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Accepted 17 June, 2026 consumers, approximately 67% of the total energy consumption. This study
presents a comprehensive techno-economic assessment of fuel switching and
low-carbon technology implementation in reheating furnaces at integrated steel
plants. The methodology comprises three key components. First, heat flux analy-
sis is employed to estimate the required heat input for each fuel type under tar-
get heating conditions, from which total fuel demand is calculated. Second, aux-
iliary facilities necessary for fuel conversion are identified. Third, a Python-based
integrated model is developed to simultaneously evaluate and compare fuel
costs, capital investment requirements, and emission reduction potential across
different scenarios. The findings provide practical insights for establishing car-
bon neutrality roadmaps in the steel industry by identifying feasible transition
pathways and investment priorities.
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Table 1. Reference furnace specifications

Specification Symbol Value
Net capacity Miteel 160 t/h.
(Cold charging)
Effective inner length L 19.5 m
Effective inner width W 14.8 m
Effective inner height H 4.1 m
Furnace chamber volume V fumace 1183.26 m?
Billet charging temperature | Tseeiin 20°C
Billet discharging temperature | Tgeel 1250°C
Spec. enthalpy of low-C steel | heel 0.827 GJ/it
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Fig. 1. Method for estimating heat losses at each stage of
the reheating furnace process
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Fuel CO: emission factor (kg CO/kWh)
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Fig. 2. Overview of the system boundaries of the furnace
(Case 1)
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Fig. 4. Overview of the system boundaries of the furnace (Case 2)
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Table 3. Other Cases fuel

Case Fuel Excess air ratio (L)
3 Hydrogen/air heating 1.108
4 Ammonia/air heating 1.126
42% COG +
> 58% LDG/air heating 1149
6 42% COG + 115
58% BFGfair heating

Table 4. Other Cases enthalpy

Enthalpy (GJ/t) | Case 3 | Case 4 | Case 5 | Case 6
Fuel 1.384 1.580 1.669 1.494
Steel 0.827 0.827 0.827 0.827

Losses 0.228 0.228 0.228 0.228
Off gas out 0.329 0.525 0.614 0.439
Air out 0.26 0.344 0.324 0.306
Off gas in 0.589 0.869 0.938 0.746

R (WACC: Weighted average cost of capital)>
oo Btk dasage AV E A o
Agshe Hlew, Aaxd B8 B 8955
= FYES Rtk £ doAs EeE RE
8%z AASHATE.

CAPEX (Capital expenditure)> 7]4o] &4, 7|
A, e, BA e 22 1A H5 4, A
Ashe B AHgals w8 olujsict. 7k Aluel e
NPVE (16)0.& AAgh 5|, NPV Z}o|E H|iws}o]
A2 HANS TSR,

3.6 LTE ALi2|2 24

e Ay e Ao A ARESE Bl o=
Table 50| Attt A& 714 F xFol AR-H=
e oA 25l Sk 298 3709 2=
7o g y=o| A= Rl wE NPV gt W
2 APty & Aol aeshe oliteleka
HjEdE 7|52, PEM (Price Of Emission) .2 3
- HiEE 2050 ST B SA7] =7 &

AN 7}= HLiT Tﬂ'/\é—% EH'(‘SH’ @—?—7]’ {%‘_@tﬂ: HH%

-
— T e =2

N oy
=
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Table 5. Sensitivity analysis variable

No Description Unit
CO: price (PEM)
1 (7000, 10000, 13000) Won/tCO:
(0-1.400,000)
2 Fuel cost (= 30%) Won/kWh
3 Number of cycle -

o] SR 247t

KRX(HEPA AuERB RS
26% 7 7AA] AR 4= Gl KAU25 9
o] ¢F 10,000 Won $F2- 30
5 ) S s w2 7
7000, 10000, 13000 Won/tCO.=2 AA35}a1, z+ 7}
27014 e] NPVE 4geleict
A = wiEd e 22 g2
23] Hhgstrlols tha RS oty A Al
AN 71 Aol 7} 2 AT
Aol %%, 2025 89 )% W& 1A
Won/tCO: (75 euro/tCO2) =, %lﬂ 712 tjy] 10uj

Ol e Solt. ulste] A oy A9l T
o] AJARe QAU 2= thejo] ot A|Fo] e-oj|T

r£a°NH”
—‘_'N

N oo o> X

i

Utk Sa] Hof =2l A5 Az ol dA3HCCA)
o] H|&H 712L 37,476 Won/tCO: (27 $4CO2)=
FAE o] U, Aoz (I} vj=o] A
NS AL FEHOR REG S4Y M%— El
o]l glow, o]= A7|AQl v A I3k Rk
Eli=
4, Za}
41 97 714

Zk Aol 744 4P A= Table 69, =49F oF

ujole] 54 7HA-g- Table 791 g 2]8t3ic}y. CAPEX
< A= Adghf uet F71R 8w de] FA|
2 AoJslgl o, Case 19] NG AH|E 7|07 o

ol

> etmpASR0UA S| =28

2 WA Al 27bEE g wige) o Asis
t}. COG/BFG ¥ COG/LDGE] 7$ wix| #|7]
GRaE 7 SIS, el Az
o} alEl2 TR SoE NO, A7 AM|E =
7tz wejsiglon, BLE WA Aa R A7)
7FE A28 Hg-2 Witk & old A 714
o 2227} 321.15 WonkWhog 714 =9rom of
Zyol7) 253.56 Won/kWhez 1 HE o]l A
717FEL 125.13 Won/kWhe.2 NG tju] oF 2uf| &=
2 74Tl YIStk CAPEX ol g
yote} A 7]7Fgo] Z+2F 16.07, 16.18 Billion Won &
2 7 =9kon 4= 4.83 Billion Wono & It}
Zolqich vhd, A" 3749 F4HE<l COG, BFG,
LDG= A= 7HAo] @R8] Hol AAIH 915 2
glom CAPEX 9] B & tju] Ao g
SHLE. dE2Aow, eaulEd Hl8-S I SHA] &
A9 i, Gmujol, 17] HRR O] HSHE AT
18 Zulolq Al Reom 8% 4 ok

flo o
Ay -10

jud

Table 6. Fuel price for each case

Fuel Won/kg Won/kWh (Bil(lji[::E;on)
COG/BFG 75.25 21.01 2.68
COG/LDG 110.26 34.63 1.83

H: 10865.26 325.307 4.83
EL - 125.133 16.18
NHs 1310.92 253.56 16.07

NG 853.5 61.49 -

Table 7. Cost components of hydrogen and ammonia

Component H. N
(Won/kWh) (Won/kWh)
Production 144.618 164.873
Liquefaction 96.204 17.292
Shipping 9.35 4.832
Port 60.132 25.489
Gasification 2.534 -
Distribution 12.647 41.076
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Table 8. Comparative analysis of hydrogen, ammonia
An et al*? Hwang et al®® Lee et al*¥ This study
NHs H NHs He NHs He NHs H
(Won/kWh) | (Won/kWh) | (Won/kWh) | (Won/kWh) | (Won/kWh) | (Won/kWh) | (Won/kWh) | (Won/kWh)
188.7-208.2 - - 228.56 307.05 347.41 253.56 3253

411 7|1 Eoint A=7tA Hiw

Ay Aot B Aol A= 7h4 vla Aile=

Table 87 Zth B ALoA] A erjo} 714
o Mg o7 dn] 25.5%2] 2jo]= Holth o]y
gt Ak A A7t Ak s 25 ThE 24
Holz2 AR Axt e, 2 Ao A= skt #%
UE o4 tA7A Eaksler| uiolc)
Aol A AFAEE 2 7FAL A A )
9.7%2] 2folg WLt} ofgjet 7HA9] Alol= 5+
A 910 Apeoleh tlEe], 8 W 7R 2
ofoflA mtETh TF=0] Bjofd U TS 69,400
Won/MWh2 2435 ¥ o7t} gha), A8 d79e=
Ak 423221 41,640 Won/MWhE Y7 4519k
ERL 2 A I B A B9 BOG BARE
Azt w2 stz Agsiglony, A A
0.1%2 1A tH= HojA] zfo]7} whAsich

_/’\_/\9]_ ol—El,]o]_ 71AE ZAJof| AFA3E A3 Oq_—rL34)
A, Aol dRUoks 22t 21%, 6%
ZolE ‘2“1‘3} olfet 7142 XPOl% —’F—E 8]1 AP 5
Hl-§ AP WA oA Bty & 3340
Al 7)3t vie} o] Aduk dA —Q-Ek_,] 85% ;qu )
A7 113 —f?:}} iﬁ% L3Rl A S
’3}‘2‘%@ wheb] A e 3
‘:HH] oF 5HH L.—_yﬂ OHA]. oz\

>
i

%
=

o

o
rh: Iy
i

PEM2] 7}4S 10,000 Won/tCO-2 7143 4%,
NPVE =4 438 Billion Won¥} ¢F% 1o} 327 Billion
Wono & =7 Vet o, EL-S 129 Billion Won, £
A7}~0] AL COG/LDG 48 Billion Won, COG/BFG 47
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Fig. 6. Comparison of fuel NPV across different fuel types
under the condition of PEM = 10,000 Won
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Fig. 7. Comparison of CO, price across different fuel types
under the condition of PEM = 10,000 Won
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Table 9. Fuel price range

Fuel Range (Won/kWh)
COG/BFG 14.7-27.3
COG/LDG 24.24-45.01

H: 227.71-422.89

EL 83.28-166.56
NHs 177.45-329.55

NG 43.04-79.93

st} ()2 #7|sIh 3
o T A7 (xZ fuel,, y= fuel,)
vl Lol A fuel, O] H]-g-o] ©f A1, ¢FolH fuel, ] H]
fo] ¢ 22 oJuldtt}. Figs. 8-16, 18-19 NPV 1<)
©h9]= Billion Wono|th. l7te B ALgE o
=2 714 ¥H9= Table 99 Azlstsich

431 Lot 7HA

Figs. 8112 ¢tmuo} 714X, 271 o)t
AR 9 A7) 7Fd B2 0) vlg- #ste]| wE A
A AAE W BIE Holeth dyote] 714
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H|go] A&E= Ao Uehgth LAXOR NG
oju] 2k -290-245 Billion Won, COG/BFG tH] oF —
315-280 Billion Won, COG/LDG thH] <F -310-280
Billion Won, EL tjj#] F -250-175 Billion Won2] NPV
7F B Qi) ehyote] CAPEX= NPV zjolof of
31 7|67} OF 4% 4220 & CAPEX7} NPV 20|
= G98k= 39 Q9910 By offc) vhH g

7FAL OF 2-108)) o] AAE Ho] NPV zto|&
AJufF o2 2k-5hH, 1 Ak o]t 7H4 2ol
ofsf) yeht Ao s4Hct =3 Figs. 8-110]4 7}
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Won o] 2|7k, eFEUL|o}o] 7HA W 9jo] wE NPVALY)]
H3l= oF 70-110 Billion Wonl &2 RIZ=7F 2 A
o] stelwch dHd, PEMo] tigt Wiz B4 A},
Figs. 8-119] tj3z}ko] 1% es M) WolA
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NHs vs COG/BFG

PEM (Won/tCO2)
— 7,000
T 200 1 P2 10,000
S s Sso — 13,000
H SR N
2 -250 S, ~
= N
] S ~
£ 300 \} ¥\
3 S
£ s
G -350 S
> Ny, h
% R <R
-400

T T T
178 254 330
NHs (Won/kWh)

Fig. 9. NPV results for NHs vs COG/BFG

NHs vs COG/LDG

PEM (Won/tCO:z)

— 7,000
SN 10,000

N S = 13,000

|
N
=}
o

L

-250 - MONIN
< .
~ N
ST
-300 - 1\ E\
e ™
—-350 4 RSN
& L
% 3
—400 - I I

T T T
178 254 330
NH: (Won/kWh)

Fig. 10. NPV results for NHs vs COG/LDG
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Fig. 11. NPV results for NHz vs EL
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