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Objectives : The primary goals of this research were to assess the viability and practicality of small-scale village
facilities as well as central commercial biogas plants. Additionally, the study aimed to create predictive models by
exploring various codigestion scenarios.

Methods : The study conducted a comprehensive analysis of available biomass and its maximum energy potential
through anaerobic digestion in every city, county, and village within South Gyeongsang province. Five distinct
codigestion scenarios were explored, encompassing assessments of processing capacity, energy production potential,
and the necessary digester capacity for anaerobic digestion. At the village level, the scenarios comprised: C1, which
involved sole digestion of manure; C2, codigestion of manure and food waste in a 7:3 ratio; C3, codigestion of pig
slurry and slaughterhouse waste in a 9:1 ratio; C4, multiple codigestion with PS:FW:SW=6.5:2.8:0.8; and finally,
C5, involving the addition of sewage and sewage sludge to the codigestion process of C4's biomass.

Results and Discussion : The biomass generated in South Gyeongsang province was 9430 tons/day, with a
methane production potential of 167 million cubic meters/year. This biomass had an energy production potential of
156,000 TOE/year and a potential electricity generation of 732.7 GW/year, based on the annual petroleum
conversion ton. Codigestion (C5) enabled up to 720% more electricity generation compared to sole digestion of
manure (Cl). Mixing pig slurry and food waste in a 7:3 ratio resulted in approximately 18% more electricity
production compared to the case where manure was mixed with slaughterhouse by-products in a 9:1 ratio.

Conclusion : Biomass imbalance was significant in most regions, particularly due to high variations in food waste
generation between regions. Obtaining alternative resources and integrating various biomass for anaerobic digestion,
especially in rural areas, is crucial for achieving stable anaerobic digestion and high methane production. Regions
with high biomass density are predicted to support large-scale biogas facilities following European standards, while
25 villages showed the potential for small-scale biogas facilities.
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Table 1. Availability and energy production potential of the chosen biomass in South GyeGyeongsang Province,

PS 6280 66.6 0.040 293.2
FW 896 9.5 0.140 609.9
SW 731 7.8 0.314 821.0
FR 706 7.5 0.258 540.5
SL 817 8.7 0.106 2439
Sum 9430 100.0

1.7
85.4
257.8
139.6
25.9

73.7 26.9 16 25.5 119.8
76.5 27.9 17 26.5 124.4
188.5 68.8 42 65.3 306.4
98.6 36.0 22 341 160.3
13.5 4.9 3 47 21.9
450.7 164.5 100 156.1 732.7

Assumed efficiency of biogas generator 42 %, PS:pig slurry, FW: food waste, SW:slaughterhouse waste, FR:fish residue, SL: sludge
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Fig. 1. Annual biomass availability and total energy potentials
measured in Tonne of Oil Equivalent (TOE) for each
biomass type in South Gyeongsang providence.
top left: total annual biomass availability (in 1000 tons
per year), top right: Percentage distribution of biomass
availability (%), bottom left: total annual energy potentials
in Tonne of Oil Equivalent (TOE per year), bottom right:
percentage distribution of energy potentials in Tonne of
Oil Equivalent (TOE). Abbreviations: PS (Pig slurry), FW
(Food waste), SW (Slaughterhouse waste), FR (Fish
residue), SL (Sludge)."
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Table 2. The daily biomass availability (measured in tons per day) and total energy potentials (expressed in TOE per year) of
each county, organized in descending order based on the quantity of pig slurry generated

iz 1568 9 110.9 6.2 3869
LaliAl 1470 152 108.1 116.1 3772
s 1237 13 46.6 7.0 1627
47 959 7 58.4 93 2037
YA 939 22 459 38.5 1600
HaZ 904 11 333 22.8 1161
AT 874 4 62.7 6.5 2186
Sorzt 821 11 53.1 11.2 1852
oy 669 4 29.2 6.5 1019
AFEA| 607 25 29.9 29.0 1044
QARA| 565 86 39.7 98.5 1386
StE 529 8 27.8 3.7 970
A 521 97 223 88.6 779
B 497 7 25.6 5.8 895
A 474 316 28.8 296.1 1003
(=] 238 10 3.8 5.6 133
HAIA| 84 93 34 39.0 119
SEA| 33 19 1.5 26.1

B 722 50 41 45 1417

4136 13770 14036 14092
8263 13422 17913 18953
2015 5789 6178 6240
2253 7250 7466 7549
2263 5695 6358 6703
1481 4133 4453 4657
2312 7781 7907 7965
2190 6592 6929 7029
1152 3628 3760 3819
1792 3717 4465 4724
3944 4934 7492 8374
1193 3453 3676 3709
3660 2773 5654 6447
1097 3184 3386 3438
10345 3570 12912 15563
415 474 756 806
2864 425 3169 3518
620 184 753 986
2889 5043 6515 6921

'"The total energy potential derived from all available biomass sources, PS:pig slurry, FW: food waste, SW:slaughterhouse waste, SL: sludge
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Fig. 2. Percentage distributions of biomass amounts and energy potentials in 18 counties.
Top left: Total annual biomass availability (in 1000 tons per year), top right: Percentage distribution of biomass availability
(%), bottom left: Daily biomass availability(ton/d). bottom right: Total annual energy potentials in Tonne of Oil Equivalent
(TOE per year). Abbreviations: PS (Pig slurry), FW (Food waste), SW (Slaughterhouse waste), FR (Fish residue), SL (Sludge)."
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3.3. A multi-criteria approach for codigestion scenarios

3.3.1. Food waste versus slaughterhouse waste

PS o} FWO] W3l 4:3lofA] HEA o= ARGE = PSIFW
7:39] ZEH]&-S AR wf 33.8CH, m¥/ton2] CHy AJA4ko]
7Fe%t ALR ASE]AL, Tsas) tiu] of 294) &2 CH4
A IS 7= Aoz vl e, Fig.3of vet
o uhe} o] Fwel s wAyero] ule- ok psel] uls 6.5%
of A3 e Ao Ut FW7L ol$ REs oz 1
Epyith o2o], FWe] WAgfo] A Ao HZFE|o] gl
Al AA A A FWE 2] A2t 3-9-7F solual 3lo]
PSO] WHAgFo] 53] 2 & A Gox] @7d 45t AlA

o] B 7 A F7dadt HEY EwtE ol 9%
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Fig. 3. Assessing biomass availability and total energy potentials in Tonne of Oil Equivalent (TOE): A County-wise comparison

of food waste and slaughterhouse waste.

Top left: Percentage distribution of pig slurry and food waste (%), top right: Total pig slurry and food waste energy
potentials Tonne of Oil Equivalent (TOE/y), bottom left: Percentage distribution of pig slurry and slaughterhouse
waste(%). bottom right: total energy potentials of pig slurry and slaughterhouse waste in Tonne of Oil Equivalent (TOE
per year). Abbreviations: PS (Pig slurry), FW (Food waste), SW (Slaughterhouse waste), FR (Fish residue), SL (Sludge)."
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3.3.2. Potential of small biogas plants and centralized
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Table 3. Number of pigs and the daily production of pig
slurry in the 334 specified villages.

Daily plg(tscl):;rg)amount T e Nl\JIirI\il:geersof

>100 219,608 8

50-100 9,804-19,607 25

20-50 3,922-9,802 63

10-20 1,961-3,921 83

1-10 196-1,960 127

<1 <196 28

Sum 334

A3t 9l sl o] Ao} 22 au]-g-o] ARl Tt
A7} 9o, 69 vlo] 9 kA A4 e ‘Rule of Thumb’o] wh
2t A A=k 300 ton/dS ZSH= 79 FEI AAA o] QL
= Aoz g ek dvp=e] A9 SE AU uhole
7k Ao Hat A A E]Eko] 571ton/do) T, THE H71E

Hpol @7k Alde] HuE|Eke A% F101ton/dol o2t
2017 AH|QlofA] e Aqte] W= A7 PiE MW
€20]4 €69] H]-go] FQshH Ho| @7k A|HO] B[ A
o] AepE (<500 kW), A ABArE thu]of BlsfA] &
H-go] E= Aog Ugyith

Table 50| A= Sty 129 vlo]7kA AJAde] (centralized
biogas plant)2] 2|0l thet Bl S 2AISH| S8l WAl
22590 FHE Al-TEE GESte] 7 58] Tele] Al
(ton/d) & o4k I a upo] ks AskRo] S&(m)S e
ok AHsAe] A 57 A 9E 2Fsto] AT S =
HRo] Q 7kA A (H 2)2F 744ton/d, A3k 22 22318 m’)o]
7Fs & A o= dEEglon, olg 57 A|Ye] e Zh AR
92-25%on/d ©f] o128, 7} F- oA FagfRo| Hio] Tt
Aldo] 7Hsst Ao Uehyith 53], ZsiAl] k] A
HhgEFo] 25%ton/dof| o] 22 A d oA 7 w2 TS
et ol A, &+ 2] AAollA S5 29| vio] @7t AJdo]

Table 4. The Annual energy potential from individual biomass sources and codigestion scenarios, respectively, in the top 25

highest-ranked villages.
County and

No.

Annual energy potentials (TOE/y)

Annual energy potentials (TOE/y)

village from each biomass from each codigestion case
PS FW SW C1 2 c3 c4
1 AsiAl et=2| 682 2128 1745 1039 682 2809 2427 4554
2 S L2 625 1950 1599 55 625 2575 2224 4175
3 ST AR 515 1607 1318 58 515 2122 1833 3440
4 AshA| 82| 511 1594 1307 1039 511 2105 1818 3413
5 AT =2 470 1466 1202 58 470 1936 1672 3138
6 e 252 439 1371 1124 55 439 1810 1563 2934
7 otam ME2| 436 1361 1116 34 436 1798 1553 2914
8 Lt2| oMz 413 1289 1057 882 413 1701 1470 2758
9 2 R 382 1192 978 55 382 1574 1360 2552
10 M UAME| 375 1170 960 83 375 1545 1335 2505
11 ARA| THRIZ| 373 1163 954 260 373 1536 1327 2490
12 ook LEA2| 355 1108 909 100 355 1463 1264 2372
13 ARAA| 71312 352 1099 901 260 352 1451 1253 2352
14 otsw Qtef2| 317 989 811 1039 317 1306 1128 2117
15 AT 222 306 956 784 58 306 1262 1090 2046
16 LLHA| BHA 2| 303 945 775 882 303 1248 1078 2023
17 QLA 2| 284 886 727 882 284 1170 1010 1896
18 ZshA| L2 266 831 681 1039 266 1097 948 1778
19 = k2| 262 817 670 55 262 1078 931 1748
20 olg faz| 260 811 665 58 260 1071 925 1736
21 ZotiAl &2|2| 255 795 652 1039 255 1050 907 1702
22 ULA| Ot 252 786 645 345 252 1038 896 1682
23 ZshA| &z 242 755 619 1039 242 997 861 1616
24 3t AR|2 231 722 592 63 231 953 823 1545
25 SOk &2 230 718 589 100 230 949 819 1538

PS:Pig slurry, FW: Food waste, SW:slaughterhouse waste, SL: Sludge, C1(PS 100% mono-digesiton), C2 (PS:FW= 7:3, 2 biomasses codigestion),
C3(PS:SW=9:1, 2 biomasses codigestion), C4(PS:FW:SW=6.5:2.8:0.8 3 biomasses codigestion)
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Table 5. Feasibility analysis of small-scale biogas plants, as well as commercial and centralized biogas facilities, in the top 25

highest-ranked villages

org2| 168 72 20
22| 126 54 15
21314 Lde| 66 28 8
Hz2| 63 27
e 60 26
A 482 206 56
Liche| 154 66 18
z22| 108 46 13
g the| 94 40 11
Lite| 64 28 8
A 421 180 49
SINE 127 54 15
e =2 116 50 13
Aze| 75 32 9
A 318 136 37
IPSE) 102 44 12
OFALA| Stz 75 32 9
242 70 30 8
A 246 105 29
Mtz 107 46 13
sta Qtate 78 33 9
A 185 79 22
izl 92 39 1"
AFHA| 7132 87 37 10
A 179 77 21
Ak 87 37 10
Shotz thsel 57 24 7
A 144 62 17
sk UMz 92 40 1
ol ol 64 27 7
YA Opit2| 62 27 7
Ak2(2] 422 57 24 7

259
194
101

744
238
167
145
100
650
196
179
117
491
157
115
108
380
166
121
287
142
134
276
135

223
143

7781 682 2809 2427 4554
5831 511 2105 1818 3413

3038 266 1097 948 1778
2908 255 1050 907 1702

2760 242 997 861 1616
22318 1956 8058 6960 13063
7133 625 2575 2224 4175
5012 439 1810 1563 2934
4360 382 1574 1360 2552

2987 262 1078 931 1748
19492 1708 7038 6079 11409
5877 515 2122 1833 3440
5362 470 1936 1672 3138
3495 306 1262 1090 2046
14734 1291 5320 4595 8624
4712 413 1701 1470 2758
3457 303 1248 1078 2023
3240 284 1170 1010 1896
11409 1000 4120 3558 6678
4979 436 1798 1553 2914
3617 317 1306 1128 2117
8596 753 3104 2681 5031

4255 373 1536 1327 2490
4018 352 1451 1253 2352
8273 725 2987 2580 4842
4052 355 1463 1264 2372
2628 230 949 819 1538
6679 585 2412 2083 3909
4279 375 1545 1335 2505
2967 260 1071 925 1736
2874 252 1038 896 1682
2640 231 953 823 1545

PS:Pig slurry, FW: Food waste, SW:slaughterhouse waste, SL: Sludge, C1(PS 100% mono-digesiton), C2 (PS:FW= 7:3, 2 biomasses codigestion),
C3(PS:SW=9:1, 2 biomasses codigestion), C4(PS:FW:SW=6.5:2.8:0.8 3 biomasses codigestion)

650ton/d, A A8 84 19492 m’) o2 7E||Ao] vl k=
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3.3.3. Case analysis of village-scale biogas plants
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Table 6. An example of a biogas plant at the village scale:
a case analysis.

Case 1: PS 100% monodigestion
PS 168 100% 100% 1969 718,633 682
Sum 168 100% 100% 1969 718,633 682
Case 2: PSIFW=7:3

PS 168 70% 24% 1969 718,633 682
FW 72 30% 76% 6143 2,242,297 2128
Sum 240 100% 100% 13266 5,895,323 5594
Case 3: PS:SW=9:1

PS 168 90% 28% 1969
SW 20 10% 72% 5038 1,838,870 1745
Sum 187 100% 100% 7007 2,557,503 2427

Case 4: PS:FW:SW=6.5:2.8:0.8
PS 168 65% 15% 1969 718,633 682
FW 72 28% 47% 6143 2,242,297 2128
SW 20 8% 38% 5038 1,838,870 1745
Sum 259 100% 100% 13150 4,799,800 4554
Case 5: Case 4+ SL100%

PS 168 45% 12% 1969 718,633 682
FW 72 19% 38% 6143 2,242,297 2128
SW 20 5% 31% 5038 1,838,870 1745
SL 116 31% 19% 3001 1,095,523 1039
Sum 375 100% 100% 13266 5,895,323 5594

PS: pig slurry, FW: food waste, SW: slaughterhouse waste, SL: sludge,
C1(PS 100% mono-digesiton), C2 (PS:FW= 7:3, 2 biomasses
codigestion), C3(PS:SW=9:1, 2 biomasses codigestion),
CA(PS:FW:SW=6.5:2.8:0.8 3 biomasses codigestion)

718,633 682

st Zlos vtk B3 kae] o] 912]71 Aol
A 7P QIFFERA A3 oF 1 kme] #A2]o] 92]51917] i
off ofF Tt Tdsto] AFLHA ATt ZA ol $IxIT o
TR Ho] &7k A O] A g-of i W Fujel AL
A= ojof it

3.4. Comprehensive insights for new biogas plants
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