW =R B 7}

oA Brhwhge ol UA AT troloj e A4, olv A BAhE A4,

AMA A4 A T ZA 37HA GARE HHETh

o AUAA2Y trolol 1Y %4

ANw)

S EEPES RS EE
i, AT BHo| wekFR WARES e 9okl FAste A~
welolth, ouAAsE ool s Alsel AestAsl Howard T,
Odum(1996)0]/ kel of 1 2] A2
s, duAA sddole] FlE 7hed] JRE Fig, 3201 A

o L1 7) A 228 rholo] 28 AT & SEAR Lprol AT,

AA, Frtstazt st A2"8 AAE Boted, A" AAe 4

stad st oo MEQD S4L st}

%

0.

gl oloj(energy systems language) & ©|-&3}

=4, 7S A 2R AAVE A E T Al LE ] ol A A AE
2l

AUA AR WF ol|YA LS o YA ¥ 2= (transformity) 7}
=

l-?_
e AR YZoA eE2Zzow wixsta, Ul WAl GANA sobd 5=
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Energy circent. A flow of energy. often with a flow of materials.

—
Q source. Quizide source of energy delivering forces according 1o & program cont
1

rolled from outside! a forcimg function.

Storage. A compatrtment of energy storage within the system storing a quaniity

as the balance of inflows and outflows.

Heat sink. Dispersion-of Dotential energy anto-heat that accompanies all real tra
—i— nsformaton.ffocesses and storages: loss of potenmal*energy from further use

by the s¥vsiem.

Interaction. Process which combine 'different tvpes of energy flows or material

flows to nroduce afl putflow in proportion to'a function of the inflows.

Consumer. Unit |that transforms energy quality. stores it. and feeds it back auto

catalytically to improve inflow.

Produger. Unit that collects and transforms low—quality’ energy uader control in

teractions offmsh—quahty flows.

Transaction. A tnit thatindicates a sale of g00ds ortervices (solid line) in exch

ange for payment of money (dashed). Price is shown as an external source.

Box.Miscellaneous symbol to use for whatever unit or function iz labeled.

Fig. 3.2 Examples of the energy systems language symbols(Odum, 1996).
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4. oleix Hrtw

omxG7Eel F WA dAM = Frd Ao thofo]d
goto] ol HrtxE RFEU dlvA "rRES AP ARl 42 Table
329k 2ot

ol m A HF7bae] A WHA Ael= 4 F=o AR FA 9k olwA Akt

2

o
9

3l=Z= emergy intensity, specific emergyetal FEtHBrown and Ulgiati,
2004). Ar=e) ©9j7h stHIQl 7 5-olli= ol HA| sk H] & (Emergy-Momey Ratio,
EMR)elefal gkt

oAl A delle AldA do] HAA Amet HL Al do] gy
HE =B wroto] AlLkeh-B ol A gh(se)/yr T)= A=

oAl WA dell= 2 HIEES Bl HAS ol ™A sk ¥ & (EMR)
2 Y59 +3 Emvalue(em$/yr, emW/yr )& 7| Y sttt

B Aladlew Folete T oolwAFS B e 74 7Y
ol HgolHAE Yste] Fsh=d, o FHAHA  o]F  A4kdouble
counting) S & oF 3tH(Odum, 1996). oS Eo] A=El XA F<J3s}
= AdgsolA uisd Aes BFdUATL AFE Trdete] A= A
dom Al e "Hstel T oowAFS AxtstH Bl A s olF
ARLsHAl H= etk webA] o] Aol odmA Fhol b & oludA

rob

1

=}
ot
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Table 3.2. Tabular format for the typical emergy evaluation table

No. Item Data unit Solar transformity  Solar emergy Emvalue
I/yr, g/yr, sej/], sei/g em$/yr or

1 $/yr(or sej/$lor-sej/ ), sej/yr, etc emW/yr,
W/yr), etc etc etc

. olm A A5

oAmA Hrkel Al WHA AN = dHA H7lEANAM 7 G ol &
ato] i Alzdle]l EAS wrtekwH w83 WA AFE AL
AMA AFE AT e HIMN A Al "M AR S A LS A
24 W2 fFdste AAEAAESE, v i 53 22 AV
AW A(R), A= HF] AAYE7FsT ol HAN), A28 oA #9]
st oW X ()2 Utk H7 oA Al aEle] HEAES EIFE of v A ek
(Y)& R, N, F& t©lste] T8ttt o] AFoA A&H7|E 1P A53t A
= B7bet=d 283 dHA AF= olH A AN L, emvalue, o A4S
H] & (Emergy Yield Ratio, EYR)®¢|tH(Fig. 3.3).
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(1) ol WA g+ H &

o M A s} ¥ & (EMR) F7FH AAS g7 e # ds ol
A e = o x|t E(emergy buying power of money)S UERITH
(Odum, 1996). EMRe] 7FAstH 22 o sz #ud = e 444
%l F-(real wealth)7} #Hagtthe= A& 9w gty EMRE H7F i A2~ H
ol 1d &t AR F cvAFES 2 efe] AAA FAHGDP, RGDP
IO RE Uo] gkt

(2) Emvalue

Emvalueis B7ta59] elmA &S EMRE Hro| Alllaelsd], o]& &3
WA ge stHlgez HHro]l 7|Ee] [BAl SAAEY dAle Bk}
Hl g 4= 7 k. Emvalued ©9l& ARE-SE EMRoY w2} Emdollar(Em$),
Emwon(EmW) 5oz - Yepdicyh &2 AFois fElvete] 20074
EMR(2.66x10" sej/#)& Totel mgdms) AS B7b5d Emvalues Al

sl

(3) A HALEEH &

N A HEH SEYR)E Bt gA 2ge] Aatd AFE 4B o)A
(V)& Azdl sjelA Fulste] e oo eFlom el T8 g
o=, BN Axwel B4ES dehitkFig. 33). EYRS Alzgel &
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v}

&4 Uetl=dl, EYRo] =2 Al&gle] AFAQl RS Aitst=d glof
742 o] =t} Brown and Ulgiati(2002)e] w2 EYReo] 5H Tt} 2 Az}
o A Y (primary energy source), 2~5%1 7% o]x}o %] Y (secondary
energy source)o.® TEE 4 it} EYRo| 20]8lo|H o LX) Yo = A
AARTE AHAe 4AS THAAY AA duAdET o B My

w5
AE A AS otk

Purchased
Resources
7 ~
i - & Services
Energy b b — r y Yield
sources nvironmen nomic ,~
7' Systems Usa '.‘G-D‘P'l‘_ ....... Z o
V4
\ D,

RE

Yield(Y) = R+N+F
Emegry Money Ratio(EMR) = Y/GDP

Emergy Yield Ratio(EYR) = Y/F

Fig. 3.3. Emergy indices used in this study; R = local renewable emergy
mputs, N = local nonrenewable inputs, F = purchased inputs

from outside the system (Brown and Ulgiati, 1999).
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2. ovx @7t A=

(1) 52 B&AZE 4

n@ARE Aol olvA Foel b PFA A
WS AR Bl Y@ olmA HrhE FAstAc 487 RS RDFY
F9150]7] wpiel RDF A4e] oM Brpel A 4@s7] el L34 ofv]
Age Fo% 48 Aot Ak AR @A Sl A A7) B
ANv)A) BrAE w AFF wE Qo] B ATl AFA 4B R of
WX W7hE B8] RDF A4o] Fesht: A@slz]gel olvAae A4l

AFAN A= BFFel oF 2008 BES] AZH7]Eo] FHATKARST, AFAA,
2009, Pers. Comm.). ¥ FA] A&H 7 &L S84 A4S 2007d A= #H7]
2 a2 g dsi @4y 5, 20092 Faste] pEEIT. 2AH 7
Zoz B w YFA AGAAETL 74X JEEHo] 4% 7Y W

28 14%, LT 7k=H 13%, FTolfF 12%,. ZAF 9%, S2=
8%, BdAA 7lg B26%, AFEF 3% AT 1% o2 et
(Fig. 34). o] & AFA = RDF7F H+= 7H9A dA7|E (T4 A7)
2o 90%)& oz oz Hrts AAsidEd, &

EAF, 1% 2 ISR, 2=, 71E 7t B-o] ol 23T RDF
b He d71Ee] duA Brke A AgErEe] =
HA7E FAGA (s, AH 2 &E55E, dR)E o
A7l BEH 2R o] Hrtstded TF &

AEo 2o AAL dojnig]a RDFe= 94 Edo] HuR o] 13l

AUANHES Zgaigeh B3 ADH/BS FHsEE 2b wFe
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A1, 2009, Pers. Comm.).
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Fig. 3.4. Composition of municipal

Wonju, Korea in 2007(MOE et al., 2008).
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(2) 4524 BEA7E 13255 AN

B AFA ABAE nPARE AME Boet AYFEAL
o W, v, Fgolth B KUY, v, FF ARE 20079 AF

Al 7VERSA AARE ol ST, 2007).

)

Al=g] ool A AR Fske AZH =2 2007d HAFACA
= 5 13029F0°] Aol FHEAAL, (F)agAEste] S5

PYAEE vgo R T #7129 50.8%7F RDF/L flvka 7h4 et

N

T+E5Y 208, 389 7 AE FEFE 10082 virol ARt oA
oz Wt FAE ARG FY A5l A5 2T AR EHS ()P
A4, 71A ARl Agel B Ame (F)adAsstolld A8E AleEsdn.
71571 A W AR b de] o = 2009 HHTAET IS FL
gko] a7 8AIRE #ditkss 7Y ol AlRksll o, it ]= 2000 A AR
EAC vk Sle =] AR Ashe® ARt Mulas A
], AEg-ge], 71 ea R

RDF Al &9ddAe] A5+ 954, Ring dies nozzle? Roller®] A&+
(F)arAbg st A Al gLk o] FEE2 2~370del I A wAE o F
|, 370l A wAlRY s 7P sthell AlRtsklnh Aol M= ARk

AR PAESE FA2ED|, Au| st V)R, AmH], PEN 5 e

b ’

1) FA1s Afateadol YZElE 982 39 AFS Atete BAAA AAEE B 9
~8M Aol AE, $EREA AR

2% Afalsta el YZElE dEE st odd, g

oAl Aite= &a F 9~1270 AR AlE, 8o 2 A (www.yeschem.co.kr)
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Fig. 4.1. Energy systems diagram for the Wonju refuse-derived fuel processing facility

in Korea.



DFA QSN Ze] @ olvlx] Br} A= Table 413 2ok A%
H7l &9 dWAFS &

olg1d A7 ES FAsEH FAS duAF (=T, EY, A7, A
2 F)oz2 FEste] Altetdt. A AZ2H7E 7hed 71 7k
AEA L] o v A ko] 827x10" sej/yrE 7bg Woka, FebsgF 3.40x10"
sej/yr, ¥ =D 7hEF 3.16x10" sejfyr, A EF 6.33x10" sej/yr, FolF
1.47x10" sej/yr, A5 1.10x10" sej/yr &2 LhepS)

AFA g A Agsts rtadd A9V 5 FReted 2ad =
z8o] o uxHFe 509x10% sejfyrz ERFo ™ EZL 348x10° sej/fvr,
ARE 42310" sejfyr, £EFHI AR TFW MulzE 7.22¢10"
sei/yre] oM AE FFAG o2 EFEW AFA AR B £

B A7k R F 1.67x10%, sej/yrell st At
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Table 4.1. Emergy evaluation of the combustible wastes collected in

Wonju, Korea

Ttem Raw data Solar transformity Solar emergy Emvalue
(sej/unit) (sej/yr) (2007 emW/yr)

Combustible Wastes 657x10" g/yr - 1.67x10% 6.28x10"

Paper 8.76x10° g/yr 1.68x10% 1.47x10" 553x10°

Plastics 3.07x10" J/yr 1.11x10° 3:40x10" 1.28x10%

Wood 6.57x10" g/yr 1.68x10% 1.10x10"™ 4.14x10°

Rubber & Leather 2.85x10" J/yr 111x10 3.16x10" 1.19x10"

Vegetables 856x10" J/yr 7.40%10% 6.33%10'® 2.38x10°

Others 7.45%x10" J/yr 1.11x10° 8.27x10" 3.10x10"
Collection

a. Labor 1.91x10° W/yr 2.66x10™ 5.09x10% 1.91x10°

b. Trucks(steel) — 5.12x10° g/yr 6.79%10% 3.48x10" 1.31x10°

c. Fuel 7.70x10".J/yr 5.50x10% 4:23%10" 1.59x10°

d. Services 271x10° W/yr 2.66x10% 7.22x10" 2.71x10°

1) References for-transtormities; ‘Odum (1996), "Brownand Bardi (2001), ‘Brown
and Buranakarn (2003), “Bastianoni et al. (2005);°this-study

2) Emergy-money ratio for Korea in-2007(Appendix-A)

3) Detailed calculation procedures for raw data in the table are given in Appendix B
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3. AHARZ} AL olmA H7}

TA ALH7E 1FABS} A oA H7IEE Table 4.200 A4
sttt AA7]elM = F9 FES AATFsAHA, ALH V= A, A
A, TJFGAZ FE3Fe] AASA =, Hrkre W ool HE AHEQ

DF9] oA gt A8k

AFA BEH7E 1PARS ANAER Fste A7 M AZFES
B2 3.64x10"° sej/yr, HFEE 859x10" sej/yr, A9 1.20x10" sej/yre]
At olFALE H37] 9kl FY dHAL FFS ANE we= o u XA

uPAF3} A FUste HZIES HEYgoR 2utHE 8 g
olm® AH& RDFO A< #H7|ES TSR T gt s AF
Al BEHE L¥AESE 2]Ade] oA B A= FH71E A gig g

& xgebA], gokrh Aol Felste] FARNAS AA wgdsst He A
o718 FAFALAA 7HA BB 7B 9%(6.62x107 g/yr)EtE 7t
A skl Table 4.19] “Z3H(1.67%10” rsej/yr)E o] &8t} Axtsldet. o 23
A7) oA F nFARsF AP Fshs o WA B 1.51x107
sej/yroll a3k At

1PARS} A AMTAY TP F oA Fe 441x10° sejyroE A
ArE STy o] Thedl  AdAAEC E3kd MM|ATE AASkE H[T o

46.7%(2.05%10" sej/yn) = 714 Hom, T4 wEeol o7} 37.3%(1.65%10"
sej/yn)Z F HAZ 2odrh(Fig. 4.2).
AFA ALHE u¥Ads A LA ME EF 1.62x107

sej/yrel oA 7 sttt o] @AM = AR89 oA o] 65.5%=
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A7) 14%, =58 97%, FA-#Edd e
AHI= 9.3% =0l A Hh(Fig. 4.3).

AFA) AgHr|E LdAzs AdolA
+H

| 285%E oA=& 357x10Y sej/yro]

= Zag
RDF¢] ¥95%

o |7} 45.6% = 7 wWol AA|sAar,
ol 71N A3

i}

A7zl EE oW A (42.2%), A& 1448t
d Q3 oA (12.4%)¢] ol AthHFig 4.4).

Table 429043 RDF 441l @43 olv<%3} RDF 4l 2
©s)& ol &5el RDESL oA Maw (e i A ol A hE Foheleh 1
A ATANE mEARSE AMAA AUE RDES oA uaEi
3.22x10° sej J= AL AT %

1.
{

Iron &sle'elfﬂ}

"'\.H.

machines .-"'

Fig. 4.2. Composition of emergy inputs in the construction stage of

the Wonju refuse-derived fuel processing facility.
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Fig. 4.4. Composition of total emergy inputs to the
Wonju refuse—derived fuel processing facility.
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Table 4.2. Emergy evaluation table for the Wonju refuse—derived fuel

processing facility in Korea

Solar Solar Emvalue
No. Item Raw data transforrplty em(?rgy (2007em¥¥/yr)
(sej/unit) (sej/yr)
Renewable Sources
1 Sunlight 376x10" J/yr 1 364x107 1.37x10"
2 Wind 286x10° J/yr  2.45%10% 859x10” 3.22x10°
3 Rain, chemical 355%10" J/yr 3.05%10" 1.20x10" 450x10°
Waste Processed
4 Combustible wastes 6.62x10° g/yr = 151510 565x10°
Construction
5  Materials
a. Concrete 1.50x10% g/yr 1.81x10™ 272x10" 1.02x10°
b. Iron & Steel (building) 3.00x10" g/yr 6.79x10* 2.04x10" 76510
¢. Iron ‘& Steel (machines) = 354x107 g/yr 6.79x10*’ 2.41x10" 9,04x10"
6  Machinery
a. Crane 459x10" g/yr 679x10™ 3.12x10" 1L17x10°
b. Excavator 7.06x10° g/yr 6.79%10™ 480x10" 1.80x10"
7 Services 770x10° Wayr - 2.66x10% 2.065x10® 7.70x10°
8  Labor 6.18x10° wyr  2.66x10% 1.65%10'% 6.18x10°
Operation and Maintenance
9  Labor 503x10° #/yr  2.66x10% 1.58x10® 593x10°
10 Maintenance 740%10" W/r——2.66%10™ 1.97x10" 7.40x10"
11 Ring dies nozzle 400x10° g/yr 6.79x10% 272x10' 1.02x10
12 Roller 240x10° g/yr 6.79x10% 1.63x10' 6.12x10°
13 Electricity 7.32x10* J/yr 311x10° 2.28x10"® 855x10°
14 Fuel 1.93x10" J/yr 550x10™ 1.06x10" 399x10°
15 Services 565<10° Wyr  2.66x10° 1.50x10" 565x10°
Production
16  Refuse-derived fuel 1.11x10" JAr 3.22x10% 357x10" 1.34x10"

1) References for transformities: Odum (2000), "Simoncini (2006), “Brown and Buranakamn
(2003), “Brown and Ulgiati (2004), “this study
2) Detailed calculation procedures for raw data in the table are given in Appendix C
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Table 4.3. Emergy -indices for the Wonju refuse=derived fuel processing

facility in-Korea

Indices Quantity
Renewable emergy flow (sej/yr) 1.20x10%
Combustible wastes processed (sej/yr) 1.51x10"
Flow of imported emergy (sej/yr) 2.06x10"
Total emergy used (sej/yr) 3.57x10"
Emergy vield ratio 1.73
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Table 4.4. Emergy cost-benefit evaluation for the Wonju refuse-derived

fuel processing facility in Korea

Solar Solar Emvalue
No. Item Raw data transformity emergy (2007emAr)
(sej/unit) (sej/yr) T
Emergy benefits
1 Refuse-derived fuel 1.11x10" JAyr 3.22x10° 357x10" 1.34x10"
2 Reduced landfill cost 7.59%10° w/yr 2.66%10° 2.02x10™ 759x10°
Total 3.77x10" 1.42x10"°
Emergy costs
3 Construction
a. Materials
concrete 1.50x10% g/yr 1.81x10° 2.72x10" 1.02x10°8
iron & steel for building  3.00x10" g/yr 6.79%10° 2.04x10" 7.65%10°
iron & steel for machines ~ 354x10" g/yr 6.79x10° 2.41x10Y 9.04x10"
b. Machinery
crané 459x10" g/yr 6.79%10° 3.12x10" 1.17x10°
excavator 7.06x10° g/yr 6.79%10° 4.80x10" 1.08x10"
¢. Services 7.70x10° W/yr 2.66x10" 2.05x10" 7.70x10°
d. Labor 6.18x10° w/yr 2.66x10° 1.65%10" 6.18x10°
4 Operation and Maintenance
a. Labor 593x10° W/yr 2.66%10° 1.58x10™ 593x10°
b. Services 6.39x10° W/yr 2.66x10° 1.70x10"® 6.39x10°
¢. Ring dies nozzle 400x10° g/yr 6.79x10° 2.72x10% 1.02x107
d. Roller 240x10° g/yr 6.79x10° 1.63x10' 6.12x10°
e. Electricity 7.32x10" J/yr 3.11x10° 2.28x10" 855x10°
f. Fuel 1.93x10" JAyr 550x10° 1.06x10" 3.99x10°
Total 2.06x10" 7.75x10°
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Table 5.1. Emergy investment per unit waste processed in the Wonju

refuse—derived fuel processing facility in Korea

Transformity — Solar Emergy

Solar emergy

No. Item Raw data (sej/unit) (sei/yr) investment
(sej/g MSW)
MSW collected 1.30x10" g/yr
MSW collection
1 Labor 332x10° W 2.66x10° 1.02x10% 7.81x107
2 Fud 1.54x10" J/yr 5.50x10° 8.46x10"7 6.50x10
3 Trucks 1.02x10° g/yr 6.79x10° 6.59x10" 5.34x10"
4 Services 5:82x10 W/yr 2.66x10° 1.55x101 1.19x10
1.43x10°
Construction
5 Materials
a. Concrete 150x10° g/yr 1.81%10° 2.72x10"7 2.08x10"
b. Iron & steel for buildings’  3.00x10" g/yr 6.79x10° 2.04x10"" 1.56x10"
c. ron & steel for machinés 354x10° g/yr 6.79%10° 2.41x107 1.85%10"
6 Machinery
a. Crane 490x10" g/yr 6.79%10° 3.12x10" 2.39x10"
b. Excavator 871x10° g/vr 6.79%10° 4.80x10" 3.68x10°
7 Services 770x10° ¥y 2.66x10° 2.05x10* 1.57x10°8
8 Labor 6.18x10° ¥¢/yr 2.66x10° 1.65%10" 1.26x10°
3.39x10°
Operation and Maintenance
9 Labor 5.93x10° ¥#yr 2:66%10° 1:58x10" 1.21x10°
10 Maintenance 7AQX10" W/ yr 2:66x10° 1.97x10" 1.51x107
11 Ring dies nozzle 400x10° g/yr 6.79x10° 2.72x10"° 2.08x10°
12 Roller 240x10° g/yr 6.79x10° 1.63x10'° 1.25x10°
13 Electricity 7.32x10% JAvr 3.11x10° 2.28x10"™ 1.75x10°
14 Fuel 1.93x10" J/yr 5.50x10° 1.06x10" 816x10°
15 Services 565x10° Wyr 2.66x10° 1.50x10 1.15%10°
1.25x10°
RDF production 5.80x10° g/yr
Total solar emergy(sum of items 1-15) 2.25x10" sej/yr
MSW collection(sum of items 1-4) 1.43x10° sej/g MSW 8%
Construction(sum of items 5-8) 3.39x10° sej/g MSW 20%
Operation and Maintenance(sum of items 9-15) 1.25x10° sej/g MSW 72%
Total solar emergy investment(sum of items 1-15) 1.73x10° sej/g MSW
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o AFA] ARV E 1A= AlAEY 79 environmental yield ratio”}
1592, &9 #A7|E3d olHA H-&
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Table 5.2. Comparison of emergy costs and recovery for solid waste

treat 'alternatives

Waste S?;il;?}i:l%y Emergy recovery | Environmental
treated(g/yr) (sei/g MSW) (s¢)/g MSW) vield ratio
gl;cﬁggf% 115%10! 147108 274x10" 0.19
Landfill —
lgfafggg; 170x10" 5.22x10° 1.01x10° 0.19
glzlc‘(’l?%%% 1.08x10"! 1.27x10° 131x10° 1.03
Incineration -
le\fﬁ?%% 1.08x10" 1.75x10° 5.59x10° 3.20
Compost zfa;d(l%g‘;; 1.29x10" 1.22x10° 4.82x10° 3.93
RDF this study | 1.30x10" 1.73%10° 2.74x10° 159

* RDF = Refuse-derived fuel

* Emergy recovery
= energy or matter recovery/g MSW x transformity of recovered energy or matter
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Appendices

Appendix A. Emergy flows for Korea in 2007

Solar Solar emergy  Emvalue
No. Item Raw data tranformity .
(sei/unit) (sej/yr) (Em$/yr)
RENEWABLE SOURCES:
1 Sun 1.12E+21 J 1 112E+21 4.20E+08
2 Wind, Kkinetic energy 197E+17 ] 2.45E+03" 4.83E+20 1.80E+08
3 Rain, chemical 2.06E+18 ] 3.06E+04" 6.29E+22 2.35E+10
4 Rain, geopotential 2.10E+17 ] 4.66E+04” 9.79E+21 3.66E+09
5 Waves 2.03E+17-J 5.10E+04” 1.03E+22 3.86E+09
6  Earth cycle 9.97E+16 ] 5.76E+04" 5.74E+21 2.15E+09
7 Tide T44E+18 ] 7.39E+04 5.50E+23 2.05E+11
NONRENEWABLE SOURCES FROM WITHIN SYSTEM:
8  Coal production 837E+16 | 6.71E+04” 5.62E+21 2.10E+09
9  Metallic Minerals 490E+11l. g 1.68E+09” 8.24E+20 3.08E+08
10 Nonmetallic Minerals 967E+13 g 1.68E+09” 1.62E+23 6.07E+10
11  Top Soil Loss 527E+16 ] 1.24E+05" 6.54E+21 2.44E+09
IMPORTED SOURCES:
12 Fuels 1.06E+19 J 8.64E+04 9.17E+23 3.42E+11
13 Metal ores & products 9.35E+13 g 1.63E+09” 1.57E+23 5.87E+10
14 Nonmetal Minerals & ' products 1.21E+13 g 1.68E+09” 2.03E+22 758E+09
15 Food and Ag. Products 3.10E+17 J 3.36E+05° 1.04E+23 3.89E+10
16 Livestock, Meat, Fish 9.53E+15 | 3.36E+06° 3.20E#+22 1.20E+10
17 Plastics and Rubber 6.80E+16 ] 1.11E+05" 7.55E+21 2.82E+09
18 Chemicals 142E+13 g 1.48E+10¢ 210E+23 7.86E+10
19 Finished Materials 2.20E+13 g 1.22E+10 2.68E+23 1.00E+11
20 Machinery, Transp., Equip 5.44E+12. g 706E+09% 4.22E+22 1.58E+10
21 Services in Imports 357E+11 $ THEAD 5.03E+23 1.88E+11
EXPORTS:
22 Fuels 1.83E+18 | 1.11E+05” 2.04E+23 761E+10
23 Metallic Minerals 2.83E+11 g 1.68E+09 4.76E+20 1.78E+08
24  Nonmetallic Minerals 571E+11 g 1.68E+09” 9.60E+20 358E+08
25 Metal products 2.34E+13 g 1.68E+09" 3.93E+22 1.47E+10
26 Nonmetallic products 6.42E+12 g 1.68E+09 1.08E+22 4.03E+09
27 Food and Ag. Products 1.78E+16 ] 3.36E+05° 5.89E+21 2.23E+09
28 Livestock, Meat, Fish 224E+15 ] 3.36E+06" 7.53E+21 2.81E+09
29 Plastics and Rubber 361E+17 ] 1L.11E+05 4.01E+22 1.50E+10
30 Chemicals 1.99E+13 g 1.48E+10° 2.88E+23 1.08E+11
31 Finished Materials 7.09E+12 g 4.47E+10 3.17E+23 1.18E+11
32 Machinery, Transp., Equip 2.25E+13 g 7.76E+09” 1.75E+23 6.53E+10
33  Services Exports 371E+11 $ 2.68E+12¢ 9.94E+23 3.71E+11

* Transformity based on total renewable emergy flow of 15.83%10% sej/yr
* References for transformities; *Odum (2000), "Odum (1996), “Brown (1996), ‘Campbell (2005),
*Brown and Arding (1991), ‘Choi (2009), Ethis study
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Footnotes and Data

RENEWABLE RESOURCES:

1 Sunlight
Land area
Continental shelf area
Insolation
Albedo
Energy (J)

2  Wind

Area

Avg. wind speed
Geostrophic wind

Energy (])

3 Rain, chemical
Rain
Evapotranspiration

Energy(land) (J)

Energy(shelf) (J)

Total energy. (J)
4 Rain, geopotential
Area
Rainfall
Average elevation
Runoff rate

Energy (J)

5 Waves
Total energy (J)
6 Earth cycle
Land area
Energy(J)

7 Tide
Continental shelf area

=9.97E+10 m’

=2.35E+11 o’

=4.80E+09 J/m'/yr

=0.3
=(Area)*(Insolation)*(1-albedo)
=1.12E+21 J/yr

(KOS, 2008)

(KMA, 2007)

=9.97E+10 m’

=2.1868 s

=(Avg. wind speed)*(10/6)
=(1.3kg/m')*(1.0E-3)*(Geostrophic wind)**(3.14 E7

s/yr)*(Area)
=197E+17 J/yr

(KMA, 2007)

=1.4924 m/yr (KMA, 2007)
=0.45
=(Landarea)*(Rain)*(Evapotrans)*(1000ke/m’)*(4.94
E3 J/kg)

=3.31E+17 J/yr
=(Shelf area)*(Rain)*(1000  kg/m’)*(4.94E3]/kg)
=173E+18 J/yr
=2.06E+18 J/yr

=997E+10 m’
=1.4924 m/yr
=2.62E+02-m
=0.55

=(Area)*(Rainfall)*(Runoffrate)*(1000kg/

m')*(Avg. elevation)*(9.8 %)
=2.10E+17 J/yr

(KMA. 2007)

=2.03E+17 J/yr (Lee and Odum, 1994)
=9.97E+10 m’

=(Land area)*(1E6J/m’/yr)
=9.97E+16 J/yr

assumed stable geology

=2.35E+11 m’
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Avg. tidal range =2.98 m (NORI, 2009)

=(Density*Area*Tidal range)*(9.8 M) * (0.5 * Tidal
Energy (])
range)*(706/yr)

=744E+18 J/yr
NONRENEWABLE SOURCE USE FROM WITHIN SYSTEM:
8 Coal production
Production =2.89E+06 MT (www kesis.net)
Energy (J) =(Production)*(2.9 E10 J/MT)
=8.37E+16 J/yr
9 Metallic Minerals
Production =4.90E+05 MT/yr (www.mrportal.net)
=490E+11 g/yr
10 Industrial Minerals
Production =9.67E+07 MT/yr (www.mrportal.net)
=9.67E+13 g/yr
11 Top Soil
Annual soil erosion =5.00E+07 MT/yr (Chung et al, 2005)

. 0 =(Soil erosion)*(1E6g/MT)*(0.07gOM/g sed)*(3.6
ner
B S \al/g)(4186 J/bed)

=5.27E+16 J/yr
IMPORTS AND OUTSIDE SOURCES:

12 Fuels
Total =1.06E+19 J/yr
Transformity  =8.64E+04 sej/]  Weighted average transformity for fuels
Coal
Imports  =8.48E+07 MT/yr (www kesis.net)
Energy(]) “=Imports)*(2.9.E10 J/MT)
=246E+18 J/yr
Transformity =6.71E+04 sej/J
Oil, crude

Imports =8.73E+08 BBL/yr (www kesis.net)
Energy (J) =(Imports)*(6.28 E9 ]J/BBL)
=548E+18 J/yr
Transformity =9.06E+04 sej/]
Petroleum Products
Imports =2.09E+08 BBL/yr (www.kesis.net)
Energy (J) =mports)*(6.28 E9 J/BBL)
=1.31E+18 J/yr
Transformity =1.11E+05 sej/]
Natural gas(LNG)
Imports =256E+07 MT (www kesis.net)
Energy (J) =(Imports)*(1.27 E7ka/MT)*(4186 J/kel)
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13

14

15

16

17

18

19

20

Transformity
Metal ores & products
Imports

=1.36E+18 J/yr
=8.05E+04 sej/J

=9.35E+07 MT/yr
=9.35E+13 g/yr

Nonmetallic Minerals (cement included)

Imports

Food and Ag. Products
Imports
Energy (J)

Livestock, Meat, Fish
Imports

Energy (J)

Plastics and Rubber
Imports
Energy ' (J)

Chemicals
Imports

Finished Materials

Imports

Transformity
Leather products

Transformity
Lumber, wood prod.

Transformity
Paper

Transformity
Textile

Transformity
Glass, ceramics, etc

Transformity
Others

Transformity

=1.21E+07 MT/yr
=1.21E+13 g/yr

=2.64E+07 MT/yr

(www kita.net)

(www kita.net)

(www kita.net)

=(Imports)*(1E6g/MT)=(3.5keal/g)+(4186]/kcal)+(802%6)

=3.10E+17 J/yr

=2.0VE+06 M T/yr

(www kita.net)

=(Imports)*(1E6g/MT)* (5kal/g )+ (4186 ]/l )*(0.22

protein)
=953E+15 J/yr

=2.22E+06 MT/yr

(www kita.net)

=(Imports)*(1000kg/MT)*(30.6E6]/kg)

=6.80E+16 J/yr

=1.42E+07 MT/yr
=1.42E+13 g/yr

=2.20E+07 MT/yr
=2.20E+13 g/yr
=1.22E+10 sej/g
=2.85E+05 MT/yr
=7.18E+06 sej/]
=9.37E+06 MT/yr
=1.49E+09 sej/g
=4 87E+06 MT/yr
=3.69E+09 sej/g
=1.75E+06 MT/yr
=7.18E+06 sej/J
=499E+06 MT/yr
=3.50E+09 sej/g
=753E+05 MT/yr
=1.61E+09 sej/g

Machinery, Transportation, Equipment

Imports

=544E+06 MT/yr
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Service in imports

EXPORTS:

22

23

24

25

26

27

28

29

30

31

Fuels
Petroleum Products
Exports
Energy (J)

Transformity
Metallic Minerals
Exports

Nonmetallic Minerals
Exports

Metal products
Exports

Nonmetallic products
Exports

Food and Ag. Products
Exports
Energy (]J)

Livestock, Meat, Fish
Exports

Energy ()

Plastics and Rubber
Exports
Energy (])

Chemicals
Exports

Finished Materials
Exports

Transformity
Leather products

=544E+12 g/yr
=357E+11 $/yr

=2.92E+08 BBL/yr
=(Imports)*(6.28 E9 J/BBL)
=1.83E+18 J/yr

=1.11E+05 sej/J

=2.83E+05 MT/yr
=2.83E+11 g/yr

=571E+05 MT/yr
=5.71E+11 g/yr

=2.34E+07 MT/yr
=2.34E+13 g/yx

=6.42E+06 MT/yr
=6.42E+12 g/yr

=1.52E+06 MT/yr

(KSO, 2008)

(www .kesis.net)

(www.mrportal.net)

(www.mrportal.net)

(www kita.net)

(www kita.net)

(www kita.net)

=(Imports)*(1E6g/MT)x (3 5kcal/g)+(4186]/kca) (802%)

=1.78E+16"J/yr

=4.87E+05 MT/yr

(www kita.net)

=(Imports)*(1E6g/MT)*(5kal/g)* (4186 ]/keal)*(0.22

protein)
=2.24E+15 J/yr

=1.18E+07 MT/yr

(www kita.net)

=(Imports)*(1000ke/MT)*(30.6E6]/kg)

=361E+17 J/yr

=1.95E+07 MT/yr
=1.95E+13 g/yr

=7.09E+06 MT/yr
=7.09E+12 g/yr
=4ATE+10 sej/g
=9.01E+04 MT/yr
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Transformity
Lumber, wood prod.

Transformity
Paper

Transformity
Textile

Transformity
Glass, ceramics, etc

Transformity
Others

Transformity

=7.18E+06 sej/J
=6.63E+04 MT/yr
=1.49E+09 sej/g
=3.55E+06 MT/yr
=3.69E+09 sej/g
=2.71E+06 MT/yr
=7.18E+06 sej/]J
=4.80E+05 MT/yr
=3.50E+09 sej/g
=1.97E+05 MT/yr
=1.61E+09 sej/g

32 Machinery, Transportation, Equipment

Exports

33 Service in exports

=2.25E+07 MT/yr
=2:20E*130g7vr
=3.71E+11 $/yr

(Campbell, 2005)

(Campbell, 2005)

(Luchi, 2000)

(Campbell, 2005)

(Brown and Ulgiati, 2004)

(Campbell, 2005)

(www kita.net)

(KSO, 2008)
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Appendix B. Footnotes to Table 4.1

MSW

Paper
Plastics

Energy (J)

Wood
Rubber & Leather

Energy (])

Vegetables

Energy (])

Combustibility the others

Energy (J)
Collection
Labor
Trucks(Armroll+LABO)
lifetime
% steel
total steel
Fuels
light “oil
heating value
Services
fuel
armroll
lifetime
LABO
lifetime

= 7.30E+10
= 8.76E+09
= 1.02E+10
= 1000

= 30.0E+06
= 3.07E+14
= 6.57E+09
= 9.49E+09
= 1000

= 30.0E+06
= 2.85E+14
= 5.84E+09
= B

= 4186

= 8.56E+13
= 2.48E+10
= 1000

= 30.0E+06
= 7.45E+14

= 2.12E+09
= 6.32E+06
= 1

=09

= 5.69E+05
= 8.55E+12
= 2.95E+08
=-1.31E+03
= 9.05E+03
= 4.19E+03
= 3.01E+08
= 2.95E+08
= 5.87E+07
=10

= D.21E+06
=10

g/yr
g/yr
g/yr
ke/g
J/kg
J/yr
g/yr
g/yr
kg/g
J/kg
J/yr
g/yr
leal/g
1kl
Jiyr
g/yr
kg/g
J/kg
J/yr

W/yr
vr

g/yr
J/yr
W/YT
W/ 0
keal/ £
J/kal
W/yr
W/yr

yr

yr

(Wonju city, 2009)
(MOE et al., 2008)
(MOE et al., 2008)

(MOE et al., 2008)
(MOE et al., 2008)

(MOE et al., 2008)

(MOE et al., 2008)

(Niccolucci et al., 2003)

(www.opinet.co.kr)

(NRE, 2008)
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Appendix C. Footnotes to Table 4.2

Renewable Sources

1. Sunlight
System area
Insolation
Albedo
Energy
2. wind
Area

Air density

Avg. wind speed
Drag coefficient
Geostrophic-Wind %

Energy
3. Rain
Area
Rainfall
Evaporation
Energy

Waste Processed

4. Municipal Waste

Construction

5. Materials
Concrete
lifetime

Iron & steel (structure)
lifetime

Steel for equipments
lifetime

steel %

Iron for equipments

= 113E+04 m’

= 462E+09 J/m'/yr (KMA, 2007)
= 0.3

= (System area)*(Insolation)*(1-Albedo)

= 3.64E+13  J/yr

= 1.13E+04

= 1.23E+00 kg/m’

= 1.20E+00 s

=1.00E-03

= 1.67E+00

=(Area)*(Air - density)*(Drag coefficient)*(Avg.
wind speed * Geostrophic Wind 26)*+(3.14E+07)

= 3.50E+9 J/yr

= 1.13E+04 '’

= 1.57E+00 m/yr (KMA, 2007)
= 0.45 (KOWACO, 1998b)
= 1.00E+03 kg/m’

= 494E+03  J/kg

=(Area)* (Rainfall) * (Evaporation) * (1.00E+03kg
/m’)*%(4.94E+03]/kg)

= 3.93E+10. - J/yr

= 6.62E+09—g/yr

= 3.00E+09 g

=20 yr

= 1.50E+08 g/yr

= 6.00E+08 g

=20 yr

= 3.00E+07 g/yr

= 3.23E+08 g (kac, 2005)

=10 yr

=09

= 291E+07 g/yr

= 1.27TE+08 g (kac, 2005)
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lifetime

6. Machinery

Cranex*2 weight
lifetime
amount of steel and iron
work capacity
working days
daily working hours
total working hours
content hour

used crane weight
Excavator
steel %
steel weight
lifetime
work capacity, Q
bucket capacity, q
volumetric |conversion factor, f
work efficiency, E
bucket factor, K
1 cycle time; cm
daily working hours
work. capacity
total excavated: volume
total working hours

content hour

used excavator weight
7. Labor
8. Services
Operation and Maintenance
9. Labor
10. Maintenance
11. Ring Dies Nozzle

lifetime

total Nozzle used

12. Roller*2

=20 yr

= 6.35E+06 g/yr

= 490E+07 g

=10 yr

= 600 ton

= 40 ton/d

=15 day

=8 hr/d

=120 hr

= 87600 hr

= (Crane*2 weight)/(content hour)*(total working
hours)/(lifetime)

= 459E+04 g/yr

= 1.30E+07 g

= 0.67 (Pulselli et al., 2007)
= 871E+06 g

= 10 yr

= 73.98 m'/hr (KICT, 2009)
= 05 m'

= 1.37

=06

=09

= 18 cm

=48 hr/d

= 591.84 m'/d

= 6000 m’

=10.14 d

='81.10 hr

= 87600 hr

= (steel weight)/(content hour)*(total working
hours)/(lifetime)

= 7.06E+03 g/yr

= 6.18E+08 W/yr

= 7T70E+08 W/yr

= 5O3E+08 W/yr

= TA0E+07 W/yr

=1 ton (kac, 2005)

=3 month

= 400E+06 g/yr

=06 ton (kac, 2005)
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lifetime
total Roller used
13. Electricity

Energy

14. Fuel
Hi-sene(by-product fuel #1)
heating value

Energy
c-9(by-product fuel #2)
heating value

Energy
15. Services
Production
Refuse-derived fuel

Energy

=3
= 2.40E+06
= 2.03E+06

month

g/yr
KW/yr

=(2.03E+06kW/yr)/(1.00E+06KkW/GW)(3.60E+12]/GW)

= 7.32E+12

= 1.93E+13
= 4.07E+05
= 8.85E+03
= 4.19E+03
= 1.51E+13
= 1.05E+05
= 9.70E+03
= 4.19E+03
=4 24E+12
= 5.65E+08

= 5.80E+03

J/yr

J/yr

2 /yr

leal/ ¢ (NRE, 2008)
J/kal

J/yr

2 /yr

leal/ # (NRE, 2008)
J/

J/yr

W/yr

ton/yr

=(Refuse-derived fuel)*(1.00E+03kg/ton)* (4569
keal/kg)>(4186]/kcal)

= 1.11E+14

J/yr
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