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_ worldwide are consistently making various efforts. Hence, multiple strategies
Ezsies':zd 3%:?;’?;2:?“2%%5 are also being found in the hydrogen industry to reduce CO. emissions. This
Accepted 18 December, 2025  Study develops two low-carbon hydrogen production processes such as an am-

monia cracking process (ACP) and a solid oxide electrolysis cell-autothermal re-
forming integrated process (SAP) to reduce COz emissions and evaluate them in
terms of energy efficiency, economic feasibility, and environmental performance.
The energy efficiencies of ACP and SAP were 87.1% and 78.6%, respectively. The
levelized cost of hydrogen (LCOH) for SAP increased by approximately 20.0%
compared to ACP due to the addition of PR and ATR reactors and the higher elec-
tricity consumption. In addition, the CO. emissions of SAP were approximately
912.9% higher than those of ACP because SAP produces both direct CO2 from
the ATR system and indirect CO- from power consumption. Therefore, ACP out-
performs SAP in all aspects when producing the same amount of hydrogen. This
study is expected to contribute to the development of technologies required to
establish a sustainable hydrogen economy.
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Fig. 1. Process flow diagram(PFD) of ACP
Table 1. Stream information of ACP
1 2 3 4 5 6 7 8
Temperature (°C) -34.0 -33.0 -34.0 -33.7 602.1 602.1 64.2 25.0
Pressure (kPa) 101.3 101.3 101.3 1700.0 1700.0 1700.0 101.3 101.3
Molar flowrate (kmole/h) 978.9 1.0 978.9 978.9 978.9 1859.8 2421.7 1320.6
H; - - - - - 0.7105 0.5457 0.9997
. H,O - - - - - - 0.2375 -
Composition
NH; 1.0000 1.0000 1.0000 1.0000 1.0000 0.0526 0.0349 -
N, - - - - - 0.2368 0.1819 0.0003
9 10 11 12 13 14 15
Temperature (°C) 67.6 99.6 99.9 -34.5 25.0 853.6 32.0
Pressure (kPa) 101.3 101.3 101.3 93.9 101.3 101.3 101.3
Molar flowrate (kmole/h) 1791.0 912.7 878.3 2.1 606.6 1590.1 23529
H, - - - - - - -
H,O 0.9926 0.9855 0.9999 - - 0.6388 1.0000
Composition O, - - - - 0.2100 0.0438 -
NH; 0.0074 0.0145 0.0001 1.0000 - - -
N, - - - - 0.7900 0.3174 -
>> SRR UR ] =2 H36H M6= 20253 128
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Table 2. Stream information of SAP
1 2 3 4 5 6 7 8
Temperature (°C) 25.0 25.0 800.0 800.0 438.2 1000.0 1010.8 300.0
Pressure (kPa) 3000.0 100.0 3000.0 3000.0 3000.0 3000.0 3000.0 3000.0
Molar flowrate (kmole/h) — 289.5 754.9 295.5 148.0 784.6 932.6 1365.4 1365.4
HO - 1.0000 1.0000 - 0.5401 0.4254 0.2939 0.2939
0, - - - 1.0000 - 0.2639 0.0137 0.0137
N, 0.0207 - - - 0.0076 0.0094 0.0044 0.0044
CH, 0.9405 - - - 0.3582 0.2513 - -
C;Hs 0.0077 - - - - - - -
Composition CO - - - - - - 0.2058 0.2058
H> - - - - 0.0713 0.0063 0.4691 0.4691
CO; - - - - 0.0227 0.0438 0.0131 0.0131
n-CsH;,  0.0001 - - - - - - -
i-C4Hyo 0.0018 - - - - - - -
n-CsHy,pe  0.0015 - - - - - - -
C,Hs 0.0277 - - - - - - -
9 10 11 12 13 14 15
Temperature (°C) 454.1 200.0 265.1 800.0 15.0 25.0 25.0
Pressure (kPa) 3000.0 3000.0 3000.0 3000.0 100.0 3000.0 3000.0
Molar flowrate (kmole/h)  1365.4 1365.4 1365.4 291.3 1656.7 1177.1 2459
HO 0.1602 0.1602 0.1056 - 0.0870 - 0.5863
0, 0.0137 0.0137 0.0137 - 0.0113 - 0.0760
N, 0.0044 0.0044 0.0044 - 0.0036 0.0002 0.0244
Composition CO 0.0721 0.0721 0.0175 0.0144 0.0001 0.0971
H> 0.6028 0.6028 0.6574 1.0000 0.7177 0.9997 0.0484
CO; 0.1468 0.1468 0.2014 - 0.1660 - 0.1678
C,Hs - - - - - - 0.0001
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Table 3. Operating condition information of ACP

Parameter Value

Feed -34°C, 101.3 kPa
0.1 wt% of Feed
600°C, 1700 kPa

BOG generation

Ammonia cracking reactor

Ratio of conversion 99%
Ammonia concentration
. 50 ppmwt
In wastewater
Hydrogen purity 99.97 mol%
Catalyst Ru/ALO;
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Fig. 2. PFD of SAP

Steam methane reforming :
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Table 4. Operating condition information of SAP

Unit Description Values
NG (°C, kPa) 25, 3000
Feed
Water (°C, kPa) 25, 101.3
Inlet condition 800, 3000
SOEC
Steam conversion (%) 90
PR Inlet condition (°C, kPa) 500, 3000
S/C ratio 1.6
Inlet condition (°C, kPa) 1000,3000
ATR O/C ratio 0.53
Catalyst Ni-based
HTWGS Inlet condition (°C, kPa) 300, 3000
LTWGS Inlet condition (°C, kPa) 200, 3000
CCS Solvent MDEA
Inlet condition 25, 101.3
PSA )
Hydrogen purity (mol%) 99.97
| =]
3. 34 M YW=

Journal of Hydrogen and New Energy <<



848  XTih A MIMS Qfpr ARLOHZ0H SE IAMEtE ToiE-KIENE SBF S SE(IE - Al - &) Bl =4
I

3.1 )4X| S8 2AM

Ashs 349 AuA &8 FH sHEH=
A=} A= =4x0] A D (Lower Heating
Value, LHV)S 7]Z08 w=259jth. ACP 2o
our] &L 4] (59 #th

mHy.omfput x LHVH
2(%) = — - (5)
Mty it ¥ LHV ) Epyy + B,

electricity

B AN my i T gy s 2 FE2.
AH/\]—E]}:_ /\5\_9,]. _T'_X%oﬂ .T'_:LE]}_‘_ OT—Eq ]-g] ;é_]
Fkg/hn S e LAV, 9F LHVy, & 27

sael otmyofe] AeHrdwmS Yepdtt £,
E ity = 22 FA0NA AnE= Amel Age U

Epck SAP 9] o] BRE 4] (67 A,

-;-‘OEHU

2(%) = (6)
(mHZ,A TR out put + mH, SOECout put ) x LHVHZ
(mNG,M/mt x [’HV ) + E/ectrtufv/ ATR + E;Iectritic_z/, SOEC

N
N
o 1IN

[e)
—

2o A mHZ',ATR(mtputj”} M p, SOECoat put

ATR¥} SOECOA] FFoz A= 449
%E‘:(kg/hr)—% L]—E]—LHD% mNGin[)utiq- LHVNG

flo
TNy

N

N

4
Tl FFEE NGO Aekgake/hn) T A 9w
Q‘E}-LHE]— electricity, ATRQ]— E;lectrzciij SOEC{__.‘ 7—11—7—}—

ATR 573 SOEC 3o AME-E= S vref
e

3.2 ZdNY =M
ACPS} SAP B7He] ZA4 W7k= CAPEXS}
OPEX7|HFO & 44 53} v]-&(Levelized Cost of

Hydrogen, LCOH)% AFESITE CAPEX+= 4]
(M= o83t AsHrt.
CAPEX,,,,, = CAPEX,,.+ CAPEX, .+ CAPEX @)

B AolK CAPEX,®} CAPEX, = 7V7F A%

>> SIRAAAYMOILKIS}E] =2

Table 5. Total Capital Investment Components'®

Components Factor, %
Fixed capital investment (FCI) 504
Direct costs
Purchased equipment cost 100
Installation cost 47
Instrumentation & controls 36
Piping 68
Electrical systems 11
Buildings 18
Yard improvements 10
Service facilities 70
Indirect costs
Engineering & supervision 33
Construction expenses 41
Legal expenses 4
Contractor’s fee 22
Contingency 44
Working capital investment (WCI) 89
Total capidtal investment (TCI) 593
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Table 6. Total Operating Expenditure Components'
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Table 7. Assumption for Economic parameters

Components Factor, % Parameter Value Reference
Direct production costs Ammonia cost, USD/kg 0.52 [12]
Consumable material cost (CMC) 1.00 X CMC NG cost, USD/kg 0.73 [15]
Operating labor cost (LC) 1.00 X LC Grid electricity cost, USD/kWh 0.07 [13]
Direct supervision cost (CS) 0.15 X LC Renewable electricity cost, 0.12 [16]
Utilities cost (UC) 1.00 X UC USD/kWh
Maintenance cost (MC) 0.06 X FCI Cooling water at 298K, USDkg  0.000051 [12]
Operating supplies cost (OSC)  0.15 X LC Discount rate, % 0.06 [14]
Laboratory charges cost (LCC) 0.15 X LC Plant working days, days/year 330 [13]
Fixed charges Plant life, years 20 [14]
Local taxes cost (LTC) 0.025 X FCI Number of Labor 6 -
Insurance cost (IC) 0.007 X FCI
Financing cost (FC) 0.1 X TCI 3.3 S4M EM

0.6325LC X 0.033FCI
0.23LC X 0.012FCI

Plant overhead costs (POC)
Administrative costs (AC)

7} ZHE oHg|= 3 wejul8-2 UEhdlth OPEX
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Annualized Cost = (CAPEX x CRF) + OPEX (10)
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(CAPEX x CRF) + OPEX
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LCOH= (12)
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Table 8. Comparison of used electricity of ACP and SAP
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