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In-depth analysis 3: Lifecycle emissions of future fuels 

How to guarantee zero emission fuels 
The maritime transport sector significantly contributes to global greenhouse gas (GHG) 
emissions with 2-3 % and to EU GHG emissions with about 4 % (IMO 2020; EC 2021). To 
decarbonize the sector, energy efficiency improvements, such as slow steaming or 
improvements to the ship design, will not be sufficient. The main lever to reduce GHG emissions 
in shipping is the switch to sustainable, alternative fuels, here called future fuels (DNV GL 2019). 
This short paper is part of a series of in-depth analysis of future marine fuels. Based on a 
selection1 of Renewable Fuels of Non-Biological Origins (RFNBOs) and second generation or 
advanced biofuels2 in a first in-depth paper3, this paper addresses the lifecycle perspective of the 
climate impact of future fuels. The findings presented are based on a literature review and 
interviews with stakeholders from the maritime sector. The production and well-to-tank (WtT) 
aspects, tank-to-wake (TtW) onboard aspects, and competition around the supply of future fuels 
are considered in separate in-depth papers.  

To decarbonize maritime transport, future fuels – as the main lever to reduce emissions – shall 
be climate neutral from a well-to-wake (WtW) or lifecycle perspective. This paper draws 
together the GHG emissions profile WtT and TtW from the other in-depth paper and discusses 
challenges to and options to ensure net-zero emissions from WtW or climate neutrality. 

Key findings 

► GHG emissions of future fuels can occur along the whole lifecycle, whereas some steps are of 
higher relevance for climate-neutrality than others: renewable energy and electricity supply, 
sustainable CO2 source, avoidance of (indirect) land-use change. 

► The importance of smaller emissions sources will increase relatively with an increasingly 
decarbonized system (e.g. transport of fuels, any leakages and slips, pilot fuels). The use of e- 
or biomethane will likely never be completely climate-neutral due engine slip of methane.  

► For future fuel choices, the cumulative energy consumption along production pathways 
needs to be considered, too as renewable energy capacities will be limited in face of the 
projected demand for RFNBOs. 

► Under today's production and recycling/dismantling conditions, the generation of 
renewable energy (i.e. building wind installations) is also associated with GHG emissions. 
However, these emissions can decrease the further the transformation of the industry 
towards climate-neutral production/recycling/dismantling progresses. 

 

1 E-Hydrogen, e-ammonia, e-methane, e-methanol, e-diesel, bio-methane, bio-methanol, biodiesel 
2 In this paper, these terms are used interchangeably and to make a distinction to biofuels made from food crops with high (indirect) 
land-use change emissions and which might compete with food production (first generation biofuels) (see for example Florentinus et 
al. (2012)). In the discussion around future fuels varying definition of second generation or advanced biofuels are used. At European 
level, the Renewable Energy Directive provides definitions of different biofuel categories. 
3 Wissner and Cames (2023) – In-depth analysis 1: Future fuels 



► Guidelines/definitions of WtW emissions of fuels need to be incorporated in 
regulations/mitigation policies. There are key aspects to be considered in certification 
systems (like renewable electricity supply and the CO2 source). Ideally a global common 
framework can be agreed upon for international sectors (like ongoing development of 
lifecycle guidelines under IMO).
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1  Lifecycle emissions 
This chapter provides an overview of well-to-wake greenhouse gas (GHG) emissions from the 
selected future fuels bringing together information on well-to-tank emissions from in-depth 
paper 1 and tank-to-wake emissions from in-depth paper 2. 

1.1  WtW profile 
On the route to decarbonize maritime transport and aviation, the use of future fuels will be 
essential (DNV 2022). A prerequisite for the contribution of alternative fuels to the 
decarbonization is climate neutrality over the course of their lifecycle. Ideally, future fuels lead 
to no additional GHG emissions during their lifecycle. The lifecycle emissions of a fuel are 
composed of the upstream (WtT) emissions, e.g. emissions during the production and 
transportation of the fuel up until the tank, and the downstream (TtW) emissions. The steps in 
the lifecycle of a future fuel are shown in Figure 1. TtW and WtT emissions together represent 
the WtW emissions profile.  

Figure 1 – Steps in the lifecycle of a carbon-based future fuel 

 
Source: Own illustration, Oeko-Institute. 

Renewable energy or electricity is needed for the production processes of RFNBOs and advanced 
biofuels as well as an input to the production of green hydrogen specifically. Looking at the 
complete GHG emissions profile, GHG emissions can occur even before this latter step of the 
RFNBO production pathways: during the manufacturing/production of renewable energy 
installations (Figure 1). This issue is discussed separately in section 2.2. To achieve zero lifecycle 
emissions, not only the production of future fuels needs be climate-neutral but also smaller 
components such as the transport of the fuel, as well as any pilot fuel or lubricant oils used. Any 
transport of a future fuel from a production plant to a harbour would also need to be 
decarbonized, for example by using battery-powered heavy-duty vehicles or ships which use 
their cargo as a fuel. Further, many future fuels will require a pilot fuel for their use in an ICE.4 
This pilot fuel is combusted together with the future fuel in the ICE and thus also needs to be a 
future fuel, such as bio- or e-diesel. Lubricant oils are used for various purposes in an engine. As 
they are typically fossil-based, they can also lead to GHG emissions. There are lubricant oils 
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today which are based on a renewable or synthetic substance. Thus, similar to pilot fuels, 
lubricant oils can also be made from renewables in the long term. 

1.1.1 RFNBOs 

From a WtT perspective, the use of renewable energy during the production process and the 
source of CO2 are critical. The first production step5 for all RFNBOs is the production of green 
hydrogen via electrolysis with renewable electricity (Figure 1). The renewable electricity is 
ideally additional (section 2.1.1). Electrolysis does not result in direct GHG emissions. However, 
indirect GHG emissions occur in form of volatile hydrogen emissions (section 2.1.2) in 
electrolysis plants depending on the size and the operation (Riemer and Wachsmuth 2022). 
Further process steps also require renewable energy and additional inputs. Across the 
production pathway not only a renewable electricity supply is required to achieve low/zero 
emissions but also the choice of the heat source is important (Grahn et al. 2022). The energy 
efficiency of the whole production pathway is relevant considering the limited amount of 
renewable energy available (section 1.2). For e-ammonia, nitrogen is needed as an additional 
input which can be easily extracted from the air.6 For carbon-based RFNBOs, like e-methanol, 
CO2 is required as an input to the process. The CO2 source must be sustainable, i.e. non-fossil, in 
the long term in order to ensure the climate neutrality of RFNBOs (Fasihi et al. 2016; IEA 2021):  

► CO2 from ambient air: Although the share of CO2 in the atmosphere is small (approx. 0.04 %) 
compared to other atmospheric gases (like nitrogen), it is a basically an “endless” source of 
CO2. The technology to extract CO2 from ambient air is called direct air capture (DAC) and 
requires a higher amount of energy (Fasihi et al. 2019; Assen et al. 2016) – compared to CO2-
rich point sources - adding to the cumulative energy demand (section 1.2). By using CO2 
from DAC a continuous loop can be created with the production of RFNBOs (Galimova et al. 
2022) (Figure 1). 

► CO2 from biogenic sources: Considering DAC’s lacking maturity and large amounts of 
RFNBOs needed, industrial point sources may not be excluded, especially in the short- to 
mid-term. Burning biomass in industrial processes, such as biomass-based power and heat 
plants, is another point source for CO2 as long as the biomass used is sustainable (for 
example waste-based feedstocks) (Galimova et al. 2022). 

Retrieving CO2 for RFNBO production from industrial point sources, which use fossil carbon,  
does not result in a climate-neutral fuel, as the fossil CO2 is still emitted at the end of the lifecycle 
(leading to fossil emissions) although the fossil CO2 molecules are longer in use (Heinemann et 
al. 2019). Retrieving CO2 from fossil industrial point sources is also not a valid alternative to 
biogenic source or DAC if the RFNBO production “prolongs the lifespan of the point sources by, 
for example, increasing their profitability or causing technology lock-in effects”(Grahn et al. 
2022, p. 22). Further upstream emissions risks from CO2 capture, and also renewable electricity 
supply, are potential emissions from land use (change) from the facilities (Grahn et al. 2022). 
The review by Grahn et al. (2022) shows that studies on the environmental (including climate) 
impact of different CO2 sources are limited, vary in methodology, and provide inconsistent 
results(Grahn et al. 2022). 

After production, RFNBOs need to be transported to ports for bunkering. If transported via truck 
or ship additional emissions might be generated if the truck or ship is fuelled with fossil fuels. 
 

5 For a complete description of the RFNBO production pathways see: Wissner and Cames (2023) – In-depth analysis 1: Future fuels 
6 For a complete description of the RFNBO production pathways see: Wissner and Cames (2023) – In-depth analysis 1: Future fuels 
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However, it can be assumed that road transport will be decarbonized in the long run and that 
ships will be able to use their cargo as a fuel. The transportation of RFNBOs can thus also be 
assumed to cause zero emissions in this regard. In the case of liquefied hydrogen or methane, 
potential boil-off during transport of the fuel could be used as fuel by the ships transporting the 
liquefied hydrogen or methane (section 1.2 and 2.1.1). Further, there is a risk of additional WtT 
emissions from leakages of hydrogen and methane (section 2.1.2). 

The TtW emissions depend on the respective propulsion system and RFNBO used. Fuel cells 
have the potential of generally lower emissions than ICE.7 TtW CO2 emissions occur from the 
combustion process in ICE or from fuel cells in case of carbon-based RFNBOs. These CO2 
emissions are though compensated by the CO2 extracted from air or biomass (see above) and 
result in zero CO2 emissions from a WtW perspective. There is, however, a risk of additional TtW 
emissions from engine slippage in case of gaseous fuels (hydrogen, e-methane, e-ammonia) 
which largely depend on the engine type used (section 2.1.2).  

Based on the above assumptions, the overall WtW GHG emissions of RFNBOs can theoretically 
be zero depending on the boundaries set for the life cycle analysis. However, studies 
investigating the life cycle emissions of RFNBOs use different boundaries (WtW, WtT or TtW) 
and apply different methodologies (e.g. including or excluding indirect emissions like indirect 
land-use change) making a thorough statement based on peer-reviewed papers difficult (Grahn 
et al. 2022). In the foreseeable future, there will remain small amounts of CH4 emissions 
downstream from slippage in case of e- or bio-methane and the risk of N2O and H2 emissions is 
subject to ammonia and hydrogen engine developments (see section 2.1.2). Any slippage from 
ICE poses of course also a risk for WtT emissions if ships use their cargo as fuel (e.g. e-/bio-LNG 
carriers). 

1.1.2 Biofuels 

WtT emissions of the selected biofuels largely depend on the feedstock and less so on the 
production pathway. Advanced biofuels, excluding feed and energy crops, are considered to have 
almost no emissions from cultivation or (indirect) land-use change which are compensated by 
the sequestered carbon WtT (Zhou et al. 2020). The advanced biofuel production pathways 
require different amounts of energy depending on the conversion technology impacting the 
overall energy requirements (section 1.2 and Wissner and Cames (2023)8). As for RFNBOs, 
climate-neutral biofuels require that fuel production and distribution upstream (Figure 1) are 
powered by renewable energy and fuels. However, N2O emissions still occur from the use of 
fertilizers during the cultivation of lignocellulosic biomass. Further, small amounts of methane 
leakage can occur during various steps upstream: 1-2 % from anaerobic digestion and gas 
compression (Searle et al. 2018). 

TtW GHG emissions, including potential slippage, from engines from biofuels are considered to 
be the same as for their synthetic counterparts (RFNBOs, see above) as they are chemically the 
same molecules. 

The WtW emissions profile of advanced biofuels is thus mainly determined by the (risk of) 
upstream emissions depending on the feedstock used. Estimates of upstream leakage and 
(indirect) land-use change emissions are subject to great uncertainty and depend on the lifecycle 
assessment assumptions (for example, how emissions are allocated among products) (Gray et al. 
2021). The uncertainty about the latter is further addressed in chapter 2 and 3. 

 

7 Wissner and Cames (2023) - In-depth analysis 2: Technical aspects of future fuels in existing fleet and newbuilds 
8 Wissner and Cames (2023) – In-depth analysis 1: Future fuels 
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1.2  Energy efficiency of production processes  
If the global production chains become climate-neutral in the long term due to the use of 
renewable energies and renewable carbon sources in all sectors, the Global Warming Potential 
will only play a subordinate role in the environmental assessment. However, the availability of 
renewable energies is limited in principle, as it depends on the availability of land, resources 
(e.g. metals) and water, as well as on the duration of sunshine for PV systems and wind 
conditions for wind turbines. To assess which technology is more advantageous from an 
ecological point of view, energy efficiency and cumulative energy demand (CED) are good 
indicators. Due to the immense future demand for renewable energies and their limited nature, 
those technologies that use the available energy more efficiently should be preferred from an 
ecological point of view. 

Table 1 shows different production processes for RFNBOs and current and future energy 
efficiencies of the production routes. 

Table 1 – Overview productions processes of RFNBOs with energy efficiencies 

Fuel Production process Feedstock Energy efficiency WtT [%] 

Today Long-term 

Hydrogen 
(gaseous) 

AEL/PEMEL, 
compression  

Water 58-61 65-70 

Hydrogen 
(liquid) 

AEL/PEMEL, 
liquefaction 

Water 53-55 64 

Ammonia AEL/PEMEL, cryogenic 
air separation, Haber-
Bosch 

Hydrogen, 
nitrogen from air 

52-54 60 

Methane AEL/PEMEL, DAC, 
methanation, 
liquefaction 

Hydrogen, CO2 
from air 

46-48 61 

Methanol AEL/PEMEL, DAC, 
methanol synthesis 

Hydrogen, CO2 
from air 

41-45 56 

Diesel AEL/PEMEL, DAC, 
Fischer-Tropsch 

Hydrogen, CO2 
from air 

37-45 53 

Sources: Own compilation based on on Heinemann et al. (2019) and Stolz et al. (2022). 

Table 2 shows different production processes for biofuels and the achieved energy efficiencies of 
the production routes. 

Table 2 – Overview of production processes of biofuels  with energy efficiencies 

Fuel Production process Feedstock Energy efficiency WtT [%] 

Bio-methane/ 
Bio-LNG 

Gasification and 
methanation or anaerobic 
digestion, gas processing, 
liquefaction  

Waste-based feedstock 
like FOGs, lignocellulosic 
biomass 

48 – 62 (lignocellulosic 
biomass, ley crops) 

Bio-methanol Gasification, methanol 
synthesis 

Lignocellulosic biomass 45 – 55 (lognocellulosic 
biomass) 
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Fuel Production process Feedstock Energy efficiency WtT [%] 

Fame 
biodiesel 

Transesterification FOGs  58 (rapeseed oil)  

Hydrotreated  
renewable 
diesel 

Hydrotreating FOGs  ~ 50 

FT diesel Gasification, Fischer-
Tropsch 

Lignocellulosic biomass 52 (lignocellulosic biomass) 

 
Source: Own compilation based on  Zhou et al. (2020), Huang and Zhang (2011), ecoinvent (2022) and Grijpma (2018). 

The energy efficiencies shown in Table 1 and Table 2 are based on the energy content of the 
feedstock. When calculating a CED, also the energy demand for auxiliary materials, production 
plants, transports and other upstream processes are added. Table 3 shows values for the CED for 
the production process steps for RFNBOs from different production routes from the Syseet 
project (Liebich et al. 2020). Here, the supply pathways for hydrogen, synthetic natural gas, 
synthetic methanol and synthetic fuels from Fischer Tropsch process based on biomass, CO2 
from DAC and electricity from renewable energies were described and assessed with a life cycle 
assessment.  

Table 3 – Cumulative Energy Demand (CED) for production process steps of RFNBOs in kJ / MJ fuel 

Process step Hydrogen  Synthetic natural gas Methanol FT diesel 

PtX-plant  0.1-0.9 4.7-4.8 2.2-2.3 

H₂-Plant 6-7 3.6-21.5 3.1 1.3-3.9 

CO₂-Plant  34.5-207.4 44.3-45.2 15.3-38.5 

Electricty for H₂ 1332-1334 1441-1691 1730-1990 1849-2149 

Energy for CO₂  19.8-100.9 458-526 97.7-375.4 

Energy for O₂+Water 0.1 0.1-1.5 2.3-5.6 2.6-6.1 

Auxilliaries 0.3-3.3 4.2-4.6 4.9-5.0 0.9-5.3 

Transport Products  0.5-7.1 9.4-15.1 4.6-7.3 

Sum 1341-1342 1541-2028 2266-2585 1972-2385 

Source: Own compilation based on the Syseet project (Liebich et al. 2020). Values relate to heating value of fuels. 

Table 4 shows values for the CED for the production process steps for fuels from biomass from 
different production routes. However, biomass is unlikely to be used for the future production of 
fuels, as its availability is limited. 



 

Table 4 – Cumulative Energy Demand (CED) for biofuel production process steps in kJ / MJ fuel 

Process step Biomethane from 
lignocellulosic 

biomass 

FT diesel from  lignocellulosic 
biomass 

Methanol  from 
lignocellulosic 

biomass 

PtX-plant   2.3 4.8-4.9 

H₂-Plant   0.9-2.3 1.7-1.8 

CO₂-Plant 10.5     

Biogas plant 21.8-28.1     

Biomass cultivation 13-15 956-973 895-1043 

Electricity for H₂   1240-1514 899-1080 

Energy for CO₂ 1     

Energy for O₂+Water   9.9-10.9 6.7-7.5 

Auxiliaries 1.4-1.8 1.2-4.2 3.3-3.4 

Transport Products 0.4 4.6-6.8 9.6-14.2 

Sum 47.6-56.3 2221-2499 1870-2150 

Source: Own compilation based on the Syseet project (Liebich et al. 2020) 

Taking into account the cumulative energy demand (CED), hydrogen is the most advantageous 
RFNBO. Due to its limited capacity, biomass is a constrained option for the production of fuels in 
the future. 

Overall, there are thus some process steps which are more relevant for each fuel considering the 
WtW GHG emissions. Using renewable energy / electricity is important. The production steps 
WtT have potentially the strongest impact on WtW emissions and therefore need to be 
stringently monitored and verified (chapter 3). Transport is a minor source of emissions for all 
fuels. Indirect effects, namely ILUC, can have a large effect on WtW emissions and respective fuel 
pathways require stringent regulation or exclusion in policies (Carvalho et al. 2023). 

2   Risks to undermine climate‐neutrality/carbon‐neutrality 
of future fuels 

2.1  Risks for emissions WtT and TtW 

2.1.1  Energy sources/inputs upstream 

A high risk for emissions from using future fuels is upstream (WtT) and is dependent on the 
energy source used to produce these future fuels. Stringent regulation is necessary to reduce the 
risk/use of fossil energy along the production pathway. 

For RFNBOs, the main determent for a reduced climate impact is the use of renewable electricity 
to produce hydrogen via water electrolysis. The resulting hydrogen is called green hydrogen. 
Electrolysis capacities and green hydrogen supply are expected to be very limited globally until 
the 2030s (Odenweller et al. 2022). Alternatively, hydrogen can be produced with natural gas 
(so-called grey hydrogen) as it is most common today. If the CO2 emissions from producing 
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hydrogen with natural gas are captured and stored (CCS), the product is called blue hydrogen. 
Producing hydrogen via the latter methods increases the WtT emissions of RFNBOs significantly 
– also depending on the permanence of the CO2 storage. Electricity grids are globally far from 
being completely fed by renewable energy. Even if hydrogen is produced via water electrolysis, 
emissions from producing hydrogen and other future fuels depend on the carbon intensity of the 
electricity grid. Heinemann et al. (2019) state that a high share of renewable energy in the 
electricity mix is needed for future fuels to lead to lower emissions than the fossil reference: 
depending on the future fuel this share is 70-80 % or higher. ETC (2019) examine what the 
carbon intensity of the electricity grid would need to be for different future fuels in comparison 
to a ship running on heavy fuel oil (HFO). For ammonia used in ICE, a carbon intensity of the 
electricity grid of 200 gCO2/kWh would be required to achieve lower emissions than HFO. For 
hydrogen, the value is between 150 and 175 gCO2/kWh depending on its use in a fuel cell or ICE. 
For comparison, the carbon intensity of the electricity grid in Germany was 432 CO2eq/kWh in 
2022 (Hartz et al. 2023). Although the latter number is CO2CO2-equivalents it becomes clear that 
national electricity mixes need to decarbonize in order to make future fuels a viable contribution 
to decarbonization. Alternatively and ideally, renewable electricity  for green hydrogen 
production needs to be additional wind or PV installed as required in the delegated act9 from the 
Renewable Energy Directive (RED). As the green hydrogen is indistinguishable (chemically) 
from the other variants of producing hydrogen, schemes are needed to verify the production 
pathway and energy sources used (section 3).  

For biofuels, a major risk is GHG emissions from indirect land-use change (ILUC). The lower 
WtW emissions of biofuels compared to fossil fuels results from the fact that combustion 
emissions (TtW) are compensated by the carbon sequestration of plants (WtT) section 1.1.2. 
However, First-generation biofuels (energy or food crops) have high WtT emissions due to 
(I)LUC emissions – which can even be higher than the negative emissions from the carbon 
sequestration (WtT) (Zhou et al. 2020). Total GHG emissions of first-generation biofuels are thus 
not zero (hence the fuels are not climate neutral). Advanced biofuels are made out of waste or 
residual material with only a small impact on land use and the further fuel processing steps are 
associated with lower emissions than from first-generation biofuels (Zhou et al. 2020). However, 
the availability of advanced biofuels is limited.10 Advanced biofuel feedstocks included in this in-
depth paper series, such as waste fats or residual wheat straw, have according to Zhou et al. 
(2020) no ILUC emissions resulting in zero or only small WtW GHG emissions. The risk is, 
however, that it is not transparent what feedstocks have been used to produce, for example, 
biodiesel (especially feedstocks/fuels listed in the Renewable Energy Directive Annex IX, B). 
Certification systems and policies like the European Renewable Energy Directive can make the 
production and emissions transparent or can exclude unsustainable feedstocks / biofuels from 
usage or compliance (section 3). They are necessary to make biofuels viable future fuels. 

There are conversion losses during the production of future fuels. For example, the energy 
efficiency of producing carbon-based RFNBOs is lower than the efficiency of hydrogen and 
ammonia (section 1.2). If gaseous future fuels need to be transported and stored before use, 
further energy losses can occur in form of engine slip and leakage (section 2.1.2) and due to so-
called boil-off. Evaporation of liquefied gases is called boil-off (gas) and the boil-off rate depends 
on the tank type and age. Reducing boil-off and/or using any boil-off gas is of environmental and 
economic interest. Boil-off rates during ship transport are small: LNG 0.10-0.15 %, liquefied 
hydrogen 0.2 %, ammonia <0.1 % (Hank et al. 2020). Instead of venting, the evaporated fuel can 
be used as fuel by the transporting ship and thereby avoiding any emissions directly from boil-
off. If these gaseous future fuels are stored in a port before bunkering, the boil-off gas could also 
 

9 https://energy.ec.europa.eu/system/files/2023-02/C_2023_1087_1_EN_ACT_part1_v8.pdf  
10 Wissner and Cames (2023) – In-depth analysis 1: Future fuels 
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directly be used – for example fed into a hydrogen grid or power plant. This will depend on the 
infrastructure surrounding the ports. Alternatively, the gas can be reliquefied onboard or in 
ports which again consumes energy. 

As LNG is nowadays often bunkered via ship-to-ship, it can be assumed that also in case of e- or 
bio-methane boil-off during storage is of less concern as the gas could be used as a fuel by the 
methane carrier. Similarly, liquid hydrogen might be bunkered via ship-to-ship. For longer term 
storage in a port, it might be more convenient to store hydrogen in the form of ammonia due to 
its favourable storage conditions.11 Energy losses from boil-off can thus not be completely 
avoided but the boil-off can be captured and either reliquefied or used for propulsion in the case 
of fuel transport or bunkering via ship. 

2.1.2 Risks of leakages, slips and combustion by-products 

From a TtW perspective, (fossil) combustion emissions are the biggest concern for fossil fuels. 
For RFNBOs, leakages and unintended combustion by-products pose a risk for climate 
neutrality. 

If ICEs are used downstream in the ships or upstream by ships transporting RFNBOs or biofuels, 
there is a risk of additional GHG emissions from methane slippage from the engine and from 
leakage from other steps along the supply chain (e.g. from pipelines or production processes). 
Current LNG engines cannot completely avoid methane slip. Methane emissions from LNG 
engines are the result of incomplete combustion. LNG ships use different engines types: low 
pressure dual-fuel (LPDF) engines and steam turbines are the most common based on the fuel 
consumption in EU-related shipping (Comer et al. 2022). Table 5 shows that methane slip varies 
per engine type. New HPDF LNG engines can reduce methane slip to very low levels but 
represent only a minor share compared to popular low-pressure DF LNG engines. For the 
smallest climate impact possible, future ships using e- or bio-methane should therefore use the 
engine with the lowest methane slip. Additional exhaust gas aftertreatment technology could be 
applied to further reduce the remaining methane slip to a minimum. To achieve climate 
neutrality, any methane leakages upstream from liquefied e- or bio-methane fuel tanks on land 
or cargo tanks on ships would need to be zero (although WtT leakages are already smaller 
compared to fossil LNG depending on the fossil extraction method). WtW emissions from e- and 
bio-methane, similar to fossil LNG, are thus subject to uncertainty as they depend very much on 
the engine used and on variations in WtT methane leakage (Comer et al. 2022). The use of e- or 
bio-methane will thus likely never be completely climate neutral but still a major improvement– 
if used in a HPDF engine - compared to current fossil LNG given the sustainable CO2 source. 

 

Table 5 – Methane slip of different engine types 

Engine type Methane slip  

% of fuel consumption gCH4/kWh 

LPDF, 4-stroke 3.53 5.5 

LPDF, 2-stroke 1.69 2.5 

HPDF 0.15 0.2 

LBSI 2.63 4.1 
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Engine type Methane slip  

% of fuel consumption gCH4/kWh 

Steam turbine 0.01 0.04 

Source: Comer et al. (2022) and IMO (2020). HPDF =, high-pressure injection, dual-fuel engine; LPDF = low-pressure 
injection, dual-fuel engine; LBSI = lean-burn, spark-ignition, mono fuel. 

The second TtW emission risk is potential combustion emissions from N2O. There are no 
ammonia ICEs on the market yet. Being a strong GHG, any N2O emissions from future ammonia 
engines would greatly undermine the emission reduction potential of using e-ammonia. 
Modification of the combustion process (like increasing the temperature) can reduce the levels 
of N2O (Niki et al. 2019a; 2019b). Experts interviewed indicated that first tests show that 
emissions of N2O in the flue gas will be comparable to the global warming potential of 1g/kWh of 
methane slip (which is five times higher than the level of methane slip achievable by HPDF as 
reported in Pavlenko et al. (2020), compare Table 5). 

Similar to methane slip, hydrogen emissions might be produced if the hydrogen is combusted 
incompletely. There are, however, no marine hydrogen ICE yet available. Data on potential 
hydrogen emissions from engines and related impacts is hence missing and most studies state 
that there will be no climate-relevant emissions from hydrogen ICE (for example Horton et al. 
(2022), LR; UMAS (2020)). That might be due to the fact that hydrogen (H2) is not a GHG and 
does not have a direct radiative forcing. H2 emissions have though an indirect warming effect on 
climate by influencing the atmospheric composition through reacting with HO radicals and 
thereby influencing methane, ozone and water vapour concentrations (Warwick et al. 2022; 
Ocko and Hamburg 2022). The (indirect) global warming potential of hydrogen is estimated to 
be between 6 and 16 on a 100-year time scale, if effects in the stratosphere and troposphere are 
included (Derwent et al. 2020; Riemer and Wachsmuth 2022). These estimates are subject to 
great uncertainty as peer-reviewed publication on the matter are limited and the underlying 
assumptions in the models are uncertain (scale of hydrogen economy, decrease in methane 
emission sources etc.) (Riemer and Wachsmuth 2022). Further, there is a knowledge gap on the 
sink of hydrogen and thus the natural budget of hydrogen in the atmosphere (Warwick et al. 
2022). Even the worst leakage scenarios modelled in Warwick et al. (2022) and Derwent (2018) 
are far outweighed by the emissions reductions achieved through the hydrogen economy. 
Riemer and Wachsmuth (2022) concluded as well that the benefits of a hydrogen economy far 
outweigh potential disadvantages of hydrogen’s climate impact. It can therefore be concluded 
that more research on the climate impact of hydrogen is necessary and any hydrogen leakages 
need to be reduced as far as possible (Derwent et al. 2020). These leakages might not only be in 
the form of engine slip but can occur along the WtT pathway (from electrolysis, pipelines or 
during liquefaction processes for transporting the fuel from A to B). The control of (green) 
hydrogen leakages is also essential from an economic and safety perspective given the high 
prices of green hydrogen and its explosion risk.12 

Another climate-relevant emission type is NOx. NOx emissions can occur WtT in the Haber-Bosch 
process during the first step of steam reforming of natural gas to produce the hydrogen needed 
for ammonia synthesis. If hydrogen from electrolysis processes is used in the future, then no NOx 
emissions will occur in this step. Other NOx emissions can occur TtW during combustion. NOx 
emissions have both a warming and a cooling effect on the climate (Myhre et al. 2013). Overall, 
anthropogenic NOx emissions are estimated to have a negative RF effect (cooling effect), but 
calculating the net climate effect of NOx is difficult due to the different time scales of the chemical 
 

12 Wissner and Cames (2023) – In-depth analysis 1: Future fuels; Wissner and Cames (2023) - In-depth analysis 2: Technical aspects 
of future fuels in existing fleet and newbuilds 
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interactions and the high reactivity (Myhre et al. 2013). Combustion-related NOx emissions can 
be reduced via exhaust gas aftertreatment systems.13 NOx emissions from combustion plants are 
regulated in the EU14 and NOx emissions from ships are also regulated due the Nitrogen Emission 
Control Area (NECA) in the North and Baltic Sea (Tier III) and in the rest of European waters 
global restrictions apply (Tier II) according to MARPOL regulations15.  

Considering WtW emissions and all relevant GHGs in policy-making with robust emissions 
factors (which factor the engine slip in) is therefore important. The implementation of the 
FuelEU Maritime Regulation is a step in the right direction in this regard because it set up WtW 
including factors for engine slip.  

2.2  Emissions from renewable energy manufacturing/production 
Adding to the WtW emissions of RFNBOs, the emissions from producing/manufacturing 
renewable energy system (PV and wind power plants) need to be considered to provide a 
complete picture of the climate-relevant impact of these fuels. 

The GHG emissions released by the use of solar power are dominated above all by the high 
electricity demand in module production. In 2021, according to Fraunhofer ISE (2023), 94 % of 
the world's production of PV modules was manufactured in Asia, 75 % in China alone (Europe: 
1 %, USA and Canada: 3 %). Thus the development of the GHG intensity of the electricity mix in 
Asia, especially in China, is of central relevance. Other factors are the development of the 
efficiency and lifetime of the modules. More than 95 % were based on silicon wafer PV 
technology. The share of monocrystalline technology was 84 % of the total crystalline silicon 
production. The efficiency of commercially available wafer-based silicon modules has risen from 
around 15 % to over 20 % in the last 10 years. The highest efficiencies currently achieved in the 
laboratory are 26.7 % for monocrystalline and 24.4 % for multi-crystalline silicon wafer 
technology (Fraunhofer ISE 2023). Other technologies are under development, some of which 
achieve even higher efficiencies in the laboratory. No GHG emissions are produced during the 
use phase of the PV modules. For the electricity produced by a rooftop residential PV system in 
Switzerland, Frischknecht (2022) calculated a decrease from 121 gCO2eq per kWh to 43 gCO2eq 
per kWh between 2010 and 2020, due to increases in efficiency and improvements in the 
manufacturing process. Industrial recycling processes for PV modules exist and are established, 
as examined in a life cycle assessment in Stolz et al. (2017). 

The GHG emissions associated with the use of electricity from wind power arise primarily from 
the production of the materials used in the wind turbines and in the cables at sea and on land. 
No GHG emissions are produced in the use phase itself. In a life cycle assessment of the provision 
of electricity from wind power,  Hengstler et al. (2021) calculated a global warming potential of 
7.3 gCO2eq/kWh for offshore sites and 7.9 to 10.6 gCO2eq/kWh for onshore sites, depending on 
whether the site is a strong-wind or a weak-wind site. The trend is towards larger and more 
powerful wind turbines, especially offshore. According to Hengstler et al. (2021), an average 
new onshore wind turbine in 2019 had a turbine capacity of 3.3 MW, a rotor diameter of 119 m 
and a hub height of 133 m, while an average new offshore wind turbine had a turbine capacity of 
6.9 MW, a rotor diameter of 155 m and a hub height of 104 m. By 2030, offshore turbines of up 
to 11 MW capacity, a rotor diameter of 190 m and a hub height of 125 m are expected. With this 
higher capacity, the relative GHG emissions per generated kWh of electricity from the 
production phase decrease according to Hengstler et al. (2021).Metals from wind turbines (e. g., 
 

13 Wissner and Cames (2023) - In-depth analysis 2: Technical aspects of future fuels in existing fleet and newbuilds 
14 https://www.eea.europa.eu/ims/emissions-and-energy-use-in  
15 https://www.imo.org/en/OurWork/Environment/Pages/Nitrogen-oxides-(NOx)-%E2%80%93-Regulation-13.aspx  

https://www.eea.europa.eu/ims/emissions-and-energy-use-in
https://www.imo.org/en/OurWork/Environment/Pages/Nitrogen-oxides-(NOx)-%E2%80%93-Regulation-13.aspx
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aluminium, copper, rare earths) can be recycled in well-established processes, but there is no 
large-scale industrial recycling process available for the fibre composite materials in the rotor 
blades (Otto et al. 2023). 

Under today's production conditions, the generation of renewable energy is also associated with 
GHG emissions. The further the transformation of industry towards climate-neutral production 
progresses, the lower these emissions will become. Here, the energy transition in China has a 
significant influence, due to the great importance of Chinese production of PV and wind power 
systems in the global market. However, it is unclear by when global greenhouse gas neutrality 
will be achieved in the production chains. 

3  How to ensure zero emissions from future fuels?  
Discussions around future fuels in shipping, and in aviation, often involve terminologies such as 
green or blue hydrogen and green or grey methanol. However, these simple categories are not 
well-defined and do not capture the complexity around emissions from fuels. A Lifecycle 
Analysis (LCA) is a normally more appropriate tool to assess emissions of future fuels. While the 
well-to-wake concept describes the boundaries of such an analysis (compare Figure 1), an LCA is 
a standardized method which can be used for fuels to encompass many elements (e.g. land-use 
change, cultivation, transport, conversion processes) (GtZ 2021). In the following, it is described 
how zero emissions (including many elements of an LCA) can be ensured. 

3.1  Requirements and certification systems 
To ensure that future fuels provide the necessary WtW GHG emission reductions compared to 
fossil fuels, future fuels will need to be subject to verification in order to certify their origin or 
their GHG emission footprint. Also, a verification of lifecycle emissions might be necessary to 
implement policies which are based on a WtW approach, like the FuelEU Maritime Initiative. At 
the moment, methods to certify marine fossil fuels rely mainly on a paper trail, with the option 
to sample and test fuels once onboard/bunkered in order to determine their quality – mainly in 
regards to sulphur content (LR 2023). Any emissions associated with the production of fuels are 
thus not captured nor is it known where or how the fuel was produced.  

Certification or instruments that set a limit to lifecycle emissions of fuels used in maritime 
transport or aviation would need to address  the following challenges (Matthes et al. 2021): 

►    Setting criteria/limits to define when electricity from the grid is renewable or electricity is 
additional (like the definitions in RED16); 

►    Defining what a renewable/sustainable CO2 source is (like DAC) and what conditions need to 
be met for these installations (energy inputs/efficiency); 

►    Clearly defining acceptable advanced biofuels, for example by excluding certain feedstocks 
(e.g. energy crops) and thus (indirect) land-use change; 

►   Implementing practical certification systems that prove the WtW GHG emissions upon 
buying the future fuel in an airport or port; 

►   Defining sustainability aspects such as water and land usage, economic effects and human 
rights (and measurable criteria). 

 

16 https://energy.ec.europa.eu/system/files/2023-02/C_2023_1087_1_EN_ACT_part1_v8.pdf  

https://energy.ec.europa.eu/system/files/2023-02/C_2023_1087_1_EN_ACT_part1_v8.pdf
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To certify the production pathway of marine fuels, lessons can be learned and comparisons 
drawn from the various certification systems that already exists, for example for renewable 
electricity, hydrogen or biofuels. Globally, there are many systems which work with so-called 
energy attributes certificates to certify renewable electricity in an energy system/market. An 
example is the system of Guarantees of Origin (GoO) set up within the framework of the 
Renewable Energy Directive (RED) in Europe.17 Via registries, GoO can be traded as unique 
electronic certificates. In this exemplary system, consumers will not receive the renewable 
electricity directly in their home but it is rather to ensure that the renewable electricity is fed 
into the system somewhere, it is a book and claim system. While this system works well and the 
registry avoids double counting, such a system would need to be adapted to the buying/usage of 
physical units of future fuels in aviation and maritime transport.  

The REDII (and in future REDIII) and related delegated acts define criteria or conditions for the 
production of green hydrogen, RFNBOs and biofuels (such as the electricity input or CO2 
sources)18. The ReFuelEU Aviation and FuelEU Maritime regulations refer to these definitions of 
fuels for their compliance. The RED does not cover all relevant sustainability criteria (see above) 
and is not by itself a certification system. There is, however, an increasing number of initiatives 
(at national, EU and global level) for certifying the production of biofuels and RFNBOs. Some of 
these initiatives are also offering certifications which are in line with the RED requirements and 
can therefore be used by airlines or fuel suppliers and shipping companies to proof the 
emissions associated with their fuels. Under ICAO’s Carbon Offsetting and Reduction Scheme for 
International Aviation (CORSIA) fuel suppliers get verified by recognized certification 
organizations or labels/certifications which should attest that the supplied sustainable aviation 
fuel (SAF) are in line with the CORSIA requirements (see also below). 

In the following, we will outline the most relevant of these certification systems / initiatives:19 

► H2global20 (or Hintco) has a form of state procurement. It is set up to arrange long-term 
contracts for difference (CfD) for hydrogen (or RNFBO) supply via a competition-based 
process. The bought volumes are then sold in a competitive way to different end-use sectors 
via short-term contracts. Fuel producers have to fulfill a set of criteria which are based on 
REDII but go beyond GHG emissions and energy supply. H2global thereby indirectly sets up a 
certification system. 

► EU CertifHy21 is a European certification project which aims at facilitating the creation of an 
EU-wide (voluntary) system of GoOs, including a registry to manage the certificates. So far, 
CertifHy focuses on hydrogen but could theoretically also be expanded to other RFNBOs.  
The criteria for fuel production are aligned with RED, but do not go beyond to other 
sustainability criteria. 

► The International Sustainability and Carbon Certification (ICSS)22 is a global certification 
system which covers alternative fuels made from agricultural and forestry biomass, biogenic 
wastes and residues, circular materials and renewables. The ICSS certifies “SAF” (RFNBOs, 
biofuels and recycled carbon fuels) and is also a recognized certifier under CORSIA and can 

 

17 https://recs.org/public-information/ 
18 https://energy.ec.europa.eu/system/files/2023-02/C_2023_1087_1_EN_ACT_part1_v8.pdf  
19 Other systems include: Australia’s guarantees of origin scheme, China Hydrogen Alliance, IPHE, TÜV Süd standard, etc. 
20 https://www.h2global-stiftung.com/project/h2g-mechanism  
21 https://www.certifhy.eu/  
22 https://www.iscc-system.org/  

https://recs.org/public-information/
https://energy.ec.europa.eu/system/files/2023-02/C_2023_1087_1_EN_ACT_part1_v8.pdf
https://www.h2global-stiftung.com/project/h2g-mechanism
https://www.certifhy.eu/
https://www.iscc-system.org/
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also be used to certify fuels for compliance with the EU RED (e.g. in terms of GHG emissions, 
energy supply, and biofuel feedstocks). The ICSS sets also additional criteria, like 
biodiversity and land-use. 

►   The Roundtable of Sustainable Biomaterials (RSB)23 has been recognized under CORSIA and 
also for the EU RED to certify biofuels and thus offers different standards / certifications.  

►    Similar to CertifHy, the green hydrogen standard24 certifies only green hydrogen at the 
global level by giving out a label. The standard has ambitious and comprehensive 
sustainability criteria. 

While certification basically can ensure environmental integrity and transparency of production 
pathways, developing the required standards and certification frameworks may take a long time.  

The existence of several initiatives aiming at certifying certain future fuels or future fuels in 
general underscores the need of such service. At the same time, it poses a challenge because 
several parallel standards may not provide the clarity and transparency required to ensure 
environmental integrity of future fuels. While current approaches could contribute to develop 
practical solutions, it would be essential to aim at establishing one (sectoral) standard which is 
accepted globally - at least for sectors which operate predominantly international. 

For the development of future fuel certification, lessons can also be learned from the Clean 
Development Mechanism (CDM).25 Third party verifiers should be mandated by an authority to 
issue the certificates rather than by individual producers or suppliers of future fuels. To avoid 
collusion, the authority would randomly mandate the verification of producers or suppliers from 
a pool of accredited verifiers, they would charge the verified accordingly to refinance this 
service. Moreover, verifiers need to be strictly monitored and regularly reaccredited to ensure 
that they conduct their service conservatively and as objectively as possible.  

 

 

3.2  Aviation and shipping specific certification at international level 

3.2.1  ICAO 

The Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) from ICAO 
requires airlines to compensate for any CO2 emissions above a baseline of the average CO2 

emissions from the year 2019. Airlines can reduce their offsetting requirements under CORSIA 
by using CORSIA Eligible Fuels (CEF) (ICAO 2018, p. 32). ICAO developed a framework for the 
use of CEF which defines what fuels are eligible (based on a set of sustainability criteria), who 
carries out the certification (so-called sustainability certification schemes (SCS)), which lifecycle 
emission values can be used and which production routes are eligible. There are two types of 
CEF: sustainable aviation fuels (SAF) and lower carbon aviation fuels (LCAF). SAF are renewable 
or waste-derived fuels, whereas LCAF are fossil-based with lower life-cycle emissions. The SCS 
get approved by ICAO to certify fuel producers (and other economic operators along the supply 
chain) if they meet certain requirements (ICAO 2020; 2022b). The sustainability criteria specify 
the requirements for producing CEF and exclude biomass from land with high carbon stock 
 

23 https://rsb.org/  
24 https://greenhydrogenstandard.org/  
25 https://cdm.unfccc.int/index.html   

https://rsb.org/
https://greenhydrogenstandard.org/
https://cdm.unfccc.int/index.html


 

16 

(ICAO 2022c). Unfortunately, the sustainability criteria for CEF do not require that fuels achieve 
zero lifecycle emissions, but only 10 % lower GHG emissions compared to the baseline lifecycle 
emissions of aviation fuels (ICAO 2022c). Further, the permission of LCAF does not represent a 
climate-neutral mitigation option because these are petroleum-based fuels. Additionally, only 
bio-based CEF production pathways and no RNFBO production routes have been included so far 
(ICAO 2022a). Overall, ICAO’s framework for CEF could therefore be strengthened by increasing 
the GHG emission reduction requirement and by excluding LCAF from eligibility (Schneider and 
Wissner 2021). ICAO’s framework represents though an existing international framework which 
one can build upon to regulate and ensure zero lifecycle emissions of future aviation fuels. There 
is also the Sustainable Aviation Buyer’s Alliance (SABA)26 which aims to aggregate demand  for 
and drive investment in sustainable aviation fuels as well as to develop a book and claim 
framework and registry to facilitate transparent transactions. SABA builds on the RSB (see 
section 3.1) and applies a more stringent (but not decarbonization-aligned) sustainability 
framework than CORSIA, e.g. -70 % GHG emission reduction instead of -10 % reduction. 

3.2.2  IMO 

While under ICAO, first steps have been taken to certify and ensure the lifecycle emissions of 
future fuels, the IMO has no such framework in place. However, work is ongoing at IMO to 
develop a guidance on how to calculate lifecycle emissions of marine fuels, including 
sustainability criteria (Shaw and Smith 2022; Smith et al. 2022). The lifecycle guidelines of IMO 
would introduce a fuel label (which includes information on GHG emissions WtT). The fuel label 
will be visible on the Bunker Delivery Note (BDN). According to experts interviewed, the BDN 
would in this way provide the transparency necessary for shipowners when they purchase the 
fuel and could also be helpful for the compliance with FuelEU Maritime. The lifecycle guidelines 
will likely be adopted at MEPC80 in July 2023. 

If proposals for IMO policies based on lifecycle emissions, like the proposed GHG fuel standard, 
are implemented, a guideline on the calculation of lifecycle emissions as well as a certification 
will be needed at the international level. Similar to the framework of ICAO and other schemes 
mentioned above, an approach where certification schemes are recognized according to IMO 
requirements could be implemented for international shipping as well (DNV 2022). 

From a more technical perspective, LR (2023) looks at options to ensure or proof the WtW 
emissions of marine fuels. The study examines mechanisms to ensure transparency for 
consumers, foster the market uptake of fuel and avoid double counting of renewable energy. 
Marine fuels “are often blended during transportation and distribution before they reach the 
bunkering station in a port, [and] there is thus no guarantee that the fuel loaded on board a ship 
is the same as the fuel that left the production facility” (LR 2023, p. 3). The study analyses and 
presents two technologies as a potential solution: a GoO scheme that works with blockchain, and 
a marking method of physical authentication of carbon in the end product. While the latter can 
be very practical, it would need to be ensured that markers cannot be removed or that the 
chemical composition of the marker is publicly known (to avoid fraud. A GoO scheme based on 
on blockchain can be reliable and strong, but the emerging technology might face regulatory and 
knowledge barriers (LR 2023) 

4  Conclusion 
►   There are important steps in the future fuel lifecycle to ensure climate-neutrality: 

 

26 https://www.flysaba.org/   

https://www.flysaba.org/
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⚫  The use of renewable energy and electricity and a sustainable CO2 source are of highest 
importance for RFNBOs; 

⚫  There is a risk of upstream emissions of biofuels depending on the feedstock used, 
estimates of upstream leakage (e.g. methane or hydrogen) and (indirect) land-use 
change emissions are subject to great uncertainty. 

Leakages and engine slippages are remaining risks for emissions in the lifecycle of fuels (if the 
conditions above are ensured).Especially the viability of using of e or biomethane for climate- 
neutral operations of ships will depend the remaining climate impact due to engine slip (after 
exhaust gas treatment). 

►   The further we progress in the energy transition or in decarbonizing our electricity system, 
the importance of smaller emissions sources will increase relatively (e.g. transport of fuels, 
any leakages, pilot fuels). 

►    For future fuel choices, the cumulative energy consumption along production pathways 
needs to be considered too as renewable energy capacities will be limited in face of the 
projected demand for RFNBOs. 

►    Under today's production conditions, the generation of renewable energy (incl. building the 
PV plants or wind power systems) is also associated with GHG emissions. However, these 
emissions will decrease the further the transformation of the industry towards climate- 
neutral production progresses but will not become fully climate neutral (so that negative 
emissions will be required to offset these emissions). 

►    Policies / frameworks / certifications are needed to ensure zero lifecycle emissions. 

Guidelines/definitions of WtW emissions of fuels need to be incorporated in 
regulations/mitigation policies. Key aspects need to be considered in certification systems (like 
renewable electricity supply and the CO2 source).Several initiatives to certify RFNBOs and 
biofuels already exist which can be built upon.Ideally, a global common framework is created 
(like the ongoing development of lifecycle guidelines under IMO). 

 

References 
Assen, N. von der; Müller, L. J.; Steingrube, A.; Voll, P.; Bardow, A. (2016): Selecting CO2 Sources for CO2 
Utilization by Environmental-Merit-Order Curves. In: Environmental Science & Technology 50 (3), pp. 1093– 
1101. DOI: 10.1021/acs.est.5b03474. 

Carvalho, F.; O'Malley, J.; Osipova, L.; Pavlenko, N. (2023): Key issues in LCA methdology for marine fuels. 
International Council on Clean Transportation. Online available at https://theicct.org/publication/marine-lca- 
fuels-apr23/, last accessed on 11 May 2023. 

Comer, B.; O'Malley, J.; Osipova, L.; Pavlenko, N. (2022): Comparing the future demand for, supply of, and life- 
cycle emissions from bio, synthetic, and fossil LNG marine fuels in the European Union. International Council on 
Clean Transportation. Online available at https://theicct.org/wp-content/uploads/2022/09/Renewable-LNG- 
Europe_report_FINAL.pdf, last accessed on 20 Oct 2022. 



 

18 

Derwent, R. G.; Stevenson, D. S.; Utembe, S. R.; Jenkin, M. E.; Khan, A. H.; Shallcross, D. E. (2020): Global 
modelling studies of hydrogen and its isotopomers using STOCHEM-CRI: Likely radiative forcing consequences 
of a future hydrogen economy. In: International Journal of Hydrogen Energy 45 (15), pp. 9211–9221. DOI: 
10.1016/j.ijhydene.2020.01.125. 

Derwent, R. J. (2018): Hydrogen for heating: atmospheric impacts, A literature review. Department for 
Business, Energy & Industrial Strategy UK (ed.). Online available at 
https://www.gov.uk/government/publications/atmospheric-impacts-of-hydrogen-literature-review, last 
accessed on 22 Dec 2022. 

DNV (2022): Maritime Forecast to 2050, Energy Transition Outlook 2022. Online available at 
https://www.dnv.com/maritime/publications/maritime-forecast-2022/index.html, last accessed on 13 Sep 
2022. 

DNV GL (2019): Maritime Forecast to 2050, Energy Transition Outlook 2019. Online available at 
https://eto.dnv.com/2019/Maritime/forecast, last accessed on 17 Mar 2021. 

EC - European Commission (2021): 2020 Annual Report on CO2 Emissions from Maritime Transport (SWD(2021) 
228 final). Brussels. Online available at https://ec.europa.eu/clima/system/files/2021-
08/swd_2021_228_en.pdf, last accessed on 7 Mar 2021. 

ecoinvent (2022): Ökobilanz Datenbank ecoinvent v.3.8, abgerufen am 20.05.2022, ecoinvent. Online available 
at https://ecoinvent.org/, last accessed on 20 May 2022. 

ETC - Energy transition commission (2019): Mission possible - reaching net-zero carbon emissions from harder-
to-abate sectors by mid-century, Sectoral focus shipping. Online available at https://www.energy-
transitions.org/publications/mission-possible-sectoral-focus-shipping/, last accessed on 5 Jan 2023. 

Fasihi, M.; Bogdanov, D.; Breyer, C. (2016): Techno-Economic Assessment of Power-to-Liquids (PtL) Fuels 
Production and Global Trading Based on Hybrid PV-Wind Power Plants. In: Energy Procedia 99, pp. 243–268. 
DOI: 10.1016/j.egypro.2016.10.115. 

Fasihi, M.; Efimova, O.; Breyer, C. (2019): Techno-economic assessment of CO2 direct air capture plants. In: 
Journal of Cleaner Production (224), pp. 957–980. DOI: 10.1016/j.jclepro.2019.03.086. 

Florentinus, A.; Hamelinck, C.; van den Bos, Arno; Winkel, R.; Cuijpers, M. (2012): Potential of biofuels for 
shipping, Final report. Ecofys. European Maritime Safety Agency (ed.). Online available at 
file:///C:/Users/NAE38~1.WIS/AppData/Local/Temp/potential-of-biofuels-for-shipping.pdf, last accessed on 20 
May 2022. 

Fraunhofer ISE - Fraunhofer Institute for Solar Energy Systems (2023): Photovoltaics Report. Online available at 
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-
Report.pdf;, last accessed on 26 Apr 2023. 

Frischknecht, R. (2022): Environmental life cycle assessment of electricity from PV systems, 2021 Data update. 
International Energy Agency (IEA) PV Power Systems Task 12 (ed.). Online available at https://iea-pvps.org/wp-
content/uploads/2022/11/Fact-Sheet-IEA-PVPS-T12-23-LCA-update-2022.pdf, last accessed on 26 Apr 2023. 

Galimova, T.; Ram, M.; Bogdanov, D.; Fasihi, M.; Khalili, S.; Gulagi, A.; Karjunen, H.; Mensah, T. N. O.; Breyer, C. 
(2022): Global demand analysis for carbon dioxide as raw material from key industrial sources and direct air 
capture to produce renewable electricity-based fuels and chemicals. In: Journal of Cleaner Production 373, p. 
133920. DOI: 10.1016/j.jclepro.2022.133920. 

Grahn, M.; Malmgren, E.; Korberg, A. D.; Taljegard, M.; Anderson, J. E.; Brynolf, S.; Hansson, J.; Skov, I. R.; 
Wallington, T. J. (2022): Review of electrofuel feasibility—cost and environmental impact, Topical Review. In: 
Progress in Energy (4). Online available at https://doi.org/10.1088/2516-1083/ac7937. 



 

19 

Gray, N.; McDonagh, S.; O'Shea, R.; Smyth, B.; Murphy, J. D. (2021): Decarbonising ships, planes and trucks: An 
analysis of suitable low-carbon fuels for the maritime, aviation and haulage sectors. In: Advances in Applied 
Energy 1, p. 100008. DOI: 10.1016/j.adapen.2021.100008. 

Grijpma, P. (2018): Sustainable Marine Biofuel for the Dutch Bunker Sector, Assessing the extent to which 
current policies lead to achieving shipping sector targets. Online available at http://artfuelsforum.eu/wp-
content/uploads/2018/12/2018_PDB_Grijpma_Sustainable-Marine-biofuel-for-the-Dutch-Bunker-Sector.pdf, 
last accessed on 18 May 2022. 

GtZ - Getting to Zero Coalition (2021): Beyond colours: life cycle analysis of marine fuel, Insight briefing series. 
Online available at https://www.globalmaritimeforum.org/content/2022/03/Insight-brief_Beyond-the-
colors_Lifecycle-analysis-of-marine-fuels.pdf, last accessed on 4 May 2023. 

Hank, C.; Sternberg, A.; Köppel, N.; Holst, M.; Smolinka, T.; Schaadt, A.; Hebling, C.; Henning, H.-M. (2020): 
Energy efficiency and economic assessment of imported energy carriers based on renewable electricity. In: 
Sustainable Energy Fuels 4 (5), pp. 2256–2273. DOI: 10.1039/D0SE00067A. 

Hartz, K.; Lenck, T.; Müller, S.; Godron, P.; Zackariat, M.; Heilmann, F.; Hein, F.; Metz, J.; Hoppe, J.; Kraus, A.; 
Steitz, J.; Weiß, U.; Wielnd, S. et al. (2023): Die Energiewende in Deutschland: Stand der Dinge 2022, Rückblick 
auf die wesentlichen Entwicklungen sowie Ausblick auf 2023. Agora Energiewende. Online available at 
https://static.agora-energiewende.de/fileadmin/Projekte/2022/2022-10_DE_JAW2022/A-
EW_283_JAW2022_WEB.pdf, last accessed on 5 Jan 2022. 

Heinemann, C.; Kasten, P.; Bauknecht, D.; Bracker, J.; Bürger, V.; Emele, L.; Hesse, T.; Kühnel, S.; Seebach, D.; 
Timpe, C. (2019): Die Bedeutung strombasierter Stoffe für den Klimaschutz in Deutschland, Zusammenfassung 
und Einordnung des Wissenstands zur Herstellung und Nutzung strombasierter Energieträger und Grundstoffe. 
Oeko-Institut. Online available at https://www.oeko.de/fileadmin/oekodoc/PtX-Hintergrundpapier.pdf, last 
accessed on 15 Mar 2020. 

Hengstler, J.; Russ, M.; Stoffregen, A.; Hendrich, A.; Held, M.; Briem, A.-K. (2021): Aktualisierung und 
Bewertung der Ökobilanzen von Windenergie- und Photovoltaikanlagen unter Berücksichtigung aktueller 
Technologieentwicklungen. Umweltbundesamt. Online available at 
https://www.umweltbundesamt.de/sites/default/files/medien/5750/publikationen/2021-05-06_cc_35-
2021_oekobilanzen_windenergie_photovoltaik.pdf, last accessed on 26 Apr 2023. 

Horton, G.; Finney, H.; Fischer, S.; Sikora, I.; McQuillen, J.; Ash, N.; Shakeel, H. (2022): Technological, 
operational and energy pathways for maritime transport to reduce emissions towards 2050, Final report for 
OGCI/Concawe. Ricardo Energy & Environment. Online available at https://www.concawe.eu/wp-
content/uploads/Technological-Operational-and-Energy-Pathways-for-Maritime-Transport-to-Reduce-
Emissions-Towards-2050.pdf, last accessed on 20 May 2022. 

Huang, W.-D. and Zhang, Y.-H. P. (2011): Energy efficiency analysis: biomass-to-wheel efficiency related with 
biofuels production, fuel distribution, and powertrain systems. In: PloS one 6 (7), e22113. DOI: 
10.1371/journal.pone.0022113. 

ICAO - International Civial Aviation Organization (2018): First Edition to the International Standards and 
Recommended Practices. Environmental Protection. Annex 16 to the Convention on International Civil Aviation. 
Volume IV. Carbon Offset and Reduction Scheme for International Aviation (CORSIA). Online available at 
https://www.icao.int/environmental-protection/CORSIA/Pages/SARPs-Annex-16-Volume-IV.aspx, last accessed 
on 4 Aug 2021. 

ICAO - International Civil Aviation Organization (2020): CORSIA Approved Sustainability Certification Schemes. 
Online available at https://www.icao.int/environmental-
protection/CORSIA/Documents/ICAO%20document%2004%20-%20Approved%20SCSs.pdf, last accessed on 23 
Aug 2021. 



 

20 

ICAO - International Civil Aviation Organization (2022a): CORSIA Default Life Cycle Emissions Values for CORSIA 
Eligible Fuels, Version June 2022, Fourth Edition. Online available at https://www.icao.int/environmental-
protection/CORSIA/Documents/CORSIA_Eligible_Fuels/ICAO%20document%2006%20-
%20Default%20Life%20Cycle%20Emissions%20-%20June%202022.pdf, last accessed on 13 Mar 2023. 

ICAO - International Civil Aviation Organization (2022b): CORSIA Eligibility Framework and Requirements for 
Sustainability Certification Schemes, Version June 2022. Online available at 
https://www.icao.int/environmental-
protection/CORSIA/Documents/CORSIA_Eligible_Fuels/ICAO%20document%2003%20-
%20Eligibility%20Framework%20and%20Requirements%20for%20SCSs%20-%20June%202022.pdf, last 
accessed on 13 Mar 2023. 

ICAO - International Civil Aviation Organization (2022c): CORSIA Sustainability Criteria for CORSIA Eligible Fuels, 
Version November 2022, Third Edition. Online available at https://www.icao.int/environmental-
protection/CORSIA/Documents/CORSIA_Eligible_Fuels/ICAO%20document%2005%20-
%20Sustainability%20Criteria%20-%20November%202022.pdf, last accessed on 13 Mar 2023. 

IEA - International Energy Agency (2021): Global Hydrogen Review 2021. Paris. Online available at 
https://www.iea.org/reports/global-hydrogen-review-2021, last accessed on 5 May 2023. 

IMO - International Maritime Organization (2020): Fourth IMO Greenhouse Gas Study 2020, Reduction of GHG 
Emissions from Ships (MEPC 75/7/15). London. Online available at 
https://docs.imo.org/Shared/Download.aspx?did=125134, last accessed on 24 Oct 2020. 

Liebich, A.; Fröhlich, T.; Münter, D.; Fehrenbach, H.; Giegrich, J.; Köppen, S.; Dünnebeil, F.; Knörr, W.; Biemann, 
K.; Simon, S.; Maier, S.; Albrecht, F.; Pregger, T. et al. (2020): Systemvergleich speicherbarer Energieträger aus 
erneuerbaren Energien, Abschlussbericht. In collaboration with IFEU; DLR and JOANEUM RESEARCH. UBA (ed.). 

LR - Lloyd's Register (2023): Tracing the true carbon intensity of sustainable marine fuels, Innovative 
technologies for end-to-end assurance of the new fuel supply chain. Online available at 
https://www.lr.org/en/marine-shipping/webinars-virtual-events/report-tracing-the-true-carbon-intensity-of-
sustainable-marine-fuels/, last accessed on 4 May 2023. 

LR - Lloyd's Register; UMAS (2020): Techno-economic assessment of zero-carbon fuels. Online available at 
https://www.lr.org/en/insights/global-marine-trends-2030/techno-economic-assessment-of-zero-carbon-
fuels/, last accessed on 7 Sep 2022. 

Matthes, F. C.; Braungardt, S.; Bürger, V.; Göckeler, K.; Heinemann, C.; Hermann, H.; Mendelevitch, R.; 
Mottschall, M.; Seebach, D.; Cook, V. (2021): Die Wasserstoffstrategie 2.0 für Deutschland. Untersuchung im 
Auftrag der Stiftung Klimaneutralität (SKN). Oeko-Institut. Berlin. Online available at https://www.stiftung-
klima.de/app/uploads/2021/06/Oeko-Institut-2021-Die-Wasserstoffstrategie-2.0-fuer-Deutschland-1.1.pdf, last 
accessed on 30 Mar 2022. 

Myhre, G.; D. Shindell; F.-M. Bréon; W. Collins; J. Fuglestvedt; J. Huang; D. Koch; J.-F. Lamarque; D. Lee; B. 
Mendoza; T. Nakajima; A. Robock, et al. (2013): Anthropogenic and Natural Radiative Forcing, In: Climate 
Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change, Cambridge University Press. Stocker, T. F.; D. Qin; G.-K. 
Plattner; M. Tignor; S.K. AllenJ. Boschung; A. Nauels et al. (ed.). Online available at 
http://www.climatechange2013.org/images/report/WG1AR5_Chapter08_FINAL.pdf, last accessed on 5 Nov 
2020. 

Niki, Y.; Nitta, Y.; Sekiguchi, H.; Hirata, K. (2019a): Diesel Fuel Multiple Injection Effects on Emission 
Characteristics of Diesel Engine Mixed Ammonia Gas Into Intake Air. In: Journal of Engineering for Gas Turbines 
and Power 141 (6). DOI: 10.1115/1.4042507. 

Niki, Y.; Nitta, Y.; Sekiguchi, H.; Hirata, K. (2019b): Emission and Combustion Characteristics of Diesel Engine 
Fumigated With Ammonia. In: Proceedings of the ASME Internal Combustion Engine Fall Technical Conference 



 

21 

2018. Presented at ASME 2018 Internal Combustion Engine Fall Technical Conference, November 4-7, 2018, 
San Diego, California, USA. ASME 2018 Internal Combustion Engine Division Fall Technical Conference. San 
Diego, California, USA, 11/4/2018 - 11/7/2018. New York, NY: The American Society of Mechanical Engineers. 
Online available at https://asmedigitalcollection.asme.org/ICEF/proceedings-
abstract/ICEF2018/51982/V001T03A016/271398, last accessed on 29 Apr 2021. 

Ocko, I. B. and Hamburg, S. P. (2022): Climate consequences of hydrogen emissions. In: Atmospheric Chemistry 
and Physics 22 (14), pp. 9349–9368. DOI: 10.5194/acp-22-9349-2022. 

Odenweller, A.; Ueckerdt, F.; Nemet, G. F.; Jensterle, M.; Luderer, G. (2022): Probabilistic feasibility space of 
scaling up green hydrogen supply. In: Nat Energy 7 (9), pp. 854–865. DOI: 10.1038/s41560-022-01097-4. 

Otto, S.-J.; Meyer, S.; Helmes, S.; Schmelting, R.; Rohde, M.; Rubner, P.; Ziehe, M.; Kraus, H.; Spohn, D.; 
Faulstich, M.; Hüther, J.; Joachimsthaler, C.; Meyer, F. et al. (2023): Entwicklung eines Konzepts und 
Maßnahmen zur Sicherung einer guten Praxis bei Rückbau und Recycling von Windenergieanlagen, UBA Texte | 
48/2023. Umweltbundesamt. Online available at 
https://www.umweltbundesamt.de/publikationen/entwicklung-eines-konzepts-massnahmen-zur-sicherung, 
last accessed on 12 Jun 2023. 

Pavlenko, N.; Comer, B.; Zhou, Y.; Clark, N.; Rutherford, D. (2020): The climate implications of using LNG as a 
marine fuel, Working paper 2020-02. International Council on Clean Transportation. Online available at 
https://theicct.org/publication/the-climate-implications-of-using-lng-as-a-marine-fuel/, last accessed on 17 
May 2022. 

Riemer, M. and Wachsmuth, J. (2022): Ist Wasserstoff treibhausgasneutral?, Stand des Wissens in Bezug auf 
diffuse Wasserstoffemissionen und ihre Treibhausgaswirkung. Umweltbundesamt (ed.). Online available at 
https://www.umweltbundesamt.de/sites/default/files/medien/479/dokumente/uba_ist_wasserstoff_treibhau
sgasneutral.pdf, last accessed on 15 Mar 2023. 

Schneider, L. and Wissner, N. (2021): Fit for purpose? Key issues for the first review of CORSIA. Oeko-Institut. 
Online available at https://www.oeko.de/fileadmin/oekodoc/Key-issues-for-first-review-of-CORSIA.pdf, last 
accessed on 4 Aug 2022. 

Searle, S.; Baldino, C.; Pavlenko, N. (2018): What role is there for renewable methane in European 
decarbonization?, Briefing. International Council on Clean Transportation. Online available at 
https://theicct.org/wp-content/uploads/2021/06/Role_Renewable_Methane_EU_20181016.pdf, last accessed 
on 22 Feb 2022. 

Shaw, A. and Smith, T. (2022): An overview of the discussions from IMO MEPC 78. UMAS. Online available at 
https://www.u-mas.co.uk/wp-content/uploads/2022/06/MEPC-78-overview-UMAS.pdf, last accessed on 1 Sep 
2022. 

Smith, T.; Shaw, A.; Bonello, J.-M. (2022): An overview of the discussions from IMO ISWG-GHG 13 & MEPC 79. 
UMAS. Online available at https://www.u-mas.co.uk/wp-content/uploads/2022/12/UMAS-readout-on-IMO-
ISWG13-and-MEPC79.pdf, last accessed on 9 Mar 2023. 

Stolz, B.; Held, M.; Georges, G.; Boulouchos, K. (2022): Techno-economic analysis of renewable fuels for ships 
carrying bulk cargo in Europe. In: Nat Energy. DOI: 10.1038/s41560-021-00957-9. 

Stolz, P.; Frischknecht, R.; Wambach, K.; Sinha, P.; Heath, G. (2017): Life Cycle Assessment of Current 
Photovoltaic Module Recycling. International Energy Agency Power Systems Programme. Online available at 
https://iea-pvps.org/wp-
content/uploads/2020/01/Life_Cycle_Assesment_of_Current_Photovoltaic_Module_Recycling_by_Task_12.pd
f, last accessed on 12 Jun 2023. 

Warwick, N.; Griffiths, P.; Keeble, J.; Archibald, Alexander, Pyle, John; Shine, K. (2022): Atmospheric 
implications of increased Hydrogen use. Cambridge and Reading Universitsy (ed.). Online available at 



 

22 

https://www.gov.uk/government/publications/atmospheric-implications-of-increased-hydrogen-use, last 
accessed on 22 Dec 2022. 

Zhou, Z.; Pavlenko, N.; Rutherford, D.; Osipova, L.; Comer, B. (2020): The potential of liquid biofuels in reducing 
ship emissions, Working Paper 2020-21. International Council on Clean Transportation. Online available at 
https://theicct.org/sites/default/files/publications/Marine-biofuels-sept2020.pdf, last accessed on 17 Feb 
2022. 

 

Imprint 
Editors Authors 
Umweltbundesamt 
Wörlitzer Platz 1 
06844 Dessau-Roßlau 
Tel: +49 340-2103-0 
Fax: +49 340-2103-2285 
buergerservice@uba.de 
Internet:  
www.umweltbundesamt.de 

/umweltbundesamt.de 
/umweltbundesamt 

 

Nora Wissner, Jürgen Sutter, Martin Cames (Öko-
Institut) 

Completion: June 2023  

 

 

mailto:buergerservice@uba.de
http://ubanet/websites/PB2/Layout-Publikationen/CorporateDesign/Factsheets/www.umweltbundesamt.de

	In-depth analysis 3: Lifecycle emissions of future fuels 
	1 Lifecycle emissions 
	1.1 WtW profile 
	1.1.1 RFNBOs 
	1.1.2 Biofuels 

	1.2 Energy efficiency of production processes 

	2 Risks to undermine climate-neutrality/carbon-neutrality of future fuels 
	2.1 Risks for emissions WtT and TtW 
	2.1.1 Energy sources/inputs upstream 
	2.1.2 Risks of leakages, slips and combustion by-products 

	2.2 Emissions from renewable energy manufacturing/production 

	3 How to ensure zero emissions from future fuels? 
	3.1 Requirements and certification systems 
	3.2 Aviation and shipping specific certification at international level 
	3.2.1 ICAO 
	3.2.2 IMO 


	4 Conclusion 
	References 

