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H2, an energy carrier for all means?
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Liebreich’s Hydrogen Ladder

3



Liebreich’s Hydrogen Ladder
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Some preliminaries… Some definitions & conventions



Hydrogen and Energy: a primer - IEA ‘The Future of Hydrogen’, 2019
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• Recently also: turquoise H2 via pyrolysis of CH4 → H2 + solid carbon and no CO2

(cfr FSR/EUI report Piebalgs et al)
• How about nuclear-electrolysis-produced H2? → pink H2? (Interest of France)

Rather than colors, 
one should
concentrate on CO2

content.
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Hydrogen and Energy: a primer



Hydrogen and Energy: a primer - IEA ‘The Future of Hydrogen’, 2019
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Hydrogen and Energy: a primer - IEA ‘The Future of Hydrogen’, 2019
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Important extra note: Energy per unit mass H2 ≃ 0.033 MWhLHV/kg  → cost/price of 1 $/kg ≃ 30 $/MWhprim, LHV



Hydrogen and Energy: more characteristics
D. Haeseldonckx PhD Thesis
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HHV

LHV

Energy per unit mass H2 ≃ 0.039 MWhHHV /kg  
→ cost/price of 1 $/kg ≃ 25 $/MWhprim, HHV

Energy per unit mass H2 ≃ 0.033 MWhLHV /kg  
→ cost/price of 1 $/kg ≃ 30 $/MWhprim, LHV

Hence:
HHV: 141/(3.6x1000)=0.0392 MWh/kg → 1/ 0.0392 = 25.5 kg/MWh
LHV: 120/(3.6x1000)=0.033 MWh/kg  → 1/0.33 = 30 kg/MWh
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Some preliminaries…  Current use of hydrogen



Worldwide pure H2 demand 1975-2018
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Website: https://www.iea.org/reports/the-future-of-hydrogen

Why is everybody so
excited about Hydrogen??

https://www.iea.org/reports/the-future-of-hydrogen


Hydrogen and Energy: a primer - IEA ‘The Future of Hydrogen’, 2019
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Why the interest in hydrogen for energy?



The issue…Very-Long-Term Energy Storage

• Major issue: fluctuating electric power delivery from PV and wind generation

• Need good ‘integration’ in electric grid / flexibility

• Storage of electricity?

• Electricity storage (in large quantities) remains difficult issue and costly

• Future short-term storage likely via electric batteries (Li-ion)? 

• Medium-term storage: Indirect storage via pump/turbine hydro (if geography allows).

• But long-term / seasonal storage? Via hydrogen (electrolysis/fuel cells) or electric power to 

synthetic methane (P2G)

15



Long-Term Storage - Power to ‘Gas’ (H2 & CH4)
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Dunkelflaute / Cold Spell NW Europe

80% in annual electrical energy share



Why the Excitement for Hydrogen? – A long story (with twists & turns)

❑Current H2 usage basically as feedstock for industry

❑But H2 could be a clean fuel
• for climate

o no CO2 emitted by ‘end use’

o no CO2 if ‘carefully’ produced

• no local emissions (transportation & combustion in boilers or prime movers)

❑ ~ 2000: To aid problem electricity storage – mainly for HEV (Hydrogen Electric Vehicles)

→ electricity→ electrolysis→ H2→ Fuel Cells→ electricity

❑Now: To resolve ‘overgeneration’ due to VRE in elec pwr sector & 
LT (indirect) electric storage problem

❑Now: Realization that ‘all’ electric society is not likely; still molecules needed
• Ships, aircrafts, long-haul trucks… but need liquid fuels based on hydrogen (and CCSU)

• Sector coupling to help decarbonize transportation & heating sectors (incl industry) – H2 based
liquid fuels

18



Why the Excitement for Hydrogen? – A long story (with twists & turns)

❑But current recent insights…

❑Overall objective is decarbonization

❑Different countries/regions pur different constraints on the overall energy system

❑Assume in many places close renewables penetration between 70%...100%

❑Three-level objective:
1. Energy efficiency

2. Electrification where possible

3. Molecules for hard to electrify applications→ H2 or H2-derived fuels (HDF)

❑BUT: the future of hydrogen will vary geograpgically (meteo), regulation, cost, and 
competition with other technologies (especially batteries) 19



Future energy system 
with electrons & 
molecules

• Ref: Steven J. Davis, et al., “Net-zero emissions energy 
systems”, Science 29 Jun 2018: Vol. 360, Issue 6396, 
eaas9793
https://science.sciencemag.org/content/360/6396/eaas9
793/tab-pdf

• Fig. 1. Schematic of an integrated system that can 
provide essential energy services without adding any CO2 
to the atmosphere. (A to S) Colors indicate the dominant 
role of specific technologies and processes. Green, 
electricity generation and transmission; blue, hydrogen 
production and transport; purple, hydrocarbon production 
and transport; orange, ammonia production and 
transport; red, carbon management; and black, end uses 
of energy and materials.

20

https://science.sciencemag.org/content/360/6396/eaas9793/tab-pdf


Power to Gas (P2G) – elec to H2 to CH4 to elec

21Ref: Adapted from M. Sterner, 2011, 2013 



Power to Gas (P2G) – elec to H2 to CH4 to elec

22[Ref: Belderbos, PhD Thesis, 2019]

G could be CH4

G could be H2

If H2, then GFPP is fuel cell
or H2 gas turbine

Advantage CH4 is that
current NG infrastructure
can be used

Disadvantage CH4 is lower
efficiency



Power to Gas (P2G) – elec to H2 to CH4 to elec

Ref: Michael Sterner

http://www.uni-kassel.de/upress/online/frei/978-3-89958-798-2.volltext.frei.pdf 23

Typical efficiencies:

Electrolysis ~70%-75%

Methanation ~ 78%

But combined electrolysis
(SOEC) & Sabatier … 
expected to reach ~ 80%

http://www.uni-kassel.de/upress/online/frei/978-3-89958-798-2.volltext.frei.pdf


Power to Gas (P2G) – elec to H2 to CH4 to elec

Ref: M. Sterner, 2011, 2013 
24



• Transportation: 
• Light-duty: most likely Batteries: BEV

• Only H2 or HDF for shipping, long-haul aviation and long-distance trucks

• Industry

• Electric power generation???
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Where will H2 or HDF be used?



Liebreich’s Hydrogen Ladder
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Recall



H2 for power generation?
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H2 fuel for elec
pwr gen very
limited.

Perhaps need
high installed
capacity for H2

GFPP, but 
limited usage.
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Projected hydrogen demand in industry in the EU-28 from 2020 through 2050.

H2 for industry – starting point for H2 development 

Industry will
sign for the
demand side of 
hydrogen and 
be the trigger
for H2 economy
and 
infrastructure

Oil refinery
Steel 



H2 for industry – starting point for H2 development 
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Projected industrial final energy demand by fuel through 2050 in the NZE scenario.  ‘Captive hydrogen’ 
refers to hydrogen consumed on the same site where produced. NZE = Net zero emissions (by 2050)

Electricity for H2

Hydrogen (imported)

electrification
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Projected overall electricity demand and hydrogen production via electrolyzers worldwide through 2050.

[Ref: IEA, 2021, Net zero by 2050]

Electricity demand – worldwide evolution

H2 production via 
electrolyzers



• Industrial H2 demand likely best starting point for developing H2 economy
• Gradual decarbonization of industrial H2 demand

• Parallel expansion of H2 infrastructure
• Pipelines (new or repurposed)

• H2 storages (long term)

• Refrigeration & regasification facilities, ships, …

• Will be different for different regions (meteorological & spatial conditions)

• Unwise regulation may delay or kill the hydrogen or HDF future

• Start from blue hydrogen, gradually develop green hydrogen and let 
competition work. (Stiff CO2-emission penalties – price– desirable)
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Development H2 economy – worldwide evolution
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Development H2 infrastructure – contrasting ideas

European Example (EU-28)

Group of 11 & 23 European Gas Transmission Operators

German RES-supporting Think Tank 

Important note: 
Studies date from before February 24, 2022 – Geopolitics NOT accounted for.



33

Development H2 infrastructure – 11 EUR Gas TSOs

2030

2035
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2035

2040

Development H2 infrastructure – 11 EUR Gas TSOs



35Proposed future Hydrogen backbone by 2030, 2035, 2040 – updated version. [Ref: Guidehouse, 2020a & 2021a,b]

Development H2 infrastructure – 23 EUR Gas TSOs



36Proposed future Hydrogen backbone by 2030, 2035, 2040 – updated version. [Ref: Guidehouse, 2020a & 2021a,b]

But… post Feb 24 2022…

Inflow & trade from the far-east side of 
Europe becomes questionable…

Development H2 infrastructure – 23 EUR Gas TSOs

Total length ~40,000 km

Cost ~ €40 bn - €80 bn
or ~ €0.1-0.2 / kg H2

Compared to desired
future H2 production
cost of ~ €1-2 / kg H2

Recall:
1 $/kg ≃ 25 $/MWhprim, HHV

1 $/kg ≃ 30 $/MWhprim, LHV
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No-regret development H2 infrastructure 

Follow EU priority:
1) Efficiency
2) Electrification
3) Molecules where needed
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Projected hydrogen demand (LHS) versus hydrogen production (RHS) for Germany from 2025 through 2050. 
From the RHS it is clear that much hydrogen will have to be imported. 

No-regret development H2 infrastructure 

Massive import 
of H2

anticipated

“Based on industrial demand, 
no justification for a larger
pan-Eurpean H2 backbone.”

In DE quite
some H2 used
for electricity
generation
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Transport Costs – careful with assumptions

1.0

Recall:
1 €/kg ≃ 25 €/MWhprim, HHV

1 €/kg ≃ 30 €/MWhprim, LHV
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Transport Costs – careful with assumptions

Even comparisons with
electric power transmission…

Credible?
To be checked…
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Transport Costs – careful with assumptions

In contrast, much higher
transport costs

e.g., ~ factor 2 for Liquid 
H2 Morocco - Germany



46

Hydrogen Production Costs – important factors

Recall:
1 $/kg ≃ 25 $/MWhprim, HHV

1 $/kg ≃ 30 $/MWhprim, LHV

Important dependencies:

1) Investment cost
2) Full Load Hours (FLH)
3) Cost input electric energy
4) Efficiency electrolyzers & 

BOP/BOS
5) Discount rate (WACC)
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Hydrogen Production Costs – electrolyzers characteristics

Investment costs
include BOP/BOS

PEMEL:
Proton Exchange 
Membrane
Electrolyzer

SOEC:
Solid Oxide 
Electrolyzer Cell



Dependency on price of input electricity

Even for zero-marginal cost REES, input electricity has a cost
• Investors want a reasonable ROI of their REES investment

• When electrolyzer on the grid, then electrolyzer increases demand
for electric power sector→ higher elec wholesale prices.     
(General conseqence of ‘sector coupling’)

• In regulated mkts, or large stand-alone REES projects, the LCOE or 
with LT-PPA will set the price.

48

Hydrogen Production Costs – electrolyzers characteristics
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Main report

Main report

Background report, 
Danish

1 DKK = 0.13 € → 100 DKK = 13 €

Figure 1.8: Duration curves for the electricity price shown for DK1 (Western Denmark) in 
Global Climate Action (GCA) scenario. The reference in 2030 and 2040 shows that
electricity prices can be relatively low for many hours in 2040 if measures are not
implemented. The effect of measures in the form of battery storage, enhanced
infrastructure (ICL) and power-to-gas has been analyzed overall. There is a great deal of 
uncertainty associated with the analysis, but the trend shows that power-to-gas can be a 
very effective means of increasing the price formation of electricity.
Batteri-lager = Battery storage
LCOE Havvind = LCOE Offshore Wind

Hydrogen Production Costs – exemple Study Energinet DK
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Summarizing result P2G

Electricity price
reinstated !

Hydrogen Production Costs – exemple Study Energinet DK
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Hydrogen Technologies for Grid Support



• For electric grid support by electrolyzers there is a need for
installed electrolyzers!

• Will be very different for different regions (mete conditions RES)

• Competition from Li-ion batteries

• Dependent on type of electrolyzer

• Should consider four configurations
• Input EL connected to el grid / H2 output EL connected to H2 gas grid (via H2 storage buffer)
• Input EL connected to el grid / H2 output EL stand alone (via H2 storage buffer)
• Input EL not connected to el grid / H2 output EL connected to H2 gas grid (via H2 storage buffer)
• Input EL not connected to el grid / H2 output EL stand alone (via H2 storage buffer) 
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Hydrogen Technologies for Grid Support



• Electrolyzers:
• Alkaline most mature, in the future probably overtaken by PEM

• Future looks promising for PEM

• SOEC need high temperatures & still in reseach phase

• Load range (recall):

• Start-up times:
• PEM ~ 5-10 mins (from cold) ~ secs (from warm/hot standby)

• Alkaline ~ 1-2 hrs (from cold) ~ 1-5 mins (from warm/hot standby)

• SOEC ~ 7-8 hrs (from cold) ~ few mins (from warm/hot standby)

• Ramp rates: Alkaline & PEM full range in secs; SOEC full range in secs to mins

57

Hydrogen Technologies for Grid Support

Alkaline PEM SOEC

PEM can react both ways: 
in/decrease nominal demand!
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Hydrogen Technologies for Grid Support

Example by Pierluigi Mancarella group

Mehdi Ghazavi Dozein, et al., “Fast Frequency Response from Utility-Scale Hydrogen Electrolyzers”, IEEE Trans on Sustainable Energy, 2021



In regions with ‘nasty’ meteorological conditions (e.g., cold spells), 
investments in H2 gas turbines may be necessary.

These gas turbines possess the classical flexibility for system balancing.
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Hydrogen Technologies for Grid Support

Use of hydrogen gas turbines



60Biddyut Paul and John Andrews, “PEM unitized reversible/regenerative hydrogen fuel cell systems: State of the art and 
technical challenges”, SRER 79 (2017) 585-599

Bidirectional operation as electrolyzer & fuel cell

Illustration of ‘reversible’ operation of PEM electrolyzers & fuel cells.

Discrete option with a separate PEM electrolyzer and fuel cell.
Unitized regererative fuel cell (URFC) operating as 
fuel cell and as electrolyzer



• Hydrogen-economy developmets depends on decarbonization constraints

• Hydrogen-economy development will differ from region to region

• Transition to green hydrogen will often start via blue hydrogen

• Interesting trade opportunities may arise / export – import

• Grid support only if electrolyzers or H2 gas turbines are present

• No investments in H2 technologies only for grid support

• Golden rule:
1. Efficiency
2. Electrification
3. Molecules where needed
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Conclusions & Takeaways




