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Abstract — In this study, two different scenarios for ammonia liquefaction in the green ammonia manufacturing
process were proposed, and the economic-feasibility and environmental impact of each scenario were analyzed. The two
liquefaction processes involved gas-liquid separation before cooling at high pressure (high pressure cooling process) or
after decompression without the gas-liquid separation (low pressure cooling process). The high-pressure cooling process
requires higher capital costs due to the required installation of separation units and heat exchangers, but it offers
relatively lower total utility costs of 91.03 $/hr and a reduced duty of 2.81 Gcal/hr. In contrast, although the low-pressure
cooling process is simpler and cost-effective, it may encounter operational instability due to rapid pressure drops in the
system. Environmental impact assessment revealed that the high-pressure cooling process is more environmentally
friendly than the low-pressure cooling process, with an emission factor of 0.83 tCO,eq less than the low-pressure
cooling process, calculated based on power usage. Consequently, the outcomes of this study provide relevant scenario
and a database for green ammonia synthesis process adaptable to various process conditions.
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Fig. 1. Pros and applications of green ammonia synthesis process.
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Fig. 2. Unit process flow diagram of high-pressure cooling and low-pressure cooling.

Table 1. Feed composition of green ammonia synthesis process

Table 2. Design parameters of major units in high pressure cooling

Component Mole flow rate (kmol/hr) Mole fraction (-) process
NH; 11.4277 0.04 Equipment Parameters Ref.
H, 205.699 0.72 Plug flow reactor with catalyst
N, 68.5663 0.24 PFR Catalyst: Wustite based catalyst
= (R-PLUG) Density and porosity: 3250 kg/m>, 0.5 [8,18]
Kinetics: LHHW (Table 4)
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Table 3. Design parameters of major units in low pressure cooling
process

Equipment Parameters Ref.

V1 outlet pressure: 50 bar

V1-V2 (Valve) V2 outlet pressure: 10 bar

[8,18]

Cooler condition: -35 ‘C 10 bar
RCI (cooler) Refrigerants: Liquid nitrogen [8,18]
Fl F1 condition: -35 C 10 bar [8,18]
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Table 4. Fugacity-based LHHW reaction kinetics using Wustite catalyst

[19]
Stoichiometry N, H, NH;
-0.5 -1.5 1
Kinetic constant E, (kcal/mol)  k, (kmol/sec/kg,,,)
45 7.47E+08
Exponents N, H, NH;
Forward term 1 2.25 -1.5
Reverse term 0 -0.75 -0.5
Coefficients A B C D
Term 1 -7.8 9218 -5.42 7.80E-04
Term 2 2.88 0 0 0
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Item

Ratio factor

High pressure cooling (M$)

Low pressure cooling (M$)

Total equipment cost (Aspen Plus)
1. Direct cost
1.1 Purchased equipment (delivered)
1.2 Purchased equipment installation
1.3 Instrumentation & Controls
1.4 Piping
1.5 Electrical Systems
1.6 Buildings (including services)
1.7 Yard improvements
1.8 Service facilities
Total direct costs
2. Indirect cost
2.1 Engineering and supervision
2.2 Construction expenses
2.3 Legal expenses
2.4 Contractor's fee
2.5 Contingency
Total indirect costs
3. Working capital (WC) (16% of TCI)
Fixed capital investment (FCI)
Total capital investment (TCI)

1.00
0.47
0.36
0.68
0.11
0.18
0.10
0.70

0.33
0.41
0.04
0.22
0.44

4.3049

4.735
2226
1.705
3.220
0.521
0.852
0.474
3.315
17.047

1.563
1.942
0.189
1.042
2.084
6.819
4.546
23.866
28.412

3.855

4.241
1.993
1.527
2.884
0.466
0.763
0.424
2.968
15.266

1.399
1.739
0.170
0.933
1.866
6.106
4.071
21.372
25.443

Note : the equipment delivery cost was estimated to be 10% of the total equipment cost

Stream NO. 1 2 3 4 5 6 7 8 9
Phase Vapor Vapor Vapor VLE Liquid VLE VLE VLE Vapor
Temperature (°C) 80 450 450 30 30 21.7 -40 -35 23.91823
Pressure (bar) 5 150 150 150 150 150 150 10 150
Mole Flows (kmol/hr) 285.69 957.48 821.15 821.15 92.33 728.82 72882 14732 671.78
NH3 11.43 3895  175.28 175.28 91.17 84.11 84.11 147.17 27.53
H2 205.70 708.34 503.85 503.85 0.85 503.00 503.00 0.10 502.64
N2 68.57 210.18 142.02 142.02 0.31 141.71 141.71 0.05 141.61
Mole Fractions

NH3 0.04 0.041 0.213 0.213 0.987 0.115 0.115 0.999 0.041
H2 0.72 0.740 0.614 0.614 0.009 0.690 0.690 0.001 0.748
N2 0.24 0.220 0.173 0.173 0.003 0.194 0.194 0.000 0.211

Fig. 3. Green ammonia synthesis process flowchart and main flows using green hydrogen (high pressure cooling process).

Korean Chem. Eng. Res., Vol. 62, No. 2, May, 2024



129

F A
[27]. oldl 0C,y,,,
S8 1ear

H]-€-(Total annual investment, TAI
0C,,;» 12131 OC,, = 217+ 27]

refri>
2t g0l golth

Mo o

3. 49 ¥

3-1. AI%EHOI'& Zdat M

Fig. 32 1% R Yo} 34 74
Aspen PlusE Ol“g-ﬁﬂ A F}
T3 s8] gk te| g 0w o] FolA] lrk FY
ZAES COMPLOIA 150 bar7b4] 71t ¥l 31 MX19I4] Al
7} v HX1914 450 T7HA] 7FE ). 7FE 9 stream 2= $-AEf
O|E Zuj7} Eol9lv= 44 HETE7|Rplug)E 5017} 150
bar 450 C 7oA whg-stet. oju] ykg-7]e] MEELS 540 &

TE 7IF0E 28.8%F GA YT o= gt ot st Wl
R HJS 57 A o}ﬂﬂ QT 5= HEY) Ato] =7} 57}
sto] @& 185 a-th waekA o] & A8 H8l W e
90% g =7 oAl AF @A 0w A glom 28], & ATl
2= RGibbs2] ¥H-5-7] AR 32%2] H3-5-2] 90% =, 28.8%°]]
T s A £33 A EQ stream 32 WS ARE-SH
W747) €1, €2 183 C35 A 2 ® AR 30 T7HA] W¥2teith
[20]. 29 stream 4= Fl1o| A4 12318 0 2 7]-o 2] 617 A},
ol UK M3l QL o} stream 5= F3O.2 0] 53l LA +=

WL 2] ghufo}
= o

Ammonla synthesis process
f,l\
N/

rI_iguefaction process

) B TR s

7172 HXloﬂ T gk el Eo] f8E 71A= HX1S

A7k Aed 356 4 A& ddstir 21.7 TE Y2
WZHe stream 6= RCIoIA] WA A0S B3 40 T7HA] W
ZYe]o] stream 7= 53l HX22 S#7c},

HX20l|A HFAYAE 552 I oUx| & F58k1 F2oll A 23}
7]-N -2 s HH olul 7] HX12.2 7HA 4 AUR| =
T stream 95 E3f A S} AL F3O0E F{]FH L
30 bar7k=] e ZFstE v mlE] EEE P L AshH stream S
9} ) 32} 7]-a1 52 S S| H o e Hau] 3 F42 87t 43

7]-N52] 7} 23T}, F4olq Eajg B VS-S 10 bar®
ote] 7ZFaleo] HX27 507} stream 73 Gk E3) 35 CE

ztEo] HF o] WhEol A Atk (stream 8). o] YA
52 I 99.9 mol%S] N3} YR o} 147.32 kmol/hr7}t Ak g_u}

=T T

HFAAE] L} GRS T TRAA AT
ol A99] 4 715492 AAEAE ] 919 10

ot MA S e WAL ENN
23} A4 MA L eI

Fou} ol

bar, -35 T A4},
o} F718t o) dolofof ghth=
Yo} gl 291 33 TOE = 3lo] & 35l
% -10 TE 2iAE QHthes 288 53171 $18olth29].
Fig. 4¢] 7> etRuo} 34 974714 Fig. 39] 743 w3t
T YE AR W2by) L, 2 183 C3E AA 30 T7HA
W2 stream 45 V1 V22| MBS B3 7415)o] stream 5%

ol olmf 10 bar7kA] ZHeket 22 Fig. 39] 343} sk

Stream NO. 1 2 3 4 5 6 7 8
Phase Vapor Vapor Vapor VLE VLE VLE Liquid Vapor
Temperature (°C) 80 450 450 30 -21.80801 -35 -35 -35
Pressure (bar) 5 150 150 150 10 10 10 10
Mole Flows (kmol/hr) 285.69 1285.13 1148.01 1148.01 1148.01 1148.01 148.58 999.43
NH3 1143 108.02 24513 24513 24513 24513 148.54 96.59
H2 205.70 882.91 677.24 677.24 677.24 677.24 0.03 677.21
N2 68.57 294.20 225.64 225.64 225.64 225.64 0.01 225.63
Mole Fractions

NH3 0.04 0.084 0.214 0.214 0.214 0.214 1.000 0.097
H2 0.72 0.687 0.590 0.590 0.590 0.590 0.000 0.678
N2 0.24 0.229 0.197 0.197 0.197 0.197 0.000 0.226

Fig. 4. Flow chart and main flows of the process with different liquefaction processes for comparative analysis (low pressure cooling process)

[18].
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Table 6. Utility unit costs and usage for each process.
High pressure cooling Unit
Duty 3.167 Gcal/hr
Cooling water Usage 635196.671 kg/hr
Cost 2.811 $/hr
Duty 0.645 Gcal/hr
Refrigeration Usage 8970.434 kg/hr
Cost 38.629 $/hr
Duty 3.264 Gcal/hr
Electricity Usage 3795.598 kW
Cost 189.780 $/hr
Low pressure cooling Unit
Duty 4.428 Gcal/hr
Cooling water Usage 888056.398 kg/hr
Cost 3.930 $/hr
Duty 0.698 Gcal/hr
Refrigeration Usage 9703.642 kg/hr
Cost 41.786 $/hr
Duty 4.756 Gcal/hr
Electricity Usage 5530.707 kW
Cost 276.535 $/hr
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process
High pressure Low pressure
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Total annual capital investment . Global warming potential .
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Utili t (M$/, 2.025 2.823 10b
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M$/yria 319t W7E o] Agshy| wiel & A e gt

& vEbd Ao g 319k W7t $740] 259.65 $/ton NH;,
A9k ¥z 3740] 275.87 $/ton NHE 15t W2F 37g0] & &<
I LjolE Agakel ) u]g-o] 16.22 $/ton NHyHTR= 21S 8

Skl tiae] 739 v o} &
olgfgt W2l A4 @Al v A= T2 I F shE Hrpk
Atk Yol S ARG A= o|4lskR Ao} opilsl Al A K
27k E Agsitta g A 9o o= sk $17 J3kS 1
sfjof sh33].

£ ATrel|x] At okE A3l A17]7] sl Wulle] £ 257
-40 T ol3tofof akar o]2f st 54-& A KA1 YullE Table 89
A&t AT L3} 2|5 (GWP)E oA EAS 7|50 X

Korean Chem. Eng. Res., Vol. 62, No. 2, May, 2024

7 2dste] deht GES 71A=A Uehdls AR A =
=75 9= 2 RTAL = 5 3IH Table 84 %= 2R1g o=
Aol 7 gl Wl ARE-SE A A= GWP grel 0017]
wfoll f1elA AEe WrlE AR W) @7l viA= FE2 A
o] ek, whebr el WS AR Z42e) 3 1R ek Rof

Fgolen & 4 gk,

Qo o) gl BN Bl B FE Q90 zE 4

wLamlEo] k. SR Sl AFHE F TS AP
wamlEo] gl 13 Lok 3017 uhzel oA An e
B8 87 GBS QDI A 201S 58 37
P B PRELOE FHT F oM 4 (B Fajo] A
244

Art.

Fig. 9% 2 ()& AHE-8te] 7} 37 9] 1CO,eq = AHEst A7
2 717} 1.81, 2.64 tCO4eq0] 2L 213 WZF F o] At Wzt 34
Ktk ©F 0.83 tCO,eq T S7] wZoll #7g o] thgh o gko] vl
w}, o]23k 2P0l tC0,eqE AHESH= 23 2 39 35
o o2&l wrysitt, 4] (4= IMIEDS AFES] S8 AR A
71U E 78 WFRE 2t} AliketAl Hi=t Al 3.2.1004

L AFAR A3k e 355407 Qlato] ukgr] Aol fAE

Jm Rl

S|
)
73




ehwLjo} olg} Aluke] Qo] whe 7RIghy

A eu

o
F

2.5

1.5

ton CO, eq

0.5

High pressure cooling Low pressure cooling

Fig. 9. Ton of CO,eq of each process.

7}“’33% 7] sl At @7t 7o) agt ¥zt 278 Ry B
& ARk sF0] Fel A oR B A7leluAE .8 |
1:} whebA] gk W7k 3ol A W 3 no 94 I
A7} g o= At
.8 B

A oSt A wiEekH] faL FAE ke g gl
T% Yol 37s AR Aspen Plus 32 7ol W v
OJE1E ©]&3l <= 99.9 mol% 43} FR Lo} 148 kmol/hre] #E
s de AAE {lﬁ”ﬁ“q ”é g e g Ak AT
o iz

5 s

3

o
ki)

)

Bl R

et o
o
N
N
£
2
rlo
Y
o]
o,
of
N
N
£
oX, N

= =

Fe2E 1H)go] 91.03 $/hr B S duty7} 2.81 Geal/hr T
18]-8o] AA ot vlud FAo] whest A ¢k W7t 34

%27) A=) n)go)] ¥ $-30] o)At FAT e tEw

o Fp o ¥ o £ o
-
N

N
oz &
=
= M

rQ
oéo o
)

-

v

X

[e]

39

O

o, oo

2

5%
NH; 2A| =0k 523 373 3= 97ks

SulgoR SAsks MEFS AT A3 19 W2 $ A
W7 FF ZH7F 1.81, 2.64 tCOeq= I W7 375 0] 0.83
] s

o1 F3) TNTHL B A% B4 FF= Brhel ot
MRS AN R US4 eubAel 1R Qho} A
Fel A et Altel 2ol mhe ghLjote] AT 1§t £ nlg
& 218 5 93 o] ANE HhEO R FF 17 YrLlol P F
oM 2TEE £ APl W olat Alutel ool it ol et
Q1S ATL 5 Uk

Yo} 3t T4 AHAA 2 7 ok

7} 171

ofl

SET
o~ L O O

=YY

References

1. Kumar, S. S. and Lim, H., “An Overview of Water Electrolysis
Technologies for Green Hydrogen Production)’ Energy reports 8,
13793-13813(2022).

2. Sazali, N., “Emerging Technologies by Hydrogen: A Review,
Int J Hydrogen Energ 45, 18753-18771(2020).

3. Zainal, B. S. et al. “Recent Advancement and Assessment of Green
Hydrogen Production Technologies, Renewable and Sustainable
Energy Reviews 189, 113941 (2024).

4. Glenk, G and Reichelstein, S., “Economics of Converting Renew-
able Power to Hydrogen Nature Energy 4, 216-222(2019).

5. Wan, Z., Tao, Y., Shao, J., Zhang, Y. and You, H., “Ammonia as
an Effective Hydrogen Carrier and a Clean Fuel for Solid Oxide
Fuel Cells) Energy Conversion and Management 228, 113729
(2021).

6. Makepeace, J. W. et al. “Reversible Ammonia-based and Liquid
Organic Hydrogen Carriers for High-density Hydrogen Storage:
Recent Progress.’ Int J Hydrogen Energ 44, 7746-7767(2019).

7. Wang, W., Herreros, J. M., Tsolakis, A. and York, A. P., “Ammo-
nia as Hydrogen Carrier for Transportation; Investigation of the
Ammonia Exhaust Gas Fuel Reforming}’ /nt J Hydrogen Energ
38, 9907-9917(2013).

8. Aika, K.-I. et al. Ammonia: Catalysis and Manufacture. (Springer
Science & Business Media, 2012).

9. Smith, C., Hill, A. K. and Torrente-Murciano, L., “Current and
Future Role of Haber—-Bosch Ammonia in a Carbon-free Energy
Landscape} Energy & Environmental Science 13, 331-344(2020).

10. Sun, Z. et al. Modeling and Simulation of Dynamic Character-
istics of a Green Ammonia Synthesis System,’ Energy Conversion
and Management 300, 117893(2024).

11. Zheng, J., Jiang, L., Lyu, Y., Jiang, S. P. and Wang, S. Green Syn-
thesis of Nitrogen-to-ammonia Fixation: Past, Present, and Future’
Energy & Environmental Materials 5, 452-457(2022).

12. Li, C., Wang, T. and Gong, J., “Alternative Strategies Toward Sus-
tainable Ammonia Synthesis,’ Transactions of Tianjin University
26, 67-91(2020).

13. Santhosh, C. and Sankannavar, R., “A Comprehensive Review
on Electrochemical Green Ammonia Synthesis: From Conven-
tional to Distinctive Strategies for Efficient Nitrogen Fixation}
Applied Energy 352, 121960(2023).

14. Rouwenhorst, K. H. et al. “Plasma-driven Catalysis: Green Ammo-
nia Synthesis with Intermittent Electricity,” Green chemistry 22,
6258-6287(2020).

15. Humphreys, J., Lan, R. and Tao, S., “Development and Recent
Progress on Ammonia Synthesis Catalysts for Haber—Bosch Pro-
cess, Advanced Energy and Sustainability Research 2, 2000043
(2021).

16. Lee, B. ef al. Pathways to a Green Ammonia Future] ACS Energy
Letters 7, 3032-3038(2022).

17. Chehade, G. and Dincer, 1. Progress in Green Ammonia Produc-
tion as Potential Carbon-free Fuel} Fuel 299, 120845(2021).

18. Verleysen, K., Parente, A. and Contino, F., How Sensitive is a
Dynamic Ammonia Synthesis Process? Global Sensitivity Anal-
ysis of a Dynamic Haber-Bosch Process (for flexible seasonal
energy storage), Energy 232, 121016(2021).

Korean Chem. Eng. Res., Vol. 62, No. 2, May, 2024



172 A1 -

19. Tripodi, A., Compagnoni, M., Bahadori, E. and Rossetti, 1., “Pro-
cess Simulation of Ammonia Synthesis Over Optimized Ru/C
Catalyst and Multibed Fe Plus Ru Configurations) J. Ind. Eng.
Chem, 66, 176-186(2018).

20. Yoshida, M., Ogawa, T., Imamura, Y. and Ishihara, K. N., “Econo-
mies of Scale in Ammonia Synthesis Loops Embedded with
iron- and Ruthenium-based Catalysts) Int J Hydrogen Energ 46,
28840-28854(2021).

21. Gillespie, L. J. and Beattie, J. A., “The Thermodynamic Treatment
of Chemical Equilibria in Systems Composed of Real Gases. I. An
Approximate Equation for the Mass Action Function Applied to
the Existing Data on the Haber Equilibrium Physical Review
36, 743(1930).

22. Peng, D.-Y. and Robinson, D. B., “A New Two-constant Equation
of State)’ Industrial & Engineering Chemistry Fundamentals 15,
59-64(1976).

23. Hondo, H., “Life Cycle GHG Emission Analysis of Power Gen-
eration Systems: Japanese Case) Energy 30, 2042-2056(2005).

24. Ministry of Environment, Guidance on Public Sector GHG Target
Management Operations (2022) (Written in Korean).

25. Greenhouse Gas Inventory and Research Center, Ministry of
Environment. Approved National GHG Emissions. Absorption
Factor for 2021 (2021) (Written in Korean).

26. Peters, M. S., Timmerhaus, K. D. and West, R. E., Plant Design
and Economics for Chemical Engineers. Vol. 4 (McGraw-Hill
New York, 2003).

27. Park, K., Jang, Y. H., Kim, M.-G,, Yang, D. R. and Hong, S.,
Comprehensive Analysis of a Hybrid FO/crystallization/RO Process
for Improving its Economic Feasibility to Seawater Desalina-
tion) Water Research 171, 115426(2020).

28. Nicol, W., Hildebrandt, D. and Glasser, D., “Crossing Reaction
Equilibrium in an Adiabatic Reactor System} Developments in
Chemical Engineering and Mineral Processing 6, 41-54(1998).

Korean Chem. Eng. Res., Vol. 62, No. 2, May, 2024

A TR s

29. Korea Occupational Safety and Health Agency, D-34-201 Technical
Guidance on the Storage of Anhydrous Ammonia (2013) (Written
in Korean).

30. https://www.rutherfordtitan.com/liquid-nitrogen-generators/lig-
uid-nitrogen-price-usa/?v=7516fd43adaa. (Acces date : 2024/01/04).

31. Jaeschke, M., Hinze, H. M., Achtermann, H. J. and Magnus, G,
“PVT Data from Burnett and Refractive Index Measurements for
the Nitrogen—hydrogen System from 270 to 353 K and Pres-
sures to 30 MPa} Fluid Phase Equilibria 62, 115-139(1991).

32. Zander, M. and Thomas, W., “Some Thermodynamic Properties
of Liquid Ammonia: PVT Data, Vapor Pressure, and Critical
Temperature] Journal of Chemical and Engineering Data 24, 1-
2(1979).

33. Calm, J. M., “Emissions and Environmental Impacts from Air-
conditioning and Refrigeration Systems. International Journal
of Refrigeration 25, 293-305(2002).

34. Calm, J. M. and Hourahan, G, “Refrigerant Data Update)’ Hpac
Engineering 79, 50-64(2007).

Authors

Gunyoung Kim: Master Course, Department of Chemical Engineering,
Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763,
Republic of Korea; rjsdud2178@ hanyang.ac.kr

Yinseo Song: Master Course, Department of Chemical Engineering,
Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763,
Republic of Korea; dlstj54@hanyang.ac.kr

Boram Gu: Assistant Professor, School of Chemical Engineering, Chon-
nam National University, 77 Yongbong-ro, Buk-gu, Gwangju, 61186,
Korea; boram.gu@jnu.ac.kr

Kiho Park: Associate Professor, Department of Chemical Engineering,
Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763,
Republic of Korea; kiho138@hanyang.ac.kr



