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Final energy mix in a zero-carbon economy: Electricity will become the dominant energy 
vector, complemented by hydrogen and fuels derived from it
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By 2050, global electricity demand expected to grow 3.5-5x to 90-130,000 
TWh; the pace and scale of growth will vary by region
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Clean hydrogen will play a growing role across the economy as the world 
transitions towards net-zero

Footer

Today’s hydrogen use 
concentrated in the 
chemical industry 
(Refining, Ammonia, 

Methanol)

(2050)



Beyond existing uses: Multiple potential uses of hydrogen in a low-carbon 
economy, could reach 500-800 mt of p.A. By mid-century

Footer

Opportunity to rapidly 
decarbonise hydrogen 
already used today

Growing R&D and early commercial momentum, e.g. 
- Mult iple demonstrator projects using H2 for primary iron production in Europe
- Several PtX plants for SAF fuel production planned in Europe

- A number of green shipping corridors start ing to be established



Pulling forward early demand to enable clean hydrogen scaling will follow 
sequencing of demand sector “take off” over next 3 decades
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2030 illustrative scenario



Green hydrogen from electrolysis likely to become cheapest clean production 
route in the long-term; in favourable locations it could be competitive with blue 
in the 2020s

Footer

Note: 
• European gas 

prices 2022 have 

been ~$30-
50/MMBtu

• At these prices 

blue hydrogen 

would cost >$9/kg

• Gas price 
uncertainty also 

tips in favour of 

green hydrogen
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Cost declines in the near-term largely driven by falling costs of electrolysers
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Fully installed system capex forecast of large alkaline electrolysis projects 
US$ (2020)/kW

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

2045204020252020 2030 2035 2050

Optimistic - 18 % learning rate

Conservative - 13 % learning rate

BNEF China (optimistic scenario, 2020)

BNEF RoW (optimistic scenario, 2020)

BNEF China (2022)

BNEF Western (2022)

Exhibit 1.10

15
Electrolyser 

capacity (GW)
225 1300 3300 5500 7800

Decline in costs has been slower 
than previous forecasts. Reasons:
• Higher commodity prices
• Slower converging between China 

and RoW prices due to slower policy 
and enhanced geopolitical conflicts



In a mass-electrification scenario, the major share of hydrogen will stem from 
green hydrogen with an important but transitional role of blue hydrogen 
(< 25% in 2050)
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Note: The hydrogen production cost for the “Middle East” region from MPP is illustrated. Electrolyser cost refers to capex for utility scale plants of >1GW. Non-HTA sectors accounted for are light duty 
transport, rail, building heating, power flexibility and other industries.
Source: Mission Possible Partnership (2023); ETC (2021), Making the Hydrogen Economy Possible. 

Hydrogen demand will be 

almost exclusively driven 

by HTA sectors in the next 

15 years

Cost reduction in renewables 

combined with strongly falling 

electrolyser costs will unlock 

cost effective decarbonisation via 

1.5-2 $/kg H2
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power systems 
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Even at very low clean hydrogen costs (e.g. $0.5/kg), majority of hydrogen 
technologies more expensive than current fossil technologies
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Beyond costs, it is essential that ‘clean’ hydrogen is truly clean: For blue, upstream natural 
gas production, methane ‘leakage’, and capture rates drive bulk of emissions; green from 
dedicated renewables is near zero-carbon

Footer



Transport, storage and international trade of hydrogen 

Footer

• Many carrier forms (e.g., gas, liquid, ammonia) and technology options (truck, pipeline, ship) 

• Most economic format depends on volumes & distances; gas pipelines preferred in most cases

Transport of 
hydrogen

Storage of 
hydrogen

Alternatives to 

hydrogen 
transport

International 

trade of 
hydrogen / 

energy

• Large scale geological storage (e.g. salt caverns) cheapest but uneven geographical distribution and further 

development needed (esp. rock caverns and depleted oil & gas fields) 

• Rapid build out required to support growing hydrogen economy

• Moving electrons: Over long distances (>1000km) transporting electrons v ia HVDC transmission lines may be 

competitive – partly dependant on location of geological hydrogen storage

• Moving natural gas: Where very cheap natural gas is available, transport via existing pipelines to areas with CCS 
infrastructure cheaper than transport of blue hydrogen

• Cost differential between production locations may drive trade of hydrogen, but cost differential between 

low/high cost production regions decreases over time

• Domestic production in the long term likely to be approximately same cost as imported hydrogen

• International trade opportunities in long-term likely limited to:

– Cheap high-capacity pipeline (4000t/day), especially retrofitted

– Ammonia transport via ship with ammonia end-use

– Renewable resource constrained countries

• In the long-term, shift of production sites for energy intensive processes also likely



Above ca. 2000 hours annual electrolyser utilisation electricity cost is key determinant of green 
hydrogen cost; dedicated renewables likely to be best source of zero-carbon power

Notes: Electricity consumption 48 kWh/kg, Electrolyser lifetime = 25 years, Discount rate = 8%
Source: SYSTEMIQ analysis for the Energy Transitions Commission (2020) based on IEA (2019), The Future of Hydrogen

Capex = 400 $/kW
Electricity cost: 

Full load hours

▪ Dedicated renewables: reasonable load 
hours (> 2k) and competitive electricity 
cost (below $20/MWh in future), likely H2 
market price for will be set by H2 price 
when produced with dedicate 

renewables

▪ Curtailed power volumes will develop if 
electrolyser CapEx declines considerably 
(e.g., to $200/kW) 

Increased variable renewables results in 
higher number of hours with cheap 
power (curtailment)

▪ Given higher average electricity price, 

grid power would likely not be used

Load hour advantage (100%), but 
minimal costs benefits above ~2k hours
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Note, in a renewables dominated power system (as 
discussed in the ETC’s clean electrification report) 
curtailed power and grid power will start to overlap and 
merge, with electrolysers able to support grid balancing 
by offering flexible demand at t imes of over-supply

Electricity sources for green hydrogen 

production – commentary
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Gas price increases as seen recently, tip balance in favour of green over blue 
hydrogen

• Sustained high gas prices tip low-

carbon hydrogen production in 

favour of green. Risks of future 
volatile gas prices also compounds 

this.

• Impact on current grey producers 

will largely depend on how 
exposed they are to short-term gas 

prices vs. long-term contracts.

• Low cost gas producers with low 

volatility (e.g. Middle East, US) likely 
to still favour grey/blue hydrogen in 

the near-term.

Impact of increased gas prices hydrogen production costs

$/kg
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The green premium is much smaller upon comparison to 2021-2022 fossil 
prices

Footer

Low carbon premium for products produced with clean hydrogen at 2€/kg 

vs. existing fossil fuel solution in % change
$/kg



Current supply pipeline has ~25 Mt of green hydrogen production by 2030, driven by 
installations in China and Europe; demand starting to grow from industry but more slowly

*Assuming all industrial projects are large-scale, requiring roughly: oil refining – 0.1 Mt H2 p.a.; ammonia – 0.13 Mt H2 p.a.; steel – 0.1 Mt H2 p.a.; methanol – 0.13 Mt H2 p.a.; 
assuming all power generation projects fully use hydrogen at a 40% capacity factor and 50% efficiency

Source: ETC (2021) Making the hydrogen econom y possible; BNEF (2022) 2H Hydrogen m arket outlook; BNEF (2022) Global electrolyzer outlook
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The global warming potential of hydrogen

Source: ETC (2023) Making the Hydrogen Economy Possible: Accelerating Clean Hydrogen in an Electrified Economy – Technical Annex

Hydrogen is a Greenhouse Gas (GHG), and hydrogen molecules (H2) could leak out of point sources, pipelines 
and storage infrastructure throughout production and transportation processes in a hydrogen energy system.

It affects the atmosphere in 3 ways:

1 2 3

1

2

3

Increases the lifetime of methane 
(by reacting with OH)

Creates more Ozone molecules

Increases water vapour (a GHG 
when released at altitude)

Estimated 

GWP

20 year 

lifetime

100 year 

lifetime

CO2 1 1

CH4 81-83 27-30

H2 33 (20-44) 11 (6-16)



…depends on how much it might leak

Source: ETC (2023) Making the Hydrogen Economy Possible: Accelerating Clean Hydrogen in an Electrified Economy – Technical Annex

• Leakage rates for methane are usually around 1-2% across production, transportation, distribution. Most 
occurs in production phase.

• Controlled production processes and higher value of H2 might point to lower leakage rates…

• …however H2 is a smaller molecule and may leak more in transportation and distribution

A quick calculation:
• Hydrogen use could reach at most 800 Mt per annum by 2050, 

around 15% of final energy demand. 

• Assuming a realistic leakage rate of 2% and using the value for 

GWP20 of 33, the impact of hydrogen leakage would be equivalent 
to roughly ~530 Mt CO2e of annual emissions. 

• In comparison, current emissions of ~45 Mt per annum of methane 
from natural gas production and processing have a warming impact 

of ~3700 Mt CO2e per annum

• Additional methane emissions from the coal and oil energy systems 

would yield ~10,000 Mt CO2e per annum
530

3,700

10,000

All fossil todayPotential H2 
impacts (2050)

Methane 
today

Warming impact of hydrogen, compared to 

other fossil fuels
CO2e/year based on GWP20



Recent policy developments highlight ambition on US and EU to lead
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Policy and industry measures to cover the green premium are already on their 
way – particularly in EU and USA



Accelerating clean hydrogen in the 2020s: Many critical actions focus on industrial clusters, 
which coordinate production & off-take, and minimise network needs
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LCOEs from dedicated renewables can be up to 15% lower than grid 
connected generation due to savings in power electronics

Dedicated renewables Grid connected and/or curtailed power

Source: Adapted from BloombergNEF (2019), Hydrogen – the economics of production from renewables

Exhibit 2.2



Example: Pipeline transport of hydrogen cheaper than shipping, in particular 
when end-use is hydrogen (high reconversion costs), but local green 
production often competitive

Footer



Industrial clusters: Hydrogen project size is increasing (although average 
remain less than 1GW), but large, multi-sector ‘hub’ projects have longer 
lead-times

Footer

Fast (~1-3 years) Medium (~4-5 years) Slow (~6-12 years)

Small scale projects can be 
brought online quickly

Project size

# partners

# decisions

Investment need

Bureaucracy

Likelihood of failure

< 50 MW

~1-3

few

< $200 million 

trivial

Small

Medium scale projects need 
to be started by 2025 to go 

online before 2030

> 100 MW

~2-5

medium

> $200 million

medium

medium

Large scale projects need to 
be developed soon for 2020s

> 1 GW

~3-10

many

> $1 billion

extensive permit processes

high

Examples

Iberdrola & Fertiberia, Spain 
(Link): 10% co-feed of H2 into 

fertiliser production

Potentially 
significantly 
faster in e.g. 

China

BP, Nouryon and Port of 
Rotterdam, Netherlands 

(Link): green H2 for refinery

Gasunie, Groningen 
Seaports and Shell, 

Netherlands (Link): multiple 

industry off-taker

Large scale projects relevant for 2030 need to be in planning within the next few years

https://www.iberdrola.com/press-room/news/detail/iberdrola-fertiberia-launch-largest-plant-producing-green-hydrogen-industrial-europe
https://www.portofrotterdam.com/en/news-and-press-releases/bp-nouryon-and-port-of-rotterdam-partner-on-green-hydrogen-study
https://www.gasunie.nl/en/news/europes-largest-green-hydrogen-project-starts-in-groningen


Today’s production of hydrogen is via carbon-intensive processes; use of 
hydrogen concentrated in the chemical industry (refining, ammonia, 
methanol)

Footer



Favourable locations for industrial clusters will combine a range of attributes

Footer

Supply - 

Green

CCS 

Renewable 

energy

Electrolyser 

CAPEX

Demand

Enabling 

conditions

Gas grid/ 

Transport 

Refining & 

Fertiliser

Policy

Customers

LCOH 

(2030)

Gas price 

Steel

Are geological formations or empty gas fields available for CCS? Are regulations in place that allow the construction/development of 

CCS? What is the level of public acceptance for CCS?

Does the location offer an existing natural gas grid which could be used to blend H2? Are gas storage facilities available that enable 

the large scale blending into the gas grid? I s the location a road transport hub?

Can low-price electrolysers be sourced? Is the supply chain present in the location to develop large scale green hydrogen projects?

Does the location offer favourable solar and wind resources? I s sufficient land (or offshore) area available to deploy them? 

Can local subsidy schemes be used to improve the economics of the cluster?

I s there a large interest in low-carbon products (e.g. “green” steel)?

What is the predicted cost of H2 in 2030 taking into account the LCOE, CAPEX, available load factor and transportation & storage 

costs?

Is cheap and abundant natural gas available for the production of blue H2?

Does the location have refining and fertiliser industry?

Are steel plants present in the location?

Supply - 

Blue

Shipping Are large scale ports located in the location to serve as transport hub and demand site?



Planning, permitting and land acquisition systems must support large scale 
and rapid development, including for transmission and
networks

Footer

Critical enablers

• Simplifying and streamlining 

permitting and land 

acquisition processes

• Strategic approach to 

planning the siting of 
generation projects in 

conjunction with network 

design

• Anticipatory investment 

framework for T&D

• Further development of 

distributed generation and 

community-ownership 
models for renewable 

power



Beyond hydrogen transport: over longer distances, transport of electrons from 
areas of favourable renewables via high-capacity HVDC cables is increasingly 
competitive with new hydrogen pipelines

35



Distributed, onsite production of hydrogen at small-scale users more expensive 
than offsite production and transport; but large-scale, co-located production 
cheapest
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Accelerating clean hydrogen in the 2020s:
2030 targets



National hydrogen strategy – Best practices I 
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National hydrogen strategy – Best practices II 
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National hydrogen strategy – Best practices III 

40

Certification schemes must incorporate full lifecycle emissions, including, in the case of blue 
hydrogen, residual CO2 emissions not captured by CCS and methane leakage occurring before 
and during production – total carbon intensity of ca. 1.2 kgCO2/kgH2

• Minimal methane leakage of 0.05 % should be targeted (0.1 kgCO2/kgH2)

• Minimal 90 % CO2 capture rate in blue hydrogen production (1.1 kgCO2/kgH2)

Current EU taxonomy policy proposal suggests a near term target of 3 kgCO2/kgH2 

(previous suggestion 2.26 kgCO2eq/kgH2) – note: excludes green from grid electricity at current 
grid intensities of several EU member states



Three key volume / distance tipping points for moving hydrogen, making different modes 
and / or states competitive
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Storage of hydrogen: Large-scale geological storage is cheapest, although costs for small-
scale storage expected to decline significantly  
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Green hydrogen production costs are expected to fall driven by both falling costs of 
electrolysers and continued declines in renewable electricity prices 
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Wind and solar LCOE have dramatically decreased in the last 10 years with latest lowest 
auction prices for solar PV below $20/MWh
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Electricity cost is key determinant of green hydrogen cost above ca. 2000 hours annual 
electrolyser utilisation; dedicated renewables likely best source of zero-carbon power
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In a mass-electrification scenario, what could the scale-up of the hydrogen economy look 
like?
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India ‘clusters’ example – spatial analysis identified 46 favourable clean hydrogen industrial 
cluster locations
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Lower CAPEX investments in blue hydrogen industrial cluster are balanced by higher OPEX 
from natural gas feedstock
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Renewables and electrolyser for hydrogen production ~80% of investment for a green 
hydrogen industrial cluster

49
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Source: SYSTEMIQ analysis for the Energy Transitions Commission (2021); IEA (2020), World Energy Outlook



Global energy programme: Three reports exploring how to scale zero-carbon energy 
systems and a consultation paper exploring the role of carbon dioxide removals

April  April May  July 



The Making Mission Possible Series
Scaling the underlying decarbonisation technologies to meet mid-century net-zero 
economy needs
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Clean 

electrification
Hydrogen Bio-energy Fossil + CCU/S

Massive clean electrification at 
the heart of a net-zero 
emissions economy: global 
power system growing 3.5-5x 

and simultaneously  
decarbonising

Major, complementary role for 
clean hydrogen alongside clean 
electrification, with 5-7x 
increase in global hydrogen 

production

Prioritised, and tightly 
regulated use of constrained 
supply of sustainable, low-
carbon bio resources 

Essential but limited role for 
fossil energy combined with 
carbon capture and storage 
(c.5-8 GtCO2 p.a.)
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Today’s production of hydrogen is via carbon-intensive processes; use of hydrogen 
concentrated in the chemical industry (Refining, Ammonia, Methanol)
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Clean hydrogen will play a growing role across the economy as the world transitions 
towards net-zero

59

Today’s hydrogen use  
concentrated in the 
chemical industry 
(Refining, Ammonia, 

Methanol)
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Beyond existing uses: multiple potential uses of hydrogen in a low carbon economy, could 
reach 500-800 Mt of p.a. by mid-century

60

Opportunity to rapidly  
decarbonise hydrogen 
already used today

Growing R&D and early commercial momentum, e.g. 
- Multiple pilot projects using H2 for primary iron production in Europe
- 3 PtX plants for SAF fuel production planned in Europe
- Oersted and A.P. Moller-Maersk plan production of methanol in 

Copenhagen



Multiple potential clean hydrogen production pathways; however, two pathways likely to 
dominate hydrogen scale-up in coming decade
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Green hydrogen from electrolysis likely to become cheapest clean production route in the 
long-term, in favourable locations it could be competitive with blue in the 2020s
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Beyond costs, it is essential that ‘clean’ hydrogen is truly clean: for blue, upstream natural 
gas production, methane ‘leakage’, and capture rates drive bulk of emissions; for green, 
emissions are associated with electricity generation

63



Even at very low clean hydrogen costs (e.g. $0.5/kg), majority of hydrogen technologies 
more expensive than current fossil technologies
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However, while use of clean hydrogen would have a significant impact on the price of 
intermediate products, but a negligible impact on final product prices in most sectors

65



Transport, storage and international trade of hydrogen 

66

• Many carrier forms (e.g., gas, liquid, ammonia) and technology options (truck, pipeline, ship) 

• Most economic format depends on volumes & distances; gas pipelines preferred in most cases

Transport of 

hydrogen

Storage of 

hydrogen

Alternatives 

to hydrogen 
transport

International 

trade of 
hydrogen / 

energy

• Large-scale geological storage (e.g. salt caverns) cheapest but uneven geographical distribution and 
further development needed (esp. rock caverns and depleted oil & gas fields) 

• Rapid build out required to support growing hydrogen economy

• Moving electrons: Over long distances (>1000km) transporting electrons via HVDC transmission lines 
may be competitive – partly dependant on location of geological hydrogen storage

• Moving natural gas: Where very cheap natural gas is available, transport via existing pipelines to areas 
with CCS infrastructure cheaper than transport of blue hydrogen

• Cost differential between production locations may drive trade of hydrogen, but cost differential 
between low/high cost production regions decreases over time

• International trade opportunities in long-term likely limited to:

– Cheap high-capacity pipeline (4000t/day), especially retrofitted

– Ammonia transport via ship with ammonia end-use

– Renewable resource constrained countries

• In the long-term, shift of production sites for energy intensive processes also likely



Example: Pipeline transport of hydrogen cheaper than shipping, in particular 
when end-use is hydrogen (high reconversion costs), but local green production 
often competitive
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Making the Hydrogen Economy Possible:
Accelerating Clean Hydrogen in an Electrified Economy
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Hydrogen

Major, complementary role for 
clean hydrogen alongside clean 
electrification, with 5-7x 
increase in global hydrogen 

production

A vision for 2050: Hydrogen’s role in a zero-carbon, 
deeply electrified economy

Scale-up challenges, required actions and investments
• Critical scale and pace of cost declines
• Feasible paths to 2050 – the need to accelerate 

demand growth
• Key actions to enable production ramp-up
• Developing hydrogen clusters
• Total investment needs

Critical policy and industry actions in the 2020s
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Ca. 50 GW electrolyser capacity would unlock green production costs of $2/kg or less in 
‘average’ locations, making it competitive with blue & even some grey
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An illustrative scenario assession potential demand acceleration in 2020s reaches ca. 45 Mt 
clean hydrogen demand in 2030 & requires mobilisation across 5 key sectors
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Rapid ramp-up of blue production in the 2020s would see blue taking a greater share of 
supply in next decade, and green ramping up faster in the 2030s to compensate
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Green hydrogen ramp-up will require major increase in green electricity generation post 
2030 (ca. 25% of total TWh in 2050)
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Significant power production 

ramp-up required
• Total electricity demand will grow by 

3.5-5x by 2050, from 27,000 TWh 
today up to 90-130,000 TWh

No inherent barriers:
• Reserves of lithium, cobalt, nickel 

sufficient to meet demand
• 100,000 TWh produced entirely from 

solar would require only 1-1.2% of 
global land area

However, planning and 

incentives required:
• Optimal power market design to 

attract sufficient low-cost capital
• Planning for scaling supply chain and 

new skills development
• Streamlined permitting processes to 

build at pace and scale



Availability of large-scale storage differs by region, those without salt caverns 
access (e.g., China, India) will have to rely on costly or unproven tech
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Early demand for clean hydrogen offtake likely to focus around clusters with co-located and 
shared production, transport & storage and end-use infrastructure - Four archetypes
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Examples across the four archetypes already starting to appear



Cumulative investment needs amount to ~$15 trillion until 2050 for supply ramp-up with 
peak at $800 billion per year, dominated by renewable electricity production (~85%)
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Achieving the build and investment at the pace and scale required will 
necessitate critical enablers

Source: Industry interviews, SYSTEMIQ analysis for the Energy Transitions Commission (2021).
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Location of potential hydrogen clusters in southern Europe
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Overcoming the chicken and egg issue for hydrogen by bringing forward initial 
demand through clusters

Footer

• Regional industrial clusters provide a mechanism for 

securing coordinated early demand and supply over 
the next decade

• Increasing number of cluster projects coming forward 

especially in Europe and Australia 

• Clusters are attractive to key decision markers in both 

industry and policy

– Economics are improved (e.g. shared transport 
and storage costs at higher volume) 

– Risks are shared (e.g. multiple H2 off-takers) 

– Public support shared across multiple sectors and 

companies 

• What is the most appropriate combination of sectors to 

for cluster and how does this differ across locations? 

• What is the minimum viable size for a hydrogen cluster? 

What are the relative advantages of additional scale? 

• What are favourable regions / areas for locating 
hydrogen clusters? E.g. 

– Supply: Access to low cost renewables; CCS availability, 
low cost CAPEX

– Demand: Broad combination of off-take sectors, 

access to gas grid, location of existing industrial 
production

– Enabling conditions: Government commitments to 
support (supply / demand / T&S) and customer 
pressure / support 

Why clusters?

What could be the profile and location of early 

clean hydrogen clusters?



Renewables and electrolyser for hydrogen production ~80% of investment for a 
green hydrogen industrial cluster 
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2240
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740

TotalH2 off-taker 
CAPEX

Electrolyser 
CAPEX

VRE CAPEX Transport 
and Storage

90

End-use CAPEX

Total investment cost for greenfield green hydrogen industrial cluster excl. financing costs (early 2020s)
$ million

Potential 
bottlenecks

Industrial cluster 
description

VRE space 
requirements

Lack of geological 
H2 storage

Significant investment 
for industry players 

with highly leveraged 
balance sheets

Ship retrofitting and 
engine availability

1.3 GW electrolyser 
(850 $/kW) 

1.9 GW VRE

100 km distribut ion 
pipe + 2500 t  salt  

cavern

1 Mt steel plant + 0.2 
Mt ammonia plant 

(1/3 for shipping)

NH3 storage, bunker 
vessel and 3 

retrofitted carriers

GREEN H2

Illustrat ive industrial cluster: Green H2 production used for steel 
manufacturing, replacement of existing grey ammonia 
production, and zero-carbon shipping pilot (ammonia) 



Global annual installations of wind and solar will rise by 5-7 times compared 
with current levels; pace of solar and wind deployment in the EU will also 
need to increase 

Footer
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meet EU’s 2030 goals
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