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S1 Process Flow Diagrams, Stream Summary and Equipment List
S1.1 Electrified Haber-Bosch

Figure S1. Process flow diagram of the electrified Haber-Bosch process with an alkaline water electrolyzer (AEL). The electrified Haber-Bosch with a proton exchange 
membrane electrolyzer (PEMEL) is identical, except that the feed-gas compressor (C-2) requires less compression stages.
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Table S1. Stream summary of the electrified Haber-Bosch process with AEL (Figure S1). 

Property 1 2 3 4 5 6 7
Temperature (°C) 25 80 40 80 40 25 40
Pressure (bar) 1.01 1.01 163 1.01 1.01 6 157
Mole flows (kmol 
h-1)

370.43 166.47 166.47 334.06 334.06 111.37 1830.5

NH3 (kmol h-1) 54.835
H2 (kmol h-1) 334.06 334.06 1331.75
N2 (kmol h-1) 111.37 443.82
O2 (kmol h-1) 166.47 166.47
KOH (kmol h-1)
H2O (kmol h-1) 370.43
Mole fractions
NH3 0.03
H2 1 1 0.73
N2 1 0.24
O2 1 1
KOH
H2O 1
Mass flow (kg h-1) 6667.77 5326.69 5326.69 673.42 673.42 3119.75 16054.1
Property 8 9 10 11 12 13 14
Temperature (°C) 220 400 619 437 239 239 -5

Pressure (bar) 156 155 152 151 150 149 147
Mole flows (kmol 
h-1)

1830.5 1830.5 1608.54 1608.54 1608.54 1608.54 1608.54

NH3 (kmol h-1) 54.835 54.835 276.79 276.79 276.79 276.79 276.79
H2 (kmol h-1) 1331.75 1331.75 998.81 998.81 998.81 998.81
N2 (kmol h-1) 443.82 443.82 332.94 332.94 332.94 332.94 998.81
O2 (kmol h-1) 332.94
KOH (kmol h-1)
H2O (kmol h-1)
Mole fractions
NH3 0.03 0.03 0.17 0.17 0.17 0.17 0.17
H2 0.73 0.73 0.62 0.62 0.62 0.62 0.62
N2 0.24 0.24 0.21 0.21 0.21 0.21 0.21
O2 
KOH
H2O
Mass flow (kg h-1) 16054.1 16054.1 16054.1 16054.1 16054.1 16054.1 16054.1
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Table S1 (continued). Stream summary of the electrified Haber-Bosch process with AEL (Figure S1). 

Property 15 16 17
Temperature (°C) -5 -34 -5

Pressure (bar) 145 1.01 145
Mole flows (kmol h-

1)
223.25 223.25 1385.29

NH3 (kmol h-1) 221.92 221.92 54.87
H2 (kmol h-1)
N2 (kmol h-1) 0.34 0.34 997.83
O2 (kmol h-1) 0.98 0.98 332.60
KOH (kmol h-1)
H2O (kmol h-1)
Mole fractions
NH3 0.995 0.995 0.04
H2 0.004 0.004 0.72
N2 0.001 0.001 0.24
O2 
KOH
H2O
Mass flow (kg h-1) 3790.98 3790.98 12263.2

Table S2. Equipment list of the electrified Haber-Bosch process with AEL (Figure S1). CW: Cooling water

Main Equipment C-1 C-2 E-1 E-2 E-3 E-4
Type 6-stage 

compressor
6-stage 
compressor

Cooler Heat 
Exchanger

Heat 
Exchanger

Cooler

Power (kW) 2701 1137.92
Heat (kW) 2234

(intercoolers)
1184.12 108.5 2923 2776 3062

Area (m2) 347
(intercoolers)

314.72 104 53.02 50.96 87.8

U (kW m-2) - - 42.2 310.4 287.4 574.1
Medium CW CW CW CW
Main Equipment E-5 V-1 Air separation unit
Type Condensor Flash drum Pressure-swing adsorption
Power (kW) 1372.03
Heat (kW) 1746
Area (m2) 71.23
U (kW m-2) 658.6
Medium Ammonia
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Table S3. Stream data modification when replacing AEL with PEMEL in the electrified HB process (referring to 
Figure S1).  

Property 2 4 5

Temperature (°C) 80 80 40

Pressure (bar) 35 35 35 

Mole flows (kmol 
h-1)

166.47 334.06 334.06

NH3 (kmol h-1)
H2 (kmol h-1) 334.06 334.06

N2 (kmol h-1)
O2 (kmol h-1) 166.47

KOH (kmol h-1)
H2O (kmol h-1)
Mole fractions
NH3

H2 1 1

N2

O2 1

KOH
H2O
Mass flow (kg h-1) 5326.69 673.42 673.42

Table S4. Equipment data modifications when replacing AEL with PEMEL in the electrified HB process 
(referring to Figure S1).

Main Equipment C-1 C-2 E-1
Type 2-stage 

compressor
4-stage 
compressor

Cooler

Power (kW) 333.2 kW 1203
Heat (kW) 411.2

(intercoolers)
708
(intercoolers)

108

Area (m2) 28.6
(intercoolers)

67.3
(intercoolers)

16.03

U (kW m-2) - - 276
Medium CW CW CW
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S1.2  Aqueous NRR at Ambient Conditions

Figure S2. Process flow diagram of aqueous NRR at ambient conditions with a H2 purge.
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Table S5. Stream summary of the aqueous NRR process with a H2 purge at a FE of 90% (Figure S2). 

Property 1 2 3 4 5 6 7 8
Temperature (°C) 25 25 25 25 25 25 25 -24.8

Pressure (bar) 6 1.01 1.01 1.01 1.01 1.01 3.5 3.5
Mole flows (kmol h-1) 1110.92 1110.92 1035.82 666.0 2665.72 2221.80 2221.80 223.07
NH3 (kmol h-1) 0.218 222.18 222.18 221.96
H2 (kmol h-1) 36.99
N2 (kmol h-1) 1109.81 1109.81 998.83

O2 (kmol h-1) 1.11 1.11
KOH (kmol h-1) 39.58 39.58 39.58
H2O (kmol h-1) 666.0 2625.916 1960.03 1960.03 1.11
Mole fractions
NH3 0.00008 0.1 0.1 0.995
H2 0.036
N2 1 1 0.964
O2 1 1 0.964
KOH 39.58 0.0178 0.0178
H2O 1 2625.92 0.882 0.882 0.005
Mass flow (kg h-1) 31121.24 31121.24 28055.1 12016.11 49531.36 41315.2 41315.2 3800.16

Property 9 10 11 12 13 14 15 16
Temperature (°C) -33 140 101 40 25 25 25 40
Pressure (bar) 1.01 3.5 1.01 1.01 1.01 6 1 163
Mole flows (kmol h-1) 222.08 2038.21 2038.21 2038.21 2038.21 298.79 166.47 465.27

NH3 (kmol h-1) 221.96 0.218 0.218 0.218 0.218
H2 (kmol h-1)
N2 (kmol h-1)
O2 (kmol h-1) 298.79 166.47 465.27
KOH (kmol h-1) 39.58 39.58 39.58 39.58
H2O (kmol h-1) 1.11 1958.92 1958.92 1958.92 1958.92
Mole fractions
NH3 0.995 0.0001 0.0001 0.0001 0.0001
H2 
N2

O2 1 1 1
KOH 0.0194 0.0194 0.0194 0.0194
H2O 0.005 0.961 0.961 0.961 0.961
Mass flow (kg h-1) 3800.16 37515.1 37515.1 37515.1 37515.1 9561.11 5326.9 14888.02
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Table S6. Equipment list of the aqueous NRR process with a H2 purge at a FE of 90% (Figure S2).

Main 
Equipment

P-1 E-1 
(Distillation)

E-2
(Distillation)

E-3 E-4 C-1 Air separation 
Unit

Type Pump Condenser Reboiler Cooler Cooler 6-stage 
compressor

Cryogenic 
Distillation

Power (kW) 3.489 2393.4 11490.66

Heat (kW) -806.8 6967.4 -4062 -602.5 -2345.9 
(intercoolers)

Area (m2) 71.93 44.69 43.65 10.32 498.7 
(intercoolers)

U (kW m-2) 497.7 5230.8 2139.9 1031.1

Medium Propylene Steam CW Ammonia CW
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Figure S3. Process flow diagram of the aqueous NRR process at ambient conditions including a N2/H2 PSA separation step, N2 recycle stream and storage vessel.
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Table S7. Stream summary of the aqueous NRR process at a FE of 90% with a N2/H2 PSA (Figure S3).

Property 1 2 3 4 5 6 7
Temperature (°C) 25 25 25 25 25 25 40

Pressure (bar) 6 1.01 1.01 1.01 1.01 1.01 7
Mole flows (kmol h-1) 135.64 135.64 2570.97 2495.98 2435.33 61.654 61.654

NH3 (kmol h-1)
H2 (kmol h-1) 1461.2 1498.19 1461.20 36.99 36.99

N2 (kmol h-1) 135.64 135.64 1109.77 998.79 974.13 24.66 24.66

O2 (kmol h-1)
KOH (kmol h-1)
H2O (kmol h-1)
Mole fractions
NH3

H2 1 1 0.57 0.6 0.6 0.6 0.6
N2 0.43 0.4 0.4 0.4 0.4
O2 
KOH
H2O
Mass flow (kg h-1) 3799.8 3799.8 34034.29 30999.92 30234.49 765.43 765.43

Property 8 9 10 11 12 13 14
Temperature (°C) 40 40 40 25 25 25 25

Pressure (bar) 6 350 6 1.01 1.01 1.01 3.5
Mole flows (kmol h-1) 18.64 18.64 43.02 666.0 2665.72 2221.80 2221.80

NH3 (kmol h-1) 0.218 222.18 222.18
H2 (kmol h-1) 18.50 18.50 18.50

N2 (kmol h-1) 0.14 0.14 24.52

O2 (kmol h-1)
KOH (kmol h-1) 39.58 39.58 39.58
H2O (kmol h-1) 666.0 2625.916 1960.03 1960.03
Mole fractions
NH3 0.00008 0.1 0.1
H2 0.9925 0.9925
N2 0.0075 0.0075
O2 
KOH 39.58 0.0178 0.0178
H2O 1 2625.92 0.882 0.882
Mass flow (kg h-1) 41.2 41.2 724.23 12016.11 49531.36 41315.2 41315.2
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Table S7 (continued). Stream summary of the aqueous NRR process at a FE of 90% with a N2/H2 PSA (Figure 
S3).

Property 15 16 17 18 19 20 21 22
Temperature (°C) -24.8 -33 140 101 40 25 25 40
Pressure (bar) 3.5 1.01 3.5 1.01 1.01 1.01 1 163
Mole flows (kmol h-1) 223.07 222.08 2038.21 2038.21 2038.21 2038.21 166.47 166.47

NH3 (kmol h-1) 221.96 221.96 0.218 0.218 0.218 0.218
H2 (kmol h-1)
N2 (kmol h-1)
O2 (kmol h-1) 166.47 166.47
KOH (kmol h-1) 39.58 39.58 39.58 39.58
H2O (kmol h-1) 1.11 1.11 1958.92 1958.92 1958.92 1958.92
Mole fractions
NH3 0.995 0.995 0.0001 0.0001 0.0001 0.0001
H2 
N2

O2 1 1
KOH 0.0194 0.0194 0.0194 0.0194
H2O 0.005 0.005 0.961 0.961 0.961 0.961
Mass flow (kg h-1) 3800.16 3800.16 37515.1 37515.1 37515.1 37515.1 5326.9 5326.9

Table S8. Equipment list of the aqueous NRR process at a FE of 90% with a N2/H2 PSA (Figure S3).

Main 
Equipment

P-1 E-1 
(Distillation)

E-2
(Distillation)

E-3 E-4 C-1 C-2

Type Pump Condenser Reboiler Cooler Cooler 6-stage 
compressor

3-stage 
compressor

Power (kW) 3.489 1093.14 169.48

Heat (kW) -806.8 6967.4 -4062 -602.5 -1063.21
(intercoolers)

-155.45
(intercooler)

Area (m2) 71.93 44.69 43.65 10.32 301.03
(intercooler)

43.73 
(intercooler)

U (kW m-2) 497.7 5230.8 2139.9 1031.1

Medium Propylene Steam CW Ammonia CW CW

Main 
Equipment

C-3 Air 
separation 
Unit

Type 6-stage 
compress
or

Cryogenic 
Distillation

Power (kW) 93.37 1671.91

Heat (kW) 86.37
(intercool
er)

Area (m2) 4.74
(intercool
er)

U (kW m-2)

Medium CW
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S1.3 NRR SOEL with Water Oxidation

Figure S4. Process flow diagram of the NRR SOEL process with water oxidation.
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Table 
S9. 
Strea
m 
sum
mary 
of 
the 
NRR 
SOEL 
proce
ss 
with 
water 
oxida
tion 
proce
ss at 
a FE 
of 
90% 
(Figur
e S4).

Property 1 2 3 4 5 6 7
Temperature (°C) 25 25 540 550 550 167 40
Pressure (bar) 6 1.01 1.01 1.01 1.01 1.01 1.01
Mole flows (kmol h-1) 1233.1 1233.1 1233.1 1233.1 1397.51 1397.51 1397.51
NH3 (kmol h-1) 246.62 246.62 246.62
H2 (kmol h-1) 41.1 41.1 41.1

N2 (kmol h-1) 1233.1 1233.1 1233.1 1233.1 1109.78 1109.78 1109.78
O2 (kmol h-1)
H2O (kmol h-1)
Mole fractions
NH3 0.176 0.176 0.176
H2 0.029 0.029 0.029
N2 1 1 1 1 0.794 0.794 0.794
O2 
H2O
Mass flow (kg h-1) 34543.22 34543.22 34543.22 34543.22 35371.93 35371.93 35371.93
Property 8 9 10 11 12 13 14
Temperature (°C) 40 200 40 -33 200 25 98
Pressure (bar) 3.5 1.01 1.01 1.01 3.5 1.01 1.01
Mole flows (kmol h-1) 1397.51 223.07 223.07 223.07 1174.44 986.48 986.48
NH3 (kmol h-1) 246.62 221.96 221.96 221.96 24.66
H2 (kmol h-1) 41.1 0.22 0.22 0.22 40.88
N2 (kmol h-1) 1109.78 0.89 0.89 0.89 1108.89
O2 (kmol h-1)
H2O (kmol h-1) 986.48 986.48
Mole fractions
NH3 0.176 0.995 0.995 0.995 0.021
H2 0.029 0.004 0.004 0.004 0.035
N2 0.794 0.001 0.001 0.001 0.94
O2 
H2O 1 1
Mass flow (kg h-1) 35371.93 3805.6 3805.6 3805.6 31566.33 17771.66 17771.66
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Table S9 (Continued). Stream summary of the NRR SOEL process with water oxidation process at a FE of 90% 
(Figure S4).

Table S10. Equipment list of the NRR SOEL process with water oxidation process at a FE of 90% (Figure S4).

Main 
Equipment

E-1 E-2 E-3 E-4 E-5 E-6 E-7

Type Heat 
Exchange
r

Heat 
Exchanger

Heat 
Exchanger

Heat 
Exchanger

Heater Heater Cooler

Power 
(kW)
Heat (kW) 5298 1635 724.6 108.1 11505 3894 -383.9

Area (m2) 25000 2367 226.9 91.84 2865 1978 293.5
U (kW m-2) 5 22.9 18.6 6.2 51 5.3 21.5
Medium MP Steam Fired heat CW
Main 
Equipment

E-8 C-1 C-2 Air 
separation 
Unit

Adsorptio
n

Type Cooler 2-stage 
compressor

6-stage 
compressor

Cryogenic 
Distillation

6-zeolite 
adsorbers

Power 
(kW)

2898 2713 12767 2927

Heat (kW) -159.9 -2748
(intercoolers
)

-2788.3
(intercooler
)

Area (m2) 266.7 1537
(intercooler)

586.23
(intercooler
)

U (kW m-2) 20.5
Medium Propylene CW CW

Property 15 16 17 18 19 20 21
Temperature (°C) 102 164 550 550 110 25 40

Pressure (bar) 1.01 1.01 1.01 1.01 1.01 6 163
Mole flows (kmol h-1) 986.48 986.48 986.48 184.96 184.96 331.99 516.95

NH3 (kmol h-1)
H2 (kmol h-1)

N2 (kmol h-1)
O2 (kmol h-1) 184.96 184.96 331.99 516.95

H2O (kmol h-1) 986.48 986.48 986.48
Mole fractions
NH3

H2 
N2

O2 1 1 1 1
H2O 1 1 1
Mass flow (kg h-1) 17771.66 17771.66 17771.66 5918.68 5918.68 10623.2 16531.9
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S1.4 NRR SOEL with Hydrogen Oxidation

Figure S5. Process flow diagram of the NRR SOEL process with hydrogen oxidation including an additional alkaline water electrolyzer.
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Table S11. Stream summary of the NRR SOEL process with hydrogen oxidation at a FE of 90% (Figure S5). 

Property 1 2 3 4 5 6 7
Temperature (°C) 25 25 540 550 550 167 150
Pressure (bar) 6 1.01 1.01 1.01 1.01 1.01 1.01
Mole flows (kmol h-1) 1233.1 1233.1 1233.1 1233.1 1397.51 1397.51 1397.51
NH3 (kmol h-1) 246.62 246.62 246.62
H2 (kmol h-1) 41.1 41.1 41.1

N2 (kmol h-1) 1233.1 1233.1 1233.1 1233.1 1109.78 1109.78 1109.78
O2 (kmol h-1)
H2O (kmol h-1)
Mole fractions
NH3 0.176 0.176 0.176
H2 0.029 0.029 0.029
N2 1 1 1 1 0.794 0.794 0.794
O2 
H2O
Mass flow (kg h-1) 34543.22 34543.22 34543.22 34543.22 35371.93 35371.93 35371.93
Property 8 9 10 11 12 13 14
Temperature (°C) 40 40 200 40 -33 200 25
Pressure (bar) 1.01 3.5 1.01 1.01 1.01 3.5 1.01
Mole flows (kmol h-1) 1397.51 1397.51 223.07 223.07 223.07 1174.44 409.87
NH3 (kmol h-1) 246.62 246.62 221.96 221.96 221.96 24.66
H2 (kmol h-1) 41.1 41.1 0.22 0.22 0.22 40.88
N2 (kmol h-1) 1109.78 1109.78 0.89 0.89 0.89 1108.89
O2 (kmol h-1)
H2O (kmol h-1) 409.87
Mole fractions
NH3 0.176 0.176 0.995 0.995 0.995 0.021
H2 0.029 0.029 0.004 0.004 0.004 0.035
N2 0.794 0.794 0.001 0.001 0.001 0.94
O2 
H2O 1
Mass flow (kg h-1) 35371.93 35371.93 3805.6 3805.6 3805.6 31566.33 7442.85
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Table S11 (Continued). Stream summary of the NRR SOEL process with hydrogen oxidation at a FE of 90% 
(Figure S5). 

Property 15 16 17 18 19
Temperature (°C) 80 152 550 550 550
Pressure (bar) 1.01 1.01 1.01 1.01 1.01
Mole flows (kmol h-

1)
369.93 369.93 369.93 3699.29 3329.36

NH3 (kmol h-1)
H2 (kmol h-1) 369.93 369.93 369.93 3699.29 3329.36
N2 (kmol h-1)
O2 (kmol h-1)
H2O (kmol h-1)
Mole fractions
NH3

H2 1 1 1 1
N2

O2 1
H2O
Mass flow (kg h-1) 745.78 745.78 745.78 7457.77 6711.99
Property 20 21 22
Temperature (°C) 80 25 40
Pressure (bar) 1.01 6 163
Mole flows (kmol h-

1)
184.96 331.99 516.95

NH3 (kmol h-1)
H2 (kmol h-1)
N2 (kmol h-1)
O2 (kmol h-1) 184.96 331.99 516.95
H2O (kmol h-1)
Mole fractions
NH3

H2 
N2

O2 1 1 1
H2O
Mass flow (kg h-1) 5918.7 10623.3 16541.9



S19

Table S12. Equipment list of the NRR SOEL process with hydrogen oxidation at a FE of 90% (Figure S5).

Main 
Equipment

E-1 E-2 E-3 E-4 E-5 E-6 E-7

Type Heat 
Exchanger

Heat 
Exchanger

Heater Heater Cooler Cooler Cooler

Power (kW)

Heat (kW) 5298 216.9 108.1 1200 1418 -383.9 -159.9

Area (m2) 25000 1131 91.84 389.8 1350 293.5 266.7

U (kW m-2) 5 6.3 6.2 8.1 22.9 21.5 20.5

Medium Fired heat Fired heat CW CW Propylene

Main 
Equipment

C-1 C-2 Air 
separation 
Unit

Adsorption

Type 2-stage 
compressor

6-stage 
compressor

Cryogenic 
Distillation

6-zeolite 
adsorbers

Power (kW) 2883 2713 12767.17 2927.822

Heat (kW) -2748
(intercoolers)

-2788.3
(intercooler)

Area (m2) 1537
(intercooler)

586.23
(intercooler)

U (kW m-2)

Medium CW CW
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S1.5 Li-mediated NRR

Figure S6. Process flow diagram of the Li-mediated NRR process with hydrogen oxidation and an additional alkaline water electrolyzer.
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Table S13. Stream summary of the Li-mediated NRR process at a FE of 90% (Figure S6).

Property 1 2 3 4 5 6 7
Temperature (°C) 25 25 25 25 80 40 80
Pressure (bar) 6 1.01 1.01 1.01 1.01 163 1.01
Mole flows (kmol h-1) 1109.78 1109.78 1035.80 371.83 166.47 166.47 332.94
NH3 (kmol h-1)
H2 (kmol h-1) 36.99 332.94

N2 (kmol h-1) 1109.78 1109.78 988.8
O2 (kmol h-1) 166.47 166.47
THF (kmol h-1)
LiFSI (kmol h-1)
EtOH (kmol h-1)
H2O (kmol h-1) 371.83
Mole fractions
NH3

H2 0.0357 1
N2 1 1 0.964
O2 1 1
THF
LiFSI
EtOH
H2O 1
Mass flow (kg h-1) 31088.9 31088.9 28054.6 6711.99 5326.81 5326.81 671.20
Property 8 9 10 11 12 13 14
Temperature (°C) 25 25 25 25 25 25 -34
Pressure (bar) 1.01 1.01 1.01 1.01 1.01 1.01 1.01
Mole flows (kmol h-1) 332.94 3329.4 2996.42 1.0921 2009.77 2230.73 223.07
NH3 (kmol h-1) 1.12 223.07 221.96
H2 (kmol h-1) 332.94 3329.4 2996.4
N2 (kmol h-1)
O2 (kmol h-1)
THF (kmol h-1) 1.0921 1849.58 1849.577 1.12
LiFSI (kmol h-1) 152.56 151.56
EtOH (kmol h-1) 6.52 6.517
H2O (kmol h-1)
Mole fractions
NH3 0.0006 0.1 0.995
H2 1 1 1
N2

O2 
THF 1 0.92 0.829 0.005
LiFSI 0.076 0.0679
EtOH 0.0032 0.0029
H2O
Mass flow (kg h-1) 671.20 6711.0 6040.79 78.75 162230.0 165823 3860.36
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Table S13 (Continued). Stream summary of the Li-mediated NRR process at a FE of 90% (Figure S6).

Property 15 16
Temperature (°C) 50 25
Pressure (bar) 1.01 1.01
Mole flows (kmol h-1) 2008.677 2008.677
NH3 (kmol h-1) 1.12 1.12
H2 (kmol h-1)
N2 (kmol h-1)
O2 (kmol h-1)
THF (kmol h-1) 1848.49 1848.49
LiFSI (kmol h-1) 151.56 151.56
EtOH (kmol h-1) 6.517 6.517
H2O (kmol h-1)
Mole fractions
NH3 0.0006 0.0006
H2 
N2

O2 
THF 0.92 0.92
LiFSI 0.076 0.076
EtOH 0.0032 0.0032
H2O
Mass flow (kg h-1) 162151.3 162151.3
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Table S14. Equipment list of the Li-mediated NRR process at a FE of 90% (Figure S6). 

Main 
Equipment

E-1 E-2 E-3 E-4 C-1 Air 
separation 
Unit

Type Cooler Condenser Reboiler Cooler 6-stage 
compressor

Cryogenic 
Distillation

Power (kW) 2440.75 11484.96

Heat (kW) 145.2 -2963.82 4116.39 1881 -2502.52
(intercooler)

Area (m2) 45.59 279.8 286.1 49.44 524.1
(intercooler)

U (kW m-2) 43.3 931.9 193.5 622.4

Medium Ammonia Propylene Electric 
heating

Propylene CW
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S2 Supplementary Figures

Figure S7. Reboiler duty as a function of the NH3 mol fraction in the feed. 
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(red) based on the Gibbs free energy. 
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Figure S11. The Li-NRR electrolyzer energy efficiency at the aspirational values (0.3 A cm-2 and FE = 90%) 
including the energy input for H2 production from water electrolysis. 
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electrolyzers. The thermodynamic minimum of electrified and SMR Haber-Bosch are also added for 
referencing. Standard equilibrium potentials for Li, Ca, Mg and Al plating are obtained from Bard & Faulkner.1  
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Figure S13. Sensitivity analysis of a small scale (91 tNH3 per day) SMR HB plant.
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Figure S14. LCOA as a function of the electricity price and the electrolyzer costs for (a) electrified Haber-Bosch 
with AEL, (b) electrified Haber-Bosch with PEMEL, (c) aqueous NRR at ambient conditions with purge scenario, 
(d) NRR SOEL with water oxidation, (e) NRR SOEL with hydrogen oxidation. Base case assumptions for O2, H2O 
and energy import prices in 2050 are used. NRR electrolyzers operate at the ARPA-e aspirational values (0.3 A 
cm-2 and FE = 90%).   
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Figure S17. LCOA versus the FE and j for NRR SOEL with hydrogen oxidation at base case assumptions in 2050, 
using a more optimistic electricity price of $0.02 per kWh.
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S3 Supplementary Tables

Table S15. An overview of the electrochemical model input parameters.

Quantity Unit Aqueous NRR 
(GDE) 

NRR SOEL with 
OER

NRR SOEL with 
HOR

Li-NRR with 
HOR

Eeq
0 V -1.17 -1.21 -0.14 -3.045

T °C 25 550 550 25

P atm 1 1 1 1

αcat 0.5 0.5 0.5 0.4 [2]

αan 0.5 0.5 0.5 0.5

ncat Electrons 6 (NRR) 6 (NRR) 6 (NRR) 1 (Li-plating)

nan Electrons 4 (OER) 4 (OER) 2 (HOR) 2 (HOR)

j0,reduction A cm-2 10-22 [3] (NRR) 0.4 [4] (NRR) 0.4 [4] (NRR) 0.00001 [5] (Li)

j0,oxidation A cm-2 10-12 [3] (OER) 0.13 [4] (OER) 0.53 [6] (HOR) 0.01 [7] (HOR)

Rmem Ω cm 0.375 [8] - - -

dmem mm 0.05 [8] - - -

Electrolyte 1 M KOH Ce0.8Sm0.2O2 Ce0.8Sm0.2O2 1 M LiFSI in 
THF

κelectrolyte S cm-1 0.215 [9] 0.014 (650°C) [10] 0.014 (650°C) [10] 0.015 [11]

dgap mm 4 0.05 [10] 0.05 [10] 2
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Table S16. Equipment cost data for conventional process units.12-17

Equipment a b Slimits n SB CB ($) K1 K2 K3 Equation Ref

Pump ($2010) 8000 240 0.2-126 L s-1 0.9 S42 12

Compressor ($2010) 580000 20000 75-30000 kW 0.6 S42 12

Heat exchanger (U-tube and shell)
($2010)

28000 54 10-1000 m2 1.2 S42 12

Vertical Pressure Vessels
($2010)

17400 79 120-250000 kg 0.85 S42 12

Vacuum pump (CEPCI 1000) 3-1670 L s-1 170 L s-1 22000 S43 13

Rotary compressor ($2001) 18-950 kW 5.0355 -1.8002 0.8253 S44 14

Heat exchanger (plate and frame)
($2010)

1600 210 1-500 m2 0.95 S42 12

Storage tank (fixed roof)
($2001)

90-30000 m3 4.8509 -0.3973 0.1445 S44 14

Make-up tank ($2010) 5800 1600 10-4000 m3 0.7 S42 12

Cryogenic Distillation ($2010) 0.6 250 tN2 d-1 1823620 S43 15

ASU PSA ($2014) 1 89.98 tN2 d-1 565000 S43 16

N2/H2 PSA ($2011) 
(Total fixed capital costs)

0.6 66.72 kmolH2 h-1 2050585 S43 17
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Table S17. Cost projections for electrolyzers, electricity, feedstock and commodity prices for conservative, 
base case and optimistic scenarios. The large collection of AEL and PEMEL cost estimates reported by Glenk et 
al.,18 were used for our analysis. Their exponential fitting through the data points was extrapolated until 2050 
and used as the base case scenario (for AEL and PEMEL). A collection of their highest and lowest reported 
estimates were used to inter- and extrapolate a trend until 2050, which was implemented as conservative and 
optimistic price assumptions. The base case capital costs for water SOEL were taken from Bohm et al., who 
used technology learning curve models to predict reductions in the manufacturing cost trend over time.19 
Optimistic and conservative price scenarios were extrapolated from survey data from Schmidt et al.20 The 
equipment costs of the NRR electrolyzers were derived from water electrolyzer data and converted from $ per 
unit power to $ per unit area via their respective power densities (more details discussed in Section S4.9). The 
optimistic renewable electricity price is interpolated from utility solar PV price forcasts from ref 21,22. The 
conservative scenario is adapted from Bogdanov et al. (North America).23 The base case represents the 
average between the conservative and optimistic scenario. H2 commodity pricing was extrapolated from ref 24. 
The base case cost assumption for the O2 price is the average Europe export tariff in 2021.25 Optimistic cost 
price is the average O2 price in Belgium in 2021.25 Conservative O2 price is assumed. Ultrapure H2O price is 4-11 
$ per m3 based on Hausmann et al. by combining utility PV solar with reverse osmosis.26 The natural gas price 
was derived by using statistical analysis from the Henry Hub historical data between 1997-2023. The first 
quartile (optimistic), median (base case) and third quartile (conservative) of the Henry Hub natural gas spot 
price historical data (1997-2023) were implemented for the scenarios.27 The CO2 tax is based on the IPCC 2022 
mitigation report (chapter 11).28 All data is inflation corrected to 2022.  

Quantity Scenario 2022 2025 2030 2035 2040 2045 2050 Unit
CE 
water AELa

Conservative
Base Case
Optimistic

1773
1307
839

1639
1194
751

1439
1028
623

1263
884
517

1108
761
429

973
655
356

854
564
296

$ per kW

CE 
water PEMELa

Conservative
Base Case
Optimistic

2689
1901
1258

2237
1641
1120

1646
1284
922

1211
1005
760

891
787
626

656
615
515

482
482
425

$ per kW

CE 

water SOELb
Conservative
Base Case
Optimistic

5550
3095
3081

5166
2688
2513

4583
1830
1789

4067
1259
1274

3608
954
907

3201
831
645

2840
758
460

$ per kW

CE 
aqueous NRRc

Conservative
Base Case
Optimistic

24985
17963
11745

21706
15876
10474

17273
12946
8653

13853
10581
7149

11196
8667
5907

9118
7115
4880

7482
5854
4032

$ per m2

CE 
NRR SOEL with 
H2Od

Conservative
Base Case
Optimistic

32859
18326
18241

30583
15912
14876

27135
10832
10591

24076
7451
7150

21362
5649
5368

18954
4921
3822

16817
4486
2721

$ per m2

CE 
NRR SOEL with 
H2

e

Conservative
Base Case
Optimistic

8852
4937
4914

8239
4287
4008

7310
2918
2853

6486
2007
1926

5755
1522
1446

5106
1326
1030

4531
1209
733

$ per m2

CE 
Li-NRRf

Conservative
Base Case
Optimistic

79588
57219
37413

69142
50572
33363

55023
41239
27564

44127
33704
22774

35663
27607
18816

29045
22664
15546

23832
18649
12845

$ per m2

CE 
Li-NRRf 

(MEA-type)

Conservative
Base Case
Optimistic

33508
24091
15752

29111
21292
14047

23166
17363
11605

18579
14190
9588

150151
1623
7922

12229
9542
6545

10034
7852
5408

$ per m2

CE 
Mg-NRRf 

(MEA-type)

Conservative
Base Case
Optimistic

27941
20088
13134

24273
17754
11713

19317
14478
9677

15491
11832
7994

12520
9692
6606

10197
7957
5458

8367
6547
4509

$ per m2

CE 
Al-NRRf 

(MEA-type)

Conservative
Base Case
Optimistic

21784
15726
10283

19003
13899
9170

15123
11334
7576

12128
9263
6259

9802
7588
5171

7983
6229
4273

6550
5125
3530

$ per m2

Electricity price Conservative
Base Case
Optimistic

0.049
0.056
0.062

0.03
0.046
0.062

0.02
0.041
0.061

0.018
0.038
0.058

0.016
0.036
0.056

0.015
0.0345
0.054

0.014
0.034
0.053

$ per kWh

H2 price Conservative
Base Case
Optimistic

4.5
4
3.25

2.76
2.47
2.15

2.27
2.02
1.73

2.03
1.81
1.54

1.91
1.68
1.42

1.83
1.61
1.36

1.77
1.56
1.31

$ per kg

O2 price Conservative
Base Case

0.07
0.14

0.07
0.14

0.07
0.14

0.07
0.14

0.07
0.14

0.07
0.14

0.07
0.14

$ per kg
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Optimistic 0.21 0.21 0.21 0.21 0.21 0.21 0.21
Ultrapure H2O Conservative

Base Case
Optimistic

11
7.5
4

11
7.5
4

11
7.5
4

11
7.5
4

11
7.5
4

11
7.5
4

11
7.5
4

$ per m3

Natural gas Conservative
Base Case
Optimistic

5.66
3.77
2.79

5.66
3.77
2.79

5.66
3.77
2.79

5.66
3.77
2.79

5.66
3.77
2.79

5.66
3.77
2.79

5.66
3.77
2.79

$ per GJ

CO2 Tax Conservative
Base Case
Optimistic

175
58
23

175
58
23

175
58
23

175
58
23

175
58
23

175
58
23

175
58
23

$ per tCO2

a Extrapolated costs from Glenk et al.18

b Extrapolated costs from Schmidt et al and Bohm et al.20,19 
c Average equipment cost between AEL and PEMEL. Converted to $ per area with a power density of 11.2 kW per m2 (see 
Table S24).  
d $ per kW price as a water SOEL. Converted to $ per area with a power density of 5.92 kW per m2 (see Table S24).  
e $ per kW price as a water SOEL. Converted to $ per area with a power density of 1.59 kW per m2 (see Table S24).  
f  $ per kW price as aqueous NRR. Converted to $ per area with a power density of 35.7 kW per m2 (see Table S24).  

Table S18. Lang factors adapted from “Smith – Chemical Process Design and Integration”.29

Inside Battery Limit (ISBL) fM

fP

fT

fpip

ferec

fI&C

felec

1 - 3.4*

1 - 1.9*

1 - 2.1*

0.7
0.4
0.2
0.1

𝐶𝐼𝑆𝐵𝐿 =  𝐶𝐸 (𝑓𝑚𝑓𝑝𝑓𝑇 (1 + 𝑓𝑝𝑖𝑝) + 𝑓𝑒𝑟 + 𝑓𝐼&𝐶 + 𝑓𝑒𝑙𝑒𝑐)#(𝑆1)

Outside Battery Limit (OSBL) futil 0.5
foff-sites

fbuild

fside prep

0.2
0.2
0.1

𝐶𝑂𝑆𝐵𝐿 = 𝐶𝐸 (𝑓𝑢𝑡𝑖𝑙 + 𝑓𝑜𝑓𝑓 ‒ 𝑠𝑖𝑡𝑒𝑠 + 𝑓𝑏𝑢𝑖𝑙𝑑 + 𝑓𝑠𝑖𝑑𝑒 𝑝𝑟𝑒𝑝)#(𝑆2)

Total fixed capital cost (TFC) fdesign&eng

fcont

1
0.2

𝐶𝑇𝐹𝐶 =
𝐶𝐼𝑆𝐵𝐿 +  𝐶𝑂𝑆𝐵𝐿 + 𝐶𝐸𝑓𝑑𝑒𝑠𝑖𝑔𝑛&𝑒𝑛𝑔

𝑓𝑐𝑜𝑛𝑡
#(𝑆3)

Total capital cost (TC) fwork cap 0.2

𝐶𝑇𝐶 =
𝐶𝑇𝐹𝐶

𝑓𝑤𝑜𝑟𝑘 𝑐𝑎𝑝
#(𝑆4)

* Factors are process condition dependent. 
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Table S19. General assumptions for the OPEX.  

Days of operation
Workers
Annual work hours
Salary
O&M
SMR H-B Consumables
Interest rate

333.3
22
1791
71640
3 % of Total Capital [30] 
3 [30]

4.28

days

hours/year
$/year
$
$/t NH3

%
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S4 Supplementary Methods
S4.1 NRR Electrolyzers
S4.1.1  Gibbs Free Energy and the Equilibrium Potential
The following half-reactions were considered for direct and indirect electrochemical NH3 synthesis. 

𝑁2 + 6 𝐻2𝑂 + 6 𝑒 ‒ →2 𝑁𝐻3 + 6 𝑂𝐻 ‒    (𝑁𝑅𝑅)#(𝑆5)

                                6 𝑂𝐻 ‒ →
3
2

𝑂2 + 3 𝐻2𝑂 + 6𝑒 ‒    (𝑂𝐸𝑅)#(𝑆6)

                                    𝑁2 + 3 𝐻2𝑂→2 𝑁𝐻3 +  
3
2

𝑂2   (𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)#(𝑆7)

𝑁2 + 6 𝐻 + + 6 𝑒 ‒ →2 𝑁𝐻3   (𝑁𝑅𝑅)    #(𝑆8)

                                3 𝐻2→6 𝐻 + + 6𝑒 ‒    (𝐻𝑂𝑅)#(𝑆9)

                                    𝑁2 + 3 𝐻2→2 𝑁𝐻3   (𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)#(𝑆10)

The standard Gibbs free energy is the thermodynamic minimum of the reaction (S7 and S10) and can 
be calculated by Equation S11 using tabulated standard enthalpies and entropies of formation (NIST 
database) and stoichiometric coefficients of each reactant and product. Equation S12 shows a 
calculation example for aqueous NRR. 

∆𝐺0 = ∆𝐻0 ‒ 𝑇∆𝑆0#(𝑆11)

∆𝐺0 = ([𝑣𝑂2
 Δ𝐻

𝑂2
𝑓 + 𝑣𝑁𝐻3

Δ𝐻
𝑁𝐻3

𝑓 ] ‒ [𝑣𝑁2
Δ𝐻

𝑁2
𝑓 + 𝑣𝐻2𝑂Δ𝐻

𝐻2𝑂
𝑓 ]) 

‒  𝑇 ∙ ([𝑣𝑂2
Δ𝑆

𝑂2
𝑓 + 𝑣𝑁𝐻3

Δ𝑆
𝑁𝐻3

𝑓 ] ‒ [𝑣𝑁2
Δ𝑆

𝑁2
𝑓 + 𝑣𝐻2𝑂Δ𝑆

𝐻2𝑂
𝑓 ])

= ([1.5 ∙ 0 + 2 ∙ ‒ 45.9] ‒ [1 ∙ 0 + 3 ∙ ‒ 285.83])
‒ 98 ∙ ([1.5 ∙ 205.15 + 2 ∙ 192.77] ‒ [1 ∙ 191.61 + 3 ∙ 69.95]) ∙ 10 ‒ 3

= ( ‒ 91.8 + 857.49) ‒ 298 ∙ (693.265 ‒ 401.46) ∙ 10 ‒ 3 = 765.69 ‒ 86.95789

= 678.73211 𝑘𝐽 = 339.366 
𝑘𝐽

𝑚𝑜𝑙 𝑁𝐻3
= 19.928 

𝐺𝐽
𝑡𝑁𝐻3

#(𝑆12)

 #

The standard Gibbs free energy is related to the standard equilibrium potential via the Faraday 
constant (96485 C/mol). Three electrons are required to produce one mol of NH3, thus for aqueous 
NRR: 

𝐸 0
𝑒𝑞 =‒

∆𝐺0

𝑛𝐹
=‒

339366
3 ∙ 96485.33

=‒ 1.172 𝑉 #(𝑆13)

The equilibrium potential is calculated via the Nernst law with N2, O2 and NH3 partial pressures of 1, 
1 and 0.1 atm, respectively:

𝐸𝑒𝑞 = 𝐸 0
𝑒𝑞 ‒

𝑅𝑇
𝑛𝐹

ln ( 𝑝 2
𝑁𝐻3

𝑝𝑁2
𝑝1.5

𝑂2
) #(𝑆14)
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S4.1.2  Activation Overpotentials and Ohmic Losses
An additional overpotential is required to overcome the activation barrier of an electrochemical 
reaction. It is estimated that the minimum overpotential for NRR must be at least 0.4 V.31,32 The 
activation overpotential increases with the current density and can be estimated by approximations 
of the Buttler-Volmer equation. If the exchange current density (j0) is relatively small with respect to 
j (j/j0 > 4) the Tafel equation (Equation S15 and S16) can be considered. In case j0 is large (j/j0 < 1), 
which is often the case for high temperature electrolyzers, the hyperbolic sine approximation 
(Equation S17 and S18) is more appropriate.33  

𝜂𝑐𝑎𝑡 = ‒
𝑅𝑇

𝑛𝑐𝑎𝑡𝐹𝛼
ln

𝑗
𝑗0,𝑐

#(𝑆15)

𝜂𝑎𝑛 =
𝑅𝑇

𝑛𝑎𝑛 𝐹𝛼
ln

𝑗
𝑗0,𝑎

#(𝑆16)

𝜂𝑐𝑎𝑡 = ‒
𝑅𝑇

𝑛𝑐𝑎𝑡𝐹𝛼
sinh ‒ 1 ( 𝑗

𝑗0
)#(𝑆17)

𝜂𝑎𝑛 =
𝑅𝑇

𝑛𝑎𝑛𝐹𝛼
sinh ‒ 1 ( 𝑗

𝑗0
)#(𝑆18)

The ohmic losses are associated with the transport of ions in the membrane (Equation S19) and the 
electrolyte (Equation S20). The membrane transport losses are usually small because they are < 1 
mm. On the contrary, the gap between the working and the counter electrode (dgap) in liquid 
electrolyzers can be up to a few mm thick. This means that electrolytes with a poor conductivity will 
have a large influence on the overall cell voltage. The concentration overpotential due to mass 
transport limitations is not considered in this work.

𝜂𝑚𝑒𝑚 = 𝑗 ∙ 𝑑𝑚𝑒𝑚 ∙ 𝑅𝑚𝑒𝑚#(𝑆19)

 
𝜂Ω =

𝑗 ∙ 𝑑𝑔𝑎𝑝

𝜅
#(𝑆20)

 

S4.2 H2 Electrolyzers
The energy consumption of the AEL and PEMEL for electrified Haber-Bosch and the indirect NRR 
processes are based on commercially available models from Nel (A485) and Siemens (Silyzer 300), 
respectively.34 All relevant details are listed in Table S20. 

Table S20. H2 electrolyzer operating conditions based on commercially available electrolyzers. Data acquired 
from ref 34-36.

Quantity Unit AEL (Nel A485) PEMEL (Siemens Silyzer 300)
Esystem 𝑘𝑊ℎ 𝑁𝑚 ‒ 3

𝐻2
4 4.59

EELHV
a % 75 65

T C 80 80

P Bar 1.013 35

H2O Consumption 𝐿𝐻2𝑂 𝑘𝑔 ‒ 1
𝐻2

10 10

a based on the LHV of H2 (3 kWh Nm-3)
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S4.3 Air Separation Unit
Pressure swing adsorption (PSA) for air separation is economically attractive at N2 capacities < 500 t 
per day.37 The energy consumption of a PSA ASU depends on the purity of the N2 product stream, 
which can very between 1.12 – 1.584 GJ per tN2 with corresponding purities between 98 – 99.9 vol% 
N2.38 Vast quantities of O2 can effect the current efficiency, therefore it is desired to have the highest 
possible N2 feed purity. Hence, we assume a PSA energy consumption of 1.584 kJ per tN2. The energy 
consumption of the cryogenic distillation unit can vary between 0.44 – 1.33 GJ per tN2, which 
depends mainly on the N2 capacity and final gas pressure.38 The N2 demand for our process is 
relatively small compared to a industrial scale Haber-Bosch plant, therefore we assume a single 
cryogenic column, which is less capital intensive, but consumes more energy (1.33 GJ per tN2).

S4.4 Heat Exchangers, Compressors and Pumps
The necessary heating or cooling duties of all exchangers are calculated in Aspen Plus, which uses 
the first law of thermodynamics. The actual energy input in the form of work depends on the 
exchange medium, wherein steam (from an electric boiler) was used for hot utilities, cooling water 
(CW) for cold utilities up to 35 °C, and various refrigerants for cold utilities < 35 °C. The energy input 
of the electric steam boiler can simply be calculated with Equation S21 implementing a boiler 
efficiency of 0.95.39,40 

𝑊𝑏𝑜𝑖𝑙𝑒𝑟 =
𝑄𝑑𝑒𝑚𝑎𝑛𝑑

𝜂𝑏𝑜𝑖𝑙𝑒𝑟
 #(𝑆21)

The amount of required cooling water for the intercoolers is calculated by: 

𝑄𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟 = ṁ𝐶𝑊 ∙ 𝐶𝑃,𝐻2𝑂 ∙ Δ𝑇#(𝑆22)

Where Q is obtained from Aspen and a ΔT of 10 °C is assumed. Additional work input is required for 
the cooling water pumps, which can be calculated by the following heuristic:41

𝑊𝐶𝑊 =
0.0972 ∙ ṁ𝐶𝑊 ∙ Δ𝑃

𝜂𝑝𝑢𝑚𝑝
 #(𝑆23)

With , the cooling water mass flow obtained from Qcool, ΔP is the pressure drop in the tubing ṁ𝐶𝑊

(assumed to be 2 bar) and ηpump is 85% for a reciprocating pump. 

The cold utilities < 35 °C are based on a Carnot refrigeration cycle, in which the duty of the 
compressor can be calculated by the coefficient of performance (COP):

𝐶𝑂𝑃 =
𝑄

𝑊𝑐𝑜𝑚𝑝
=

0.6𝑇𝑒𝑣𝑎𝑝

(𝑇𝑐𝑜𝑛𝑑 ‒ 𝑇𝑒𝑣𝑎𝑝)
 #(𝑆24)

Where Tevap is the evaporation temperature of the selected refrigerant and Tcond is the temperature 
of the condenser. We assume a minimum temperature difference of 10 °C between the hot and cold 
stream (for all heat exchangers). Therefore, Tcond is atleast -10 °C lower than the temperature of the 
hot stream.

The area of all exchangers were obtained from Aspen Plus, which calculates the overall heat transfer 
coefficient and the logarithmic mean temperature difference between the hot and cold streams 
(Equation S25). A U-tube and shell type is considered in case A > 10 m2. A plate and frame model is 
selected for smaller heat exchangers. The equipment cost of pumps and refrigeration compressors 
are also included in the total capital costs. 
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𝑄 = 𝑈 ∙ 𝐴 ∙ Δ𝑇𝐿𝑀 #(𝑆25)

All compressors are simulated in Aspen Plus as polytropic using the ASME calculation method. The 
pressure ratio is 2.5. The polytropic and mechanical efficiencies are 0.75 and 0.95, respectively. The 
pressure ratio determines the required compressor stages to reach the desired final pressure. As an 
example, O2 needs to be pressurized up to 163 bar to reach market requirements. Therefore, a six 
multistage compressor including intercoolers is implemented (see Figure S20). We assumed that the 
1st intercooler has no ΔP, the 2nd intercooler a ΔP = 0.5 psi, and the 3rd intercooler a ΔP of 1 psi or 1 
bar in case the pressure > 15 bar. The total energy input of a multistage compressor can be 

expressed as:
𝑊𝑐𝑜𝑚𝑝 =

𝑁𝑜.  𝑠𝑡𝑎𝑔𝑒𝑠

∑
𝑖 = 1

(𝑊𝑠𝑡𝑎𝑔𝑒,𝑖 + 𝑊𝐶𝑊,𝑖) #(𝑆26)

The total equipment cost of the compressor unit includes the individual compressor stages, U-tube 
and shell intercoolers and CW pumps.

Figure S20. Aspen simulation of a multistage O2 compressor with intercooling. 

S4.5 Distillation
Distillation columns were designed in Aspen Plus using the RADFRAC model. The column was 
optimized at an NH3 distillate purity of 99.5% and NH3 recovery of 99.9%. Figure S7 shows that the 
NH3 feed composition has a significant influence on the reboiler duty. We assume a NH3 feed 
composition of 10 mol% to minimize the reboiler duty. In general, a minimum amount of stages is 
required to ensure the desired distillate purity. Beyond this minimum, the number of stages is a 
trade-off between the equipment and operational costs, since more stages reduce the energy input 
of the condenser and reboiler. Herein, we focused particularly on minimizing the energy input. The 
column design specs are illustrated in Figure S21.

Quantity Unit Aqueous NRR 
(ambient)

Li-NRR

Ntheoretical # 17 14
Feed stage # 8 9
Top stage T C -24.8 -33.6
Bottom 
stage T

C 140.16 49.9

Condenser 
Duty

kW -806.8 -2963.8

Reboiler 
Duty

kW 6967 4116.4

Reflux Ratio 0.826 1.02
Boilup Ratio 0.31 0.24
Nactual # 20 16
LC m 10 8
DC m 1.322 3.427

Figure S21. Example of the RADFRAC model in Aspen Plus (left) and its design specs (right). ELECNRTL was used 
as the property package. 
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The column sizing was based on standard methods available in chemical engineering textbooks, such 
as “Towler and Sinnot – Chemical Engineering Design”.12 The actual number of stages to estimate 
the column length is calculated via the plate efficiency:

𝑁𝑎𝑐𝑡𝑢𝑎𝑙 =
𝑁�𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

𝜂𝑝𝑙𝑎𝑡𝑒
#(𝑆27)

𝜂𝑝𝑙𝑎𝑡𝑒 =
𝑙𝑜𝑔(1 + 𝜂𝑚𝑤(𝑚𝑉

𝐿
‒ 1))

log (𝑚𝑉
𝐿 )

#(𝑆28)

𝐿𝐶 =
𝑁�𝑎𝑐𝑡𝑢𝑎𝑙

𝑙𝑝𝑙𝑎𝑡𝑒
#(𝑆29)

With a murphy plate efficiency (ηmw) of 0.9 for an ammonia-water mixture,12 m the slope of the 
equilibrium line, lplate the plate spacing of 0.5 m, V and L the molar vapor and liquid flow rate, 
respectively. The diameter of the column is obtained with the vapor flow rate and the maximum 
allowable superficial velocity (uv) using the Souders-Brown equation:

𝐷𝑐 =
4𝑉𝑤

𝜋𝜌𝑣𝑢𝑣
= 3.43 𝑚#(𝑆30)

𝑢𝑣 = ( ‒ 0.171𝑙 2
𝑝𝑙𝑎𝑡𝑒 + 0.27𝑙𝑝𝑙𝑎𝑡𝑒 ‒ 0.047)[𝜌𝐿 ‒ 𝜌𝑣

𝜌𝑣
]0.5#(𝑆31)

Where Vw is the mass vapor flow rate, ρv the distillate density and ρL the bottom liquid density. The 
wall thickness is related to the maximum allowable stress (σmax), Dc, and the pressure:

𝜎𝑚𝑎𝑥 =
𝑃𝐷𝑐 + 1.2𝑡𝑤𝑎𝑙𝑙𝑃

2𝑡𝑤𝑎𝑙𝑙
#(𝑆32)

 
The design pressure is assumed to be 10% above the working pressure. Values for σmax are tabulated 
for different steels and temperatures, which can be used to extract twall. In our case, the column is 
made from stainless steel grade 304. The head and closure of the column are assumed to have a 
hemicircular shape and require 60% of the column wall thickness. The sum of the column, condenser 
and reboiler represent the total equipment cost of the distillation unit.
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S4.6 Adsorption
The adsorption column was designed and optimized in Aspen Adsorption. The adsorption cycle 
consists of adsorption, column regeneration by heating under vacuum and cooling. Zeolite 13x is 
selected as adsorbent material. The gas adsorption equilibrium isotherms were modelled with the 
Langmuir approach:

𝑞 =
𝑞𝑠 ∙ 𝑏 ∙ 𝑝

1 + 𝑏 ∙ 𝑝
 #(𝑆33)

Where, q is the adsorbed gas concentration, qs is the saturation sorbate concentration, b is the 
adsorption equilibrium constant. The kinetics of the adsorption and desorption process is also 
influenced by temperature. Therefore, the adsorption equilibrium constant for NH3 is expanded in 
the form of the van ‘t Hoff equation;42

𝑏𝑁𝐻3
= 𝑏0,𝑁𝐻3

∙ 𝑒
( ‒

Δ𝐻𝑎𝑑𝑠,𝑁𝐻3
𝑅𝑇 )

 #(𝑆34)

Table S21. Adsorption equilibrium isotherm data acquired from Helminen et al. and Park et al.42,43

Quantity Unit
qs 7.51  [42]  (NH3)

3.16  [43]  (N2)
4.15  [43]  (H2)

mmol g-1

b0,NH3 0.735   [42] (NH3) kPa-1

b 1.2 10-3  [43]  (N2)∙
5.34 10-5  [43]  (H2)∙

kPa-1

ΔHads 63.3  [42]    (NH3) kJ mol-1

With ΔHads representing the heat of adsorption that is specific for the adsorbent material. Tads is set 
to 313 K in order to minimize the cooling cost from the SOEL product stream and regeneration step. 
The adsorption capacity is generally higher at room temperature. The adsorbed gas concentration N2 
and H2 are to some extent inert to the zeolite, hence Equation S34 is not included in the Langmuir 
model for N2 and H2. The adsorption time, tads, was set to 600 s, which is slightly before NH3 
breakthrough occurs as shown in Figure S22. The fixed bed mass transfer coefficients for the gases 
(Equation S35) can be derived from the Colburn-Chilton correlations for the diffusion mass transport 
(Equation S36 and S37), where vs is the superficial velocity.44

𝑘 = 1.17 ∙ 𝑣𝑠 ∙ 𝑅𝑒 ‒ 0.415𝑆𝑐 ‒ 0.667#(𝑆35)

𝑗𝐷 =
𝑘
𝑣𝑠

∙ 𝑆𝑐0.667 #(𝑆36)

𝑗𝐷 = 1.17𝑅𝑒 ‒ 0.415    10 < 𝑅𝑒 < 2500#(𝑆37)

Aspen Adsorption uses time-dependent partial differential equations (PDEs) to solve the mass, 
momentum and energy balances during the dynamic simulation. The first-order upwind difference 
scheme (UDS1) with 40 nodes in 1D was used to discretize the PDEs. The material balance equations 
govern the adsorption kinetics and the mass transfer coefficients which are solved via a linear 
lumped resistance model. For the momentum balance, the pressure drop is calculated via the Ergun 
equation.45 It is assumed that the column is isothermal. By using the model input parameters of 
Table S21 and S22, the optimal length (3 m) and diameter (2 m) of the column were obtained from 
Aspen Adsorption.
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Figure S22. (a) Example of the model in the Aspen Adsorption simulation environment. (b) Obtained NH3 
breakthrough curve.
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Table S22. A summary of the Aspen Adsorption model parameters.

Quantity Unit
Dbed 2 m
hbed 3 m

dzeolite13x 2  [42] mm
ρzeolite13x   647  [42] kg m-3

Cp,zeolite13x 943  [46] J kg-1 K-1

SF 1
εi 0.35
εp 0.6
Tads 313.15 K
vs 0.42 [45] m s-1

pi 56.98    (NH3)
256.40 (H2)
36.63    (N2)

kPa

µ 9.815 10-6     (NH3)∙
1.746 10-5     (N2)∙
8.743 10-6   (H2)∙

cP

ρgas     0.398   (NH3)
2.948   (N2)
0.030   (H2)

kg m-3

Dgas 2.28 10-5 [47]  (NH3)∙
2.19 10-5 [48]  (N2)∙
8.5 10-5 [49]    (H2)∙

m2 s-1

K 0.031   (NH3)
0.041   (N2)
0.044   (H2)

s-1

Although not modelled, it is assumed that the fixed bed is heated internally by steam during the 
regeneration step. Since the volume is relatively large, we assume that treg is 1500 s. The heat input 
can be estimated by rewriting the heat balance over the column during the regeneration step:50

𝑄𝑟𝑒𝑔 =
𝑚𝑧𝑒𝑜𝑙𝑖𝑡𝑒(𝐶𝑝,𝑧𝑒𝑜𝑙𝑖𝑡𝑒 ∙ (𝑇𝑟𝑒𝑔 ‒ 𝑇𝑎𝑑𝑠) + Δ𝐻𝑎𝑑𝑠 ∙ (𝑞𝑎𝑑𝑠 ‒ 𝑞𝑟𝑒𝑔))

𝑡𝑟𝑒𝑔
  #(𝑆38)

Where, qads-qreg is the work capacity of the fixed bed and Treg = 473.15 K. It is not possible to desorb 
all NH3, therefore a 90% recovery is assumed. The heat is supplied by steam from an electric boiler 
with an efficiency of 95%.39 The vacuum pump power is calculated via the following heuristic:51

𝑊𝑣𝑎𝑐𝑢𝑢𝑚 = 21.4 ∙ (𝑆𝐹)0.924  #(𝑆39)

                                                𝑆𝐹 =

1
2

ṁ𝑁𝐻3
∙ 273.15 + 𝑇𝑟𝑒𝑔 ∙ 28.96 

293.15 ∙ 𝑀𝑤𝑁𝐻3
∙ 𝑃𝑣𝑎𝑐𝑢𝑢𝑚

 #0.02 < 𝑆𝐹 < 16        #(𝑆40)

Where SF is the size factor and  is the NH3 mass flow leaving the column. To calculate the ṁ𝑁𝐻3

cooling duty in order to reach Tads, the heat of adsorption can be excluded from the heat balance:

𝑄𝑐𝑜𝑜𝑙 =
𝑚𝑧𝑒𝑜𝑙𝑖𝑡𝑒 ∙ 𝐶𝑝,𝑧𝑒𝑜𝑙𝑖𝑡𝑒 ∙ (𝑇𝑟𝑒𝑔 ‒ 𝑇𝑎𝑑𝑠)

𝑡𝑐𝑜𝑜𝑙
  #(𝑆41)

With tcool = 1100 s (assumed). Nonetheless, the usage of cooling water will only include the work of 
the cooling pump as explained earlier in section S4.4. Hence, the total energy input for the 
adsorption column is:
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𝑊𝑎𝑑𝑠 = 𝑊𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 +
𝑄𝑟𝑒𝑔

𝜂𝑠𝑡𝑒𝑎𝑚
+ 𝑊𝑣𝑎𝑐𝑢𝑢𝑚 + 𝑊𝐶𝑊#(𝑆42)

By combing the adsorption, regeneration and cooling time in an adsorption schedule (Figure S23), six 
adsorption columns are required to enable continuous operation. Thus, the equipment cost of the 
adsorption unit consist of 6 columns, 1 compressor, 1 vacuum pump and a CW pump.

Figure S23. Adsorption, regeneration and cooling schedule of six adsorption columns.

S4.7 Storage Tanks
NH3 is stored at -33 °C and 1 atm in a refrigerated double walled storage tank. The capacity of the 
storage tank is designed to accommodate 30 days of continuous production plus 10% freeboard.15 
The internal tank has a total volume of 4400 m3 when taking a liquid NH3 density of 682 kg per m3. 
The internal tank is sized by Dint/Hint = 0.75 as a heuristic. The diameter of the external tank is 2 m 
wider than Dinternal, while keeping the height constant. An additional refrigeration cycle is designed to 
reduce NH3 boil-off losses, which are assumed to be 0.04% of the production capacity.15 

Figure S24. Refrigeration loop to recycle the NH3 boil-off gasses.  



S46

S4.8 Haber-Bosch Synthesis Loop
For the electrified Haber-Bosch process with AEL, the feed gas compressor is simulated as a 6th stage 
compressor with CW intercoolers. The recycle stream enters the multistage compressor in the 6th 
stage (see Figure S1), but is simulated separately in Aspen (Figure S25). 

Figure S25. Aspen Plus simulation of the feed gas compressor in the electrified Haber-Bosch process. 

Figure S26 shows the synthesis loop with heat integration, the reactor, condensation and a flash 
drum. The heat exchangers, including the coolers have a pressure drop of 1 bar. The Haber-Bosch 
reactor is modelled as a stoichiometric reactor (RStoic) at 400 °C and 155 bar with reaction S43.

𝑁2 + 3 𝐻2→2 𝑁𝐻3#(𝑆43)

The Haber-Bosch reaction is exothermic, thus for convenience, the heat of reaction (53.8 kJ per mol) 
was added separately to the product stream. The product stream was used in the heat exchanger 
network for heat transfer to the reactant stream. Although not implemented here, it is possible to 
produce additional low pressure (1.57 GJ per tNH3) or medium pressure steam (0.87 GJ per tNH3) 
from the remaining heat for energy export.

The reactor is sized based on the catalyst bed. The total amount of required catalyst is calculated via 
Temkin-Pyzhev kinetics given by Equations S44-S46.15 The input parameters are summarized in Table 
S23.

𝑟𝑁𝐻3
= 2 ∙ 𝑀𝑤𝑁𝐻3

𝑓
𝜌𝑐𝑎𝑡(𝑘1 ∙

𝑝𝑁2
∙ 𝑝1.5

𝐻2

𝑝𝑁𝐻3

‒ 𝑘2

𝑝𝑁𝐻3

𝑝1.5
𝐻2

) [ 𝑘𝑔 𝑁𝐻3

𝑘𝑔 𝑐𝑎𝑡 ℎ𝑟]#(𝑆44)

𝑘1 = 1.79 ∙ 104 ∙ 𝑒
‒

20800
𝑅𝑇  #(𝑆45)

𝑘2 = 2.57 ∙ 1016 ∙ 𝑒
‒

47400
𝑅𝑇 #(𝑆46) 

Table S23. Haber-Bosch reaction kinetic data.

Quantity Unit
𝑝𝑁2

bar 37.589
𝑝𝐻2

bar 112.767
𝑝𝑁𝐻3

bar 4.64

f (activity factor) 2
R cal mol-1 K-1 1.9872
ρcat kg m-3 2650
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The dimensions of the catalyst bed can be scaled according to a reference reactor as is further 
discussed in Morgan et al. (page 142). Using this method, the height and diameter of the bed is 6.98 
m and 0.58 m, respectively. Catalyst costs are categorized as consumables, which are listed as 
operational costs (see Table S19). 

The flash drum has a 5 min half-full hold-up time,52 thus with a liquid NH3 stream of 123 L per min, 
the necessary volume is 1.23 m3. As a heuristic, we assume an optimal L/D of 3, which can range 
between 2.5-5 m.52 Thus, D and L are 0.8 m and 2.4 m, respectively. The wall thickness of both the 
reactor and the flash drum is calculated with a similar approach as the distillation column for the 
equipment cost.

Figure S26. Aspen Plus simulation of the Haber-Bosch synthesis loop. RKS-BM was used as the property 
package. 

S4.9 Techno-economic Assumptions
The capital costs of the NRR electrolyzers were derived from cost projections of commercial H2O 
electrolyzers. Since these are given in $ per unit power ($ per kW), we used this metric as a base 
price. For the aqueous NRR and the Li-NRR electrolyzer, we assumed that their respective price is 
somewhere between the AEL and PEMEL, thus CE,NRR = (CE,AEL + CE,PEMEL)/2. The costs (in $ per kW) of 
the NRR SOEL are assumed to be the same as a water SOEL. The power density (kW per m2) is used 
to convert $ per kW to $ per m2. The latter is more useful if the j is used for the sensitivity analysis. 
Figure S27 shows that the $ per kW metric is insensitive to changes in the j because it is related to 
the electrolyzer power, which increases linearly with respect to the j, while the required electrode 
area decays exponentially with the j. For water electrolyzers, this issue is less relevant because the 
cost metrics ($ per kW) are already based on their performance criteria (0.4 A cm-2 for AEL and 2 A 
cm-2 for PEMEL).20,34 Estimating the power density is somewhat arbitrary because its value depends 
strongly on the selected j and Ecell. To be consistent, a j of 0.4 A cm-2 (based on commercial AEL) was 
selected for all electrolyzers. The corresponding Ecell for AEL and PEMEL were taken from Buttler and 
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Spliethoff.34  The Ecell (at 0.4 A cm-2) of the NRR electrolyzers were calculated with our 
electrochemical model.  

Figure S27. Comparison between two different methods for calculating the electrolyzer equipment cost. The 
Aqueous NRR electrolyzer is used as an example with cost data from Table S24.   

The capital cost estimates of the electrolyzers for 2025 and 2050 are listed in Table S24. The capital 
costs of the AEL in 2025 ($8119 per m2) are similar to earlier reported estimates ($5250 and $7800 
per m2).20,53,54 It is evident that PEMEL ($10502 per m2) is currently (2025) more expensive than AEL 
due to the requirement of expensive metals, such as Pt and IrOx. Even higher estimates of ~$30000 
per m2  for PEMEL were reported elsewhere.55 The stack of the AEL and PEMEL are usually around 
40-50% of the total costs. The other 50-60% are system related equipment (balance of plant), such 
as rectifiers, heat exchangers, compressors, gas purifiers and storage facilities.56 This means that the 
balance of plant (BoP) is different for each electrolyzer system.

The aqueous NRR electrolyzer is roughly 1.5 times more expensive ($15876 per m2) than the PEMEL, 
which is justifiable because of the increased complexity of a GDE-type system. H2O SOEL capital costs 
in the literature vary between $5600-16000 per m2 with a more optimistic estimate from Schmidt et 
al. ($5600 per m2),20 and more conservative from Ramdin et al. (~$16000 per m2).54 In our case, the 
capital costs of the NRR SOEL with water ($15912 per m2) is more comparable with the conservative 
estimate, while the NRR SOEL with H2 ($4287 per m2) is more similar to the estimate from Schmidt et 
al. NRR SOEL with H2 oxidation is generally more stable and has a lower voltage drop across the 
ceramic material. This could mean that less reinforcement material is required with respect to NRR 
SOEL with H2O oxidation, leading to a relatively lower stack cost. Additionally, the NRR SOEL with H2 
consumes less power, which can indicate that smaller and cheaper rectifiers are necessary. 

The capital costs of the Li-NRR electrolyzer (~$50000 per m2) is somewhat comparable to the chlor-
alkali process (~$30000 per m2),53 which is known to be capital intensive. Our cost of merit is 
reasonable considering the complexity of the Li-NRR system (GDE-based, organic electrolyte, 
moisture free operation, etc) and the fact that the power density is higher than the chlor-alkali 
electrolyzer (35.7 vs. 15 kW per m2). 

At last, it is expected that future electrolyzers will become significantly cheaper due to constant 
investment in research & development and scale-up of the manufacturing capacity.20 This is 
reflected in our capital cost estimates for 2050, which allowed us to investigate the relationship 
between electrolyzer costs and the LCOA, but also to estimate the necessary cost reductions to 
achieve SMR Haber-Bosch parity. 

Equipment Costs of an Aqueous NRR Electrolyzer
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Table S24. Electrolyzer equipment cost estimation. 

Quantity Unit AEL PEMEL Aqueous 
NRR

NRR SOEL
with H2O

NRR SOEL 
with H2

Li-NRR

j A cm-2 0.4 0.4 0.4 0.4 0.4 0.4

Ecell 
[a] V 1.7 [34] 1.6 [34] 2.8 1.5 0.4 8.9

Pdensity kW m-2 6.8 6.4 11.2 5.92 1.59 35.7

CE (2025) $2022 kW-1 1194 1641 1418 2688 2688 1418

CE (2050) $2022 kW-1 564 [18] 482 [18] 523 [b] 758 [c] 758 [c] 523 [b]

CE (2025) $2022 m-2 8119 10502 15876 15912 4287 50572

CE (2050) $2022 m-2 3835 3085 5854 4486 1209 18649

Quantity Unit Li-NRR 
(MEA) 

Mg-NRR
(MEA)

Al-NRR
(MEA)

j A cm-2 0.4 0.4 0.4

Ecell 
[a] V 3.8 3.1 2.5

Pdensity kW m-2 15 12.5 9.8

CE (2025) $2022 kW-1 1418 1418 1418

CE (2050) $2022 kW-1 523 [b] 523 [b] 523 [b]

CE (2025) $2022 m-2 21270 17725 13896

CE (2050) $2022 m-2 7845 6538 5125
a Ecell for the NRR electrolyzers are calculated at 0.4 A cm-2 using the assumptions from Table S15. b Average between AEL 
and PEMEL. c Assumed same price as a water SOEL.20 MEA stands for membrane electrode assembly. 

The following set of equations are used to calculate the levelized cost of ammonia (LCOA), which is 
the NH3 selling price at which the end-of-life net present value (NPV) is equal to zero:

𝑅𝑒𝑣𝑒𝑛𝑢𝑒 = 𝐿𝐶𝑂𝐴 ∙ 𝑁𝐻3 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 + 𝐻2 𝑝𝑟𝑖𝑐𝑒 ∙ 𝐻2 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 + 𝑂2 𝑝𝑟𝑖𝑐𝑒 ∙ 𝑂2 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦#(𝑆47)

𝐺𝑟𝑜𝑠𝑠 𝑝𝑟𝑜𝑓𝑖𝑡 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 ‒ 𝑂𝑃𝐸𝑋#(𝑆48)

𝑁𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡 = 𝐺𝑟𝑜𝑠𝑠 𝑝𝑟𝑜𝑓𝑖𝑡 ‒ (𝐺𝑟𝑜𝑠𝑠 𝑝𝑟𝑜𝑓𝑖𝑡 ‒ 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛) ∙ 𝑇𝑎𝑥 𝑟𝑎𝑡𝑒#(𝑆49)

𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 ‒ 𝑆𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 ∙ 𝑇𝑜𝑡𝑎𝑙 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡

𝑃𝑙𝑎𝑛𝑡 𝑦𝑒𝑎𝑟𝑠 
#(𝑆50)

𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤 = 𝑁𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡 + 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 #(𝑆51) 

𝑁𝑃𝑉 = 0 =
𝑛

∑
𝑡 = 1

𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤

(1 + 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑟𝑎𝑡𝑒)𝑡
‒ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠#(𝑆52)

In the 0th year (t = 0), the total capital costs are invested into the construction of the plant, while 
there is no revenue nor operational expenses. It is assumed that the plant is fully operational in year 
one (t ≥ 1). We used 25% tax rate, 25% salvage value and 4.28% interest rate with a linear 
depreciation scheme. 
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