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Green hydrogen in a future energy system

1. Background




% Hydrogen Demand Projections %fUE

Global hydrogen demand by sector

Units: MtH,/yr
350+

B Other energy uses
Bl Electricity & heat generation
300 ] " Production of e-fuels
: Production of ammonia as fuel
2507 Rail & pipelines
5 Aviation as direct fuel
200 - I Road
B Buildings as blended
150 - B Buildings in pure form
Industrial heat as blended
100 - Bl Industrial heatin pure form
: : B Direct reduction of iron
50 - 5 . : : B Refining
' . - ' ' : : Production of methanol
B ——— as feedstock
1990 2000 2010 2020 2030 2040 2050 Production of ammonia

Does not include hydrogen use in residual form from industrial processes. Historical data sources: IEA Future of Hydrogen (2019),
IEA Global Hydrogen Review (2021), USGS Mineral Commodity Summaries (1990-2022), IFA (2022)

Source: DNV 2022 4


https://www.dnv.com/news/hydrogen-at-risk-of-being-the-great-missed-opportunity-of-the-energy-transition-226628

Are hydrogen costs below 2 €,,,,/kg, realistic in the future?

Which regions are most favorable for a hydrogen supply to Germany? ‘

—~——

What is the influence of the implementation of salt caverns as a hydrogen storage?

Is the domestic production potential enough for a self-sufficient hydrogen supply in Germany?
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Modelling & Assumptions

2. System Definition




Value of 0 €,,,0/kWh —> Excess Electricity

Solar Radiation Photovoltaic

A

I Plant

Location specific, in hourly
resolution (ERAS5, 2012)

|

Wind Speed Wind Power

Plant

H,0O

\ 4

Electrolyzer

System boundaries of the optimization

Hourly constant
hydrogen feed in pipeline

e

Year 2035 assumed for
all techno-economic
parameter inputs

Battery

|

Pressure tank and

I
I
I
I
Electricity Electricity I 2
I
I |
I |
.| Hydrogen ) Hydrogen | Hydrogen Supply
Compressor | | Pipeline : - in Germany
I
I
I
I
= I
Hydrogen | Primary Energy

Storage |

: . Electricity
I
I

salt cavern scenario



https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview

System boundaries of the optimization

Value of 0 €,,,0/kWh —> Excess Electricity |

A

Hourly constant
hydrogen feed in pipeline

Solar Radiation Photovoltaic
I Plant

Hydrogen Supply

Wﬂ / i=1
)
.l OPE n\ /I{peﬁg/ T inGermany

Y

Location specific, in hourly
resolution (ERAS5, 2012)

Hydrogen Primary Energy
Storage
/ . Electricity
Year 2035 assumed for T . Water
all techno-economic

g Pressure tank and
parameter inputs salt cavern scenario | . Hydrogen



https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview

Catchment Area

TUHH

O
7

B EEENO

Western Europe

Germany
Southern Europe
Northern Europe
Eastern Europe
Western Asia
Northern Africa

Wester, Central and
Eastern Africa

Belarus, Russia, Central
and Southern Asia




:IVE

Costs and Potentials

3. Results

10



Hydrogen Production Cost*

Pressure Tank Scenario Salt Cavern Scenario

H>-Production cost [€2020/kgn2]

H>-Production cost [€2020/kgn2]

Based on: Sens et al. 2022; *includes the costs for the electricity generation, electrolyzer, compressor and storage systems for a hourly constant onsite hydrogen supply
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Pressure Tank Scenario Salt Cavern Scenario
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In the case of a pressure tank use:

»  Lowest hydrogen production cost reached in Africa and parts of Western Asia due to high solar radiation
combined with low seasonal fluctuation leading to low needed electricity generation and storage capacities

»  Similar costs can be reached for costal locations (with high mean wind speeds) in Europe due to a hybrid
photovoltaics wind power electricity generation system, covering the seasonal fluctuations of the solar radiation
and wind speed each

» In countries like Italy or Spain hydrogen production costs are relatively high due to the high seasonal fluctuation of
the solar radiation, even so the LCOE of photovoltaics are low, combined with low wind speeds, leading to high
electricity generation and storage capacites

In the case of a salt cavern use:

»  Hydrogen production cost decrease significantly, especially in regions with a high seasonality of the solar radiation
and wind speed, due to cheaper storage possibilities and therefore less excess electricity

»  Many regions obtain low and very similar costs

_B

Based on: Sens et al. 2022; *includes the costs for the electricity generation, electrolyzer, compressor and storage systems for a hourly constant onsite hydrogen supply
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Pressure Tank Scenario

H>-Supply cost to Germany [€2020/kgn2]

Salt Cavern Scenario

H>-Supply cost to Germany [€2020/kgn2]

Based on: Sens et al. 2022; *includes the hydrogen production and transportation costs per pipeline
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Salt Cavern Scenario

€2020/kgn2]

€2020/kgn2]

In the case of a pressure tank use, locations in Western Sahara and Algeria obtain the lowest hydrogen supply cost to
Germany. In Europe only costal locations around the North Sea reach similar cost level.

For the use of salt caverns the hydrogen supply costs to Germany are for many costal locations in Northern Europe
(including offshore locations in the North Sea) at the same cost level as the best locations in Africa.

H>-Supply

H>-Supply

w
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Based on: Sens et al. 2022; *includes the hydrogen production and transportation costs per pipeline
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author
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Based on: Sens et al. 2022
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author
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Assuming additional space demand for further technologies (e.g. domestic electricity power generation for direct use) the
technical hydrogen supply potential in Germany seems to be not self sufficient. However, additional hydrogen imports at low
costs could be even realized from other European regions.
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author
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4. Key Conclusions




Are hydrogen costs below 2 €,,,,/kg,, realistic in the future?

»  Hydrogen production cost of 2 €,,,,/kg,, can be reached in the best locations (e.g. Western
Sahara) in 2035. However, taking a subsequent transport to Germany into account costs are at
likely to be around 3 €,,,,/kg,

Which regions are most favorable for a hydrogen supply to Germany?

» Locations in Western Sahara, Central Algeria and at the North Sea (Onshore and Offshore) show
the lowest hydrogen supply costs to Germany

What is the influence of the implementation of salt caverns as a hydrogen storage?

»  The use of salt caverns leads especially in regions with a high seasonality of the solar radiation and
low wind speeds (e.g. Italy) to a significant reduction of the hydrogen production costs up to 50 %

Is the domestic production potential enough for a self-sufficient hydrogen supply in Germany?

» Considering the demand for the “additional” direct electricity use a self-sufficient hydrogen supply in
Germany seems questionable and imports are likely

18
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Source: Siemens 2022
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https://www.siemens-energy.com/global/en/offerings/renewable-energy/hydrogen-solutions.html
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Photovoltaics Onshore Offshore PEM-Electrolyzer Compressor Battery Pressure Salt
Wind Wind Tank Cavern

CAPEX 370 €202kW 1,090 €02 kW 5’600 €, JkW

740 €,5,0/kW 1,780 €,0,/(kgy,/h)

Efficiency : : : 0.68 KWhypp /kWhy 0.8 kWhigeufkWhyy, 02 KWhin/kWhou

« ERADJS data set (weather year 2012) for hourly solar radiation and wind speed
« Land cover classification system (LCCS) for the land availability
« Annuity methodology for cost quantification

« Depreciation period equals technical lifetime

» All costs based on nominal 2020 Euro values

 Year 2035 assumed for techno-economic parameters
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https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
https://www.fao.org/3/X0596E/X0596e00.htm
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Based on: Sens et al. 2022


https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author
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Based on: Sens et al. 2022
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Salt Cavern Scenario
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Based on: Sens et al. 2022


https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Pressure Tank Scenario Salt Cavern Scenario

/ kWpemel]
h
/ kWpemel]

W (1 I
1. High electricity generation capacities are needed in parts of Southern, Western and Eastern

Europe due to low mean wind speeds and high seasonal fluctuation of the solar radiation, but
can be reduced significantly in the case of cheap storage in salt caverns

2. The electricity generation capacities are reduced significantly if higher mean wind speeds are
given (e.g. Northern Europe) or the solar radiations seasonality is low (e.g. regions in Africa)

3. In the case of offshore wind power the electricity generation power almost equals the
electrolyzer power due to offshore wind powers high annual full load hours and levelized cost

of electricity

Lo L AL

Electricity
Electricity

Based on: Sens et al. 2022
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author
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Salt Cavern Scenario

Pressure Tank Scenario
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Based on: Sens et al. 2022


https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Salt Cavern Scenario
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1. Photovoltalcs are the dominant electricity generation technology for low latitudes while in the
case of higher latitudes a balanced power mix of photovoltaics and wind power is given

2. The use of salt caverns enables a higher integration of photovoltaics electricity in Europe and

of wind power in Africa

Photovoltaic share at
Photovoltaics share at

Based on: Sens et al. 2022
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Salt Cavern Scenario

Pressure Tank Scenario
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Based on: Sens et al. 2022


https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Salt Cavern Scenario
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1. Due to the low seasonality of the solar radiation for lower Iatltudes the storage capacmes are
also low in these regions

2. The partly balancing of wind and photovoltaics leads to relatively low storage capacities in
Northern Europe

T oTTZ™CCY

3. The use of salt caverns leads to significant higher storage capacities

Based on: Sens et al. 2022
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Space Demand for Hydrogen Production
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Based on: Sens et al. 2022
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https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?dgcid=author

Space Demand for Hydrogen Production EIUE

1.

2. Forthe use of salt caverns the space demand especially in Europe is reduced significantly

Pressure Tank Scenario Salt Cavern Scenario
50
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kgra/a)]l
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In the case of a pressure tank use the space demand is tW|ce as high in Europe than in Africa
and Regions of Western Europe.

T TV

due to a lower needed electricity generation power.

Space
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Based on: Sens et al. 2022
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Hydrogen Production System %lUE
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Grid with a resolution of 0.5 x 0.5° in longitude and latitude per location and subsequent cost
minimization of hydrogen supply for each individual location (15,600 in total).

The space availability is calculated for every location based on the land classification (LCCS)
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https://www.fao.org/3/X0596E/X0596e00.htm

