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We evaluated zero-emissions fuel technologies along 4 dimensions

Dimension Description

• Current state of development and road towards commercialization 

of high potential energy storage and conversion (e.g., combustion 

engines, fuel cells) technologies
On-ship 

technology
3

• Fuel cost development (USD per MDO equivalent) of zero-carbon 

fuels

• Ship-economics for selected maritime applications of different 

zero-carbon fuels

Ship 

economics
2

GHG 

reduction 

potential

• GHG emissions from well to tank (i.e., upstream operations) 

• Emissions from tank to wake (i.e., downstream operations) 
1

• Required and available infrastructure for generation, distribution, 

storage and bunkering (e.g., at key ports) Infra-

structure 

technology

4

This report focusses on 

the potential of zero-

carbon fuels to 

decarbonize shipping, 

specifically: 

▪ Hydrogen

▪ Ammonia

▪ Electrical power/ 

batteries

Each zero-carbon fuel 

technology will be 

analyzed across four 

dimensions…

3
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Zero-carbon fuels as a path to 
transition to a carbon-free future 

of shipping

GHG reduction potential1



1

5

GHG reduction potential – Key takeaways

GHG reduction potential

¨

North and Baltic 

Sea region

▪ The North and Baltic Sea region is responsible for ~5% of global CO2 emissions with ~40 Mt, based on fuel 

consumption of ~13 Mt of MGO-equivalent 

▪ In several countries in the North Sea and Baltic Sea region, local production from electricity or natural gas 

would already allow to generate hydrogen and ammonia at lower carbon intensities vs. fossil fuels

- If the carbon intensity of the electricity mix from the grid is already below 150-200 gCO2/kWh, hydrogen and 

ammonia produced through electrolysis is less carbon intensive than conventional fuels (i.e., MDO, HFO) 

and even LNG

- Norway, Sweden, Denmark, Finland, France, Belgium, Lithuania and Latvia did already integrate sufficient 

renewables in their energy systems to allow for environmentally beneficial zero-carbon fuel production with 

the UK being on-route to break-even as well

- The CO2 footprint of blue H2 (1.14 kg CO2eq/kgH2)1 is comparable to that of green H2 generated at the 

current Norwegian electricity mix (1.13 kg CO2eq/kgH2)2 thus a strong argument for implementation of blue 

H2 as a first step for enabling feasible and significant CO2 reductions

Globally

▪ Globally, the shipping sector is responsible for about 3% of global GHG emissions and current reduction 

targets are not in line with the IPCC’s 1.5 degree scenario

▪ While a wide range of solutions to reduce GHG emissions in shipping exists, alternative fuels seem to be the 

only path to reach zero

▪ An energy system based on hydrocarbon fuels and zero-carbon fuels at the same time is unlikely

▪ Zero-carbon fuels seem to offer a faster and most energy efficient route to transition compared to 

hydrocarbon fuels based on renewable electricity

▪ Today, about 96% of global hydrogen and ammonia production are fossil-based with a similar carbon 

intensity vs. MGO
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Globally, the shipping sector is responsible for about 3% of global GHG emissions 
and current reduction targets are not in line with the IPCC’s 1.5 degree scenario

GHG reduction potential

Source: IMO (2014): Third IMO GHG Study; Smith, T. W. P., Traut, M., Anderson K, Mcglade, C., Wrobel, P. (2015): CO2 Targets, Trajectories and Trends for International Shipping
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1,000-1,500

2035 2050

1,200-2,800
3% OF TOTAL 

GLOBAL 

EMISSIONS

Business as usual projected emissions vs. 1.5°C emission reduction requirement

Million tons of CO2

Actual GHG emissions from shipping IPCC 1.5°C pathway Projected GHG emissions from shipping

The IMO's Marine Environment 

Protection Committee adopted an 

initial strategy on the reduction of GHG 

emissions from ships, setting out a 

vision to reduce GHG emissions from 

international shipping by at least 50% 

by 2050 (compared to 2008) and 

phase them out as soon as possible in 

this century.
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While a wide range of solutions to reduce GHG emissions in shipping exists, 
alternative fuels seem to be the only path to reach zero

GHG reduction potential

Note: Carbon capture and storage not considered

Source: Faber et al., (2012): New Climate Institute (2019); Nordhaus (2013)

Type

Low-carbon 

fossil fuels

Carbon-neutral 

bio-fuels

Carbon-neutral 

hydrocarbon 

fuels

Zero-carbon 

fuels

Fossil fuels with a lower carbon 

footprint than conventional fossil 

fuels (e.g., LPG, LNG, Methanol)

Fuels made from organic feedstock 

such as oils, sugars, or waste (e.g., 

Bio Diesel, Bio Methane, Bio 

Methanol)

Synthetically produced (with the use 

of renewable energy and chemical 

compounds based on hydrogen and 

carbon (e.g., eDiesel, eMethane, 

eMethanol)

Energy carriers that do not emit any 

CO2 to generate power (e.g., 

Hydrogen, Ammonia) or the direct 

use of electricity

Description

Reduction by max. 20-30% vs. 

conventional fuels

Can be carbon-neutral, yet, scalability 

of production might be limited by 

resource and land requirements to 

produce biomass

Can be carbon-neutral if produced 

with renewable energy and CO2 is 

captured

Can be carbon-neutral if produced 

with renewable energy

Potential to reach zero-carbon

Potentially most feasible (detail follows)

Operational 

efficiency 

improvements

Technical 

efficiency 

measures

Measures to reduce GHG emissions

▪ Slow steaming

▪ Optimized route planning and 

weather routing

▪ Cold ironing/ on shore power supply

▪ More efficient port and cargo 

handling and logistics

▪ Improved hull designs and other ship 

design measures

▪ Frequent propeller polishing

▪ Air lubrication

▪ Alternative propulsion systems 

(e.g., wind assistance)

▪ Waste heat recovery

▪ Low-carbon fossil fuels

▪ Carbon-neutral bio fuels

▪ Carbon-neutral hydrocarbon fuels

▪ Zero-carbon fuelsAlternative fuels
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An energy system based on hydrocarbon fuels and zero-carbon fuels at the 
same time is unlikely

GHG reduction potential

Zero-carbon fuels

CH4

CH4

H2

VS.

H2 is an input for production of CH4 (or other hydrocarbon fuels);

CO2 is captured and released again into the atmosphere in an open 

loop

CH4 (natural gas) is an input for production of H2 (or other hydrogen 

carriers like ammonia)

Carbon-neutral hydrocarbon fuels

Electro-

lysis
Methane

syn.

CO2

emissions

CO2

capture

CO2

SMR+

CCS

Direct 

use

Electro-

lysis

H2

H2 can be produced carbon-neutrally

through electrolysis (based on 

renewables) or by steam methane 

reforming (SMR) in combination with CCS

CO2

Transitioning to carbon-neutral hydrocarbon fuels or to zero-carbon fuels comes at high costs – due to the different nature 

of both systems it is unlikely that both systems coexist

Haber-

Bosch

syn.

NH3

Direct use of H2

Use as ammonia

Battery electric



1

9

Zero-carbon fuels seem to offer a faster and most energy efficient route to 
transition compared to hydrocarbon fuels based on renewable electricity

GHG reduction potential

Both transition paths require significant investments, however, zero-carbon fuels could offer a faster transition route as hydrogen (and 

other hydrogen-carriers) as they require less fuel production steps and can be produced from natural gas in combination with CCS. 

Carbon-

neutral 

hydrocarbon 

fuels from 

renewable 

electricity1

Zero-

carbon fuels

• Scarce for the next 

10-20 years – in 

competition with all other 

sectors, in particular 

electrification

• Two additional 

process steps after 

hydrogen production

• Need for CO2-

capture even in the 

distant future

• No large scale 

methane/ methanol 

synthesis available

• Existing 

transportation and 

storage infrastructure 

can be used

• 95% of engines 

would have to be 

replaced for 

eMethane or 

eMethanol

• Engines available

! !

!

+ !

• Direct use of electricity is 

the most efficient 

wherever possible

• For H2/ammonia two 

alternative paths with 

renewable electricity and 

natural gas (in 

combination with CCS)

• One step process to 

hydrogen

• Two step process to 

ammonia, which is 

available at industrial 

scale today

• No distribution 

infrastructure for 

hydrogen, very cost 

intensive storage

• Existing distribution 

for ammonia, 

bunkering facilities 

missing

• 100% of engines 

would have to be 

replaced

• Engines fully 

commercially 

available within 3-5 

years only

!!+

+

!
!

+

Feedstock supply Fuel distribution Fuel conversion (on ship)Fuel production

+

+

!

1 Biofuels were excluded from the analysis due to concerns about food competition at scale. Future technology might be able to circumvent this issue, but is not currently ready for scale-up. 



1 Today, about 96% of global hydrogen and ammonia production are fossil-based 
with a similar carbon intensity vs. MGO

GHG reduction potential

1 Assumes production with 100% renewable energy

Source: Japan’s hydrogen strategy and its economic and geopolitical implications (Oct. 2018); Lloyd’s Register Fuel production cost estimates and assumptions; World 

Nuclear Association; expert opinion

▪ About 96% of 

globally 

produced 

hydrogen is 

based on fossil 

fuels 

▪ Even when 

produced with 

natural gas, 

hydrogen is less 

carbon-intensive 

than MGO due to 

its high energy 

density 

Hydrogen production by feedstock

CO2 emissions by fuel

Tons of emissions per tons of fuel

CO2 emissions

Tons of CO2 per ton of MGO 

equivalent

Refinery

by-product

Electrolysis

48%

30%

Natural 

gas

18%

4%Coal gasifi-

cation

3.1

3.0

2.5
0.3

0.3

0.3

10.7

2.5

2.4-2.4

-0.8

-1.3

Ammonia (grey) 2.5

Bio Methanol

MGO

1.5

0.6

0.2

2.8

3.3

3.4

1.4

LNG

eMethanol

(ren. electricity)

Biofuel (gas oil)

HFO

0.0

Hydrogen (green)

10.7

0.2

Hydrogen (grey)

0.2

0.2Ammonia (green) 0.2

10

0.1

2.5

0.5

3.7

1.1

0.4

2.8

3.3

3.2

0.0

Production Tank to wake
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The North and Baltic Sea region is responsible for ~5% of global CO2 emissions 
with ~40 Mt, based on fuel consumption of ~13 Mt of MGO-equivalent 

GHG reduction potential

Source: Data provided by Finnish Meteorological Institute

CO2 emissions in the region

Mt per year

Fuel consumption in the region

MGO equivalent, Mt per year

13.2

8.3

4.9

TotalBalticNorth Sea

40.1

25.3

14.8

Baltic TotalNorth Sea

The CO2 emission in 

the North and Baltic 

Sea region are ~40 Mt 

of CO2, equivalent to 

~5% of the global 800 

Mt
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In several countries in the North Sea and Baltic Sea region, local production 
from electricity or natural gas would already allow to generate hydrogen and 
ammonia at lower carbon intensities vs. fossil fuels

GHG reduction potential

1: Steam-Methane Reforming in Norway; 2: Electrolysis in Norway with a electricity mix carbon factor of 17gCO2/kWh in 2015 

Source: IEA; UMAS analysis; Lloyds Register & UMAS (2017). Zero-emission Vessels 2030; SYSTEMIQ analysis for the ETC; Feasibility study into blue hydrogen - Technical, economic & 

sustainability analysis, CE Delft, 2018; Hydrogen Fuel News; 

Electricity carbon intensity by country

in gCO2 per kWh

0 50 100 150 200 250 300 350 400 450 500 550 600

2,500

0

1,000

500

2,000

1,500

Energy source carbon intensity
gCO2 per kWh of propulsive power

Electricity carbon intensity gCO2/kWh

Advanced bio-fuels

Ammonia (ICE)

Hydrogen (ICE)

Ammonia (fuel cell)

Hydrogen (fuel cell)

MDO (ICE)

Eletrical power/ 
battery

LNG

Carbon intensity per kWh depending on electricity carbon intensity and technology

819

773

505

441

281

170

166

113

105

59

18

16

13

Poland

Belgium

United Kingdom

Netherlands

Denmark

Estonia

Germany

Sweden

France

Finland

Latvia

Norway

Lithuania

Fuel ICE vs. hydrogen and 

ammonia breakeven between 150 

and 200 gCO2/kWh

Below H2 and NH3 breakeven ▪ Even without 100% renewable 

energy, Power2Hydrogen and 

Power2Ammonia could already 

be less carbon-intensive than 

conventional fuels and even 

LNG

▪ Especially a production in 

Scandinavian countries, 

France, Belgium, Lithuania and 

Latvia would lead to 

environmentally competitive H2 

and NH3 due to their low 

electricity carbon intensity

▪ The CO2 footprint of blue H2 

(1.14 kg CO2eq/kgH2)1 is 

comparable to that of green H2 

generated at the current 

Norwegian electricity mix (1.13 

kg CO2eq/kgH2)2 thus a strong 

argument for implementation of 

blue H2 as a first step for 

enabling feasible and 

significant CO2 reductions
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Zero-carbon fuels as a path to 
transition to a carbon-free future 

of shipping

Ship economics2



2 Ship economics – Key takeaways

Ship economics

Fuel 

costs

Fuel costs for zero-emission fuels are highly uncertain, as the technology and infrastructure are still under development, 

nevertheless, a few conclusions can be drawn: 

▪ Cost parity with current MGO market price of 573 EUR/ ton seems possible 

▪ Alternative transition fuels like green methanol or green LNG are unlikely to be cheaper than hydrogen or ammonia

▪ Ammonia is expected to be at least 25% more expensive than hydrogen for the same energy content, however, this may 

change depending on the region (e.g., when transported over long distances, ammonia and LOHC are cheaper than 

hydrogen, esp. if ammonia can be used directly in combustion engines or fuel cells, where reconversion costs are avoided

Cost 

struc-

tures

along 

case ex-

amples

▪ For batteries the upfront investment is the main cost driver and can be compensated by low electricity cost, esp. for 

shorter distances, batteries-electric vessels already have a positive business case

▪ For liquid fuels in combustion engines, incl. ammonia, the cost of the fuel is the main driver

▪ For hydrogen, upfront investment cost is a significant driver – At current prices, for a case of a 1380 TEU container 

vessel with a 15MW engine travelling a distance of 12000 km, the cost per year would increase from EUR 5.9 mio for MGO to 

EUR 13.2 mio for hydrogen propulsion

- To store 189 tons of hydrogen, eq. to 596 tons of MGO, an investment of EUR ~ 33.4 mio or EUR ~1.1 mio p.a., is required 

for the fuel storage 

- The loss in revenue from shifting to hydrogen propulsion is equivalent to EUR 1.3 mio p.a.

- Fuel cells at today’s cost with e.g., a yearly fully loaded cost of EUR 4.1 mio (based on a lifetime of 10 years) can be partly 

compensated by lower expenses for maintenance crew of EUR 1.25 mio. p.a.

Levers 

to 

improve

▪ Cost for tanks and revenue loss can be managed by new models:

- Modular tank sizes could lower cost on shorter distances, e.g., at future fuel cell prices, for the same ship doing only 200km 

journeys this would bring down cost from EUR 9.8 mio p.a. to EUR 5.9 mio, or for medium distances of 2000km to EUR 6.5 mio

- Refueling under way, e.g., a transatlantic refuel could bring down the investment cost (smaller on-board storage requirements)

- First designs for liquified hydrogen combined transport and bunkering vessels exist already

▪ Fuel cell costs are expected to come down over the coming years and lifetime increases are expected by technology 

development on cells and management of the cells
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The costs of ammonia and hydrogen are highly uncertain, but cost parity with 
MGO market price seems possible

Ship economics

Note: For a detailed list and sources, see deep dive document available from www.towardsnetzero.com/ or www.sus.lab.ch

LPG

856

Methanol 819

LNG 758

1’096

2’983

959

Blue NH3

eMethanol 1’146

Blue H2

eMethane 773

761

Green NH3

1’581

MGO today

735Grey H2

Grey NH3

Green H2

1’017

MGO

IFO

MGO

694

573

CO2 price (EUR 30/ ton)Low High CO2 price (EUR 90/ ton)

▪ Costs for fuels are highly 

uncertain – numerous models 

exists, with a wide range of 

expected costs, depending on 

assumptions on development of 

electricity cost, electrolyser 

technology cost, transportation 

distances, etc. 

▪ Nevertheless, when comparing 

fuels based same energy content: 

̶ Cost parity with MGO market 

price seems possible

̶ Alternative transition fuels like 

eMethanol or eMethane are 

unlikely to be cheaper than 

ammonia or hydrogen

̶ Ammonia is typically expected 

to be at least 25% more 

expensive than hydrogen 

(MGO equivalent)

EUR per ton of MGO equivalent

Conventional 

fossil fuels 

Low-carbon fossil 

fuels

Zero-emission 

fuels

Carbon-neutral 

hydrocarbon fuels

today, without CO2 price

http://www.towardsnetzero.com/
http://www.sus.lab.ch/
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Cost will also vary based on location – Ammonia and LOHC are cheaper than 
hydrogen when transported over long distances

Ship economics

Notes: Assumes distribution of 100 tpd in a pipeline to an end-use site 50 km from the receiving terminal. Storage costs are included in 
the cost of import and export terminals. More information on the assumptions is available at www.iea.org/hydrogen2019

Source: IEA analysis based on IAE (2019), “Economical evaluation and characteristic analyses for energy carrier systems” and Reuß
(2017), “Seasonal storage and alternative carriers: A flexible hydrogen supply chain model”. All rights reserved.

Domestic (Japan) Import from Australia

LOHC

5.88

Hydrogen

7.08

Ammonia

5.43

Hydrogen

6.31

Ammonia

6.97

Distribution Transmission ProductionConversionImport/export terminalsReconversion ▪ The cost of transport from 

Australia to Japan could 

represent between 30% and 

45% of the full cost of 

hydrogen, yet, imports of 

electrolytic hydrogen could 

still be cheaper than domestic 

production

▪ This indicates a minimum cost 

of hydrogen of USD ~5,500 

/ton (EUR 4,940 /ton) for 

hydrogen delivered to Japan, 

or EUR 1,580 /ton of MGO 

equivalent

▪ For Ammonia the final price 

would be USD 4,500 /ton of 

hydrogen, corresponding to 

USD ~800 USD (EUR 710) /ton 

of Ammonia, or EUR ~1,470 

/ton of MGO equivalent

Using ammonia directly in ICE eliminates the need for reconversion, making it the 

cheapest alternative with EUR ~1,470 per ton of MGO equivalent

Cost of delivering hydrogen or ammonia produced via electrolysis from Australia to an industrial 

customer in Japan in 2030, USD/ kg H2

http://www.iea.org/hydrogen2019
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For battery/ electric vessels, the upfront investment is the main cost driver and 
can be compensated by low electricity cost

Ship economics

Sources: Transport Transformation (2018)

▪ For shorter distances, 

battery vessels are more 

economic than diesel 

vessels today already

▪ High cost of batteries can 

be compensated by lower 

electricity vs. fossil fuel 

cost (depending on fuel 

and electricity prices) 

and lower maintenance 

costs

ILLUSTRATIVE EXAMPLE

77

39

9

9

14

7

38

Diesel

100
-7%

Maintenance
costs

Engine
depreciation

Battery

Fuel costs

93

Electric

CASE EXAMPLE: 30 passenger shuttle vessel, diesel vs. electric

Annual fully-loaded cost distribution, in percent
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▪ Case for long distance 

container vessel with 

~12,000 km range2

▪ Today, we assume ICEs for 

ammonia and fuel cells for 

hydrogen

▪ In the future, we assume 

fuel cells for both at lower 

cost and higher efficiency 

(fuel and storage cost were 

not adjusted)

18

The business case of ammonia and hydrogen shipping is not yet 
competitive with MGO, however, costs are expected to decline over time

Ship economics

1 Linear depreciation and cost of capital at 7%; 
2 Assumptions: Ship: Capacity 1’380 TEU, main engine: 14’280 kW, consumption: 21.3 tons HFO at 16 knots, lifetime 30years, days in operation: 250 days per year; 
NH3 at 453 EUR/ ton, H2 at 2300 EUR/ ton, NH3 tank: 3 EUR/kWh, LH2 tank 5.3 EUR/kWh, ICE 425 EUR/KW, PEM for H2 today: 1780 EUR/KW (10 years lifetime), PEM for H2 future: 425 
EUR/KW (15 years lifetime), SOFC for ammonia future: 850 EUR/KW (15 years lifetime); Payload: 555 EUR/ton/a & 202 EUR/m3/a; 

Sources: Own calculations, based on “Comparison of ship fuels and propulsion systems”, Hydrogen Europe and Ludwig Bölkow
Systemtechnik (2019)

3.0
5.4

3.8 4.5 3.8

2.5

2.5

1.3

2.72.7 1.6

4.1
1.3

1.3

1.3

1.3

Ammonia 
with ICE

9.8

LH2 with 
future fuel 

cells (PEM)

0.4

5.9

MGO 
base case

0.9

0.60.1

Ammonia with 
future fuel 

cells (SOFC)

0.7

LH2 with 
current 

fuel cells

13.2

0.8

8.1

0.1

9.5

CrewRevenue Lost FuelEngine Storage

▪ For ammonia, cost drivers are similar to 

MGO with higher cost for fuel and 

slightly higher space requirements 

▪ For liquid hydrogen, the main cost driver 

today is the price of fuel cells as well as 

for storage tanks (in long distance case)

▪ Fuel cells are expected to reduce crew 

requirements for maintenance – in the 

future, this could potentially compensate 

for higher engine costs

▪ Fuel cell costs are expected to come 

down over the coming years and lifetime 

increases are expected

Mio EUR per year1
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For the business case of hydrogen vs. MGO, both tank size and engine space 
requirements need to be considered

Pilot hydrogen and ammonia vessels

1 Volumetric energy density: LH2 8.5 MJ/L; MGO 36.6 MJ/L

2 Tank space requirements: LH2 1.75 kWh/L; MGO 8.973 kWh/L

3 Engine volume: ICE 0.0229 m3/kW; Fuel Cell 0.00667 m3/kW

Engine efficiencies are accounted for (fuel cells for LH2 and ICE for MGO)

Hydrogen has both higher volume and 

needs insulated tanks

▪ Volume increase of LH2 vs. MGO = 3.81

▪ Rectangular room space requirement of 

LH2 tank vs. MGO = 6.62

The volume requirements for 

hydrogen storage (incl. LH2 tank, 

system and rectangular space) has 

double the impact of the engine 

volume but depending on the 

combination of fuel and engine, the 

business case can change 

considerably. 

Tank size

Engine size

Combustion engines require larger 

areas for on-board for operation 

than fuel cells:

▪ Volume of ICE vs. fuel cells = 3.43
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Adjusting tank size to the needed amount could make the business case of 
hydrogen competitive with MGO

Pilot hydrogen and ammonia vessels

Source: Own calculations, based on Comparison of ship fuels and propulsion systems, Hydrogen Europe and Ludwig Bölkow Systemtechnik, 2019 

788

364

45

1’300

LH2 Future

5’906

3’801

-28

MGO 
base case

5’899

3’023

2’500

FuelRevenue Lost Crew StorageEngine

1,000 EUR per year

454

788

6’512

6’037

3’801

LH2 Future

1’300

3’023

MGO 
base case

170

364

2’500
907

788

389

2’500

7’185

3’801

1’300

364

LH2 FutureMGO 
base case

3’023

6’190

H2 at 2300 EUR/ ton, PEM 425 EUR/KW (15 yrs lifetime), Tank 5.3 EUR/kWh, Payload 555 EUR/ton - 202 EUR/m3

National (200km) 

e.g. Helsinki - Tallin 

Regional (2,000km) 

e.g. Grimsby - Stockholm 

International (> 2,000km) 

e.g. St. Petersburg - Porto
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For ammonia, the fuel price remains the main factor – and benefits from 
adjusting tank size are negligible

Pilot hydrogen and ammonia vessels

Source: Own calculations, based on Comparison of ship fuels and propulsion systems, Hydrogen Europe and Ludwig Bölkow Systemtechnik, 2019 

5’899

MGO 
base case

3’023

-37

364

2’500

NH3 Future

7’312

4’472

1

1’300

1’575

StorageEngineCrewRevenue Lost Fuel

1,000 EUR per year

NH3 Future

7’437

2’500

74

MGO 
base case

364

1’575

14

6’037

3’023

4’472

1’300
6’190

1’300

1’575

MGO 
base case

3’023

198

364

29

NH3 Future

4’472

7’575

2’500

National (200km) 

e.g. Helsinki - Tallin 

Regional (2,000km) 

e.g. Grimsby - Stockholm 

International (> 2,000km) 

e.g. St. Petersburg - Porto

NH3 at 453 EUR/ ton, SOFC 850 EUR/KW (15 yrs lifetime), Tank: 3 EUR/kWh, Payload: 555 EUR/ton/a & 202 EUR/m3/a
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Zero-carbon fuels as a path to 
transition to a carbon-free future 

of shipping

On-ship technology3
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On-ship technology – Key takeaways

On-ship technology

On-ship 

energy 

storage

Deploying zero-carbon fuels on-ship yields multiple challenges esp. in terms of energy storage:

▪ Ammonia has the highest energy density (∼3x the volume vs. MGO) and can conveniently be stored in liquid form on-

ship, however, toxicity hazards need to be addressed through specific safety measures, which are commercially available 

already

▪ Hydrogen requires between ∼4 to ∼8x the volume vs. MGO depending on whether it is stored in liquid form (at ∼-250°C at 1 

bar) or compressed (at ambient temps and ∼700 bar) respectively – liquification might be the most viable option with some 

industry players already testing first fuel gas systems

▪ Liquid Organic Hydrogen Carriers (LOHC) could be an alternative to liquified hydrogen with a energy density of ∼5x the 

volume vs. MGO at ambient temps and pressure, however, the conversion may cause energy losses of about 10% vs. 

hydrogen

▪ Direct storage of electrical power in batteries has by far the lowest energy density (∼64x the volume vs. MGO) limiting 

batteries to few maritime applications only, yet, direct use of electrical power comes along with the least amount of energy 

conversion losses and is commercially available already with ever cheaper lithium-ion batteries fueled by the automotive 

industry

On-ship 

energy 

con-

version

The conversion of energy from hydrogen and ammonia in maritime propulsion can be performed through internal 

combustion engines (ICE) or fuel cells:

▪ ICEs have an efficiency of ∼50% and might be commercially available within the next 3-5 years already – duel-fuel ICEs 

may boost the maritime energy transition by reducing tech risk as they allow to switch from 100% diesel to 95% zero-

carbon fuel operation

▪ Fuel cells may allow for even higher energy efficiencies (vs. ICEs), however, might still require 5-7 years for commercial 

availability with PEM fuel cells showing the highest potential for hydrogen or reformed ammonia use 
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Transport and storage of ammonia and hydrogen remain challenging due to 
relatively low energy densities for H2 and potential safety concerns for 
ammonia

On-ship technology

Source: Niels de Vries (2019): Safe and effective application of ammonia as a marine fuel; Mission Possible (2019); Hydrogenious
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16
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9

7

5

1

MGO/ MDO

Liquid Methane

Methanol

Ammonia

Hydrogen
(liquified)

LOHC

Hydrogen
(compressed)

Electrical
power/ battery

Volume increase vs. MGO

1.6

2.3

2.9

4.3

5.4

7.7

64

Energy density by fuel, GJ/m3

!

Safety concerns

H2 requires high pressure of 

~800 bar or very low 

temperature down to -253 

degrees

!

Technological maturity

Storage technology not 

yet available at large 

commercial scale

!

Volume requirements

Low volumetric energy 

density of H2 compared to 

MGO/ MDO results in 4-8x 

more storage space

!

NH3 is toxic if inhaled and 

very toxic to aquatic life 

with long lasting effects

+

Storage technology readily 

available (similar to LPG)

NH3 requires 3x the 

storage space of MGO/ 

MDO

+ !

1.0
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While ammonia can conveniently be stored in liquid form, toxicity needs to be 
addressed by specific safety measures

On-ship technology

Source: Ammonia energy.org; GHS: Safety Data Sheets for Ammonia, Hydrogen, LNG and Diesel; DTU: Safety Assessment of Ammonia as a Transport Fuel

Potential safety measures to 

mitigate risksAmmonia hazards vs. other energy carriers 

Energy carrier Key hazards

▪ Ammonia is less flammable 

than other fuels, and can be 

easily stored at -33.4°C and at 

1 bar. 

▪ However, ammonia is more 

hazardous to human health 

than other energy carriers and 

requires additional safety 

measures

▪ Safe handling and storage of 

ammonia has been developed 

in the fertilizer industry, 

however, ammonia is not 

currently permitted to be used 

as marine fuel by the ICG 

Code

▪ MAN is working on getting 

ammonia accepted by 

receiving “approval from a flag 

state, likely Norway, to use 

ammonia as a marine fuel,” –

expected to be completed by 

2019 

▪ Safety systems to prevent 

ammonia release at tank refill

▪ Safe design of the tank to 

withstand collision (e.g., 

external frames, level 

indicators, gas alarms)

▪ High-pressure alarms on 

evaporators to protect down 

flow system

▪ Temperature controls on 

reformers

▪ Ammonia sensors at absorbers

▪ Gas alarms on the ICE and 

fuel cell system

▪ Crew trainings on how to 

handle ammonia

Diesel

LNG

Ammonia

Gas under 

pressure

Health hazard

Environmental

Hydrogen

Flame

Flame

Acute toxic

Flame

Acute toxic

Gas under pressure

Corrosive

Gas under pressure
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EXAMPLE: MAN Cryo has developed a fuel gas system for liquid hydrogen, 
which addresses the demanding 
storage requirements of the fuel

On-ship technology

Source: MAN Cryo (subsidiary of MAN Energy Solutions), Press release Dec. 2018

Time to 

commercial

Technology 

description

Economic 

implications

▪ First of a kind marine, liquid hydrogen fuel-gas system

▪ Application in short distance vessels like ferries or tug 

boats with fuel cells or ICEs

▪ Certification through preliminary approval in principle 

(AIP) from DNV-GL for the 

vessel design, incl. the Hydrogen Fuel Gas System 

and thus, is the first marine-system liquid hydrogen 

storage design to secure such an approval

▪ Tank sizes can range from 10-400 qm at 9 bar and 

-252°C

Commercially available today

TBD

MAN Cryo

has 

developed a 

fuel gas 

system for 

liquid 

hydrogen in 

close 

cooperation 

with 

Norwegian 

ferry operator 

Fjord1 and 

Multi Maritime
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EXAMPLE: Another option to safely store hydrogen on-ship while increasing 
its energy density is developed by Hydrogenious

On-ship technology

Source: Hydrogenious website, interviews

Technology 

description

▪ In order to increase the fuel’s energy density, hydrogen is 

bound to an oil (57 kgH2/m3) to receive LOHC

▪ Energy density of LOHC is similar to liquid hydrogen, i.e., 

2kWh per liter or 5x lower than MGO

▪ Carrier can be safely stored at ambient temperature 

(non-toxic, no losses, remains in liquid form between 

-39 and +39° C)

▪ Hydrogenation process releases thermal energy and 

requires energy only for the liquid pumping process

▪ Dehydrogenation process requires thermal heat to 

release the H2 from the carrier (~ 30% of the stored H2)

Time to 

commercial

First systems for commercial application delivered to 

United Hydrogen Group in the US in November 2017

Economic 

implications

Dehydrogenation process generates energy losses at 

~30% inherent to the physical process 

Hydrogenious

developed a 

process to 

produce a 

liquid organic 

hydrogen 

carrier, which 

could solve 

multiple 

hydrogen 

storage 

problems 

simul-

taneously
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Direct storage of electrical power has evolved far beyond the limitations of early 
lead-acid batteries with lithium-ion as the current frontrunner in battery technology

On-ship technology

Source: DNV GL, interviews

Yes;

established in 

various maritime 

applications

Yes;

established in 

hybrid and full-

electric systems

Unknown;

first pilot projects
COMMERCIAL PILOTING

▪ Very mature technology

▪ Already exist in different uninterruptible power 

supply and clean power applications 

▪ No continuous use in high power operation due 

to limited energy density and cycle life

Lead-acid

▪ Dominant in portable electronics and 

automotive applications

▪ Offer relatively high energy and power density 

with good longevity traits

▪ Flammable contents present explosion risk

Lithium-ion

▪ Zinc-air or vanadium redox flow batteries could 

offer high energy capacity and fast recharging Flow

▪ Solid-state batteries, if commercialized, have a 

higher energy density and cycle life than 

lithium-ion and avoid the use of flammable 

materials

Solid-state

Unknown;

still in early 

R&D phase

EARLY RESEARCH & DEVELOPMENT

DECLINING DEPLOYMENT

COMMERCIALLY AVAILABLE AT 

SCALE

Technology Description Maritime suitability State of maturity
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Across lithium-ion technologies, NMC cathodes are most suitable for 
maritime applications due to a good mix of energy density, safety and costs

On-ship technology

Source: BCG research

Most suitable lithium-ion tech Other lithium-ion technologies

LITHIUM-NICKEL-COBALT-ALUMINIUM (NCA)

Specific
energy

Specific
power

Safety

Performance

Life span

Cost

LITHIUM-NICKEL-MANGANESE-COBALT 

(NMC)

Specific
energy

Specific
power

Safety

Performance

Life span

Cost

LITHIUM-MANGANESE SPINEL (LMO)

Specific
energy

Specific
power

Safety

Performance

Life span

Cost

LITHIUM TITANATE (LTO)

Specific
energy

Specific
power

Safety

Performance

Life span

Cost

LITHIUM-IRON PHOSPHATE (LFP)

Specific
energy

Specific
power

Safety

Performance

Life span

Cost
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Development of lithium-ion battery packs over time

30

Lithium-ion batteries for marine benefit from spill-over effects in automotive 
and will see major cost improvements throughout the next decade

On-ship technology

Source: DNV GL, BNEF, Avicenne
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Electric vehicle lithium-ion battery pack costs

Marinized lithium-ion battery system costs

▪ Global lithium-ion 

battery deployment 

expected to reach over 

200 GWh by 2025 (from 

50 GWh in 2015)

▪ About 150 GWh alone 

are deployed with 

electrified cars, busses 

and other vehicles

▪ Electric mobility is 

pushing down the cost 

curve for battery packs 

across all fields 
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However, next to the low power density, strong lifetime constraints require 
replacements of battery packs every 8 to 12 years, increasing CAPEX

On-ship technology

Source: Severson, K. A. et al. Data-driven prediction of battery cycle life before capacity degradation. Nat. Energy 4, 383–391 (2019).

▪ Calendar ageing:

How long the battery lasts in 

terms of calendar years is 

influenced by its operating 

temperature and its state of 

charge

▪ Cyclic ageing:

Next to the calendar lifetime 

constraint the battery’s 

longevity is bound by a 

maximal number of cycles, 

which is strongly dependent 

on the average depth of 

discharge

▪ Other ageing effects:

Other factors include 

mechanical stress, humidity 

and manufacturing 

variations

Battery cycle life in relation to depth of discharge
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EXAMPLE: ABB supplies complete lithium-ion battery storage systems
for retrofit and new-built hybridized vessels

On-ship technology

Source: ABB website

Time to 

commercial

Technology 

description

Economic 

implications

▪ Batteries and all control, interface, and auxiliary 

equipment are delivered in a single shipping container 

for simple installation on board any vessel

▪ Energy storage system stores energy when demand is 

low and delivers it back when demand increases, 

enhancing the performance of the vessel’s power plant

▪ System also provides a shore connection with 

frequency conversion

▪ Supports peak shaving, enhanced dynamic 

performance (reducing fuel consumption, enabler for 

LNG and fuel cells), spinning reserve

▪ Designed for 5 or 10 years of battery life

Solution is commercially available for both retrofit and 

newbuilt applications today

TBD

ABB already 

supplies 

containerized 

battery 

systems 

today
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The conversion of energy from hydrogen and ammonia can be performed 
within combustion engines, which will be commercial within the next years

On-ship technology

Source: MAN Energy Solutions

Traditional 

Diesel ICE

Hydrogen 

ICE

Ammonia 

ICE

Advantages

• Combustion of diesel occurs with 

an oxidizer (usually air) in 

a combustion chamber in a four-

stroke cycle

• With minor adaptions, traditional 

ICEs can be run with H2

• Current dual fuel engines will be 

retrofittable for H2

• Requires a combustion promoter 

(e.g., gasoline, hydrogen) for 

operation at low engine load and/ or 

high engine speed

• Current dual fuel engines will be 

retrofittable for NH3

Efficiency

Around 50%

Expected to be slightly higher than 

traditional ICEs

Expected to be slightly higher than 

traditional ICEs

Next development steps

3 major fields of research: engine 

backfire, reduced engine power, high 

nitric oxide (NOx) emissions

Low combustion rate still causes 

combustion to be inconsistent under low 

engine load and/ or high engine speed

COMMERCIALLY MATURE

COMMERCIAL WITHIN NEXT 3-5 YEARS

COMMERCIAL WITHIN NEXT 3-5 YEARS
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Dual-fuel engines may support the transition to hydrogen and/ or ammonia as they 
allow to switch from 100% diesel operation to 95% zero-carbon fuel operation

On-ship technology

Source: MAN public material and interview, Industry websites 

▪ Simultaneous injection:

Dual fuel engines have gas 

injection and slide fuel-oil 

valves; when operating at 

fuel oil only they function 

like regular diesel ICEs

▪ Operational flexibility:

These systems offer high 

flexibility as they allow for 

operation at nearly all fuel 

oil / gas ratios depending on 

availability, CO2 emission 

targets and fuel prices

▪ Minimum fuel mode:

A minimum fuel injection of 

5% must be guaranteed at 

all times as gas is not self-

combustible

Fuel operation modes of dual-fuel engines 
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EXAMPLE: MAN is already developing dual-fuel engines for NH3 with an 
expected go-to-market within the next 5 years

On-ship technology

Source: MAN public material and interview, Industry websites 

Time to 

commercial

Technology 

description

Economic 

implications

▪ Ammonia duel-fuel engine based on existing liquid gas 

injection engine

▪ System will be applicable to full range of engines

▪ 50% efficiency targeted

▪ Flexibility: Uses MGO in low load range up to 10%, 

then any mix between NH3 and MGO possible

▪ Retrofittable: 3,000 existing (dual-fuel) engines can be 

converted 

▪ MAN working on getting ammonia accepted as a fuel in 

the IGC Code, by getting “approval from a flag state, 

likely Norway, to use ammonia as a marine fuel,” which 

it expects” to be completed by 2019

Launch in 1-2 years, fully commercial with certification 

processes for safety/ class notation in ~5 years (on 

market for methanol since 2013, for LPG since 2018)

Dual-fuel is 25% more expensive than normal HFO, but 

tank size will double compared to LPG

MAN’s duel 

fuel ammonia 

engines allow 

for more fuel 

flexibility at a 

premium of 

only 25% vs. 

HFO engines
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EXAMPLE: CMB and ABC plan to launch hydrogen medium speed
engines by 2020

On-ship technology

Source: CMB website

Time to 

commercial

Technology 

description

Economic 

implications

▪ Hydrogen medium speed engine (also available as 

duel-fuel engine) with wide usage range, e.g., marine 

main engine for tugboats, ferries and barges as well as 

marine auxiliary engines for all sea-going ships

▪ Power range between 0.8 and 2.8 MW and are 

available in 6, 8, 12 and 16 cylinder configurations

▪ Won its first order for its design of a hydrogen powered 

crew transfer vessel until end of 2020

▪ CMB and Japan-based TFC work together to build 

world’s first passenger ferry powered by a dual fuel 

hydrogen-diesel internal combustion main engine; the 

ship is expected to be delivered in 2021

Commercially available by 2020 

TBD

BeHydro, a 

joint venture 

between CMB 

and ABC to 

launch 

medium 

speed engine 

hydrogen 

engine by 

2020
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Fuel cells technologies may allow for even higher energy efficiencies 
(compared to ICEs) – three fuel cell technologies have highest potential

On-ship technology

Source: DNV GL, Study On The Use Of Fuel Cells In Shipping; Front. Energy Res., 28 August 2014, Ammonia as a suitable fuel for fuel cells

Fuel cells have 

three major 

advantages over 

ICEs

• Improvement of 

ship energy 

efficiency vs. 

ICEs

• Reduction of 

emissions (incl. 

CO2, NOx, SOx

and particles)

• Reaching 

insignificant 

noise and 

vibration level

Technology

Module power 

levels (KW) Lifetime 

Tolerance for 

cycling Fuel Maturity Size

Sensitivity to 

fuel impurities Emissions Safety Aspects Efficiency

Alkaline fuel cell 

(AFC)

Up to 500 KW Moderate Good High purity 

hydrogen, 

Ammonia (direct)

High, experience 

from several 

applications 

including one 

ship

Small High No Hydrogen 50-60 % 

(electrical)

Phosphoric acid 

fuel cell (PAFC)

100-400 KW Excellent Moderate LNG, Methanol, 

Diesel, Hydrogen

High, extensive 

experience from 

several 

applications

Large Medium CO2 and low 

levels of NOx if 

carbon fuel is 

used

High temperature 

(up to 200° C). 

Hydrogen and 

CO in reforming

unit

40% (electrical 

80% (2ith heat 

recovery)

Molten 

carbonate fuel 

cell (MCFC)

Up to 500 KW Good Low LNG, Methanol, 

Diesel, Hydrogen

High, extensive 

experience from 

several 

applications

including ships

Large Low CO2 and low 

levels of NOx if 

carbon fuel is 

used

High temperature 

(600-700° C), 

Hydrogen and 

CO in cell from 

internal reforming

50% (electrical ) 

80% (with heat 

recovery)

Solid oxide fuel 

cell (SOFC)

20-60 KW Moderate Low LNG, Methanol, 

Diesel, 

Hydrogen, 

Ammonia (direct)

Moderate,

experience from 

several 

applications 

including ships

Medium Low CO2 and low 

levels of NOx if 

carbon fuel is 

used

High temperature 

(600-700° C), 

Hydrogen and 

CO in cell from 

internal reforming

60% (electrical) 

85% (with heat 

recovery)

Proton 

exchange 

membrane fuel 

cell (PEMFC)

Up to 120 KW Moderate Good Hydrogen,

Ammonia 

(reformed)

High, extensive 

experience from 

several 

applications, 

including ships

Small Medium No Hydrogen 50-60 % 

(electrical)

High

temperature 

PEM fuel cell 

(HT-PEMFC)

Up to 30 KW Unknown Good LNG, Methanol, 

Diesel, 

Hydrogen, 

Ammonia 

(reformed)

Low, experience 

some 

applications 

including ships

Small Low CO2 and low

levels of NOx if 

carbon fuel is 

used

High temperature 

(up to 200° C) . 

Hydrogen and 

CO in reforming 

unit

50-60 % 

(electrical)

Direct methanol 

fuel cell (DMFC)

Up to 5 KW Moderate Good Methanol Under 

development

Small Low CO2 Methanol 20 % (electrical)

Most promising for application in maritime transportation (details follows)
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PEM fuel cells show the highest potential for use with hydrogen or 
reformed ammonia, but commercialization at scale is still years away

On-ship technology

Source: DNV GL, Study On The Use Of Fuel Cells In Shipping; SNL, Practical Application Limits of Fuel Cells and Batteries for Zero-Emission Vessels 

Solid oxide 

fuel cells 

(SOFC)

Proton 

Exchange 

Membrane 

Fuel Cell 

(PEMFC)

High 

temperature 

PEMFC 

Advantages

• Relatively mature technology with first pilot projects 

in vessels and other high energy applications

• Highly efficient (85% with heat recovery)

• Low sensitivity for impurities, also suitable for

running on ammonia (reforming of hydrocarbons to 

hydrogen taking place internally in the cell)

• Hybrid technologies combining SOFC, heat recovery 

and batteries possible

• Most mature technology with many years of 

experience in Automotive applications

• Relatively high degree of safety due to low operating 

temperature 

• High tolerance for cycling

• Small physical size

• No emissions

• Addresses major problems of low temp. PEMFC, incl. 

lower sensitivity to impurities and simplified water 

mgmt.

• Potential for heat recovery for ship internal heating 

purposes

Drawbacks

• Moderate lifetime

• Low tolerance for cycling but can be reduced through 

hybrid technologies

• Medium degree of safety due to high temperature

• Medium physical size

• Emits CO2 and low levels of NOx if carbon fuel is 

used

• High sensitivity to impurities in H2, Sulphur and CO

• Requires complex water mgmt. system (both gas 

and liquid) 

• Moderate lifetime

• Moderate efficiency (50-60%) and no potential for 

heat recovery 

• Can only run on H2 (direct or reformed)

(no direct running on ammonia)

• Less mature than conventional low temperature PEM 

with improvement areas in cycling and 

industrialization of mobile applications, e.g. on-

board of vessels

• Emits CO2 and low levels of NOx if carbon fuel is 

used

• Can only run on H2, Methanol, Diesel or LNG

(no direct running on ammonia)

Next development steps

• Promising development for the SOFC technology is hybrid 

systems that combine SOFC, heat recovery and batteries, as 

(SchibZ project), allows for more flexible operation, and less 

cycling of the SOFC

• Under commercial development (Bloom energy and Samsung 

Heavy Industries for natural gas) 

• Commercialization of PEMFC are strongly driven by the 

Automotive sector (PEM as the standard fuel cell technology)

• Continuous development to improve operation flexibility and 

durability, and reduce cost

• New membrane materials as Metal-Organic frameworks and 

reducing catalyst loading are part of this development

• Similar fields of research as PEMFC

• The HT-PEM technology was demonstrated aboard the MS 

Mariella in Pa-X-ell project with 3 stacks of 30 kW, and in the 

project MF Vågen, Norway, including a 12 kW HTPEM for small 

port commuter ferry 

PILOT TESTING

COMMERCIALIZATION

EARLY RESEARCH & DEVELOPMENT
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Fuel cell production will still experience a major cost decline – Improving 
the technology’s long-term competitive advantage

On-ship technology

Source: US Department of Energy - Hydrogen and Fuel Cells Program Record (2017), interviews, , 1 Hydrogen Europe and Ludwig Bölkow
Systemtechnik, 2019, 2 IEA

▪ Fuel cell stack and system costs 

are expected to fall significantly 

if produced at scale

▪ Major manufacturers are already 

working on commercializing fuel 

cell systems, e.g.,:

- Japanese IHI reported to have 

successfully generated 1 kW 

class power from a direct 

ammonia solid oxide fuel cell 

in early 2018

- ABB is expected to 

commercialize their hydrogen-

fuelled PEMFCs in five to 

seven years

▪ Other cost projections include 

EUR 250 per KW1 and EUR 425 

per KW2

Potential scale effects of mass production on fuel cell stack and system costs (on the example of a 80-kW net PEM hydrogen fuel cell)
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Production Volume 1k 10k 20k 50k 100k 500k

System Cost ($/kWnet) 179 79 64 54 50 45

Stack Cost ($/kWnet) 118 39 30 25 22 19
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EXAMPLE: TU Berlin is designing a hybrid hydrogen fuel cell propulsion
system for a tugboat

On-ship technology

Source: TU Berlin

Time to 

commercial

Technology 

description

Economic 

implications

▪ Construction of the canal push boat includes two 

electric propulsion motors with 200 kW of power each, 

three HT-PEM fuel cells with 100kW each, 2 NMC 

lithium-ion batteries of 1,160kWh and photovoltaic 

modules of 2.7kWp

▪ H2 storage system has a capacity of 750kg at 

500 bar, which allows the ship to travel from Berlin to 

Hamburg without additional tanking

▪ While the ship’s CAPEX are much higher compared to 

diesel-powered ships the aim is to achieve economic 

efficiency with the operating costs

Commercial operation by 2024

Total project volume amounts to approximately 

EUR 13 mio.

TU Berlin is 

designing a 

hybrid 

hydrogen  

fuel cell 

propulsion

system for a 

tugboat
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EXAMPLE: Port-line designed a crew-less battery-electric container
barges with expected lower total cost of ownership than diesel

On-ship technology

Source: Portliner website, Press, Springwise

Time to 

commercial

Technology 

description

Economic 

implications

▪ Fully electric crew-less container ship that is 110m 

long and 11.45m wide, and able to carry 280 20ft 

containers

▪ Range today: 48 hours on a single charge, sufficient 

for Rotterdam/Antwerp/Duisburg shipping corridor

▪ As there is no need for a traditional engine room, the 

boats have up to 8% extra space

▪ The ship is run by vanadium redox flow batteries that 

can be charged by exchanging liquid electrolyte 

▪ Planned launch: 2019 (five barges in the Netherlands)

▪ Ramp-up: Up to 500 new barges per year + retrofits

TBD

Port-Liner’s 

crew-less 

battery-

electric 

container

barges could 

yield 

expected 

lower total 

cost of 

ownership 

than 

equivalent 

diesel ships
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Zero-carbon fuels as a path to 
transition to a carbon-free future 

of shipping

Infrastructure technology4
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Infrastructure technology – Key takeaways

Infrastructure technology

Fuel 

pro-

duction/ 

trans-

porta-

tion

▪ Both hydrogen and ammonia are produced at scale from fossil fuels today

- Ammonia with 142Mt (equivalent to 69Mt of MGO, theoretically covering ~23% of global shipping fuel demand of 

300Mt of MGO)

- Hydrogen with 115Mt (equivalent to 360Mt of MGO, theoretically covering ~20% more than global shipping fuel 

demand)

▪ Ammonia is already transported at scale on the sea today and transport can be flexibly scaled using LPG tankers

▪ Hydrogen is mostly used directly, meaning that liquefaction and transport infrastructure is missing – today, only 

~130’000 tons (0.1% of total production) of liquid hydrogen are produced per year globally

Global 

oppor-

tunity

for ren-

ewable

pro-

duction

In the medium term, the biggest potential for green hydrogen and ammonia production is seen in regions like Chile and 

the Middle East, with lowest cost of electricity:

▪ Already today, renewable electricity in these regions is significantly cheaper in these regions vs. Europe, suggesting 

to produce ammonia and hydrogen outside of Europe – e.g., EURct ~2 per kWh for solar in Middle East vs. e.g., EURct

~4 per kWh in Germany

▪ To scale up production capacity, large infrastructure investments are required – e.g., to decarbonize all European 

shipping based on solar power, an investment of EUR ~240bn would be required at today’s cost

In the shorter term, blue hydrogen and ammonia could be a solution to develop zero-carbon fuels until sufficient 

renewables and electrolysers come online
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Ammonia is produced at scale with 142Mt per year mainly for fertilizer, with 
significant planned capacity increase

Infrastructure technology

Global ammonia production by country in 2017

Million tons

▪ Global production is 142Mt, equivalent to 69Mt of MGO in energy 

content

▪ This would cover ~23% of the global need for shipping fuels of 

~300Mt/yr

▪ Global capacity is set to grow mainly driven by the fertilizer 

industry: 232 Mt/yr (2018) to 282 Mt/yr (2026)

▪ At the same time, some overcapacity in the market is reported, 

from which shipping might be able to benefit

Expected capacity development globally

Million tons 

Source: Catalyst Group, USGS, icct
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10%
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Around 115Mt of hydrogen are produced globally, mainly from fossil 
fuels 

Infrastructure technology

Source: International Energy Agency, The Future of Hydrogen

Key applications

• Ammonia

• Polymers

• Resin

• Hydrocracking

• Hydrotreating

• Fuel

• Semiconductor

• Propellant fuel

• Glass production

• Hydrogeneration of fats

• Cooling of generation

Energy feedstock

Fossil fuels

By-product

Hydrogen

Electricity/

other

By – product: 48 Mt H2

Of which <0.3 Mt H2

produced with renewables

Losses

Conversion

Dedicated: 69 Mt H2

Of which <0.4Mt H2 produced with CCS

Of which <0.1 Mt H2 produced with 

renewables

Hydrogen consumption by sector

44 Mt H2

38 Mt H2

34 Mt H2

Chemicals

Refining

Transport

Other

2 Mt

273 Mt

<0.01 Mt H2

115Mt H2 is has equivalent 

energy content to ~323Mt of 

MGO or ~ 742Mt of NH3 
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Ammonia is transported at scale on sea already and transport can be flexibly 
scaled using LPG tankers

Infrastructure technology

Source: Technavio: Global LPG Tanker Market 2019-2023; F. Laeisz

EXAMPLE

YARA received its order of 5 new LPG 

tankers in 2016, which are used as 

ammonia carriers. The company transports ammonia 

from numerous countries on dozens of barges ranging 

in loading capacity from 4,000 - 25,500 tons of 

ammonia. Ammonia has been transported by sea for 

decades in vessels with a capacity up to 60,000 tons.

▪ Globally, about 120 LPG tankers are in 

service today with 22 additions announced for 

2018-2022

▪ Part of the global fleet can be repurposed to 

transport ammonia from locations with cheap 

production to the North and Baltic sea area

▪ Ammonia can be stored and transported as a 

liquid under various conditions: 

̶ Fully pressurized: 10 bar at 20°C

̶ Fully refrigerated: -33°C at 1 bar 

̶ Semi pressurized/refrigerated

▪ LPG requires similar storage conditions to 

ammonia, thus LPG tankers are fully capable 

of transporting ammonia.

LPG tanker 

capacity

Storage 

conditions 

for 

ammonia 

transporta-

tion
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First designs for liquified hydrogen combined transport and 
bunkering vessels exist already

Infrastructure technology

Source: Moss Maritime interview

Technology 

description

▪ Cargo: 500 tons LH2

▪ Function: provide transport, e.g., from the North Sea to 

the Mediterranean and bunkering services to merchant/ 

cruise ships

▪ Built on design of a LNG ship

▪ No consumption of own cargo (was not part of scope)

▪ Conclusion: Equipment can all be sourced, LH2 is 

manageable in a safe way

Next 

development 

steps

▪ E.g., explore if a similar or even smaller design could 

be used as floating bunkering vessel in the North 

Sea and Baltic Sea

Economic 

implications

▪ Initial cost 3-4x of a similar LNG ship – driven by tanks 

and “first of a kind” effect with suppliers e.g., coming from 

space industry

▪ Cost expected to come down quickly and substantially

if regulatory environment signals that development costs 

for equipment can be recuperated over large volume

Moss 

Maritime,

Equinor, 

Wilhelmsen 

and DNV 

GL have

developed a 

design for a 

liquefied 

hydrogen 

(LH2) bunker 

vessel
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Liquefaction capacity (esp. in Europe) is low with capacity increases planned 
over the next years

Infrastructure technology

Source: NCE Maritime Cleantech; Norwegian future value chains for liquid hydrogen

Global liquid hydrogen production

Tons of liquid hydrogen produced per day today

A total ~350 tons/day of liquid 

hydrogen is produced today (or 130 

kt/year) corresponding to about ~0.1% 

of total hydrogen production

▪ Most of the current liquefaction takes 

place on the American continent with 

production capacity expected to 

increase, as Air Liquide, Air Products 

and Praxair have announced plans to 

build plants with a combined 

production of an additional 90 

tons/day

▪ In Europe, there are currently three 

production plants for liquid hydrogen 

in operation with a total capacity of 

roughly 25 tons/day with Germany 

expecting to increase production by 

another 10 tons/day as of 2021
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In the medium term, ammonia and hydrogen could be produced outside of 
Europe as renewable electricity is available at e.g., EURct ~2 per kWh for 
solar in the Middle East vs. e.g., EURct ~4 per kWh in Germany

Infrastructure technology

1 Source: Florian Bergen: Electricity-based fuels as a link between the electricity and transport sectors; Siemens AG; ETIP Wind Workshop 
2 Source: IRENA  (2018): Renewable Power Generation Costs in 2018
3 Source: GCC (2019); IRENA: Renewable Energy Market Analysis
4 Source: Bloomberg New Energy Finance
5 Source: Fraunhofer ISE (March 2018): Levelized Cost of Electricity

The quoted prices are for intermittent energy, which drives cost for H2 due to high CAPEX in 

electrolyzers. Baseload electricity has higher rates.

Cheapest sources 

produce at EURct ~2 per kWh

▪ Record low prices for new installations of 

solar PV in Dubai, Mexico, Peru, Chile, 

Abu Dhabi and Saudi Arabia with USDct

~3 per kWh (EURct ~2.7)2

▪ Cheapest recorded: Sakaka, Saudi 

Arabia, USDct ~2.34 (EURct ~2.1)3

▪ Onshore wind is now as cheap as USDct

~2.7 per kWh (EURct ~2.4) in India and 

Texas, without subsidy4

▪ For comparison: LCOE of electricity in 

Germany today for utility scale PV is 

EURct 3.7-6.8 per kWh, and EURct 4-8.2 

per kWh for onshore wind (without VAT)4

Potential for fuel generation from renewable electricity1
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The scale of investment is however large: E.g., to decarbonize all European shipping 
based on solar power, an investment of EUR ~240bn would be required at today’s cost

Infrastructure technology

▪ Replacing European shipping 

fuel with zero-emission fuels 

based on renewable electricity 

would require at least ~800 

TWh of electricity per year –

compared to ~1367 TWh

current global renewable 

generation

▪ Given that scale, dedicated 

investments from the sector in 

renewable electricity generation 

might be needed to ensure fast 

ramp up

▪ Noor Abu Dhabi, the world’s largest 

single solar project at 1.177GW2, 

started commercial operation

▪ Investment = EUR 780 Mio

▪ Around 300 such plants would be 

needed (plant sizes are rapidly 

increasing, 5x larger plants are in 

planning already now)

▪ Total investment at today’s prices: 

800*300= EUR 240 bn

EXAMPLE: ~300 of the currently 

largest solar installations would be 

needed at EUR ~240 bn investment
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Replacing European shipping fuel with zero emissions fuels based on renewable 

electricity would require at least ~800 TWh of electricity per year

1,718

1,354

1,192 
1,110 1,109 1,032 

350 

798

Global renewable 

electricity generation1

1,367 TWh

Most cost effective and technically feasible way to convert 

European shipping fuel to renewables is a technology mix  

Source: Roadmap to decarbonizing European shipping, Transport & Environment, Nov 2018; 1 Including wind, solar, geothermal and tide (excluding 
hydropower) – IEA Statistics (2016); 2 In Middle East: 1 GW installed capacity means ~2.6 TWh output at a capacity factor of 25%
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Blue hydrogen and ammonia from natural gas with CCS could be path to 
ramp up production of zero-emission fuels quickly 

Infrastructure technology

Source: Feasibility study into blue hydrogen - Technical, economic & sustainability analysis, CE Delft, 2018; Hydrogen Fuel News; 

▪ “Blue hydrogen” is produced from natural gas – the 

produced CO2 from the process is pumped back 

underground in a “Carbon capture and storage” 

process

▪ Blue H2 production could be ramped up quickly 

based on existing natural gas extraction sites – this 

H2 could then be used in existing ammonia plants to 

generate “blue ammonia”
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The “Northern Lights” project could make production of “blue hydrogen” and 
ammonia from natural gas with CCS reality within the next years

Infrastructure technology

Technology 

description

▪ The ‘Northern Lights’ project includes transport, 

reception and permanent storage of CO2 in the North 

Sea

▪ Equinor's CCS method is a proven process as the 

company has been re-injecting recovered CO2 into the 

ground for decades

Next 

develop-

ment steps

▪ At the end of 2019, a confirmation well for CO2 

storage is to be drilled in the Johansen formation to 

study the reservoir’s suitability and capacity

Economic 

implications

▪ Currently no hydrogen costs available from ‘Northern 

Lights’

▪ A detailed design study with similar scope for Northern 

England (H21) arrived at EUR 1,080-1,800 per ton of 

hydrogen or EUR 206-307 per ton of ammonia

Equinor, Shell and 

Total have signed 

MoU with 7 

European 

companies1 to 

develop CCS 

value chains 

supported by the 

Norwegian State 

Source: Press research and interviews, H21 North of England, 2018, Images Goassnova, Northern lights

1 Air Liquide, Arcelor Mittal, Ervia, Fortum Oyj, HeidelbergCement AG, Preem, and Stockholm Exergi



Great care was taken in the preparation of data and information, however, completeness and accuracy cannot be 

guaranteed and neither sus.lab nor ETH Zurich shall be responsible for any use of, or reliance on, this publication
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AFC Alkaline fuel cell

CAPEX Capital expenses

CCS Carbon capture and storage

CGH2 Compressed gas hydrogen

CH4 Methane/ natural gas

CO Carbon monoxide

CO2 Carbon dioxide

DCS Data collection system

DMFC Direct methanol fuel cell

D.O.D. Depth of discharge

eq Equivalent

ETS Emission trading system

EU European Union

FC Fuel cell

GHG Greenhouse gas

GJ Giga Joule

Gt Gigatons

GW Gigawatt

GWh Gigawatt hour

H2 Hydrogen

HFO Heavy fuel oil

HT-PEMFC High temperature PEM fuel cell

ICE Internal combustion engine

IEA International Energy Agency

IFO Intermediate Fuel Oil

IGC International gas carrier code for 

construction and equipment of ships 

carrying liquefied gases in bulk

IGF International code for safety of ships 

using gases or other low-flashpoint fuels

IGO Intergovernmental organization

IMO International Maritime Organization

IPCC Intergovernmental Panel on Climate 

Change

kW Kilowatt

kWh Kilowatt hour

LH2 liquefied hydrogen

LNG Liquid natural gas

LOHC Liquid organic hydrogen carrier

LPG Liquid petroleum gas

MARPOL Protocol of maritime pollution

MBM Market-based measures

MCFC Molten carbonate fuel cell

MDO Marine diesel oil

MGO Marine gas oil

MoU Memorandum of understanding

MRV Monitoring, reporting, verification

Mt Megatons

MW Megawatt

MWh Megawatt hour

NH3 Ammonia

nm Nautical miles

NMC Lithium-nickel-manganese-cobalt

NOx Nitrogen oxide

OPEX Operational expenses

OPS Onshore power supply

PAFC Phosphoric acid fuel cell

PEMFC Proton exchange membrane fuel cell

R&D Research and development

SMR Steam methane reforming

SOFC Solid oxide fuel cell

SOx Sulphur oxide

TW Terawatt

TWh Terawatt hour
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www.towardsnetzero.com


