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A offiA| o}, vlo|e7tAE ARE AR A9 BATHOE (e, A4 $ olilsleiAg 25H '
3wl (carbon negative emission)®] 71t} & oAl vlo] 9 kA0 A 2 A3 JpAdR 2 EAERES
o]gst A7 ik, wA|=8A 4 (Chemical Looping Combustion, CLC)E &3+ 77| 2 A8 Ak Z3hsk HAA1Ad &
Mg FEIgitt BT AluRIeEE WA 9 udshd Hlo] @IEAE vlo] eugke = dfjsk= 3-9-(Case 1)8) Ol F
ATE 175 YAERAR B 7EAERN)BRE -$-(Case )2 T8I B4 GullE Aue] o= 714zl =
ZAEHIC R 7|5 Aikst 3 ol ibslekaE SRS Ad-9-(Case 3), FAIE Blo]| @7tAE CLC 82 AMSHE 74
$-(Case 4), Hlo] 2u[ghe CLC AFHZE ARES] d7] T 21S Ak, Fljsh= 74-9-(Case 5)E 781900 240l
Fx], &u], 98HE Zoslsi o, AlE-S vlo] 2rek800/Nm?), 17](204.29/kWh), 2~5 (60,0009 A=), T4
HIEA (129 /kgCO,), A3} CO,25¢ /kgCO,)E 7FHBIRATE BLE 1153, 15, 30 MW)eld vlo)omlet 234 sz} 7}
F FolAo] E=gkor CLCE E-83F Bhh &S 15 MW, oollA] AAAe] g Egict. CLCr} vleo] e wg &
A R 9 22 elS U] YEiiE, 28 7HEe] 70,000~76,000€ A2 i ©AwlE 714 o] 80~120€/kgCO,
T Zdssllor s s 24 FEl ERIsK

Abstract — Biogas, produced from organic waste such as food waste, livestock manure, and sewage sludge, can serve
as an alternative energy source that reduces greenhouse gas emissions. Using biogas as a fuel is considered carbon-
neutral and capturing carbon dioxide (CO,) after combustion enables carbon negative emission. This study conducted an
economic analysis of biogas utilization, covering purification and upgrading, electricity generation using gas engines,
gas turbines, and chemical looping combustion (CLC), as well as steam production via CLC. The carbon-neutral scenarios
included the sale of upgraded biogas as biomethane (Case 1) and electricity generation using biomethane in gas engines
or gas turbines (Case 2). Carbon negative emission scenarios were defined as electricity generation using gas engines or
turbines with CO, capture (Case 3), the use of purified biogas in CLC (Case 4), and the use of biomethane in CLC to produce
and sell electricity or steam (Case 5). The analysis included investment, operating, and feedstock costs. Evaluated products
were biomethane (800 KRW/Nm?), electricity (204.2 KRW/kWh), steam (60,000 KRW/ton), carbon credit (12 KRW/
kgCO,), and liquefied CO, (25 KRW/kgCO,). Direct biomethane sales showed the highest profit at all scales (3, 15, 30
MW,,). Carbon negative emission scenario using CLC became viable at 15 MW or larger, with the best result from

"To whom correspondence should be addressed.

E-mail: hjryu@kire.re.kr, jbjoo@konkuk.ac.kr

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.



Won, Y. et al.

Korean Chemical Engineering Research 63(4) (2025) 105131

biomethane-fueled CLC producing and selling steam. For CLC to outperform biomethane sales, steam must reach
70,000~76,000 KRW/ton or carbon credit 80-120 KRW/kgCO,.
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Fig. 1. Diagram of biogas utilization model.
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6e+9 T T T 2.0e+9 T T T
Water scrubbing(Purification+Upgrading) (@) Water scrubbing(Purification+Upgrading) (b)
Investment costs[KRW] =1.8x10%(biogas flow rate [Nm®/h])>4°> Operating costs[KRW/year] =3.2x10’ (biogas flow rate [Nm®/h])>>%%
5e+9 = =0 8781 . =0.4521
T 1.5e+9 - -
E Q ® Persson et al. [29]
¥ 4e+9 |- E Vv Baueret al. [30]
X, x — Regression
2 X,
9 )
8 3e+o |- G 1.0e+9 |- .
£ 8
= g
§ 2e+9 [~ g
£ - & 50e8
® Persson et al. [29]
1e+9 L Vv Baueret al. [30] —
L —— Regression
[ ]
0 | | | 0.0 ' ' '
0 500 1000 1500 2000 0 500 1000 1500 2000
. 3
Biogas flow rate [Nm3/h] Biogas flow rate [Nm™/h]
6e+9 T T T 2.0e+9 T T T
Membrane seperation(Purification+Upgrading) ©) Membrane seperation(Purification+Upgrading) (d)
Investment costs[KRW] =8.1x10 (biogas flow rate [Nm:‘/h])O'5375 Operating costs|[KRW] =3.7x105(biogas flow rate [Nm3/h])° Lol
Se+9 — =0.8536 ] #=0.9309
= g 1.5e+9 |— —
X 4e+9 — — E
X 4
:e > X
8 @ B
o 3e+9 — — ‘g 1.0e+9 — —
=4 <& 8]
£ 2
173 | ° B =
g 2e+9 o g &
= ® Hagen et al. [31] 8— 5.0e+8 — ° ® Tajima et al. [26] H
i v Staretal. [25] v Staretal. [25]
1e+9 — @ Allegue and Hinge [27] |— @ Allegue and Hinge [27]
<& Bauer et al. [30] < Baueret al. [30]
— Regression — Regression
o | | , 00 | | :
0 500 1000 1500 2000 0 500 1000 1500 2000
Biogas flow rate [Nm?/h] Biogas flow rate [Nm*/h]
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Table 1. Gas composition of purified and upgraded biogas Z 7t R 2ol Holx vl B &5 Vo 7 el T
compion | Unit  Purifidbiogas  Purelane £ FEeled, 2] B FIIE 7-148KWh RS 1
CH, [%] 60.9 982 M= & S28]0] Bagt FAM| ok g AR g VINEeR 3
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Table 2. Performance and cost comparison of gas engines and gas turbines by biogas utilization scale
Properties Unit Scale
3 MW, 15 MW, 30 MWy,
Power generation [-] Gas engines Gas turbines Gas turbines
Efficiency [%] 34.7 25.6 352
Investment cost [KRW] 0.81 billion 8.40 billion 16.3 billion
Operating cost [KRW/kWh] 20.8 15.9 9.8
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Fig. 4. Schematic diagram of the oxygen carrier evaluation reactor and microscopic image of oxygen carrier.
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Item Purified biogas

Biomethane

Capacity
Power [MW, ] 3
Input flow rate into FR [Nm*/h] 499

15 30 3 15 30

2495 4990 311 1555 3110

Reaction parameters
Gas yield in FR [-]
Solid conversion in AR [-]
Solid conversion in FR [-]
Solid conversion difference [-]

1.00
0.98
0.88
0.10

Operating conditions
AR temperature [°C]
FR temperature [°C]
Operating pressure [bar]
Bed mass in AR [ton] 1.7
Bed mass in FR [ton] 13.5
Solid circulation rate [kg/s] 11

880

850

1.1
8.9 17.8 1.7 8.9 17.8
67 135 13.5 67 135
55 110 11 55 110

AR: air reactor, FR: Fuel reactor
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Table 4. Steam conditions and power generation efficiency of chemical looping combustion

Power generation Unit 3 MW, 15 MW, 30 MW,
Steam temperature [°C] 425 500 550
Steam pressure [MpaG] 4.0 5.0 5.0
Power generation efficiency
Purified biogas [%] 33.8 35.7 36.6
Biomethane [%] 34.7 36.8 375
Steam generation Unit 3 MW, 15 MW, 30 MW,
Steam quality [-] 250°C, 20 barg
Purified biogas
Produced steam [ton/h] 3.806 19.032 38.064
Consumption power [MW] 0.0190 0.0878 0.1628
Biomethane
Produced steam [ton/h] 3.909 19.543 39.087
Consumption power [MW] 0.0187 0.0860 0.1592
Chemical looping combustion g
1.2e+10 —
S 1.0e+10 —
o
X,
£ 80et9
Q
o
T 6.0e+9 [
£
3
2 4.0e+9 |
/ [ [ ] Investment cost w ithout steam turbine
2.0et9 — ————  Regression (Investment costs w ithout steam turbine) |
Regression (Investment costs w ith steam turbine)
0.0 | | | |
0 100 200 300 400 500

Biogas flow rate [Nm*/h]

Fig. 7. Investment costs of chemical looping combustion according to biogas flow rate.
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Table S. Assumed product prices used in economic analysis
Product Price
Biomethane [KRW/Nm’] 800
Electricity (SMP' + REC?) [KRW/kWh] 204.2 (128+76.2)
Steam® [KRW/ton] 60,000
Liquefied CO, [KRW/kgCO,] 25
Carbon credit® [KRW/kgCO,] 12-35 (Korea) 86-144 (EU)

'System Marginal Price, 2Renewable Energy Certificate (Bioenergy = 1.0)
3Steam and carbon credit prices were used for sensitivity analysis
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EJNI-E o] &3k g AL W] (Case 2)K.U} vlo] @ WgkS- 2
vljsh= W4 (Case 1)) =0]¢o] ©f &9k

3-2. B HiE AlLIR|2(Case 3, 4, 5)

Table 7 3 MW,, TF5.2] Hlo| @7t AE E4510] Bhh AulEe
DAJB= olakaleks 4] A7) Qi 71 (Case 3)3 T Al
A2 (Case 4, 5)°ll tigt BAY B7 A vebdnt, mjxleg
Ao A= vpo] @ HRRETE ofuf 2} A E nlo] @ 7R AR R
AREEE = QI thl, AR o] @7k oF 40%2] =2 Q351 o]
At as Zdkekar olo) A rEIF AA 1L, 3 aho] Ast
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o T3l ik A¥E o] gste] W7E sk Alue] & (Case
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520 T5te] B3I AAlE nlo] Q7S AMEE AR
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aAste] A3k 371 v Rk, AE vie] @ 7kAE AR

Table 6. Economic analysis of biogas utilization for a carbon-neutral scenario

Items Unit (Case 1) Biomethane (Case 2) Gas engines or Gas turbines
Scale MW, ] 3 15 30 3 15 30
Investment costs

Purification and upgrading [m KRW] 2289 4394 5820 2289 4394 5820

Gas engine or gas turbine [m KRW] 810 8401 16300

Liquefied CO, [m KRW] 832 2203 3342 832 2203 3342
Operating costs

Purification and upgrading [m KRW/year] 380 721 949 379 721 949

Gas engine or gas turbine [m KRW/year] 171 482 817
Product

Biomethane [m Nm?/year] 2.7 13 26.7

Electricity [GWh/year] 9.1 33.6 92.5

Liquefied CO, [tCO,/year] 3080 15603 31257 3080 15603 31257
Incomes

Biomethane [m KRW/year] 2158 10705 21390

Electricity [m KRW/year] 1860 6879 18896

Liquefied CO, [m KRW/year] 77 390 781 77 390 781

Carbon credit [m KRW/year] 37 187 375 37 187 375
Investment costs [m KRW] 3121 6598 9162 3932 15000 25463

[m KRW/year] 156 330 458 196 750 1273

Operating costs [m KRW/year] 379 721 949 550 1202 1767
Feedstock cost [m KRW/year] 883 4415 8830 883 4415 8830
Other costs [m KRW/year] 40 204 408 40 204 408
Incomes [m KRW/year] 2272 11282 22546 1974 7456 20052
Net gain [m KRW/year] 813 5612 11901 263 885 7774

Net gain=(Incomes)-[(Investment costs)+(Operating costs)+(Feedstock cost)+(Other costs)], biogas=200 KRW/Nm?>[3], m:

costs (CO, capture cost, electricity cost for CO, liquefaction, etc.)

million, plant life 20 year, other
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Table 7. Economic analysis of biogas utilization for carbon negative emission at a 3 MWy, scale

(Case 3) (Case 4) Biogas, CLC (Case 5) Biomethane, CLC
Items Unit Gas engine with  (Case 4.1) (Case 4.2) (Case 5.1) (Case 5.2)
CCs Electricity Steam Electricity Steam
Scale MW,] 3 3 3 3 3
Investment costs
(Purification and upgrading) [m KRW] 2289 1086 1086 2289 2289
(Gas engine or gas turbine or CLC) [m KRW] 810 13557 12457 10180 9355
(Liquefied CO,) [m KRW] 1427 1483 1483 1483 1483
Operating costs
(Purification and upgrading) [m KRW/year] 379 161 161 379 379
(Gas engine or gas turbine or CLC) [m KRW/year] 171 1176 1176 1083 1083
Product
Electricity [GWh/year] 9.1 8.9 9.1
Steam [ton/year] 33341 34243
Liquefied CO, [tCO,/year] 7575 8074 8074 8074 8074
Incomes
Steam or electricity [m KRW/year] 1860 1813 2000 1862 2054
Liquefied CO, [m KRW/year] 189 201 201 201 201
Carbon credit [m KRW/year] 90 97 97 97 97
Investment costs [m KRW] 4527 16127 15027 13953 13128
[m KRW/year] 226 806 751 697 656
Operating costs [m KRW/year] 550 1337 1463 1337 1463
Feedstock cost [m KRW/year] 883 883 883 883 883
Other costs [m KRW/year] 548 105 126 105 125
Incomes [m KRW/year] 2139 2111 2298 2160 2352
Net gain [m KRW/year] -69 -1020 -800 -988 =775

Net gain=(Incomes)-[(Investment costs)+(Operating costs)+(Feedstock cost)+HOther costs)], biogas=200 KRW/Nm>[3], m: million, plant life 20 year, other
costs (CO, capture cost, electricity cost for CO, liquefaction, etc.)

Table 8. Economic analysis of biogas utilization for carbon negative emission at a 15 and 30 MW, scales

Items Unit (Case 3) Gas turbine with CCS (Case 5.2) Biomethane, CLC, steam
Scale MWl 15 30 15 30
Investment costs

(Purification and upgrading) [m KRW] 4394 5820 4394 5820

(Gas engine or gas turbine or CLC) [m KRW] 8401 16300 24453 37041

(Liquefied CO,) [m KRW] 3751 5686 3897 5906
Operating costs

(Purification and upgrading) [m KRW/year] 720 949 720 949

(Gas engine or gas turbine or CLC) [m KRW/year] 482 817 1428 1609
Product

Electricity [GWh/year] 33.6 92.5

Steam [ton/year] 171,197 342,402

Liquefied CO, [tCO,/year] 37893 75792 40370 80740
Incomes

Steam or electricity [m KRW/year] 6879 18896 10271 20544

Liquefied CO, [m KRW/year] 947 1894 1009 2018

Carbon credit [m KRW/year] 454 909 484 968
Investment costs [m KRW] 16548 27807 32745 48768

[m KRW/year] 827 1390 1637 2438

Operating costs [m KRW/year] 1202 1767 2149 2559
Feedstock cost [m KRW/year] 4415 8830 4415 8830
Other costs [m KRW/year] 3123 6242 624 1234
Incomes [m KRW/year] 8280 21699 11764 23530
Net gain [m KRW/year] -1289 3469 2939 8469

Net gain=(Incomes)-[(Investment costs)+(Operating costs)+(Feedstock cost)+(Other costs)], biogas=200 KRW/Nm?>[3], m: million, plant life 20 year, other
costs (CO, capture cost, electricity cost for CO, liquefaction, etc.)
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