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Abstract 

Most life-cycle assessments (LCAs) of alternative fuels evaluate electricity and hydrogen inputs using static or sce-
nario-based carbon intensity assumptions. This study quantifies the impact of electricity and hydrogen on the life-
cycle greenhouse gas (GHG) emissions of sustainable aviation fuels (SAFs). By coupling emission intensity projections 
for electricity grids and hydrogen production with Argonne National Laboratory’s R&D GREET model, and follow-
ing the life-cycle assessment (LCA) method of the International Civil Aviation Organization, we estimate life-cycle GHG 
emissions effects for two SAF pathways with comparatively high technology readiness levels: hydroprocessed esters 
and fatty acids (HEFA) from waste fats (tallow) and alcohol-to-jet (ATJ) from corn grain ethanol. Under the assumed 
trajectories for electricity grid decarbonization and hydrogen production carbon intensities, life-cycle GHG emis-
sions of tallow HEFA and corn grain ATJ are estimated to be 7.7–12.5 gCO2e/MJfuel lower in 2035 and 9.6–13.7 gCO2

e/MJfuel lower in 2050 relative to 2022 values. Additional facility-level mitigation measures, including carbon capture 
and waste heat utilization, could further reduce emissions per unit SAF. The work provides a prospective assessment 
by replacing static pathway intensities with a prospective LCA that couples SAF pathways to time-evolving electricity/
hydrogen CIs and facility-level mitigation, quantifying dynamic GHG reductions to 2050. These findings underscore 
the importance of incorporating prospective energy system changes into SAF LCAs to more accurately capture future 
mitigation potential and inform effective aviation climate strategies.
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Introduction
Alternative, low-carbon liquid drop-in fuels are expected 
to play a crucial role in achieving the emission reductions 
of several key sectors, including international maritime 

and civil aviation, among others. These sectors, usu-
ally referred as the “hard-to-abate” sectors, face mount-
ing pressure to reduce their emission footprints. To this 
extent, sustainable fuels have been identified as a sig-
nificant enabler of expected transition to a low-carbon 
future for these sectors by both public and private stake-
holders [1–4].

With regard to international aviation, the International 
Civil Aviation Organization (ICAO) has quantified the 
potential of alternative fuels through its long-term aspi-
rational goal (LTAG) feasibility study [5], which finds that 
sustainable aviation fuels (SAFs) produced from non-fos-
sil sources as the most important lever for reaching net 
zero CO2 emissions in international aviation by 2050. In 

*Correspondence:
Matteo Prussi
matteo.prussi@polito.it
1 Life Cycle Analysis Group, Energy Systems and Infrastructure Assessment 
Division, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, 
IL 60439, USA
2 Department of Energy (DENERG), Politecnico di Torino, C.so Duca degli 
Abruzzi, 10129 Turin, Italy
3 Centre for Environmental Sciences (CMK), Hasselt University, 
Diepenbeek, Belgium



Page 2 of 16Lee et al. Biotechnology for Biofuels and Bioproducts           (2026) 19:47 

addition, the report also finds that lower carbon aviation 
fuels (LCAFs) produced from petroleum sources with 
emission reduction measures such as renewable hydro-
gen usage or CO2 capture at the refinery may also con-
tribute to reduce emissions from the aviation sector.

The LTAG report [6] outlines the crucial elements 
regarding the role of SAFs and LCAFs in reducing avia-
tion-related greenhouse gas (GHG) emissions. The report 
considers SAFs, LCAFs, and non-drop-in energy carriers 
such as hydrogen and electricity for aviation applications. 
According to the study, in the mid-range aviation traf-
fic scenario, SAFs and LCAFs are expected to represent 
100% of international jet fuel demand by 2050, signifi-
cantly reducing GHG emissions. The report highlights 
that while SAFs and LCAFs are viable options for GHG 
emission reductions, the transition requires substantial 
investments, particularly in terms of infrastructure and 
production technologies. As the projected costs for SAF 
development are significantly higher than those of con-
ventional jet fuels, supporting policies have been put in 
place in several regions to reduce costs and meet long-
term sustainability goals [7]. These findings emphasize 
the importance of transitioning to SAFs and LCAFs [8] 
while acknowledging the challenges associated with costs 
and infrastructure investments.

ICAO has developed specific methodologies for cal-
culating the life-cycle GHG emissions of SAF and LCAF 
via the method of life-cycle assessment (LCA) [9]. LCA 
is a systematic methodology that enables evaluating the 
environmental impacts of the supply chains of various 
energy systems, including SAF and fossil fuels. LCAs for 
SAF and LCAF, in particular, are used to quantify reduc-
tions in GHG emissions compared to conventional jet 
fuel. Robust LCAs provide transparent assessments ena-
bling informed decisions about SAF and LCAF potential 
to advance the sustainability of aviation.

Scenario analyses evaluating the GHG savings using 
the above-mentioned LCA framework typically lack pro-
spective elements. The outlined scenarios for the aviation 
sector are usually based on time-invariant GHG savings 
associated with specific alternative fuel production path-
ways, while only varying volumes of the fuel production 
pathways. For example, the ICAO LTAG analysis [5] pre-
sents a small variation in life-cycle GHG emissions per 
unit SAF assumed over time. This variation is mainly led 
by changes in the feedstock portfolio of SAF toward feed-
stocks with lower farming or land-use change-associated 
emissions. Potential changes in life-cycle GHG emissions 
for specific SAF pathways are not accounted for in these 
analyses. The time-invariant approach, widely adopted in 
scientific literature on SAF as well, neglects the potential 
for continuous changes/improvements in the production 
processes of these fuels.

In reality, the environmental performance offered 
by specific SAF pathways and those of other alterna-
tive fuels is highly dynamic over time and can be sig-
nificantly influenced by adopting more sustainable 
technologies in the production pathways and other 
related sectors. In particular, electricity and hydrogen 
are critical in feedstock-to-fuel conversion processes: 
their life-cycle GHG emissions (often called carbon 
intensity [CI]) can significantly impact the GHG sav-
ings of the final fuel. For instance, when producing 
SAF via hydroprocessed esters and fatty acids (HEFA) 
process, the SAF CI can be reduced if renewable elec-
tricity and renewable hydrogen (produced via water 
electrolysis using renewable electricity) are used during 
key stages of the HEFA pathway. A previous sensitiv-
ity analysis carried out by the ICAO’s Fuel Task Group 
[9] highlighted that renewable hydrogen used for the 
HEFA conversion process could reduce the life-cycle 
GHG emissions of HEFA-based SAF by up to 8 gCO2e/
MJ (grams of carbon dioxide equivalent per megajoule), 
accounting for potential reduction of approximately 
10% of the GHG emissions associated with the refer-
ence fossil jet fuel of 89 gCO2e/MJ.

As the economic value of each unit of GHGs saved 
increases in both policy and market-driven contexts [10, 
11] improving the GHG performance of feedstock-to-fuel 
conversion processes is expected to incentivize industries 
to adopt renewable hydrogen, renewable electricity, and 
other mitigation measures. This shift is critical for avia-
tion and many other industries seeking to minimize their 
carbon footprints.

Notably, the electricity and hydrogen sectors are also 
progressing toward lowering emissions by global initia-
tives and robust government policies. The carbon inten-
sities of electricity and hydrogen are expected to decline 
over time by the adoption of lower-carbon technologies, 
such as renewable electricity and renewable hydrogen. 
Considering that SAF production requires significant 
electricity and hydrogen inputs, ongoing efforts in these 
sectors will play a critical role in reducing the CIs of SAF 
over time.

In addition to broader efforts at the societal level, facil-
ity-level mitigation strategies play a crucial role in reduc-
ing the CI of SAF production. Various measures can be 
implemented to lower life-cycle GHG emissions, includ-
ing the use of renewable hydrogen, renewable electric-
ity, and waste heat recovery. Furthermore, when process 
emissions are captured and sequestered, carbon capture 
and storage (CCS) can significantly reduce net GHG 
emissions. These strategies not only enhance process 
efficiency but also reduce reliance on fossil-based energy 
sources, ultimately improving the overall environmental 
performance of SAF.



Page 3 of 16Lee et al. Biotechnology for Biofuels and Bioproducts           (2026) 19:47 	

Existing literature does not capture this dynamic 
dimensions in LCA, especially when focusing on SAF. 
While prospective LCA is widely used to assess future 
changes in key sectors (e.g., cement [12], steel mak-
ing [13], innovative materials [14, 15], food production 
[16], etc.), it is less diffused in transport analysis.

A recent study of Brancaleoni et al. [17] presented a 
prospective LCA of emissions and total cost of owner-
ship (TCO) for innovative transportation solutions in 
next-generation Italian urban mobility.

For the road sector, besides the battery aspect (e.g., 
[18, 19]), it worth mentioning the work of Cabrera-
Jiménez et al about the results of a prospective LCA of 
sustainable alternatives for road freight transport.

For maritime sector, Ha et al [20] presents the appli-
cation of prospective LCA for sustainable renewable 
marine fuels in international shipping, specifically for 
hydrogen-based e-fuels. In particular, the e-fuels sec-
tor requires prospective elements, as the use of current 
average grid electricity for hydrogen production does 
not result in significant GHG savings [21, 22].

On air transport, besides the work focusing on mate-
rials and propulsion technologies (i.e., [23]), specifically 
in fuels we can report only a study of Lai et  al, dated 
2022, that investigated the potential SAF pathways 
in Sweden. However, the analysis is limited to the few 
addressed technologies and the specific country.

This little emphasis on prospective elements for LCA 
in transport serves as background for this paper. While 
numerous LCA studies on SAF and LCAF explore alter-
native hydrogen production routes [24, 25], electricity 
sources, process configurations, and mitigation options, 
such as CCS, most of these assessments are conducted 
as static analyses. They typically compare pathways or 
sensitivities under fixed assumptions for electricity and 
hydrogen carbon intensities, rather than explicitly cou-
pling SAF pathways to time-evolving decarbonization 
trajectories of the electricity and hydrogen sectors. As 
a result, they only partially reflect the expected decar-
bonization of electricity and hydrogen supply chains, 
nor do they systematically incorporate facility-level 
mitigation, such as renewable H2 , renewable electricity, 
CCS, or waste-heat recovery. This limits the ability to 
estimate time-dependent GHG performance of specific 
SAF pathways.

This paper presents the expected potential GHG 
reductions in aviation achievable by means of differ-
ent SAFs production pathways, incorporating electric-
ity and hydrogen with progressively lower CIs over time. 
The work is intended to highlight the significant impacts 
of shifting from fossil-based inputs (e.g., natural gas for 
hydrogen production) toward lower carbon alternatives 
on the life-cycle GHG emissions of these fuels.

This prospective LCA also aims at capturing the 
expected emission changes from adopting low-carbon 
technologies in the electricity, CCS and hydrogen sec-
tors related to SAF production, so to complement exist-
ing body of knowledge and support the creation of more 
accurate scenarios for international civil aviation. The 
contribution of this work lies in integrating electric-
ity and hydrogen production CI trajectories within SAF 
LCA modeling and translating the resulting emission var-
iation into CORSIA values. This approach enables a pro-
spective assessment of SAF CI under evolving upstream 
energy generation systems and supports improvements 
in scenario design for climate policies for international 
aviation.

Trend in electricity and hydrogen GHG emissions
The CI of the electric grid is a crucial aspect to consider 
when modelling SAF conversion pathways consider-
ing its contribution to the SAF CIs. For example, in the 
HEFA production technology, the electricity consump-
tion accounts for approximately 7% of the total process 
energy inputs [26]. In addition, the CI of the grid varies 
significantly both geographically and temporally, across 
world regions.

International Energy Agency (IEA) presented the com-
mon expected GHG reduction trends for various regions, 
based on their economy development status [11]. For 
2030, the average CI scenario results in developing econ-
omies are higher than the current results for developed 
economies, primarily due to the large share of coal used 
in fast-growing economies. This kind of divergent trends 
is clearly a challenge, when prospective elements are 
added to LCA.

Considering the specific case of Europe (EU27), a sig-
nificant increase in renewable energy production (pri-
marily wind and solar) can be observed for the last 
decades. Even if this positive trend is expected to be 
confirmed, the IEA reports that the use of fossil fuels 
increased in 2022 [11]. This caused an increase in the CI 
of EU power generation (9% more GHG emissions per 
kWh in 2022 than in 2021), although it is still 24% lower 
than the previous decade. European Union commits to 
reducing net GHG emissions by 55% by 2030 (compared 
with those of 1990) and reaching carbon neutrality by 
2050. According to the Fit-for-55 package and the overall 
EU Green Deal targets [27, 28], the CI of the EU electric 
grid is reported to be 265 gCO2e/kWh in 2020, 110–118 
gCO2e/kWh in 2030, 22–30 gCO2e/kWh in 2040, and 0 
gCO2e/kWh in 2050. Note that the 2040 values have been 
interpolated considering the 2020, 2030, and 2050 points.

The United States aims to reduce emissions from the 
electric grid [29, 30]. Looking back at the historical evo-
lution of the U.S. electric grid, it has significantly shifted 
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over time transitioning from being predominantly coal-
driven in the 1990  s (>50%) to less-carbon intensive 
sources, such as natural gas (43%), nuclear (18%), wind 
(10%), and solar (4%) in 2023 [31]. The U.S. Department 
of Energy (DOE) expects that the large-scale deployment 
of new power generation, transmission, distribution, 
and storage technologies will not only advance emission 
reduction goals but also have impacts on communities, 
jobs, supply chains, and ecosystems [30]. Such efforts are 
being undertaken across various levels, including state, 
local, and even individual facility levels.

Many countries are committed to achieve net-zero 
economy, and electricity is a major piece. Countries 
with net-zero electric grid goals include but not limited 
to Canada by 2050 [32], China by 2060 [33]. Some coun-
tries, such as India (50% by 2030) and Australia (50% by 
2030), set to include high share of non-fossil-based elec-
tricity generation.

Hydrogen is today widely used in various sectors, 
including the energy sector, which is a crucial molecule 
for future economy. Depending on the role of hydrogen 
in the specific process, its energetic contribution may 
be relevant, as well as its impact on the carbon footprint 
of the final product. Being an energy carrier, the carbon 
footprint of hydrogen is defined by its production route, 
and hydrogen CIs vary depending on feedstocks for its 
production. Currently, more than 80% of global hydrogen 
is produced with fossil sources, such as natural gas and 
coal [34, 35]. According to IEA, the production based 
on unabated fossil fuels can result in GHG emissions of 
27  kg CO2e/kg H2 , with a global average hydrogen CI 
of about 12–13  kg CO2e/kg H2 in 2021 [36]. Argonne 
National Laboratory’s R&D GREET model reports the 
hydrogen CI values ranging from negative value of 
−21 kg CO2e/kg H2 for biomass gasification with CCS to 
25 kg CO2e/kg H2 for electrolysis using current U.S. grid 
electricity [37].

A shift in the production pathway and source can sig-
nificantly reduce the emissions associated with hydrogen 
production. The electrolysis-based production pathway 
is widely recognized as a key technology in most future 
hydrogen development scenarios [36]. In these pathways, 
the CI of hydrogen is largely determined by the emissions 
from electricity generation and its consumption in the 
electrolysis process.

From an LCA point of view, diversion of renewable 
electricity from existing uses toward hydrogen and elec-
tro-fuel production would require specific provisions to 
ensure renewable hydrogen production does not divert 
renewable electricity that is already used by other sectors. 
This is, for example, the case of the European Delegated 
Act (DA) 2023/1184, which sets the rules for the produc-
tion of renewable liquid and gaseous transport fuels of 

non-biological origin [38]. The DA introduces the prin-
ciple of “additionality” for hydrogen: electrolyzers that 
produce hydrogen must be connected to new renewable 
electricity production [38]. This principle ensures that 
renewable hydrogen generation incentivizes an increase 
in the volume of renewable energy available to the grid 
while avoiding pressure on the power generation system.

Besides the electrolyzer-based technologies, many 
researchers are investigating the potential of alterna-
tive sources [37], such as biomass [39] and by-product 
hydrogen [40]. In addition, some studies present benefits 
of producing hydrogen with CO2 capture and storage, 
which can result in negative GHG emissions [36, 37].

Many countries are committed to increasing the pro-
duction capacity of renewable hydrogen, which can help 
reduce emissions from the hydrogen sector. For example, 
the U.S. DOE announced the clean hydrogen strategy and 
roadmap, which outlines a strategy for scaling up clean 
hydrogen production, reducing costs, and integrating 
hydrogen into the energy system [41]. The EU targets to 
reach annual renewable hydrogen production of 10 mil-
lion tons by 2030 [38]. Through mitigation activities, the 
IEA Net Zero by 2050 Scenario reports the CI to be 6 
7 kg CO2e/kg H2 by 2030 and below 1 kg CO2e/kg H2 by 
2050, which is much lower than the current hydrogen CI 
of 12–13 kg CO2e/kg H2 [36].

Emission reduction goals, while ambitious and nec-
essary, may not always be fully achieved due to techni-
cal, economic, and political challenges [42]. Significant 
gaps often arise between stated goals and real-world 
conditions, such as slower-than-anticipated technology 
deployment, resistance from vested interests, or insuf-
ficient infrastructure investments [43]. However, even 
if full sustainability goals are not realized within the 
planned timelines, advancements in renewable energy 
technologies and increased investment in clean energy 
infrastructure can still lead to substantial emissions 
reductions in the electricity and hydrogen sectors. The 
projected trends in electricity and hydrogen carbon 
intensities used in this study are quantified and illus-
trated in Sect. 3.3.

Materials and methods
Pathway selection and system boundary
ASTM International approval is required for SAF use 
in civil aviation for blending with conventional jet fuel, 
which aims to ensure safety, performance, and environ-
mental standards. The approval is based on fuel produc-
tion technologies (or conversion technologies). Currently, 
there are 11 ASTM-approved conversion technologies, 
with more under review [44]. Depending on the conver-
sion technologies, types of applicable or preferred feed-
stocks are determined. In addition, maximum blending 
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ratios are set for each conversion technology to ensure 
compatibility of the blended mix with the existing fuel 
infrastructure and jet engines.

The types of feedstocks for SAF production are mainly 
biomass and waste streams, which consist of crops, resi-
dues, and waste feedstocks. Crop-based feedstocks, 
such as corn and soybean, are widely used as they offer 
several benefits: these crops are widely cultivated and 
provide high yields, which makes them a reliable and 
scalable source. In addition, existing agricultural and 
biofuel infrastructure could be leveraged (e.g., ethanol 
production using corn grain and soybean oil production 
through oil extraction), which can help reduce the need 
for new investment.

On the other hand, residues or waste feedstocks, such 
as agricultural residues, forestry residues, animal fat (tal-
low), and used cooking oil, can offer different types of 
benefits: using these feedstocks usually results in lower 
life-cycle GHG emissions by avoiding emissions asso-
ciated with feedstock production other than relatively 
minor impacts during feedstock collection. In addition, 
these waste feedstocks are often low-cost compared to 
other types of biomass feedstocks. These feedstocks, 
however, are geographically dispersed resources, which 
restrict scaling up for SAF production, since the feed-
stock availability is inherently constrained by the produc-
tion of the main products.

Among the ASTM approved SAF production path-
ways, the HEFA process is the most mature technology 
(technology readiness level [TRL] of 8–9) [45]. Multiple 
SAF projections estimate that HEFA is going to be domi-
nant by 2030. SkyNRG projected that SAF produced via 
HEFA will be around 87% in 2030 [46]; and US DOE’s 
estimated SAF production in 2030 to be 66% from HEFA 
[45]. We, therefore, chose HEFA as our first conver-
sion technology of interest in this study. With regard to 
alternative technologies, the alcohol-to-jet via ethanol 
(ATJ-ethanol) with TRL of 8 [45] is most advanced in the 
short-to-medium term, considering the existing ethanol 
production capacity and infrastructure. We, therefore, 
chose ATJ-ethanol as the second conversion pathway of 
interest.

With regard to feedstocks, we chose corn grain for the 
ATJ pathway and tallow for the HEFA pathway. Corn 
grain is the most abundant biomass feedstock for biofuel 
production both in the United States and globally [47]. 
Ethanol from corn grain fermentation can be upgraded 
to SAF through dehydration, oligomerization, and hydro-
genation. Tallow is widely used animal fat, a byproduct of 
beef production, representing a feedstock that does not 
involve upstream emission burdens.

The system boundary covers GHG emissions along the 
supply chains of the SAF production pathways, including 

feedstock production, feedstock transportation, conver-
sion to fuels, fuel transportation, and fuel combustion. 
Figure  1 presents the major life-cycle stages of the two 
selected SAF pathways with key inputs and outputs. For 
the corn ATJ–ethanol pathway, corn production requires 
fertilizer and energy inputs; corn is then used for ethanol 
production with inputs, such as chemicals, enzyme, and 
energy. The ethanol upgrading process mainly uses natu-
ral gas, hydrogen, and electricity. Then, produced SAF is 
transported and used.

For the tallow HEFA pathway, the process begins with 
rendering animal fat to produce tallow using primarily 
natural gas and electricity as inputs. Since animal fat is 
considered a byproduct of meat production, it does not 
involve any upstream emissions such as feed for animal 
production and energy use for meat processing; these 
are all allocated to the main product, meat. Then, tallow 
goes through the HEFA process to produce SAF, which 
requires natural gas, hydrogen, and electricity. Once SAF 
is produced, it is transported and, finally burned in an 
aircraft engine.

All emissions from the life-cycle stages and upstream 
emissions of all the inputs are accounted for. However, 
this study does not take into account the induced land 
use change (ILUC) impacts as the focus of the analy-
sis is on measurable changes in SAF CIs. ILUC refers to 
GHG emissions resulting from shifts in land use to meet 
the feedstock demand for SAF production. Unlike those 
emissions covered in Fig. 1 (attributional LCA), estimat-
ing ILUC (consequential LCA) requires separate eco-
nomic modeling to simulate potential market responses 
to SAF production [4, 9]. The market responses influence 
changes in land use in different regions, which can then 
be used to quantify resulted emissions based on the dif-
ferences in carbon stock by different land types.

This study applies a consistent fuel-cycle system 
boundary across all pathways and the petroleum jet ref-
erence. Accordingly, we include upstream energy supply-
chain emissions but exclude infrastructure (embodied) 
emissions associated with construction and manufactur-
ing of capital equipment (e.g., refineries, power plants, 
solar PV, wind turbines, and electrolyzers).

Life‑cycle GHG emission modelling
To evaluate the life-cycle GHG emissions of SAF produc-
tion pathways, we used Argonne National Laboratory’s 
research and development version (R&D) of Greenhouse 
gases, Regulated Emissions, and Energy use in Technolo-
gies (R&D GREET� 2023 Rev1) model [48]. The R&D 
GREET model is a comprehensive LCA tool used to eval-
uate the environmental impacts of various energy sys-
tems, including SAF, which was also used to determine 
the CI values of the SAF pathways for ICAO’s Carbon 
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Offsetting and Reduction Scheme for International Avia-
tion (CORSIA) program. The model includes detailed 
datasets for the SAF production life-cycle stages and the 
life cycle of the input energy and materials, which ena-
bles through assessment of GHG emissions across the 
entire value chain. The default R&D GREET parameters 
and options have been used to generate the LCA results, 
which represent typical U.S. conditions, with one except 
for co-product handling. When multiple co-products 
exist, emission burdens are allocated based on the energy 
content (i.e., energy allocation) at a process level. We do 
this to maintain consistency with the CORSIA method 
for life-cycle GHG emission calculations of SAF [9, 49].

Using R&D GREET, this work first quantifies the 
regional variations in SAF CIs led by changes in the elec-
tricity grid in the various countries considered. SAF pro-
duction in the U.S. based on 2022 conditions serves as the 
baseline for this study. In addition, electricity generation 
in 16 different world regions and countries are modeled 
using GREET+ [50], a global version of GREET, which 
includes regional data for major energy products devel-
oped in collaboration with IEA. Besides the U.S., these 
comprise Canada, Mexico, Brazil, Central/South Amer-
ica A (including Colombia and Chile) and B (including 
Peru, Bolivia, and Argentina), EU, China, India, Japan, 
Korea, Southeast Asia/Oceania, Middle East and North 
Africa (MENA), Central/South Africa, United Kingdom, 
and Norway. Table  S1 in Supporting Material provides 

the electricity CI values in the 16 different regions and 
countries, which present significant regional variations.

These countries and regions capture the vast majority 
of the projected SAF production by 2030 according to the 
ICAO SAF fuel production announcements [7]. The elec-
tricity grid mixes for these countries in 2022 are imple-
mented in the R&D GREET model, and the impacts of 
regional electricity CIs contributing to the SAF CIs are 
then evaluated.

Modelling of electricity and hydrogen‑related emissions 
over time
We quantify the expected SAF CI changes over time 
through changes in the electricity and hydrogen sec-
tors. Due to the mitigation activities, the CIs of electric-
ity and hydrogen are expected to decrease over time. 
The projected U.S. electricity CI values are based on the 
Annual Energy Outlook 2023 by the Energy Informa-
tion Administration (EIA) [51]. The U.S. electricity grid 
mix CI of 122 gCO2e/MJ in 2022 is expected to decrease 
to 63 gCO2e/MJ in 2030 (48% reduction), which is fur-
ther reduced to 47 gCO2e/MJ in 2050 (61% reduction) as 
presented in Fig. 2. The changes are driven by increased 
renewable electricity, such as solar and wind, with reduc-
tions in power plants relying on fossil fuels. The shaded 
area in Fig. 2 presents the regional variations in electric-
ity CIs.

Fig. 1  System boundary of the two selected SAF production pathways: 1 corn grain-derived ethanol followed by ethanol upgrading (ATJ–ethanol) 
and 2 tallow-derived SAF via HEFA conversion
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This EIA projection for the U.S. is different from the 
electricity emission goal by the U.S. government [29, 30]. 
If the electricity sector follows this ambitious goal, elec-
tricity CI will become zero in 2035, which is much lower 
than EIA’s projection of 55.9 gCO2e/MJ. To capture these 
two different views, we use two separate scenarios, one 
following the EIA projection and a second one following 
the emission reduction goal. Beyond the projected data 
points within each scenario, we linearly interpolate and 
extrapolate electricity CI over time assuming a constant 
absolute annual change in CI between the nearest anchor 
years.

Current hydrogen production is dominated by natu-
ral gas steam methane reforming (SMR) with a CI of 
78 gCO2e/MJ [49]. Although the U.S. has released the 
clean hydrogen roadmap out to the year 2050 to explain 
the plans for scaling up, cost reduction, and its appli-
cations, the roadmap does not specify the projected 
share of hydrogen production technologies over time. 
To address this gap, an illustrative scenario (i.e., not a 
prediction) to represent a plausible transition in hydro-
gen supply given the lack of a single, widely accepted 
U.S.-specific projection suitable for direct implementa-
tion in this analysis. We assumed that natural gas auto 
thermal reforming (ATR) [52] with CCS is going to be 

prevalent for the near term (2030–2035), because it 
can offer cost advantages, particularly when combined 
with CCS. ATR integrates both partial oxidation and 
steam reforming, which allows high thermal efficiency 
while producing a more concentrated CO2 stream. 
Then, we assumed that renewable hydrogen (e.g., 
solar electricity-powered proton exchange membrane 
[PEM] electrolyzers) will take over for 2035–2050 due 
to advancements in renewable energy technologies, 
cost reduction, and expected market-driven demand, 
consistent with long-term decarbonization roadmaps. 
Consequently, the CIs of hydrogen in 2035 and 2050 
are set to be 28 and 0 gCO2e/MJ [49], respectively, rep-
resenting the CIs of hydrogen from ATR with CCS and 
renewable hydrogen. The values for the intervening 
years were determined through interpolation.

Note that hydrogen itself has indirect global warming 
effect by enhancing methane warming effects in the air. 
Sand et al. [53] concluded that hydrogen indirect global 
warming potential (GWP) could be 11.6±2.8 with the 
100-year time horizon. However, due to limited data on 
hydrogen leakage across the supply chain and uncer-
tainty in key atmospheric chemistry parameters (e.g., soil 
uptake), this study excludes hydrogen’s GWP from its 
analysis.

Fig. 2  Projected CIs of electricity and hydrogen from 2022 to 2050 in the U.S used for the prospective LCA. The blue-shaded area represents 
the variation in the regional electricity mix based on EIA’s Annual Energy Outlook 2023 [51]. The blue dashed line represents an emission reduction 
scenario [29, 30]
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Modelling of additional mitigation measures
We also evaluated the impacts of mitigation measures 
for SAF production at a facility level, which includes the 
use of renewable energy (renewable hydrogen, renewable 
electricity, and waste heat) and CCS.

Renewable electricity sources such as wind and solar 
are modeled with zero CI in this study within the fuel-
cycle system boundary, which excludes infrastructure/
embodied emissions (e.g., material production and man-
ufacturing of solar PV and wind turbines). This is con-
sistent with the boundary applied across all pathways 
(see Discussion).. Grid electricity that includes various 
fossil sources such as coal and natural gas incurs signifi-
cant GHG emissions (122 gCO2e/MJ electricity) [48] due 
to feedstock production, transportation, and combus-
tion, even though electricity use itself does not directly 
produce emissions. In contrast, solar photovoltaic (PV) 
and wind turbines generate electricity without produc-
ing GHG emissions (0 gCO2e/MJ electricity) [48], which 
makes the switch to renewable electricity reduce the CI 
of SAF production.

Similarly, renewable hydrogen produced via onsite 
water electrolysis using renewable electricity is mod-
eled with zero CI within the consistent fuel-cycle sys-
tem boundary. This assumption excludes infrastructure/
embodied emissions associated with renewable electric-
ity and electrolyzer manufacturing as well as hydrogen 
logistics, which can contribute non-zero emissions [48, 
54–56]. Thus, replacing fossil natural gas-derived hydro-
gen (78 gCO2e/MJ) with renewable hydrogen can elimi-
nate the GHG emissions associated with the hydrogen 
input in the SAF production pathway.

Multiple mitigation measures such as waste heat, 
renewable natural gas, or electrification could be imple-
mented to meet heat demand with lower emissions. 
In this analysis, we evaluated the impact of using waste 
heat with net-zero GHG emissions (0 gCO2e/MJ), which 
displaces fossil natural gas (68 gCO2e/MJ). In GREET, 
this case is implemented by setting the process-heat CI 
to zero for the substituted heat input, without changing 
product yields. Waste heat offers a valuable opportunity 
to reduce life-cycle GHG emissions and economic viabil-
ity through integration. For example, ethanol production 
primarily requires low-to-medium-temperature pro-
cess heat, typically supplied as steam for distillation and 
evaporation, which can be compatible with waste-heat 
integration, where suitable sources are available. On the 
other hand, electrification will be dependent on the CI 
of the input electricity. The CIs of renewable natural gas 
may become negative values if so-called “avoided emis-
sions credits” are taken into account [57], although which 
may or may not be considered depending on the selected 
LCA system boundaries.

For the corn grain ATJ–ethanol pathway, high-purity 
CO2 captured from ethanol production could be stored 
underground (CCS), which provides substantial emis-
sion reduction benefits. We assume that 0.75 kgCO2/
liter ethanol can be captured with an electricity need of 
200 kWh/t CO2 [58]. This yields a net emission benefit of 
32 gCO2e/MJ ethanol,assuming CCS electricity is sup-
plied by the baseline grid mix, of which 63% is attributed 
to ethanol used for SAF production (i.e., energy alloca-
tion), and 37% to distillers grains and solubles (DGS) as 
co-product of the pathway, based on the relative energy 
content of DGS and ethanol. The allocation of the CCS 
benefits to both ethanol and DGS is consistent with the 
approach taken for the allocation of emission burdens in 
the CORSIA LCA method, that are allocated among co-
products according to the relative energy content [9].

It should be noted that although EU additionality 
requirements link electrolysers to newly built renewable 
generation, the modeling framework applied in this study 
uses projected grid-average electricity carbon intensities 
to estimate hydrogen CI over time. Therefore, the hydro-
gen CI trajectories presented here reflect system-wide 
electricity decarbonization rather than a strictly addi-
tionality-compliant supply configuration. This assump-
tion captures average power sector evolution but does 
not explicitly model dedicated renewable capacity cou-
pled to electrolysis.

We additionally note that alternative co-product allo-
cation approaches (e.g., mass or market allocation) would 
result in different distributions of emissions between 
co-products and could, therefore, alter the calculated CI 
values.

Results
Figure 3 illustrates the CI variations for tallow HEFA and 
corn ATJ–ethanol production as a function of the elec-
tric grid CI in different countries. The baseline selected 
for comparison is the U.S. electricity grid mix, which 
results in CI values of 22.5 and 52.9 gCO2e/MJ for tallow 
HEFA and corn ATJ–ethanol, respectively. The baseline 
corn grain ATJ–ethanol CI consists of farming, ethanol 
production, and ethanol upgrading process emissions of 
17.3, 16.4, and 16.9 gCO2e/MJ, respectively. The baseline 
CI of 22.5 gCO2e/MJ has 11.7 and 10.1 gCO2e/MJ for the 
rendering and HEFA process, respectively.

Due to differences in grid mixes, the life-cycle GHG 
emissions for the tallow HEFA pathway range from 17.3 
gCO2e/MJ in Norway to 28.7 gCO2e/MJ in India. Simi-
larly, for the corn ATJ–ethanol pathway, life-cycle GHG 
emissions vary between 43.8 gCO2e/MJ in Norway and 
63.6 gCO2e/MJ in India. For tallow HEFA, the poten-
tial CI variation relative to the baseline ranges from 
−5.2 gCO2e/MJ (Norway) to +6.2 gCO2e/MJ (India), 
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representing a GHG change of −23% to +28% compared 
to the U.S. baseline. For corn ATJ–ethanol, the CI vari-
ation ranges from −9.0 gCO2e/MJ (Norway) to +10.7 
gCO2e/MJ (India). These extremes reflect the differences 
in electricity grid composition. Norway, with its hydro-
electricity accounting for approximately 88% of its grid 
mix, has the lowest electricity CI (6.3 gCO2e/kWh) [59]. 
In contrast, India’s grid relies heavily on high-carbon 
sources, such as coal and natural gas, which constitute 
75% of its mix resulting in a grid electricity CI of 1000 
gCO2e/kWh [60].

Due to expected efforts in the electricity and hydrogen 
sectors, the CIs of the SAF pathways decrease over time 
(Fig. 4). The CIs for corn ATJ–ethanol and tallow HEFA 
are 52.9 and 22.5 gCO2e/MJ, respectively, in 2022. Led by 
emission reductions in electricity and hydrogen supply 
chains, the SAF CIs become 46.6 and 16.9 gCO2e/MJ in 
2030, reducing the 2022 CI values by 6.3 and 5.6 gCO2

e/MJ. In 2050, the expected SAF CI values are 43.3 and 
11.5 gCO2e/MJ. The corn ATJ–ethanol and tallow HEFA 
pathways have 9.6 and 11.0 gCO2e/MJ lower emissions in 
2050 than their 2022 CIs −18% and −49%, respectively. If 
the emission reduction scenario of the electricity sector 
is materialized, there will be additional emission reduc-
tion as presented long dashed lines in Fig. 4. In 2035, the 

SAF CI values become 40.4 and 12.2 gCO2e/MJ for corn 
ATJ–ethanol and tallow HEFA, respectively, which are 
24% (12.5 gCO2e/MJ) and 46% (10.3 gCO2e/MJ) lower 
than the CIs in 2022.

The prospective results shown in Fig.  4 are based on 
U.S. baseline conditions; however, the direction of change 
under alternative regional grid trajectories can be antici-
pated. In particular, a lower-carbon electricity pathway 
consistent with EU Green Deal targets would be expected 
to reduce the electricity-related portion of SAF CI rela-
tive to the U.S. trajectory, leading to lower overall SAF CI 
outcomes. However, a fully consistent comparison would 
require a dedicated regionalized supply-chain parameter-
ization, which is beyond the scope of this study.

It should be noted that the trajectories displayed in 
Fig. 4 are based on U.S.-related projections for electricity 
and hydrogen carbon intensity. In contrast, Fig. 3 shows 
the variation in CI across global locations under cur-
rent conditions. Therefore, other regions may experience 
different CI trajectories depending on the pace of grid 
decarbonization and hydrogen production pathways. In 
particular, a lower-carbon electricity pathway consistent 
with EU Green Deal targets would be expected to reduce 
the electricity-related portion of SAF CI relative to the 
U.S. trajectory, leading to lower overall SAF CI outcomes. 

Fig. 3  Life-cycle GHG emissions variation ( gCO2e/MJ) of the tallow HEFA and corn ATJ pathway production in various countries compared 
to that of the baseline case (U.S. production, tallow HEFA: 22.5 gCO2e/MJ, corn ATJ: 52.9 gCO2e/MJ) led by different electric grid CIs. Markers indicate 
the minimum and maximum life-cycle GHG emissions across the 16 regional electricity-grid cases
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However, a fully consistent comparison would require a 
dedicated regionalized supply-chain parameterization, 
which is beyond the scope of this study.

If mitigation measures are proactively applied to the 
life-cycle stages of the SAF production pathways, addi-
tional emission reduction benefits are achieved. Fig-
ure 5 presents potential CI reductions through various 
mitigation measures at the fuel production stage. The 
baseline corn grain ATJ–ethanol pathway has a CI of 
52.9 gCO2e/MJ, which consists of the farming, ethanol 
production, and ethanol upgrading process contribu-
tions of 17.3, 16.4, and 16.9 gCO2e/MJ, respectively. 
Switching the current energy inputs to renewable 
hydrogen, renewable electricity, and waste heat dur-
ing the ethanol upgrading process could reduce 3.1, 
6.1, and 6.9 gCO2e/MJ, respectively. Furthermore, the 
corn grain fermentation process could also be addition-
ally reduced using renewable electricity and waste heat, 
which provides additional emission reduction of 2.2 
and 13.0 gCO2e/MJ, respectively. If fermentation CO2 

is captured and sequestered, an emission credit of 20.1 
gCO2e/MJ can be applied. Considering all these strat-
egies, the CI value becomes near zero, 1.5 gCO2e/MJ. 
This aspect is crucial for emission reductions, where 
offsetting may be limited.

Similarly, the tallow HEFA pathway can achieve sub-
stantial emission reduction by reducing emissions from 
the supply chains of the inputs to the HEFA and ren-
dering processes. The baseline CI of 22.5 gCO2e/MJ has 
52% and 45% emission contributions for the render-
ing and HEFA process, respectively. Using renewable 
hydrogen, renewable electricity, and waste heat during 
the HEFA process, the CI of tallow HEFA is reduced 
by 7.8, 1.1, and 1.2 gCO2e/MJ, respectively. Switching 
the US electricity mix to renewable and fossil natural 
gas to waste heat for the rendering process would bring 
additional 4.0 and 7.7 gCO2e/MJ emission reductions, 
respectively. When the impact from all mitigation 
measures is considered, the tallow HEFA CI becomes 
0.8 gCO2e/MJ.

Fig. 4  Projected life-cycle GHG emissions ( gCO2e/MJ) of two SAF production pathways (corn ATJ–ethanol and tallow HEFA) by 2050 compared 
with the CI of fossil jet fuel. Results are based on the baseline pathway configuration, with changes over time driven only by projected electricity 
and hydrogen CIs. The shaded region indicates the range of projected U.S. grid electricity CI across regions and propagated through the SAF CI 
results, and the dashed line represents the alternative scenarios. Results shown are for the core life cycle, without induced land use change (ILUC) 
impacts
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Discussion
The findings of this study highlight that the CI of SAF 
pathways can be further affected by considering the pro-
spective elements, which can further reduce emissions 
from those considered in typical LCAs conducted based 
on time-invariant conditions. For example, ICAO’s LTAG 
outlines three aviation fuel composition scenarios (F1, 
F2, and F3) under different assumptions and their cor-
responding GHG emissions reductions [5]. In the mid-
range scenario (F2), which assumes a complete transition 
to alternative fuels by 2050, the CI of bio-based SAF path-
ways is expected to decrease from the SAF baseline of 
32.2 gCO2e/MJ in 2020 to 26.6 gCO2e/MJ in 2050, repre-
senting an 18% reduction. Under this scenario, the overall 
CI value of the fuel mix of the international aviation sec-
tor would decline by 56% by 2050 compared to the petro-
leum jet fuel baseline of 89 gCO2e/MJ. The reason that 
the CI of SAF pathways decrease over time is because of 
the changes in the portfolio (i.e., the shares of the combi-
nations of feedstocks and conversion technologies) used 
for SAF production. The LTAG analysis assumed a fixed 
CI value for each SAF production pathway.

In this study, however, we present that emission reduc-
tions could be significantly greater, reaching 26% and 58% 
for the corn ATJ and tallow HEFA, respectively, by 2050 
led by the electricity and hydrogen inputs with lower 
emissions even without additional mitigation measures, 
such as waste heat utilization or CCS. If the SAF mix 
used for the LTAG analysis were to achieve the average 

reduction estimated in this study (42%), the CI of SAF 
mix could be reduced to 18.7 gCO2e/MJ from the 2020 
baseline of 32.2 gCO2e/MJ in the LTAG scenario while 
maintaining the same fuel mix of 2020 as in LTAG. This 
represents a 60% reduction in the overall LCA fuel mix CI 
value in 2050 relative to the conventional jet fuel bench-
mark of 89 gCO2e/MJ. Furthermore, if both impacts, the 
changes in the SAF portfolio (LTAG assumption) and 
energy inputs with lower emissions are considered (this 
analysis), estimated CI in 2050 becomes 15.4 gCO2e/MJ 
resulting in overall emission reduction of 63% compared 
to the 89 gCO2e/MJ baseline. This is an additional 11.2 
gCO2e/MJ reduction compared to the SAF CI without 
considering the energy inputs with lower emissions. This 
indicates the importance of the prospective elements in 
LCAs especially in the filed of substantial changes over 
time.

This analysis does not model technological improve-
ments in yields, reduced energy/material inputs, and 
improved heat integration. Such process efficiency 
improvements could provide additional CI reductions 
beyond those driven by electricity and hydrogen.

Finally, it is important to note the varying levels of 
uncertainty associated with the parameters employed 
in this work. The CI values for the baseline are derived 
from historical data and are, therefore, characterized 
by relatively low uncertainty. In contrast, the pro-
jected 2030 electricity CI values are based on policy 
targets and modeled decarbonization pathways and 

Fig. 5  Potential life-cycle GHG emission reductions of corn grain ATJ–ethanol and tallow HEFA through mitigation measures at the fuel production 
stages, which are presented in gCO2e/MJ. The baseline bars present the current CI values with the major emission contributors. The orange bars 
show potential emission reduction through each activity. The blue bars present the CIs with all aggregated emission reduction impacts
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they remain subject to policy implementation risks and 
can be characterized by medium uncertainty. The 2050 
hydrogen CI assumptions are associated with relatively 
high uncertainty, as large-scale green hydrogen deploy-
ment and supporting infrastructure are still in early 
development stages, and their future deployment will 
likely depends on various factors, such as technological 
progress, cost reductions, and policy support.

It has to be noted that although ILUC is excluded 
from this analysis, it is important context for crop-
based pathways. ILUC estimates for corn-based fuels 
are highly model-dependent; for corn ATJ, CORSIA 
default ILUC values range 17–30 gCO2e/MJ depending 
on region/evaluation context [61]. In this study, ILUC 
would shift the absolute CI level rather than affect the 
trend driven by evolving electricity and hydrogen CIs.

Although we included the missing time-dependent 
parameters, note that this work does not account for 
the impact of technological advancements over time, 
such as enhanced fuel yields and reductions in energy/
material inputs. In addition, there could be potentially 
other emission reduction technologies associated with 
the farming stage, which are excluded in this study to 
maintain consistency with the current scope and focus 
of the analysis. Reductions in fertilizer inputs or farm-
ing energy use could significantly reduce the GHG 
emission contribution to SAF CIs. Additional inno-
vative farming practices or potential inclusion of the 
impact of soil organic carbon (SOC) changes could also 
provide further emission reduction, which warrants 
future investigation. In addition, note that this analysis 
adopts an operational fuel-cycle system boundary that 
excludes capital infrastructure emissions for all energy 
supply options. Specifically, emissions associated with 
the construction and manufacturing of power plants 
(fossil or renewable), solar PV modules, wind turbines, 
electrolyzers, hydrogen production facilities, and CCS 
infrastructure are not included. Renewable electricity 
and renewable hydrogen are, therefore, treated consist-
ently within this operational boundary framework, with 
zero emissions assigned at the point of generation when 
no fuel combustion occurs. However, it is important to 
note that at high penetration levels of renewable elec-
tricity and hydrogen, infrastructure-related emissions 
can become non-negligible when assessed under a full 
cradle-to-grave power system LCA framework [54]. 
These embodied emissions are relevant in scenarios 
that involve a rapid scale-up of solar PV, wind turbines, 
and electrolyzers to meet large hydrogen and electric-
ity demands. Accounting for such infrastructure effects 
would increase the lifecycle CI of renewable energy 
sources relative to the operational values employed in 
this work.

Furthermore, if both impacts, the changes in the SAF 
portfolio (LTAG assumption)and energy inputs with 
lower emissions are considered (this analysis), estimated 
CI in 2050 becomes 15.4 gCO2e/MJ resulting in overall 
emission reduction of 63% compared to the 89 gCO2e/MJ 
baseline. This is an additional 11.2 gCO2e/MJ reduction 
compared to the SAF CI without considering the energy 
inputs with lower emissions. This indicates the impor-
tance of the prospective elements in LCAs especially in 
the filed of substantial changes over time.

Although this study focuses on commercially advanced 
SAF pathways (HEFA and ATJ), the implications of the 
prospective LCA framework are particularly relevant for 
power-to-liquid (PtL) SAF pathways. PtL fuels rely almost 
entirely on electricity-derived hydrogen and CO2 conver-
sion processes, resulting in substantially higher electricity 
and hydrogen demand per unit fuel compared to HEFA 
or ATJ pathways. Consequently, the life-cycle GHG emis-
sions of PtL SAF are expected to be even more sensitive 
to the carbon intensity of electricity and hydrogen supply 
chains. The results presented in this study, therefore, rep-
resent a lower-bound estimate of the potential impact of 
electricity and hydrogen decarbonization on SAF path-
ways. Applying the same prospective approach to PtL 
systems would likely yield significantly larger temporal 
variations in carbon intensity, reinforcing the importance 
of dynamic, time-dependent LCA frameworks for accu-
rately assessing future SAF mitigation potential.

The prospective scenarios evaluated in this study rep-
resent technical mitigation potential under assumed tra-
jectories of electricity and hydrogen decarbonization. 
However, the availability of low-carbon electricity and 
hydrogen is subject to strong cross-sector competition. 
In addition to aviation fuels, renewable electricity and 
low-emission hydrogen are expected to play a central 
role in the decarbonization of steel, ammonia, chemicals, 
refining, and carbon capture and utilization or storage 
(CCUS).

In addition, this study uses the industry average CI 
values for electricity and hydrogen production over 
time, without considering the impact of additionality 
requirements for renewable electricity. In practice, to 
ensure that increased SAF production is supplied with 
additional renewable energy, rather than diverting exist-
ing renewable electricity, could influence the overall 
GHG emissions. As other sectors such as transporta-
tion and industry also increase electrification, competi-
tion for renewable electricity will intensify. Future work 
should incorporate additionality constraints to assess 
the broader implications of electricity demand dynamics 
across sectors.

The estimated emission reductions should be inter-
preted as conditional on the successful and timely scaling 
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of clean electricity and hydrogen systems, rather than as 
guaranteed outcomes.

Finally, the near-zero CI values achievable (Fig. 5) rep-
resent technical mitigation potential under the combined 
implementation of multiple measures (renewable elec-
tricity and hydrogen, waste-heat integration, and CCS). 
While process-level improvements, such as waste heat 
integration can be cost-effective due to energy savings, 
CCS and renewable hydrogen deployment can be sig-
nificantly capital-intensive. Thus, achieving these values 
would require substantial capital investment, possibly 
higher operating costs, and policy support in addition to 
the large-scale availability of low-carbon electricity and 
renewable hydrogen to facilitate deployment.

It is worth highlighting that under CORSIA, the carbon 
intensity (CI) of SAF can be accounted for either through 
ICAO default values or through project-specific actual 
values. Default values are not fixed and may be updated 
when new evidence is submitted to and assessed by the 
relevant CAEP technical group (i.e., WG5), meaning that 
the need for periodic revision is already embedded in the 
governance framework. Similarly, time-related improve-
ments in CI can already be reflected immediately through 
actual values, allowing operators to benefit from techno-
logical and supply-chain improvements without waiting 
for default values updates. Lower SAF CI directly reduces 
airlines’ offsetting requirements under CORSIA, thereby 
strengthening the economic incentive for SAF uptake 
and creating competitive differentiation in the market. 
Consequently, declining CI values are likely to accelerate 
SAF deployment, while regular updates of default values 
remain important to ensure alignment between regula-
tory benchmarks and technological progress.

Finally, the mitigation measures evaluated here are 
expected to have substantial cost implications for SAF 
production. These measures may require additional capi-
tal equipment and/or higher operating costs, and the 
magnitude of these impacts is site- and time-dependent, 
which is outside the scope of this study.

Conclusions
This study quantifies the potential for reducing GHG 
emissions in aviation through two representative SAF 
production pathways, tallow HEFA and corn ATJ–
ethanol,under assumed trajectories of declining carbon 
intensities for electricity and hydrogen production over 
time. Low-emission scenarios for the aviation sector 
are typically based on fixed GHG savings for specific 
alternative fuel production pathways, with variations 
primarily occurring in fuel production volumes. On 
the other hand, using a prospective LCA approach, the 
study evaluates how the adoption of low-carbon tech-
nologies in the electricity and hydrogen sectors could 

improve the future environmental sustainability of SAF 
production. In addition, as the economic value of GHG 
reductions continues to grow, improving the emissions 
efficiency of feedstock-to-fuel conversion processes is 
expected to drive industries toward adopting renewable 
hydrogen, renewable electricity, and other carbon miti-
gation strategies.

The findings highlight the significant impact of replac-
ing conventional inputs, such as natural gas for hydro-
gen production and conventional electricity grids, with 
lower-carbon alternatives on the overall SAF CI values. 
For example, the CI variation of the tallow HEFA path-
way due to different regional electricity grid mixes ranges 
from −23% to +28% compared to the baseline. In addi-
tion, when accounting for future grid and hydrogen pro-
ductions, both the corn ATJ–ethanol and tallow HEFA 
pathways showed significant GHG emission reductions, 
reaching −18% and −49% by 2050, respectively. The 
magnitude of these reductions is thus dependent upon 
the scale and pace of clean electricity and low-emission 
hydrogen deployment and slower expansions of these 
technologies would proportionally limit the SAF CI 
reductions. Further emissions benefits could be realized 
if electricity emission reduction scenario is materialized.

Beyond the substantial contributions of low-emission 
electricity grids and renewable hydrogen production, 
additional emission reduction benefits can be achieved 
by implementing mitigation measures along the vari-
ous stages of the SAF production pathways. For the corn 
ATJ pathway, integrating renewable hydrogen, renewable 
electricity and waste heat could lead to emission reduc-
tions of up to 30%. Further reductions of 29% could be 
achieved by also applying renewable electricity and waste 
heat during the ethanol upgrading step, with potential 
emissions minimized to as low as 1.5 gCO2e/MJ through 
CCS. Similarly, for the tallow HEFA pathway, utilizing 
renewable hydrogen, renewable electricity, and waste 
heat during the HEFA conversion step can reduce emis-
sions by 45%, while renewable electricity and waste heat 
use during the tallow rendering could minimize the car-
bon intensity to 0.8 gCO2e/MJ.

The findings of this study highlight the importance of 
a prospective approach, where continuous advancements 
in electricity and hydrogen along with adoptions of miti-
gation practices, drive further improvements in sus-
tainability. Future research should focus on refining the 
prospective LCA methodology to assess the combined 
benefits of advanced SAF production technologies, and 
broader mitigation strategies. SAF already offers signifi-
cant GHG emission reductions, but integrating renew-
able energy and optimized fuel conversion processes can 
further enhance its impact, accelerating the aviation sec-
tor’s transition toward emission reduction.
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In addition, future work should extend this prospective 
LCA framework to PtL pathways, where the dominance 
of electricity and hydrogen inputs is expected to amplify 
the effects observed in this study.
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