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S.1 Water electrolysis technologies

Water electrolysis is a well-known electrochemical reaction where H,O is split into its original components H, and O, (see
Eq. 1). This occurs at the cathode and anode, with hydrogen forming at the negatively charged cathode and oxygen at the
positively charged anode. [1]. The most significant technologies for this process are AEL, PEM, and SOEC. These
technologies differentiate regarding the charge carrier, amongst other things. In this regard, the charge carrier for AEL is

_ + _
OH™ for PEM is 130" /H™ | and for SOEC is 0° 7 [2].

Moreover, these technologies can help to mitigate climate change if renewable energy is considered for green hydrogen
production. Then, CO, emission can be reduced significantly if green hydrogen is used to replace fossil-based hydrogen.
The reason is that more than 90% of the world’s hydrogen is produced by steam reforming (grey hydrogen) and therefore
natural gas, thus leading to tremendous CO, emissions [3]. Consequently, grey hydrogen can be replaced sustainably by
green hydrogen [4,5]. Besides that, the technologies have different advantages and disadvantages and differentiate
regarding efficiency, lifetime, and technology readiness level, among other things. Table 1 shows an overview.

H,0>H, + 050, Eq.1

Table 1: Overview of main characteristics [4-6]

AEL PEM SOEC

Electrolyte NaOH, KOH Solid Polymer Yttria-stabilized

zirconium oxide

Electrodes Ni Pt/C/IrO2 Ni, ceramic

System lifetime (years) 20-30 20-30 20

Temperature °C 60-80 50-80 800-1000

Pressure bar 1-15 1-50 1-5

Efficiency % 65-75 50-75 80-90

Cold start up (min) 15 <15 <60

Power density (W/cm?) Upto 1 Upto4.4 65-70

Stage of development Commercial Early commercialisation Early Development

Technology readiness level | 9 7-8 5-7

(TRL)

Advantages Low material costs, | Flexibility, faster cold start | High efficiency, usage of
large plant size waste heat

Disadvantages Low current Use of noble materials, low | Constant operation,
density, high electrolyte/electrode short-term stability
maintenance costs durability

1.2.2 Alkaline electrolysis (AEL)

The AEL technology is commercially available since decades. This technology is available for large plant sizes and has a
lifetime of approx. 20 to 30 years. The process operates at levels of between 60 and 80°C at 1-15 bar and has a process
efficiency between 65-75%, while the cold start up time is approx. 15 min and the power density is up to 1 W/cm?. Besides
that, sodium and potassium hydroxide are commonly used as an electrolyte. The use of non-noble materials and therefore
relatively cheap material costs is the main advantage of the AEL technology, whereby corrosion —sodium and potassium
hydroxide are commonly used as an electrolyte— and therefore high maintenance costs as well as a low current density are
the main disadvantages of the technology [4-6].

1.2.3 Polymer electrolyte membrane (PEM)

The technology’s first draft was designed in the 1950s by Grubb and further evolved in the 1960s by General Electric. The
PEM technology is at an early commercialisation stage and has a system lifetime of 20-30 years, according to [26]. The
process operates at temperatures between 50 to 80°C at 1-50 bar and has an efficiency of approx. 50-75%, while the cold
start up time is below 15 min and the power density is up to 4.4 W/cm?. Compared to AEL, PEM has a higher flexibility
and faster cold start and utilises a solid polymeric membrane instead of a liquid electrolyte and is thus not affected by
corrosion. However, the technology uses noble materials, such as iridium, that leads to higher material costs and is
therefore disadvantageous compared to the AEL technology. A replacement of iridium by a non-noble metal would
considerably reduce the material costs and considered as a breakthrough [4-6].

1.2.4 Solid oxide electrolysis cell (SOEC)

The technology readiness level (TRL) of the SOEC technology is in between 5-7 and is therefore still on an early stage of
development. The process operates at high temperature levels of 800—1000 °C at 1-5 bar and has a significantly higher
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efficiency compared to AEL and PEM (80-90%), while the cold start up time and power density lie below 60 min and
between 65-70 W/cm?, respectively. Besides that, yttria-stabilized zirconium oxide is used as an electrolyte. The process
needs to be in constant operation. Otherwise, heat losses will occur and reduce the cell temperature considerably with the
consequence of micro-cracks in the membrane. On the other side, material decomposition occurs due to high temperatures
that leads to short-term stability. For a secure and stable operation in the future, these challenges need to be solved
sustainably [4-6].

1.2.5 Blue and grey hydrogen

The terms blue and grey hydrogen refer to the production of hydrogen from fossil fuels, predominantly using natural gas.
The difference between blue and grey hydrogen is that the CO, emissions released during the production of blue hydrogen
are stored and thus not emitted into the atmosphere, whereas the CO, emissions during the production of grey hydrogen are
released directly into the atmosphere. For this reason, blue hydrogen is more expensive to produce at about 2 €/kg H, than
grey hydrogen (1.5 €/kg H,) [5]. The prices refer to natural gas prices from before the war.

More information with regard to the electrolysis technologies can be found here [2,4].
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S.2 Results of LCOH in absolute figures

Table 2: Results of LCOH for 10 MW plants

4000h 4000h_RE | 6000h 8000h

current AEL 14.43 5.00 13.62 13.30
PEM 15.00 5.18 14.45 13.97

SOEC 13.66 5.96 12.56 11.97

2030 | AEL 5.84 3.72 5.38 5.18

PEM 6.09 3.74 5.70 5.55

SOEC 4.97 3.27 4.49 4.26

2050 | AEL 5.54 2.92 5.32 5.19

PEM 5.42 2.73 5.25 5.17

SOEC 4.47 2.39 4.24 4.11
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Table 3: Results of LCOH for 100 MW plants

4000h 4000h_RE | 6000h 8000h

current AEL 13.88 4.44 13.24 12.98
PEM 14.52 4.69 14.06 13.67

SOEC 12.33 4.63 11.59 11.19

2030 | AEL 5.45 3.33 5.11 4.97

PEM 5.73 3.38 5.46 5.35

SOEC 4.38 2.68 4.09 3.94

2050 | AEL 5.27 2.65 5.13 5.05

PEM 5.31 2.62 5.17 5.11

SOEC 4.12 2.04 4.00 3.93
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S.3 Results with/without electricity costs and changes

Table 4: Results with/without electricity costs for 10 MW plants

4000h | 4000h_0_€/M | 4000h RE | 4000h RE 0 €/ | 6000h | 6000h 0 €/M | 8000h | 8000h 0 €/M

Wh MWh Wh Wh

current | AEL | 1443 | 2.41 5.00 241 13.62 | 1.60 1330 | 127
PEM | 15.00 | 248 5.18 248 1445 | 1.93 13.97 | 145
SOEC | 13.66 | 3.84 5.96 3.84 12.56 | 2.74 11.97 | 2.15

2030 | AEL | 5.84 1.25 3.72 1.25 538 | 0.80 518 | 0.60
PEM | 6.09 1.00 374 1.00 570 | 0.62 555 | 047
SOEC | 4.97 1.29 327 1.29 449 | 082 426 | 0.58

2050 | AEL | 554 | 053 2.92 0.53 532 | 031 519 | 018
PEM | 542 | 028 2.73 0.28 525 |01 517 | 003

SOEC | 447 | 050 2.39 0.50 424 026 411 0.14
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Table 5: Results with/without electricity costs for 100 MW plants

4000h | 4000h 0 €/ | 4000h_RE | 4000h RE 0 €/ | 6000h | 6000h 0 €/ | 8000h | 8000h 0 €/

MWh MWh MWh MWh

current | AEL | 13.88 | 1.85 444 1.85 1324 | 121 1298 | 0.95
PEM | 1452 | 2.00 4.69 2.00 1406 | 1.54 13.67 | 1.15
SOEC | 1233 | 251 4.63 251 1159 | 1.77 11.19 | 137

2030 | AEL | 545 | 0.87 3.33 0.87 511 | 053 497 038
PEM | 573 | 0.65 3.38 0.65 546 | 038 535 | 027
SOEC | 438 | 071 2.68 0.71 409 | o041 394 027

2050 | AEL | 527 | 027 2.65 0.27 513 | 0.12 505 | 0.04
PEM | 531 | 0.17 2.62 0.17 517 | 0.03 511 | -0.03
SOEC |4.12 | 0.5 2.04 0.15 400 | 0.02 393 | -0.04
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Table 6: Changes when electricity price is 0 € (10 MW)

4000h 4000h_RE 6000h 8000h

current AEL 83.3% 51.8% 88.3% 90.5%
PEM 83.5% 52.1% 86.7% 89.6%

SOEC 71.9% 35.5% 78.2% 82.1%

2030 AEL 78.5% 66.3% 85.2% 88.4%
PEM 83.5% 73.1% 89.1% 91.6%

SOEC 74.0% 60.4% 81.8% 86.4%

2050 AEL 90.4% 81.7% 94.2% 96.4%
PEM 94.8% 89.8% 98.0% 99.4%

SOEC 88.8% 79.1% 93.8% 96.6%
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Table 7: Changes when electricity price is 0 € (100 MW)

4000h 4000h_RE 6000h 8000h
current AEL 86.7% 58.3% 90.9% 92.7%
PEM 86.3% 57.5% 89.0% 91.6%
SOEC 79.6% 45.7% 84.8% 87.8%
2030 AEL 84.1% 74.0% 89.7% 92.3%
PEM 88.7% 80.8% 93.1% 95.0%
SOEC 83.9% 73.7% 89.9% 93.3%
2050 AEL 95.0% 90.0% 97.7% 99.3%
PEM 96.8% 93.6% 99.4% n/a
SOEC 96.4% 92.8% 99.5% n/a
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S.4 Results of Sensitivity analysis

Table 8: Sensitivity analysis: CAPEX 10 and 100 MW

CAPEX_10 MW
+20% Current 2030 2050
Current AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h 3% 3% 4% 4% 3% 5% 2% 2% 3%
4000_RE 8% 8% 10% 6% 5% 7% 3% 2% 3%
6000h 2% 2% 3% 3% 2% 4% 2% 1% 2%
8000h 1% 1% 2% 2% 2% 3% 1% 1% 2%
CAPEX
-20% Current 2030 2050
Current AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h -3% -3% -4% -4% -3% -5% -2% -2% -3%
4000_RE -8% -8% -10% -6% -5% -7% -3% -2% -3%
6000h -2% -2% -3% -3% -2% -4% -2% -1% -2%
8000h -1% -1% -2% -2% -2% -3% -1% -1% -2%
CAPEX_100 MW

+20% Current 2030 2050

2030 | AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h 2% 2% 3% 3% 2% 3% 2% 1% 2%
4000_RE 7% 7% 8% 5% 4% 6% 3% 3% 3%
6000h 2% 2% 2% 2% 2% 2% 1% 1% 1%
8000h 1% 1% 2% 2% 1% 2% 1% 1% 1%

CAPEX

-20% Current 2030 2050

2030 | AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h -2% -2% -3% -3% -2% -3% -2% -1% -2%
4000_RE -7% -7% -8% -5% -4% -6% -3% -3% -3%
6000h -2% -2% -2% -2% -2% -2% -1% -1% -1%

8000h

-1%

-1%

-2%

-2%

-1%

-2%

-1%

-1%

-1%
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Table 9: Sensitivity analysis: Discount rate 10 and 100 MW

Discount rate_10 MW

+20% Current 2030 2050
Current AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h 2% 2% 3% 3% 2% 3% 2% 1% 2%
4000_RE 5% 5% 7% 4% 3% 5% 5% 5% 5%
6000h 1% 1% 2% 2% 1% 2% 1% 1% 1%
8000h 1% 1% 2% 1% 1% 2% 1% 1% 1%
Discount rate
-20% Current 2030 2050
Current AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h -2% -2% -3% -2% -2% -3% -2% -1% -2%
4000_RE -5% -5% -6% -4% -3% -5% -5% -5% -4%
6000h -1% -1% -2% -2% -1% -2% -1% -1% -1%
8000h -1% -1% -2% -1% -1% -2% -1% -1% -1%
Discount rate_100 MW

+20% Current 2030 2050

2030 | AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h 1% 1% 2% 1% 1% 1% 1% 1% 1%
4000_RE 5% 4% 6% 4% 4% 4% 2% 2% 2%
6000h 1% 1% 2% 1% 1% 1% 1% 1% 1%
8000h 1% 1% 1% 1% 1% 1% 1% 0% 1%

Discount rate

-20% Current 2030 2050

2030 | AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h -1% -1% -2% -1% -1% -1% -1% -1% -1%
4000_RE -4% -4% -6% -4% -4% -4% -2% -2% -2%
6000h -1% -1% -1% -1% -1% -1% -1% -1% -1%
8000h -1% -1% -1% -1% -1% -1% -1% 0% -1%
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Table 10: Sensitivity analysis: Electricity price 10 and 100 MW

Electricity_10 MW

+20% Current 2030 2050
Current AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h 17% 17% 14% 16% 17% 15% 18% 19% 18%
4000_RE 10% 10% 7% 13% 15% 12% 19% 20% 19%
6000h 18% 17% 16% 17% 18% 16% 19% 20% 19%
8000h 18% 18% 16% 18% 18% 17% 19% 20% 19%
Electricity
-20% Current 2030 2050
Current AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h -17% -17% -14% -16% -17% -15% -18% -19% -18%
4000_RE -10% -10% -7% -13% -15% -12% -19% -20% -19%
6000h -18% -17% -16% -17% -18% -16% -19% -20% -19%
8000h -18% -18% -16% -18% -18% -17% -19% -20% -19%
Electricity_100 MW

+20% Current 2030 2050

2030 | AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h 17% 17% 16% 17% 18% 17% 19% 19% 19%
4000_RE 12% 11% 9% 15% 16% 15% 18% 19% 19%
6000h 18% 18% 17% 18% 19% 18% 20% 20% 20%
8000h 19% 18% 18% 18% 19% 19% 20% 20% 20%

Electricity

-20% Current 2030 2050

2030 | AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h -17% -17% -16% -17% -18% -17% -19% -19% -19%
4000_RE -12% -11% -9% -15% -16% -15% -18% -19% -19%
6000h -18% -18% -17% -18% -19% -18% -20% -20% -20%
8000h -19% -18% -18% -18% -19% -19% -20% -20% -20%
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Table 11: Sensitivity analysis: Efficiency 10 and 100 MW

Efficiency_10 MW

+20% Current 2030 2050
Current AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h -17% -17% -17% -17% -17% -17% -17% -17% -17%
4000_RE -17% -17% -17% -17% -17% -17% -17% -17% -17%
6000h -17% -17% -17% -17% -17% -17% -17% -17% -17%
8000h -17% -17% -17% -17% -17% -17% -17% -17% -17%
Efficiency
-20% Current 2030 2050
Current AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h 25% 25% 25% 25% 25% 25% 25% 25% 25%
4000_RE 25% 25% 25% 25% 25% 25% 25% 25% 25%
6000h 25% 25% 25% 25% 25% 25% 25% 25% 25%
8000h 25% 25% 25% 25% 25% 25% 25% 25% 25%
Efficiency 100 MW

+20% Current 2030 2050

2030 | AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h -17% -17% -17% -17% -17% -17% -17% -17% -17%
4000_RE -17% -17% -17% -17% -17% -17% -17% -17% -17%
6000h -17% -17% -17% -17% -17% -17% -17% -17% -17%
8000h -17% -17% -17% -17% -17% -17% -17% -17% -17%

Efficiency

-20% Current 2030 2050

2030 | AEL PEM SOEC AEL PEM SOEC AEL PEM SOEC
4000h 25% 25% 25% 25% 25% 25% 25% 25% 25%
4000_RE 25% 25% 25% 25% 25% 25% 25% 25% 25%
6000h 25% 25% 25% 25% 25% 25% 25% 25% 25%
8000h 25% 25% 25% 25% 25% 25% 25% 25% 25%
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