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IPCC urges for rapid Global decarbonization. 
The big question is: How to make it happen? 

Source: Climate Change 2022: Mitigation of Climate Change (IPCC, 2022), Fig. SPM.1 and SPM.42



Two major de-carbonizing scenarios published in 
2021- keeping temperature rise below 1.5–2 ºC

• The IEA Net Zero by 2050 scenario: Equal efforts. 
All sectors including transport shall do their 
outmost to be nearly fully de-carbonized by 
2050. 

• The Shell Sky scenario: Picks the lowest hanging 
fruits first. With other sectors being easier and 
more cost efficient to de-carbonize, transport 
will remain 80% fossil-fuelled in 2050.

Figure source: Summary for Policymakers – The 
Physical Science Basis.  IPCC AR6 WG1 2021.  References: The energy transformation scenarios (Shell, 2021); Net Zero by 2050 (IEA, 2021)3

https://en.wikipedia.org/wiki/Global_warming#CITEREFIPCC_AR4_WG12007


Why using scenarios?
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• From early philosophers and visioners, to military strategists, to business planning, to socio-political 

development, scenarios have been a valuable tool for planning for an uncertain future.

• Scenarios are:

‒ Plausible and simplified descriptions of how the future may develop. 

‒ A support tool for dealing with uncertainties and what-if analysis 

‒ A test ground for robust strategy planning.

• Main premisses for scenarios: 

‒ Plausible, logical and consistent

‒ Structurally different, explore future uncertainties

‒ Few (2-5): sufficiently distinct and manageable 

• Main industrial references of foresight studies and scenario planning: RAND Corporation, Shell, GE.



3 types of scenarios
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• Predictive and Probabilistic – what will happen

trend extrapolations, business-as-usual scenarios, prediction, forecast.

• Explorative – what can happen

Structurally different stories about how the future might develop.

• Normative – what should happen

desirable future, a vision to be achieved.

Source: Kroneberg (2000); Bradfield (2005); Vergragt and Qvist (2011)



Scenarios applied to global energy transition 
and decarbonization
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• Consider distinct 
future scenarios for 
global energy 
production and 
consumption.

• Test out distinct 
strategies for 
maritime 
decarbonization.

Fighting for Full 
Decarbonization 

Exploit global opportunities

Ineffective and painful 
decarbonization

Lowest hanging fruits

Global transition to renewable 
and low carbon energy

Mixed fossil/alternative global 
energy supply

Equal 
individual 

efforts.
Chasing zero 

Global 
distributed 

efforts.
Biggest impact



Energy mix in Transport 2020 – 2050: 
IEA Net Zero versus Shell Sky scenario

7 Source: Lindstad et al. (2021) compiled from The energy transformation scenarios (Shell, 2021), Net Zero by 2050 (IEA, 2021)

(MTOE)
(MTOE)



To reduce Global GHG scenarios: We need a major  
ramp-up of renewable energy production

Source: Lindstad et al. (2021) compiled from The energy transformation scenarios (Shell, 2021), Net Zero by 2050 (IEA, 2021)
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Large gap in energy mix, yet both scenarios gives 
de-carbonization: ALL ROADS LEADS TO ROME

• IEA assumes nearly a full 
decarbonization of Maritime and 
Aviation by 2050

• Shell assumes that Maritime and 
Aviation consumption will be mainly 
fossil-even in 2100

• Shell assumes a large increase in 
energy use, especially in aviation.

9 Source: Lindstad et al. (2021) 



How can shipping best contribute to mitigating
climate change and avoid boosting global warming
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ZERO CARBON
scenario

PRAGMATIC 
scenario

ENERGY EFFICIENCY
scenario

ZERO 
GHG 

FUELS

REDUCE 
ENERGY 

USE 

GEO-
ENGINEERING

E-fuels, Drop-in Fuels, 
Battery-hybrid.

Technical, Design, 
Operational

improvement.

Abolish Sulphur Cap,
Differentiated 

regional regulations.



Current IMO Emission Regulations

• Current regulations:

‒ NOX and SOX regulated due to human health and 
local pollution.

‒ CO2 regulated due to global warming. 

‒ IMO regulations are on a Tank-to-Wake (TTW) basis

• IMO is now under increased pressure to:

‒ Regulate un-combusted methane (CH4) and N2O

‒ Regulate aerosols like Black Carbon

‒ Switch scope from Tank-to-Wake to Well-to-Wake 
(WTW) to avoid shifting GHG emissions from fuel 
combustion to fuel production phase.

55 Billion tons of Global annual 
anthropogenic GHG emissions, 

divided by source.
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Correspondence Group on Marine Fuel Lifecycle 
GHG Analysis to draft LCA guidelines for IMO

To be reported to MEPC 80 July 2023. Work lead 
by EU, China, Japan:

• TOR 1.1 Identify main initial fuel production 
pathways and feedstocks for inclusion in the 
draft LCA guidelines, and how they could be 
sub-categorized and further specified.

• TOR 1.2 Further consider sustainability criteria 
issues and develop Fuel Lifecycle Label (FLL).

• TOR 1.3 Develop methodologies for 
calculation of Well-to-Tank, Tank-to-Wake 
and entire Well-to-Wake GHG emissions 
default values for the fuels.

Fuel type
Feedstock 
nature

Production pathway

MDO/MGO Fossil Default
LFO Fossil Default
HFO Fossil Default
LPG Fossil Default

LNG/methan
e

Fossil Default

Biogenic
Main products / wastes /
feedstock mix

Captured 
carbon

Captured carbon / biomass
gasification / electricity mix
Captured carbon

Butane Fossil Default

Diesel Biogenic

Main products / wastes /
feedstock mix / rapeseed incl
LUC
Main products / wastes /
feedstock mix / palm incl LUC

12



Ongoing IMO Work: Switching from Tank-to-Wake 
to Well-to-Wake: Much larger impact for new 
alternative fuels than for conventional fossil fuels
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Source: Lindstad, E., Lagemann, B., Rialland, A., Gamlem, G., M., Valland, A. 2021. Reduction of Maritime GHG emissions and the potential role of E-fuels, TRD



Our methodology for assessing 
Alternative Fuels & Technologies 

To evaluate alternative fuel & technologies 
options, we compare their:

1-GHG emissions 
2-Energy consumption WTW
3-Cost per energy unit delivered for propulsion 

which enables a holistic assessment

Source : Lindstad, E., Gamlem, G.,  Rialland, A., Valland, A, - Assessment of 
Alternative Fuels and Engine technologies to reduce GHG, SMC-099-2021
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Assessment of fuels based on: 
GHG emissions, Energy use, Annual vessel cost
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Source: Lindstad, E., Lagemann, B., Rialland, A., Gamlem, G., M., Valland, A. 2021. Reduction of Maritime GHG emissions and the potential role of E-fuels, TRD



Annual cost 
per kW installed 

• Cost of fossil fuels kept constant

• Dashed green vertical line is MGO-
benchmark

• Electricity prices Low/High are 20 and 
60 USD/MWH 

• Annual total costs (capex + opex+ fuel) 
for a Dry bulk Supramax with 8000 kW 
installed power:
‒ MGO                       6 MUSD
‒ E-Ammonia   9  – 13 MUSD
‒ E-Methanol 10 – 20 MUSD
‒ E-LNG           11 – 19 MUSD
‒ E-Diesel        11 – 21 MUSD 
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(b) High Renewable Electricity price

Basic Vessel Engine Add. Fuel System Fuel consumption

+60%

MGO baseline cost

+20%

Cost increase E-Diesel vs E-Ammonia
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Source: Lindstad et al. (2021), TRD



Examples of some of our 
papers within LCA and Well-to-
Wake of fuels 

17



How can shipping best contribute to 
mitigate climate change

• Presently NOX and SOX are regulated due to human health and local pollution and CO2 is 
regulated due to global warming while the remaining exhaust gases are un-regulated. 

• This represents a conflict, since NOx and SOx emissions tend to mitigate global warming 
while the unregulated emissions, BC and CH4, contribute to global warming 

• Complicating matters, emissions in one region may lead to a direct climate forcing that 
differs in magnitude from the same quantity emitted in another region. This is due to 
regional differences in sea ice extent, solar radiation, and atmospheric optical conditions  

• For example, the deposition of black carbon over highly reflective surfaces such as snow 
and sea ice, reduces the albedo of these surfaces, thereby increased melting and 
reductions in snow/sea ice extent. 

• Moreover, Sot and Black carbon previously washed out by the high Sulphur content in the 
exhaust gas now rise into the atmosphere and heat it
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Alternative IPCC approaches to explain Global warming

There are two main schools of 
thought to explain Global 
warming:

• GHG emissions only and land 
use (b)

• Radiative forcing studies 
including all emissions and 
exhaust gases and land use (c) 

(b) GHG emissions 
only and land use

(c) Radiative forcing studies including 
all exhaust gases and land use

(a) Observed 
warming

Figure source: Summary for Policymakers – The Physical Science Basis. Figure SPM.3, in 
Working group 1 contribution assessment report 6  IPCC AR6 WG1 2021. 

https://en.wikipedia.org/wiki/Global_warming#CITEREFIPCC_AR4_WG12007


Source: Leland McInnes based on IPCC Natural Drivers of 
Climate Change, Figure SPM.2, in IPCC AR4 WG1 2007. 

Shipping’s contribution to global warming is the net effect of all exhaust gases 
emitted and has increased due to stricter pollution regulations especially with 
the introduction of ECA’s and Global sulphur cap 

Source: Lindstad 2019

http://www.ipcc.ch/publications_and_data/ar4/wg1/en/spmsspm-human-and.html
https://en.wikipedia.org/wiki/Global_warming#CITEREFIPCC_AR4_WG12007


• Core GHG emissions (CO2, CH4, N2O) has 
increases with 100% from 1970 - 2020

• The effect of the increased GHG emissions 
have been partly masked by aerosol cooling 
from Sulphur, NOx and OC.

• Sulphur emissions peaked in 1980, the 
Sulphur cap of 0,5% decreased them further 
in 2020 

• In total, this partly explain peak 
temperatures seen after 2000 and from 
2020 in particular

• Moreover, with the Sulphur removal we have 
not only lost its cooling effect, but also 
increased the amount of Sot and Black 
Carbon in the atmosphere, boosting Global 
warming  

Global GHG and SOx emissions 1970 – 2020 and their joint 
impact
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• Abstract The influence of aerosol particles on cloud reflectivity 
remains one of the largest sources of uncertainty in our 
understanding of anthropogenic climate change. Commercial 
shipping constitutes a large and concentrated aerosol 
perturbation in a meteorological regime where clouds have a 
disproportionally large effect on climate. Yet, to date, studies 
have been unable to detect climatologically relevant cloud 
radiative effects from shipping, despite models indicating that 
the cloud response should produce a sizable negative radiative 
forcing (perturbation to Earth's energy balance). We attribute a 
significant increase in cloud reflectivity to enhanced cloud 
droplet number concentrations within a major shipping corridor 
in the southeast Atlantic. P
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NASA shows that with the Sulphur 0.5% sulphur cap we have lost 
the cloud building (cooling from shipping)
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• Ship tracks, the polluted marine clouds that trail
ocean-crossing vessels, are a signature of modern
trade,described by NASA as "ghostly fingerprints"
tracing shipping lanes around the globe. Ship tracks
are formed bywater vapour coalescing around small
particles of pollution- aerosols - in ship exhaust

• NASA has hailed the beneficial effects of the global
sulphur cap to the atmosphere. A newly published
study from the American space agency has found
that so-called ship track clouds dropped
dramatically in 2020, the first year of the
implementation of the International Maritime 
Organization's new fuel regulations
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GHG Impact of shipping before& after 1st of January 2020 

• It is easy to see that 
cooling emissions 
makes a large impact 
when comparing fuels 
with high (up to 2020) 
and low sulphur 
content.

Net Climate impact with a 5 
year time horizon (GWP 5)

Net Climate impact with a 20 
year time horizon (GWP 20) 
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Minimizing Climate impact of Ship’s exhaust gas emissions requires holistic regulations 

Dr. Elizabeth Lindstad, Chief Scientist in Sintef Ocean, Trondheim, Norway

• After two very hot summers, i.e., two out of there years since the sulphur cap came into effect in

2020 and serve drought in areas with major shipping traffic as the Western Mediterranean and the

South-West coast of Europe, it’s a need for investigate how much of this temperature rise is potentially

caused by the sulphur cap.

• With the high sulphur content, we had up to 2020 we got huge amounts of see-through aerosols (small

airborne droplets) which worked in three ways: First they contributed to cloud building; Second, they

brightened the clouds; Third they connected to the soot particles (Black Carbon) and when they

connect most of them fell into water quite fast. Contrary with less sulphur we have since 2020 lost the

brightening effect of the clouds, and the soot particles goes higher and stays longer up in the

atmosphere. Resulting in darker clouds containing more red light which absorbs more of the heat from

the sun.
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The arguments for the proposed MED ECA illustrates that there is an urgent 
need for taking more holistic approaches and not like here try to drive the car 
forward by looking in the mirror

• The Mediterranean Sea Area is an important region for international shipping and commercial navigation. The 
Mediterranean Sea represents approximately 0.7% of navigable seas and oceans, and Mediterranean ship 
traffic accounts for about 7% of global shipping activity, energy use, and emissions

• The present report financed by the Mediterranean Trust Fund (MTF) and implemented by the Plan Bleu 
Regional Activity Centre (PB/RAC) concludes that a Med ERCA from 2025 only will raise sea transport cost 
marginally and that the benefit of the human health advantages are fare larger than any competitive 
disadvantages 

• The report does not take into account or discuss cooling effects from shipping’s sulphur and NOx shipping 
emissions and that temperature might raise much faster than expect as a consequence of the around 85% 
global reduction from a maximum of 3.5% to  0.5% sulphur in the fuel globally from 1st of January 2020
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E-fuels are costly and gives abatement cost of 651 
– 1369 USD per ton of CO2*

Abatement cost 

per ton CO2

140

832

651

1 369

941

1 190

939

1 251

880

888 

1 268 

1 424 
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E-Ammonia

E-Diesel

Blue E-Diesel

E-LNG (DF-Diesel)

Blue E-LNG (DF-Diesel)

E-Methanol

Blue E-Methanol

LPG

LNG (DF-Diesel)

HFO & Scrubber

MGO

VLSFO

Ammonia (NG)

Hydrogen (NG)

Total Annual cost in USD per kW main power installed   

Vessel Engine Add. Fuel System Oil $100/Barrel; Brent & NG $60/MWh Electricity $100/MWh

* with an electricity price of 
100 USD per MWh. Most 
published studies have used 
something in the range of 
20 – 60 USD per MWh28



Are Zero-carbon fuels for shipping sustainable 
compared to the alternative use of renewable energy?

1. Global production of electricity is 84 EJ, of which around 25 EJ comes from renewables

2. Fuelling ships on E-fuel requires: E-ammonia: 14EJ * 4.2/2 = 29EJ; E-diesel: 14EJ * 7.1/2 = 50EJ  

3. If that renewable energy instead is used to replace electricity from Coal (around 30EJ) and 
Natural gas (around 20 EJ) we will get 7 – 10 larger CO2 reductions, i.e. 20-30% Global CO2

reductions instead of 3% from shipping. 

Source: Elizabeth Lindstad, Sustainability of Zero carbon E-fuels for maritime transport;  MT- Marine Technology, in press July 2022.
29



All roads leads to Rome: IMO’s 50% GHG reduction 
how we have presented in the past  

4 fundamentally 
distinct shipping 
de-carbonization 
scenarios

Hydrogen &  Ammonia 
Newbuild / new power 

system & tank

Efficient-transition
Newbuild / slender hull / 

LNG or LPG

The Easy-way
Conventional vessels  

running on drop-in fuels 
(Biodiesel, E-Diesel, E-LNG)

Wind-ship
Newbuild / slender hull 

form / designed for wind-
assisted propulsion

Challenging & Unconventional 
Low Carbon fuels

Low carbon fuels that can be 
blended with conventional fuels

Traditional designs with 
energy saving devices

Innovative designs to reduce 
energy consumption

FUELS & POWER SYSTEMS
(carbon efficiency)

SHIP DESIGN & 
PROPULSION 

SYSTEMS
(energy efficiency)

Source: Rialland and Lindstad (2021) Shipping 
decarbonization scenarios, IAME 202130



Comparing the four 
shipping Scenarios to reach 
the 50% GHG reduction by 
2050

Source: Rialland & Lindstad, 2021 



How can shipping best contribute to mitigating
climate change and avoid boosting global warming
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ZERO CARBON
scenario

PRAGMATIC 
scenario

ENERGY EFFICIENCY
scenario

ZERO 
GHG 

FUELS

REDUCE 
ENERGY 

USE 

GEO-
ENGINEERING

E-fuels, Drop-in Fuels, 
Battery-hybrid.

Technical, Design, 
Operational

improvement.

Abolish Sulphur Cap,
Differentiated 

regional regulations.



The investigated designs



Our three 2022 papers on Wind 
assistance propulsion - WASP 
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Wind and wave probability correlation

Average significant wave height of 2.75 is also in line with average annual 
global resistance pattern presented in earlier studies, e.g., Lindstad et al. 
(2011, 2019) 
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Comparing cost



Decarbonizing Bulk Shipping through combining 
Ship Design and Alternative Power 
Lindstad, E., Polić, D., Rialland, A., Sandaas, I., Stokke, T., 2022, Accepted for publication in Ocean Engineering Journal

1. Slender bulk vessels in combination with 
wind-assisted propulsion reduce fuel & GHG 
by 25%, with negative abatement costs.  

2. Combining Slender & Wind with Zero-carbon 
fuels, a 100% GHG reduction comes at a cost 
of 325 USD / ton CO2

3. De-carbonizing through Zero-carbon fuels 
only: abatement cost 459 USD / ton CO2            
(* renewable electricity price of 60 USD per MWh)  

4. Fuel & technology neutral study. E-ammonia 
selected because least expensive E-fuel. My 
view is that Ammonia and Hydrogen safety 
risk for the WTW supply chain and the cost of 
new infrastructure exceeds their cost-benefit 
versus E-Methanol, E-LNG and E-diesel.

Source: Lindstad et al. (2022) Decarbonizing Bulk Shipping through 
combining Ship Design and Alternative Power, Ocean Engineering.
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Takeaways – How can shipping best contribute to  
Global De-carbonization 

• New renewable electricity is a scare resource which gives the largest GHG reduction 
when it replaces coal fired power plants.

• Shipping largest contribution to reaching net zero will be on improving energy 
efficiency through technical, design and operational measures.

• Of all Zero-carbon fuels and propulsion solutions, Wind is the most promising and 
comes at the lowest cost. 

• We need to Stop creating legislation which makes marginal or no impact and in Worst 
case boost global warming. Contrary there is an urgent need to minimize BC and Sot 
emissions

• Utilizing the Geo-engineering effect of shipping, through more differentiated Sulphur 
and NOx rules (abolish the General Sulphur cap) might be shipping’s best contribution to 
keeping global temperature rise bellow 2 degrees.  
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