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Abstract

Aviation is currently responsible for approximately 3 - 5 % of anthropogenic climate warming. Since air traffic is expected to grow
in the future, this share is likely to increase in the coming years and decades. In the future, climate-relevant emission reductions in
the air transport sector are promised by, among other strategies, the use of sustainable aviation fuels on a large “scale, the use of
hydrogen and further technical improvements to the airframe and engine. However, the marginal abatement costs in aviation are
considerably higher compared to many other emitting sectors. This paper investigates the present marginal abatement costs in air
transportation and analyzes their projected development over time. Our results indicate that, as of today, investments in low-carbon
technologies and alternative fuels that do not yield operational cost savings are in most cases not economically efficient. Since
other sectors competing with aviation in carbon markets - such as those covered by the EU ETS - face lower marginal abatement
costs, purchasing allowances remains the most cost-effective option for aviation today. Despite rising carbon market prices and
potential economies of scale, many emerging solutions offering great emission reduction potential, including hydrogen-powered
aircraft and Power-to-Liquid fuels, are not expected to become economically viable before 2035. As current carbon markets alone
are insufficient to drive significant in-sector emission reductions, we provide recommendations that go beyond the regulation by
carbon markets, proposing mitigation or policy measures that promote cost-effective mitigation approaches.
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1. Introduction

Aviation accounts for approximately 3 — 5% of anthropogenic climate warming (Klower et al. (2021), Lee et al.,
2009; Lee et al., 2021), a share projected to grow as air traffic increases in the coming years and decades (ICAO,
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2024b). Carbon emissions within the aviation industry are reduced by about 1.9% per year through efficiency gains
(Larsson et al., 2019), mainly because fuel costs account for about a third of the sector's total operating costs. Aviation
is included in the European Emissions Trading System (EU ETS) for CO; and, at the global level, in the ICAO Carbon
Offsetting and Reduction Scheme for International Aviation (CORSIA) offsetting system.

Carbon markets are designed to reduce greenhouse gas emissions (GHG) to a predefined level usually including
different sectors. Cap-and-trade mechanisms like the EU ETS ensure that GHG emissions are reduced in sectors with
the lowest additional abatement costs for climate-relevant emissions (marginal abatement costs), while hard-to-abate
sectors are purchasing additional permits. Therefore, carbon markets can generally be considered very efficient from
an economic point of view (Scheelhaase et al., 2021). Aviation is part of the EU ETS since 2013 including all flights
within the European Economic Area (EEA). Flights between the EEA and Switzerland or the UK are subject to either
the EU ETS or the Swiss/UK ETS based on a bilateral linkage agreement. CORSIA was developed by the International
Civil Aviation Organization (ICAO) and started with a voluntary phase in 2021. It is the first global market-based
measure to reduce CO2 emissions from international aviation, aiming to limit the growth of aviation emissions, while
aircraft operators offset their emissions in other sectors.

Additional savings in the air transport sector are promised by, among other strategies, the use of sustainable aviation
fuels (SAF) and hydrogen (H») on a large scale as well as technical improvements to the airframe and engine in the
future. In this context, two questions arise: Firstly, how high are the marginal emission abatement costs in air
transportation at present and how will these costs develop in the future, also in relation to other emitting economic
sectors? Secondly, which additional mitigation or policy measures in aviation can be considered reasonable from an
economic efficiency point of view?

For this purpose, section 2 provides a review of the existing literature on marginal abatement costs in and outside
aviation. Section 3 describes the methodology used to estimate and evaluate marginal abatement costs. Section 4
provides the results. Economic implications for aviation and potential policy measures will be discussed in section 5,
while section 6 analyzes strategies to reduce in-sector emissions and provides recommendations for policymakers.

2. Literature Review

Marginal abatement costs (MACs) can be defined as the costs to obtain an additional unit of pollution reduction
(McKitrick, 1999). Initially used to evaluate the relative cost of various electricity saving measures in its early stages,
it has become a widely accepted method across sectors to analyze the relative cost of abatement options since. In light
of the ambitious emission reduction goals in aviation until 2050, MACs and more precisely MACCs (Marginal
abatement cost curves) are used to determine the most economically feasible mitigation measures (Huang et al., 2016).

2.1. Marginal Abatement Costs of Aviation

In principle, there are several options for reducing the climate impact of aviation by technological or operational
measures. Mitigation options up to 2050 include the replacement of current fleets with modern aircraft or future
aircraft concepts such as hydrogen or electric aircraft, an increase in operational efficiency or the use of alternative
low carbon drop-in fuel, such as SAF. In addition to operations (4%-11%) and new aircraft technologies (20%-21%),
SAF plays a pivotal role in reducing aviation's carbon emissions with a potential emission reduction of up to 55% by
2050 (ICAO, 2022a).

Studies on MACs in aviation highlight that a number of carbon mitigation measures can lead to cost savings,
resulting in negative MACs. Beyond considering carbon emissions alone, individual studies calculate marginal
abatement costs (MACs) relative to COz-equivalent (CO2zq) emissions, incorporating other climate-relevant and
environmental impacts expressed in COzq terms. McKinsey & Company (2023) developed a MACC showing that
operational efficiency improvements and fleet renewal can yield significant cost reductions. Schifer et al. (2015) and
Wang et al. (2023) similarly report that several airline operational strategies, such as reduced contingency fuel or an
increased seat load factor, as well as Air Traffic Management measures, like single-engine taxiing or inefficiency
reductions during cruise, show negative MACs of up to -115 USDzo10/tco. (Schifer et al., 2015) and -134 USDxg19/tco,
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(Wang et al., 2023).T However, certain operational strategies exhibit notably high MACs. For instance, restricting
airlines from carrying excess fuel—a practice known as tankering—can lead to MACs as high as 1,767 USDxo19/tco,
(Wang et al., 2023). This is primarily due to the limited mitigation potential of avoiding tankering, given the variation
in fuel prices across the world. Similarly, measures such as surface polishing, while potentially beneficial in reducing
drag, involve high operational costs due to the need for frequent washing and polishing. Furthermore, optimizing
aircraft-to-mission matching by deploying smaller aircraft for lower-demand routes can improve efficiency but often
reduces operational flexibility and incurs additional maintenance and crew training costs. This results in a MAC of
approximately 2,193 USDyo10/ico. (Schéfer et al., 2015). Both studies also highlight that technology options like
retrofits with blended winglets or a reduction in cabin weight can reduce fuel consumptions and therefore also show
negative MACs. These measures not only significantly reduce emissions but also lower operating costs, providing
strong incentives for implementation.

Literature on MACs of the use of H, in aviation is limited, as hydrogen-powered aircraft for larger-scale
commercial use are not expected to enter into service before 2040, after Airbus delayed its H, aircraft project ZEROe.
According to the life cycle analysis by Bicer and Dincer (2017), H>-powered aircraft show great positive overall
environmental impacts compared to conventional jet fuel, particularly if the H, is produced using renewable sources.
Hydrogen aircraft offer positive social impacts through significant climate benefits and the creation of new job
opportunities in clean energy and aviation sectors. However, the transition from fossil fuel technologies involves high
costs, workforce retraining challenges, and potential public concerns about safety and infrastructure development. For
green H, production, energy costs, influenced by high energy demand and uncertainty, are a primary driver. Additional
costs stem from infrastructure investments at airports and capital expenditures for new aircraft. Martin et al. (2023)
calculated levelized cost of carbon abatement, which calculates how much an investment or policy costs per reduced
ton of emissions (Friedmann et al., 2020). Abatement costs for green liquid hydrogen (LH») combustion in air transport
are projected at 1162—1410 €/tco, in 2035, decreasing to 533—675 €/tco, by 2050, driven by high investments and
payload loss increasing transport costs (Martin et al., 2023). Brynolf et al. (2022) estimate lower MACs for LH; at
490-950 €/tco.eq by 2030. McKinsey & Company (2020) are the only study at hand considering the impact of non-
CO2 emissions during flight operations such as contrail-induced climate impacts, estimating MACs between 100-350
USD/tco.eq in 2040 for medium- and long-range LH;-aircraft. For fuel-cell aircraft, estimated MACs range from 20—
130 USD2o40/tco.eq (McKinsey & Company, 2020). However, as with battery-electric aircraft, they are expected to
primarily focus on short-range markets and thus offer only limited carbon abatement potential.

Aircraft operators also face high MACs for SAF due to limited availability and high production costs (McKinsey
& Company, 2023). SAF, produced from various biological and non-biological feedstocks, varies in carbon abatement
potential and costs but has the advantage of being a drop-in fuel compatible with existing aircraft and airport
infrastructure. Studies highlight significant cost differences across feedstocks, pathways and regions. Capaz et al.
(2021) analyzed the carbon abatement costs of bio-based SAF in Brazil, finding that residue-based pathways have the
lowest MACs at 185-370 USD2020/tco.cq With fuels derived from used cooking oil being the cheapest abatement option.
In studies for the U.S., costs ranged from 181 USD/tco.eq for switchgrass to over 444 USDapo/tco.eq for corn stover
(Fan et al., 2024), while Bullerdiek et al. (2021) reported global MACs of SAF between 150—-690 €2020/tco.eq- For
Power-to-Liquid (PtL) fuels, Martin et al. (2023) estimated abatement costs at 1386 €/tco, in 2020, declining to 330
€/tco, by 2050, aligning with Brynolf et al. (2022), who estimated costs between 400 and 1200 €/tco, by 2030.
Bullerdiek et al. (2021) provided lower estimates for PtL fuels (290—430 €2020/tco.¢q) based on 2010-2019 conventional
jet fuel prices, highlighting the influence of green energy supply on costs.

2.2 Marginal Abatement Costs of Other Sectors

Previous sections indicate high MACs in air transport, especially in the case of SAFs and hydrogen. To put that
into context, this section provides an overview of the abatement options and their respective MACs across several

f For comparison: the conversion rate Euro — USD was 1,3257 in 2010. In the timeframe 2011 until 2024, this conversion rate was 1,3920 (2011)
—1,0824 (2024) (European Central Bank 2025).
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sectors. Amongst the analyzed mitigation options are various operational measures, primarily in the illustrated hard-
to-abate sectors, as well as the implementation of emerging technologies such as carbon capture (CC) in existing
production processes or as a stand-alone solution (IEA, 2024). Agriculture, energy and road transport show a high
share of abatement options with relatively low and even negative MACs. Carbon abatement measures like CC as well
as other measures in the steel and cement industry typically show higher abatement costs. A closer examination of the
abatement measures can provide some insight into the reasons for the significant cost variations observed across the
different sectors.

The abatement cost range of —816 to 58 USDag25/tco.eq in the energy sector combines the findings of numerous
authors who analyzed various measures covering energy production as well as efficiency improvements in the
residential building sector (Bjornebo et al. 2018, Das et al. 2021, Farbes et al. 2021, Peng et al. 2018, Van den Bergh
2015). The development of renewable energy sources plays a major role in emission abatement, not only in this sector.
Thanks to governmental supporting measures in this area, especially in Europe, costs have decreased gradually over
the past two decades. Wind and solar energy, but also district heating systems based on biomass or geothermal energy
have seen a rise in popularity since, with production ramping up and prices for investment and operation dropping
significantly. However, this positive trend depends heavily on geopolitical stability and reliable global trade relations
in future, since the production of renewable technologies relies on resources that are often found only in very remote
parts of the world. That is especially the case for Europe; relatively developed in the use of renewables, but extremely
reliant on China for some necessary resources (e.g. rare earth metals such as Neodymium and Dysprosium) and the
production of the respective technology.

In the case of road transport various measures with a wide range of abatement costs between —302 and 287
USD2025/tco.cq have been taken into consideration. Most measures involve electrification of the powertrain of vehicles
of different sizes, extending from passenger cars over buses up to heavy-duty trucks. The high share of low-cost
abatement options can be explained by the industry’s focus on e-mobility and the gradual reduction in cost of
electricity from renewables which has dropped by 90 % since 2010 in the case of solar photovoltaic and by over 50
% in the case of wind energy (IRENA, 2024). Excluding fuel/energy carrier replacement, maritime transport also
shows a multitude of low cost abatement options, typically operational measures related to travel speed and trajectory
like voyage optimization (-138 USDxo2s/tco.eq) or speed reduction (55 USDags/tco.eq) The MAC range of shipping
overall is -138-221 USDups/tco.eq excluding new energy carriers, expanding to 459 USDao2s/tco.eq including fuel
replacement and even 1130 USD2g25/tco.eq including the use of renewable energy sources like solar panels that can
provide energy to the auxiliary engines (Longva et al., 2024, Nepomuceno de Oliveira et al., 2022). To round up
transport, the cost of rail decarbonization highly depends on the current state of the rail network as well as the
geographical circumstances. The switch from fossil fuels like Diesel to electric OCS (overhead catenary system) is
very costly, especially in larger countries like the US (full-scale OCS deployment: 455-728 USDxo2s5/tco.eq). That is
due to the immense infrastructure efforts that have to be undertaken in order to install the OCS systems on these
connections, especially in the vast west of the US. Other measures include battery-electric operation (38-134
USD2025/tco.cq, depending on battery range) and hydrogen powered train operation where costs range from 77 to 151
USD202s/tco.cq (Hernandez et al., 2024).

According to Ge et al. (2024), the highest sectoral COxq emissions are caused by the energy sector, followed by
agriculture. With most of the agricultural emissions caused by livestock & manure as well as agricultural soils that is
what the majority of the observed measures are targeting. Operational measures such as external grazing of livestock
but also energy production with agricultural waste were considered for the estimation (De Cara and Jayet, 2001,
Schulte et al., 2012). The resulting measure set shows an over 60% share of abatement options with negative MACs,
most of them relying on biomass for energy production. With an increasing number of district heating networks
working on biomass and further technological improvements to operational efficiency, costs are expected to decrease
in the future.

Abatement options in the steel and cement industry show a cost range of 41-347 USDx025/tco.cq.. Here, the bundle
of measures includes operational improvements up to the use of alternative energy sources in the production process
(Kajaste and Hurme, 2016, EWI, 2022). Most commonly mentioned is the substitution of natural gas by hydrogen or
biodiesel in the reduction process (Bhardwaj et al., 2025). Closely tied to steel production are certain CC technologies
since they are applicable in heavy industries like steel, cement and chemicals (IEA, 2024). In a few cases, the COx¢q
emitted by steel production plants is already used in enhanced oil recovery today (EWI, 2022). In principle, this
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technology is suitable for most polluting production processes and promises a large COyq mitigation potential.
However, the MACs of the analyzed CC technologies are substantial and on par with steel production itself. According
to the literature, costs range from 118 USD22s/tco.eq for corn ethanol production to 226 USD22s/tco.eq in the case of
Direct Air Capture (DAC) technologies (Johnsson et al., 2020, Farbes et al., 2021).

Remarkably, MACs in the chemical sector are significantly higher than in other producing industries due to its
reliance on fossil fuels, predominantly oil and gas derivates. The MACs of our measure set in the chemical industry
range from 188 to 410 USDao2s/tco.cq (Rekker et al. 2023, Saygin and Gielen, 2021).

3. Methodology

MAC:s are calculated by dividing the incremental cost of implementing an abatement measure by the quantity of
emissions reduced as a result of that measure as can be seen in equation (1).

MAC = incremental costs (1)

reduced CO,—emissions

Estimating the MACs of the individual mitigation options requires different calculation approaches. For the sectors
mentioned in 2.2, we use MACs from the literature. We compare them using USD»g25 values, accounting for inflation
since the source year. We apply a slightly refined approach for the different abatement option groups in aviation. For
operational measures we consider several procedural changes that aim towards more efficient aircraft and efficient
use of the resources at the airport. They include ground operation, flight planning as well as optimizations and
innovations in air traffic management.

While MAC:s of technological advancements and operational improvements stem from literature, MACs of SAF
can be estimated by applying current production costs and lifecycle emissions data. Braun et al. (2024) conducted a
meta-analysis of SAF production costs, reviewing 230 observations on minimum selling prices for various pathways,
such as Hydroprocessed Esters and Fatty Acids (HEFA), Fischer-Tropsch (FT), Alcohol-to-Jet (ATJ), Hydroprocessed
Fermented Sugars to Synthetic Paraffins (SIP), and PtL fuels. Combined with lifecycle emissions data from ICAO
(2024a) for bio-based as well as the German Federal Environmental Agency (2022) for PtL fuels - accounting for both
core emissions and indirect land use changes (ILUC) - this data provides a robust basis for calculating MACs across
SAF pathways. Using feedstock-pathway combinations reviewed by Braun et al. (2024), the specific fuel mass
(MS/ER), representing the mass of SAF required (MS) to reduce one metric ton of COzq (ER), can be calculated. The
SAF mass required to abate one metric ton of CO:zq (MS/ER) is calculated using equation (2) based on the
methodology defined by ICAO (2018). Inputs include the Fuel Conversion Factor (FCF = 3.16 kg COz¢q /kgfuel) as
well as baseline lifecycle emissions of conventional jet fuel (LC = 89 gco..¢/MJ) and the respective SAF (LSf) (ICAO,
2024a).

LSS

MS

N 2)
MAC:s are then calculated by multiplying the required SAF mass by the difference of the respective SAF price (Ps)
and the price for conventional jet fuel (P. = 690 USDxpo/tser) obtained from Braun et. al (2024) in equation (3).

MS

The MACs of the aviation sector are compared to the other sectors. In addition, current carbon market prices
relevant to the aviation sector are analyzed and compared to the calculated MACs of aviation.

As of today, production of hydrogen-based PtL fuels remains in its early stages. With Airbus postponing its
hydrogen aircraft program to 2040 or later, the role of hydrogen in aviation decarbonization is expected to become
more relevant closer to 2050 and beyond. Therefore, the MACs of hydrogen in aviation should be assessed in
conjunction with the anticipated evolution of carbon markets. In section 5, we will compare projected carbon prices
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with the MACs of hydrogen-based fuels, allowing for a more realistic assessment of their economic viability in the
long term.

4. Results

The results presented in Figure 1 reveal significant variability in the MACs of SAF across pathways and feedstocks,
driven primarily by differences in carbon abatement potential and production costs. Rapeseed and palm oil-based fuels
show high MACs mainly due to their poor environmental performance. PtL fuels on the other hand show remarkable
carbon savings, but also face high production costs, leading to relatively high MACs. Our findings align with the
existing literature, reinforcing the potential of Brassica Carinata oil and used cooking oil as cost-effective SAF
feedstocks in current carbon markets (Capaz et al., 2021; Bullerdiek et al., 2021; Karami et al., 2022).

Overall, for aviation average MACs of around 276 USD/tco..q have been calculated. This value is modeled by
MAC:s of a range of mitigation measures; including various SAFs, strategic measures such as aircraft retirements, and
measures to improve process efficiency (Capaz et al., 2021, Bullerdiek et al., 2021, Liu and Jang, 2023, Morris et al.,
2009). Among the abatement measures there are large differences in MACs, as shown in Figure 2. While operational
and technology-driven measures have the potential to achieve even negative MACs, measures associated with high
operational or investment costs for airlines—as well as those that do not enhance aircraft fuel efficiency—tend to
result in significantly higher MACs.

Marginal abatement costs of individual SAFs
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Fig. 1. Marginal Abatement Costs of SAF for Different Pathways and Feedstocks - AR: Agricultural Residues, BCO: Brassica Carinata Oil, CO:

Camelina Oil, DAC: Direct Air Capture, EXH: Carbon capture from exhaust gases, FR: Forestry Residues, JO: Jatropha Oil, LF: Lard fat, MO:

Molasses, MW: Municipal Waste, PO: Palm Oil, RO: Rapeseed Oil, SO: Soybean Oil, SC: Sugarcane, SG: Switchgrass, T: Tallow, UCO: Used
Cooking Oil. Own compilation based on Braun et al. (2024), ICAO (2024a) and German Federal Environmental Agency (2022))

Certain SAFs show significantly lower MACs than others, highly depending on the production process and the
feedstocks they originate from. While individual HEFA feedstocks are able to compete in current carbon markets,
most SAF feedstocks and pathways show significantly higher MACs than other mitigation options in aviation and
competing sectors.

Marginal abatement costs in air transport are comparatively high for several reasons. Firstly, the sector has been
optimizing fuel use for decades, as fuel accounts for approximately one-third of total operating costs (Conrady et al.,
2013). As aresult, many cost-effective efficiency improvements have already been implemented, and further emission
reductions — such as through alternative aircraft designs or energy carriers — require substantial technological
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advancements. Secondly, the deployment of innovative technologies like hydrogen propulsion demands significant
global infrastructure investments by both aircraft operators and airports. Thirdly, alternative aircraft designs, such as
electric or hydrogen-powered aircraft, currently face limitations in range and payload capacity, which constrain their
ability to replace existing aircraft models. Moreover, the certification process in commercial aviation typically spans
several years, delaying the entry of new technologies into service and requiring considerable upfront investments from
operators. Since SAFs as drop-in solutions are compatible with existing engines to a certain extent, they present a
notable abatement potential in the medium term despite facing significant cost barriers.

5. Economic Implications for Aviation in Current Carbon Markets

In principle, carbon markets allow for an efficient reduction of carbon emissions from an economic point of view
as explained in section 1. However, will carbon markets lead to significant emission reductions in the air transport
sector itself? Both Vesperman and Wald (2011) and Winchester (2019) argue that the aviation sector has a strong
interest in investing in carbon offset options in other sectors, as abatement options within the air transport sector are
relatively expensive. Due to the fact that MACs are lower in most other sectors, as described above, current carbon
markets are not expected to lead to emission reductions per passenger kilometer beyond the historical reduction rate
(Larsson et. al, 2019, Fageda and Teixidé 2022). However, as illustrated in Figure 2, operational measures such as
increased load factors, reduced contingency fuel, and an improved air traffic management would lead to MACs lower
than those of other sectors, making them viable options with costs below current carbon prices. Carbon offset prices
under CORSIA averaged 3.10 USD/tco.q in 2021 and are projected to range between 1.90 USD/tco.q and 32
USD/tco.eq by 2026 (ICAO, 2022b). In contrast, EU ETS allowance prices increased from 6 USD/tco, in 2013 to an
average of 96 USD/tco, in 2023 before stabilizing at around 61 USD/tco, in 2024 (World Bank Group, 2024). These
large price deviations can be explained by the fundamental design differences between both market systems.

Marginal Abatement Costs of Aviation and Other Sectors
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Fig. 2. Marginal Abatement Costs of Aviation Compared to Other Sectors - own compilation based on Bhardwaj et al. (2025), Bjornebo et al.
(2018), Braun et. al (2024), Bullerdiek et al. (2021), Capaz et al. (2021), Das et al. (2021), De Cara et al. (2001), EWI (2022), Farbes et al.
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Operational improvements, according to ICAO (2022a), have the potential to reduce aviation’s carbon emissions
by up to 11%. Additionally, fleet renewal offers a cost-efficient pathway to emissions reduction, with newer aircraft
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generations being 15-20% more efficient than their predecessors (Cirium, 2023). However, fleet renewal entails
substantial capital investment and long lead times, limiting its accessibility for many aircraft operators. The average
costs for in-sector carbon mitigation in aviation mostly remain significantly higher than current carbon prices,
particularly for alternative energy carriers like SAF, as shown in Figure 2, and hydrogen. While MACs for HEFA fuel
derived from used cooking oil and Brassica Carinata oil aligns approximately with the current EU ETS price level
(see Figure 1), investments in these options may be viable depending on local production costs. However, limited
feedstock availability for HEFA fuels keeps the overall MACs for SAF in aviation well above current carbon market
prices. PtL fuels and hydrogen, while offering substantial carbon reduction potential to meet long-term emissions
targets, continue to face prohibitively high costs in the short and medium term, which act as a significant barrier to
their widespread adoption.

MAC:s for SAF in general are expected to decrease gradually as production technologies scale up, feedstock supply
chains become more efficient, and policy support reduces cost gaps with fossil jet fuel. However, they will likely
remain relatively high compared to other sectors in the near term because SAF production is still constrained by
limited feedstock and capital-intensive infrastructure. The planned gradual phase-out of grandfathering free emission
allowances within the EU ETS for aviation and other sectors, coupled with the reduction of the total amount of
allowances distributed is expected to lead to substantial increases in carbon prices after 2030 (Enerdata, 2023). Figure
3 illustrates the projected development of carbon market prices in the EU ETS up to 2050, shown alongside the
corresponding the MACs of hydrogen and PtL fuels for aviation. All values are expressed in USD of the respective
year. As illustrated, scaling up the production of advanced technologies such as PtL fuels and hydrogen will be a
promising path to mitigate aviation’s climate impact. The German Federal Environmental Agency (2022) estimates
long-term PtL production costs in 2050 between 1,516 €/t and 2,186 €/trel. Given a carbon intensity range of 5-10
g CO,eo/MJ for PtL fuels (German Federal Environmental Agency, 2022) and applying equations 2 and 3, the MACs
in central Europe could range from 79 USD/tco.eq to 342 USD/tco.eq by 2050. Under certain conditions that lead to an
increase in the EU ETS price, PtL fuels could become a viable solution within the next 1015 years for flights under
the EU ETS, potentially competing with abatement options from other sectors. The use of green H» currently results
in relatively high MACs due to the substantial upfront investments required for infrastructure by both airports and
airlines. Other technologies, such as fuel-cell-powered aircraft, are expected to achieve lower MACs and to become
competitive in the medium and long term. However, these innovative aircraft are predominantly limited to short- and
medium-haul routes, while the majority of aviation’s carbon emissions originate from long-haul flights, necessitating
costly investments in supporting infrastructure.
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Hydrogen and PtL Fuel costs in Current Carbon Markets over time
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Fig. 3. Future Technologies in the Carbon Market: The Example of H2 and PtL Fuels — own compilation based on Braun et al. (2024), German
Federal Environmental Agency (2022), Martin et al. (2023), World Bank Group (2024) and ICAO (2022b) — Note: Projection of EU ETS
allowance prices until 2050 in three scenarios with an annual allowance price increase of 2%,5% and 10% — Estimation of jet fuel prices based on
oil prices from U.S. Energy Information Administration (2023)

As shown in Figure 3, MACs for H; in aviation are projected to also decrease significantly by 2050. Nevertheless,
only under optimistic assumptions will the use of hydrogen in aviation be competitive to emission reductions in other
sectors under the EU ETS in the long term. Beyond 2050, further reductions in MACs are expected, driven by the
assumed increasing availability of renewable energy, positioning H, as an economically viable solution in the second
half of the century. This long-term potential emphasizes the importance of scaling up renewable energy infrastructure
and advancing H; technology to enable broader adoption across the aviation industry.

Global initiatives like CORSIA, in their current design, are providing only weak incentives for stakeholders to
invest in transformative technologies such as SAF or H,. This is because of the relatively low market prices for COzeq
offsets which highlights the need for different policy frameworks and targeted investment mechanisms. Overall, with
costs of future abatement options expected to decrease substantially only after 2050, current carbon markets provide
only limited economic support for scaling up these technologies.

6. Strategies to Reduce In-Sector Emissions and Conclusions

As discussed in the previous section, current carbon markets alone will very likely not lead to a significant reduction
of aviation’s in-sector emissions. Instead, airlines are most likely to purchase allowances or offsets on the carbon
markets. However, in-sector mitigation activities are likely when they will lead to lower operating costs for the airlines.
Enhancing operational efficiency or fleet renewal will remain a key focus for aircraft operators as this represents the
most cost-effective strategy for reducing aviation’s climate relevant emissions. Initiatives like the Single European
Sky ATM Research Program, which aims to restructure the European airspace, to create additional capacity and
increase the overall efficiency of the air traffic management system (SESAR JU, 2025), could also help to reduce the
climate impact cost-effectively. While these initiatives and measures are essential components of a comprehensive
strategy to address aviation's climate impact, their limited abatement potential underscores the need for additional
mitigation options to achieve in-sector targets.
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Considering the significant decarbonization opportunities presented by SAF and H. in aviation, additional policy
frameworks could accelerate the in-sector decarbonization. Since air transport is a global sector, such measures should
be introduced on a global or at least on a supranational, for instance, European level. In this context, the European
Union introduced the ReFuelEU Aviation Regulation in 2023 (European Parliament and European Council, 2023).
This regulation obliges the fuel suppliers at EU airports to blend jet fuel with SAF starting in 2025 at a blending quota
of 2%. This quota will be increasing to 70% by 2050. Further, the European Commission and the US government
have defined minimum standards for SAF feedstocks and emissions savings, as outlined in the Renewable Energy
Directive II (European Commission, 2018) and the Inflation Reduction Act in the US (H.R.5376 - 117th Congress,
2022). This can significantly support in-sector emission reductions by using SAF. Incorporating measures addressing
the total climate impact, including both CO: and non-CO: emissions (NOx, contrails, e. g.), will further incentivize
in-sector emission reductions. In 2025, the EU has introduced a mandatory scheme to monitor, report, and verify non-
CO: emissions under the EU ETS. However, as of August 2025, aircraft operators are not required to surrender
allowances for these emissions.

Together, these measures can accelerate the reduction of climate relevant emissions in aviation as compared to
relying on current carbon markets alone. From an economic point of view, however, this could result in emissions
being abated at higher costs, leading to increased costs for airlines under these schemes. However, as only European
air transport is subject to these regulations currently, competitive disadvantages and welfare losses are a likely result
for European aviation.

In general, it is debatable whether a sector’s MACs alone should be the decisive criterion for the choice of policy
measure. If policymakers were to adopt this approach, purchasing offsets or EU allowances from cost-effective
technologies would be the best option for air transport. However, a key challenge is that carbon markets either do not
globally include the air transport sector or lack sufficiently stringent environmental targets to lead to meaningful
change.

If policymakers would not agree to solely follow the economic efficiency rationale, additional policy measures will
become necessary. These policy measures should on the one hand support the introduction of innovative technologies
such as SAF or H» in aviation. On the other hand, foreseeable competitive disadvantages for the aviation industry
subject to these enforced regulations should be actively cushioned by governmental subsidies or other supportive
measures. As current carbon markets, such as CORSIA in its present-day design, are insufficient to meet ambitious
environmental targets and given that globally coordinated policies to reach these targets are not very likely, additional
global or supranational measures, as described above, remain essential to effectively reduce in-sector emissions. This
approach could also support the social acceptance of air transport in relation to its environmental footprint, which has
faced significant challenges in the past, as, for instance, the globally noticed ‘flight shame’ movement in Sweden in
2018 demonstrated.

Overall, this study provides an overview of the status quo of abatement options and costs in aviation and how they
compare to other relevant sectors. We limited the scope to compare costs, whereas some measures provide very little
carbon abatement. Further research should be conducted to examine the concrete abatement potential of specific
measures or a sector as a whole to help policy makers decide which industries to prioritize. Another point would be
taking into account the degree of correlation between sectors, as sectors like the energy sector for example supply to
all the other sectors we discussed. While the cost of abatement measures is central to their evaluation, other
macroeconomic factors such as resource availability or impacts on land use or employment need to be considered in
order to provide a more comprehensive assessment.
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