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Abstract: Curbing aviation emissions is clear goal for the aviation sector, but it is a challenging task.
At international level, the ICAO CORSIA initiative promotes the use of alternative fuels as a means to
decarbonise flights. Among alternative fuels, lower carbon aviation fuels (LCAF) have been proposed
under CORSIA. LCAF refers to a fossil fuel, which have been produced in a way that results in
at least 10% lower lifecycle GHG emissions compared to a benchmark value. This paper analyses
potential LCAF solutions for reducing GHG emissions of kerosene production and evaluates them
relative to the ICAO baseline of 89.0 gCO2eq/MJ of fuel. The study analyses the levers that can reduce
GHG upstream emissions (emissions from crude oil production) and refining emissions as well. This
study shows that no one lever can reduce emissions to a sufficient level to meet the requirement of
being a CORSIA-eligible fuel, and therefore that the deployment of multiple levers needed. Since
jet fuel comprises only around 10% of total refining output, the LCAF measures could support the
implementation of large, high-abatement cost changes, such as refinery-wide carbon capture and
storage that affects multiple fuels.

Keywords: sustainable aviation fuels; SAF; lower carbon fuels; LCAF; GHG savings; CORSIA

1. Introduction

Aviation is a strong driver for modern economies, promoting social and regional
cohesion. In recent years, the aviation sector has contributed to increased tourism, and
stimulated economies. Global air traffic increased by more than two-thirds in the last
15 years to reach about 39 million flights in 2019. During the same time, the number of
passengers more than doubled and the worldwide air freight traffic increased by half. At
European level, in 2019, over 1.2 billion passengers travelled across the 500 airports of
the region in 9.3 million flights. In 2019, commercial aviation emitted over 0.9 Gt CO2eq
globally, representing about 2% of global anthropogenic greenhouse gas (GHG) emissions
and about 12% of the emissions from the transport sector. In Europe, the departing flights
from Europe accounted for 5.2% of total GHG emissions in 2019 and 18.3% of transport
sector emissions [1,2].

With respect to the consolidated trends of the last decades, the sector faced a disruptive
phase, due to the strong impact of the COVID-19 pandemic. In 2020, flights decreased to
just 4 million and emissions decreased by more than 50%. Following the recovery from the
pandemic, it is expected that air traffic will gradually recover to its pre-crisis levels and the
numbers of flights are foreseen to grow slowly until 2050 [2]. Regardless of the short-term
effects of such a crisis, a growing concern exists for the increasing environmental impact of
the sector [3].

In 2020, the European Commission (EC) adopted the Sustainable and Smart Mobility
Strategy, which sets the objective to boost the uptake of sustainable fuels for aviation [4].
More recently, the EC launched the ReFuel EU aviation proposal, aimed at supporting the
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EU aviation market to ensure a gradually increasing share of sustainable aviation fuels
(SAFs) in Europe, limiting the detrimental effects on competitiveness [5]. The European
Commission has proposed, in its ReFuelEU Aviation initiative, a blending mandate for the
fuel suppliers to European Union (EU) airports, with minimum share of SAFs increasing to
5% in 2030 and to 63% in 2050. To achieve this mandate, approximately 2.3 million tonnes
of SAF would be required by 2030 and 28.6 million tonnes by 2050. This mandate includes
a sub-mandate for synthetic aviation fuels that should increase from 0.7% in 2030 to 28% in
2050 [2].

The Renewable Energy Directive 2018/2021 (RED II) set minimum targets in the EU for
the use of 14% renewable energy for 2030. The proposed revision for the RED II (COM(2021)
557 final) as part of the Fit for 55 package calls for a 13% reduction of carbon intensity (CI)
of the transport sector. To be eligible, biofuels used in transport must comply with the
sustainability and GHG emissions-saving criteria laid down in RED II. The carbon intensity
of a fuel is defined as the lifecycle of GHG emissions per unit of energy, i.e., gCO2eq/MJ.
According to RED II, in order to qualify as renewable energy source for aviation, biofuels
must achieve an at least 65% reduction in their carbon intensity against the fossil fuel
baseline of 94 gCO2eq/MJ.

At international level, in 2016 the assembly of the United Nation’s International Civil
Aviation Organization (ICAO) agreed on the adoption of a global market-based scheme to
limit international aviation CO2-equivalent (CO2eq) greenhouse gas emissions: the Carbon
Offsetting and Reduction Scheme for International Aviation (CORSIA) [6]. CORSIA requires
airlines to offset CO2e emissions that exceed 2019 levels. On the basis of impact assessments
and available scientific knowledge, CORSIA has been framed to allow offsetting either
through credits or through the use of CORSIA-eligible fuels (CEFs).

CEF is a category comprising both sustainable alternative fuels (SAFs) and lower
carbon aviation fuels (LCAFs). While SAFs are produced from low-carbon feedstocks,
LCAF refers to a fuel from fossil sources, the production of which is able to displace at least
10% lower lifecycle GHG emissions against a certain benchmark value.

ICAO CORSIA developed a set of sustainability criteria for aviation fuels to qualify
as CEFs that cover several themes, including greenhouse gases (GHG), carbon stock (for
fuels produced before 1 January 2024), water, soil, air, conservation, waste and chemicals,
human and labour rights, land use rights and land use, water use rights, local and social
development and food security (for fuels produced after 1 January 2024). The CORSIA
criterion for eligible fuels on GHG emissions requires a lifecycle emission reduction of at
least 10% as compared to the baseline lifecycle emissions values for aviation fuels of 89
gCO2eq/MJ using a lifecycle assessment (LCA) approach. [7]. CORSIA developed default
lifecycle emissions values that may be used to claim emission reductions from the use of
CEFs [8].

CORSIA produced guidance for sustainability certification schemes (SCS) for appli-
cation of CORSIA sustainability criteria [9] and developed a methodology for calculating
actual lifecycle emission values [10]. This is the first global LCA methodology agreement
on the calculation of GHG emissions of aviation fuels. According to the methodology,
a default lifecycle emissions value is a sum of a default core LCA value and a default
indirect land use change (ILUC) value. The SAF pathways offer potentially significant
GHG emission reductions in attributional lifecycle GHG emissions relative to fossil jet
fuel [11]. The concept of LCAF and sustainability criteria are still under evaluation in
CORSIA as its implementation poses many challenges both from a theoretical and practical
point of view.

For the moment, sustainable aviation fuels are identified as one of the most important
ways for reducing GHG emissions in the international aviation sector. A study [12] assessed
the ways of controlling aviation carbon emissions, identifying improvements in aircraft
aerodynamic efficiency, structural efficiency, air traffic management and the use of using
alternative fuels as main determining factors.
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Several studies have been conducted to assess the technical and economic feasibility
of the production and use of SAFs and to assess the technical potential and GHG emissions
that can be ensured by different pathways [13–15]. They have addressed the technologies to
produce aviation biofuels, their potential to be upscaled and techno-economic perspectives,
as well as the impact of SAF on sustainability. A study [16] assessed the current use
of biofuels in aviation and the production potential of aviation fuels in the EU and the
constraints related to costs and feedstock availability and competition with demand.

Prusi et al. [11] presented the lifecycle GHG emissions of sustainable aviation fuel
pathways calculated following the CORSIA methodology. The GHG emission savings
can be up to 94% when compared to petroleum-derived baseline jet fuel (and more than
100% when considering negative GHG emissions of ILUC contribution for some SAF
pathways). This showed that many SAF pathways can play a major role in reducing the
carbon footprint of the aviation sector. A study [15] concluded that the use of CORSIA-
eligible fuels (CEFs) is beneficial to reducing the cost associated with CORSIA’s offsetting
requirement operational costs after considering the fuel cost, carbon pricing and GHG
emission savings from reduction of different pathways.

A study [17] estimated the EU’s technical potential for the production of LCAF con-
sidering the data on crude oil used in EU refineries, aviation fuel use and relevant carbon
intensity reduction technologies. This showed that, even if LCAF could offer GHG sav-
ing opportunities, its possible impact is rather limited, especially when compared to the
demand for the decarbonisation of aviation.

To deliver effective GHG reduction, LCAF should demonstrate additional GHG emis-
sions reduction compared to reductions in emissions that are expected from the application
of existing policies or trends in technologies and practices that occur regardless of any
LCAF-related policy support.

Despite the expectation that fossil-based LCAFs contribute to the decarbonisation of
the aviation sector, there is no study, to the knowledge of the authors of this paper, that
counts the GHG emission reduction potential of LCAF. This is why this paper addresses
the need to get a better understanding of the technologies and practices to achieve GHG
emissions reduction. This study also addresses the need to quantify these reductions,
model refinery emissions and analyse the conditions under which these reductions could
be considered to be additional.

To reduce emissions from the production of aviation fuels this study identified several
technologies that can be applied, contributing to reductions in both upstream (e.g., flaring
reduction) and downstream (e.g., use of green hydrogen, renewable energy, carbon capture
and storage, etc.) emissions of aviation fuels, which could result in LCAF. This paper
identifies the potential LCAF technologies capable of reducing the GHG intensity of current
fossil kerosene production. The technical potential for GHG savings of each technology is
assessed independently and presented in a structured format that highlights the associated
benefits and limiting factors. This is expected to significantly contribute to the existing
body of knowledge on the potential role of LCAF for decarbonising the aviation sector.

2. Materials and Methods
2.1. LCA and Methodological Choices

Life cycle assessment (LCA) methodology is largely applied to determine the GHG
saving potential of alternative fuels [6,18]. When applied to the use of these fuels in specific
powertrains, LCA is usually down-tuned to the well-to-wheel (WTW) approach. WTW
modelling includes so-called well-to-tank (WTT) [19] and tank-to-wheel/wake/wing (TTW)
parts [20]. WTT emission intensity can be considered as the sum of individual contributions
needed to convert a specific feedstock in a certain fuel, therefore encompassing downstream
and upstream emissions. In the case of fossil feedstock, WTT includes crude oil production
(upstream) and refining emissions. Figure 1 shows a diagrammatic representation of well-
to-tank (WTT) and tank-to-wheel/wake/wing (TTW) emissions, respectively, along the
fuel supply chains.
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The main contributors to upstream greenhouse gas emissions are:

• Energy use to get the oil out of the formation and for pre-processing before shipment;
• Fugitive emissions of methane from process equipment via seals, purges, etc.;
• Deliberate venting of produced gases, where it is considered uneconomic to collect them;
• Flaring as an alternative to venting, as well as flaring at start-up/shutdown or as a

part of the pressure relief system.

The energy use in crude production is time- and location-dependent: EU refineries
receive a mixture of crudes from different regions that have their own production char-
acteristics, and this impacts upstream emissions. To determine the GHG intensity for
fossil-derived kerosene it is needed to first properly characterize the crude feedstock. The
physical properties of crude oil vary both by region and within a region, arising from
differences in geology, operating factors and history. A review of the supply of crude to the
EU and the GHG intensity of regional crudes supplying the EU [21,22] shows a substantial
variation between different oil field countries that reflects fundamental differences in crude
and the geology but also operational practices.

A refinery can be modelled by linear programming (LP). These kinds of models
provide the distribution of energy and hydrogen supplies, allowing the overall GHG
emission to be calculated as the sum of the individual contributions each multiplied by
their characteristic GHG intensities. The refinery’s GHG intensity is then calculated as
the emission as gCO2eq per tonne of crude input. For this study the functional unit is
represented by the gCO2eq per MJ of finished kerosene.

Given the goal and scope of this paper, a simpler refinery model was defined, with
the specific target of focusing on looking at the various independent levers that could
reduce the GHG of crude refining. In this paper, emission savings have been allocated
on an energy basis; therefore, the GHG emission savings benefitted all refinery products.
However, it could be argued that if the GHG savings rise because of LCAF incentives,
then GHG emission savings should be attributed solely to the jet fuel (free allocation).
As the differences in the results could be relevant, this raises the question about what
an appropriate allocation methodology could be for the additional GHG savings arising
from LCAF-specific incentives. For this study, energy allocation has been chosen as the
ICAO document [11] states that energy allocation should be used to assign emissions
burdens to all co-products in the system, this would apply to both LCAF and sustainable
aviation fuels (SAF). This approach is also in line with the EU REDII GHG methodology
for renewable fuels.



Appl. Sci. 2022, 12, 11818 5 of 16

2.2. Production of Conventional Jet Fuel from Crude Oil

Crude oil currently provides a wide range of products such as gasoline, jet fuel, diesel,
liquefied petroleum gas (LPG), fuel oils, lubricants and chemical feeds; the production
of jet fuel is only a minor part of the overall production of a refinery. The distribution of
the products depends mainly on the overall design of the refinery and the type of crude
oil processed. The yield of jet-range kerosene is generally between 8% and 9% across a
range of crude types, and used to make jet fuel, light heating oil and diesel. It is worth
noticing the EU jet fuel consumption is approximately 55 to 60 Mtonnes/year, of which
around 70% (40 Mtonnes/year) is made in EU refineries and the rest imported [21,23].
According to the Oil and Gas Journal Refinery Database, the EU and EEA has a total
refining capacity of approximately 13.0 million bbl/day, corresponding to approximately
570 Mtonnes/year [24,25] in about 80 refineries.

A typical scheme of a refinery is shown in Figure 2. The highlighted process units
are the main sources of materials used to make jet fuel from crude oil; note that not all
refineries have all of these process units.
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2.3. The GHG Intensity of Conventional Jet Fuel

The WTW emissions detailed reported in Table 1 are based on the WTW Study v5
emissions, which have been prorated against the ICAO benchmark for jet fuel [26]; the
refining emissions are in line with Concawe [27]. The disaggregated WTW emissions of
diesel and gasoline were broken down by life-cycle stage [19]. From a WTW perspective,
it is worth stressing that new technologies and practices for fossil jet fuel are unlikely to
have a significant impact on TTW emissions: in principle, “low aromatics” jet fuel can be
made from conventionally refined jet fuel using a high-severity aromatic saturation process,
where aromatics are converted to cycloparaffins. These have a lower GHG intensity than
aromatics, but a higher GHG intensity than the linear/branched paraffins in synthetic
jet fuel. This treatment might reduce TTW emissions by roughly 1 gCO2eq/MJ, but this
would be counterbalanced by increased WTT emissions, thus the combustion emissions
of 73.2 gCO2eq/MJ are assumed. It is worth stressing that these kinds of evaluations are
intrinsically affected by a wide variability.

In order to investigate the effect of specific modifications on crude refinement for jet
fuel production, the total emissions have been divided into:

• Upstream emissions: Emissions from crude production, from process energy use, flar-
ing of produced gas and methane emissions from venting and fugitive sources. These
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are assumed to be independent of each other allowing the GHG intensity for the LCAF
cases to be calculated simply by assuming a net reduction in upstream emissions.

• Refining emissions: Refinery GHG emissions, stemming from process energy use and
from production of hydrogen, both of which are linked to the type and throughput of
the process units within the refinery. These in turn depend on the type of crude-oil run
by the refinery and the amount/properties of the products that the refinery is required
to make. The supply of process energy includes refinery by-products (refinery fuel-gas;
coke) supplemented by imports (natural gas; electricity; steam). Hydrogen is supplied
partly as a by-product of catalytic reform to allow gasoline to be supplemented by
imported hydrogen.

Table 1. WTW GHG emissions for gasoline, diesel and jet fuel.

Product WTW Diesel
(gCO2eq/MJdiesel)

Gasoline
(gCO2eq/MJgasoline)

Jet Fuel
(gCO2eq/MJjetfuel)

Production at source (crude production emissions) 10.0 9.6 8.4

Transport to market 0.8 0.8 0.6

Transformation in market (refining emissions) 7.2 5.5 6.0

Distribution in market 0.9 1.0 0.8

WTT emissions 18.9 16.9 15.8

Combustion (TTW emissions) 73.2 73.3 73.2

WTW emissions 92.1 90.2 89.0

2.3.1. GHG Emissions from Upstream Activities

The values reported in Table 1 suggest that 9.4% of the WTW emissions occur from
the upstream production of crude oil (production at source). There are three main sources
of these emissions: (a) CO2 from combustion of fossil fuels to provide energy; (b) methane
emissions, either from release of co-produced natural gas during well operations or from
leakage of natural gas through valves and seals, and (c) CO2 produced by flaring natural
gas (e.g., for safety purposes). Table 2, which is based on IEA data [28], shows that the
distribution of these factors is fairly consistent across a wide range of oil fields.

Table 2. Distribution of global aggregate CO2 emissions from upstream oil production.

% of GHG Emissions TOTAL Q1 Q2 Q3 Q4

Energy use 27 28 32 22 27

Flaring 14 14 7 19 14

Methane emissions 59 57 61 58 58
NOTE: the quartiles are defined in terms of absolute GHG emission intensity. Q1 = 40%, Q2 = 63%, Q3 = 83% and
Q4 = 211% of the average intensity.

2.3.2. GHG Emissions from Downstream Activities

Table 1 suggests that 6.7% of WTW emissions occur mainly as CO2 associated with
downstream conversion of crude oil in refineries (transformation in market—refining
emissions). The main sources of CO2 are: (a) production of hydrogen from natural gas (or
other hydrocarbons) to supply hydrotreating units; (b) provision of heat and motive power
for process units by combustion of natural gas, refinery fuel gas or liquid fuels within the
refinery; (c) combustion of coke deposited on the catalyst of fluid catalytic cracking (FCC)
units; or (d) the activities of third parties supplying refineries with purchased power and
steam. The EU aggregate distribution of these sources is shown in Table 3, derived from
work by Concawe [29].
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Table 3. Distribution of EU aggregate CO2 emissions from Downstream Oil Refining.

Energy Source (EU Aggregate) % of CO2 Emissions %

Manufactured H2 19 19

Purchased natural gas 14
29Purchased steam 4

Purchased power 11

Self-produced fuel gas 32
50Self-produced liquid fuels 5

FCC coke 13

Other 2 2

2.4. Identification of Levers for Reducing GHG Emissions

Several technological levers could be adopted by EU refineries to produce lower
carbon aviation fuels (LCAF). In order to assess the technical potential of reducing the
greenhouse gas (GHG) intensity of jet fuel, each lever was considered in isolation. The three
broad categories of levers that are considered split between upstream and downstream
operations are listed below.

2.4.1. GHG Emissions Reduction from Upstream Activities

For what concern upstream emissions, they can be summarized as follows:

• Upstream energy efficiency improvements and use of renewable energy: IEA sug-
gests that energy consumption represents approximately 27% of GHG of upstream
emissions. These emissions could be reduced by:

• Implementing energy efficiency improvements, e.g., by using better/newer equip-
ment and energy management;

• Replacing fossil energy with renewable power from the grid or generated locally
or using renewable heat.

There is limited data on the subject of use of renewable heat and power in upstream
crude oil operations; therefore, this study assumes the technical limit of 100% replacement of
energy-related emissions with biogenic or renewable emissions, and thus a GHG reduction
of 27% is assumed.

• Flaring reduction: Approximately 14% of upstream emissions arise from flaring op-
erations. Factors for reducing flaring include [30]: better operational management,
particularly during start-ups, shutdowns and upsets; flare gas recovery for re-injection
as fuel or gas export; flare gas recovery for local conversion to syncrudes (e.g., a
modular Fischer–Tropsch process). A complete ban on flaring is technically achiev-
able, therefore the technical potential for GHG emissions reduction is 14%. There is
a “Zero Routing Flaring by 2030” aspiration supported by the European Commis-
sion, oil majors and national governments, but specific targets and regulations vary
between countries.

• Methane emissions reduction: Methane emissions are the main source of GHG emis-
sions in upstream crude extraction and production. A weighted average of 59% of
total emissions could be considered. Reducing methane emissions can be achieved by
several actions: eliminating “economic” venting and replacing it with flaring; elimi-
nating fugitive emissions, e.g., from seals and purges; improving operational practices
to avoid gas release, e.g., during well completion. A complete reduction in these
emissions is technically feasible; therefore, the maximum GHG reduction accounts for
the 59% of upstream emissions.

Another option sometimes proposed for lowering crude upstream emissions is the
use of CO2 for enhanced oil recovery (EOR): CO2-EOR involves the injection of liquid
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CO2 into the reservoir where it mixes with the crude oil, making it more mobile—typically
primary and secondary production recover only 40% of the oil. CO2-EOR is an energy-
intensive operation but its own emissions can be captured and used. On the other hand,
it also involves recirculation of huge amounts of CO2 and poses the risk of substantial
fugitive CO2 emissions. Whilst CO2-enhanced oil recovery (EOR) can be applied in crude
production, there is significant uncertainty as to whether the potential can be achieved
and if all identified CO2 storage sites are feasible. This is less of an issue when the focus is
purely on oil-recovery than it would be if the main aim of CO2-EOR was refocused from
oil recovery to CO2 mitigation. There is uncertainty about the number of suitable sites
(geology, well design), the ability to store enough CO2 and the fugitive CO2 emissions from
storage sites [31–33]. As a result, CO2-EOR was not considered further for the purposes of
this paper.

2.4.2. GHG Emission Reduction Applied Refinery-Wide

At refinery level, there are several options for lowering GHG emissions, in particular:

• Refinery energy efficiency improvement: Refineries need energy for distillation, to
drive endothermic chemical reactions and to power pumps, compressors, lighting,
heating, etc. On average, the energy demand is broadly equivalent to 6–7% of the
crude intake, but it could vary between 4–5% for a simple refinery and between 8–9%
for a complex refinery with more energy-intensive processes [29]. Much of a refinery’s
energy demand is satisfied by burning refinery by-products such as fuel-gas and low-
value oils. Changes in product demand and product quality regulation impact both the
refinery process intensity and energy use. Historically, the average energy efficiency
of the EU refining industry has been improving by around 0.5% annually, driven by
a combination of energy costs, national energy efficiency programs and carbon costs
(e.g., under the EU ETS). Many of the lower-cost opportunities may have already been
implemented, leaving only the more challenging and expensive options. However,
there is still potential for efficiency improvements by 2050; limited by refinery design
and economical deployment, this study assumes that 22% improvement might be
technically feasible by 2050 [29].

• Renewable energy use: There are several ways in which renewable energy might be
used to provide power and heat in a refinery; for instance, imported fossil power could
be replaced by imported low-carbon power, either through decarbonisation of the
electricity grid or by a dedicated low-carbon power source. Imported natural gas or
fuel oil used to provide fired heat could be replaced by low-carbon fuels (e.g., biogas,
low-carbon hydrogen). Conventional heaters fired using hydrocarbon fuels could be
replaced by electrical heaters using low carbon electricity. The technical potential for
the use of renewable energy assumes that all energy inputs other than those linked
to unavoidable self-produced gas and FCC coke are replaced by zero-carbon energy.
The technical limit for the average EU refinery to reduce CO2 emissions by using
renewable energy imports is roughly one-third.

• Refinery Carbon Capture and Storage (CCS): Nearly all a refinery’s direct CO2 emis-
sions could be captured, but implementation is hampered by the wide range of CO2
sources in a refinery. This leads to either a multitude of CO2 capture plants and large
amounts of CO2 pipework, or a large amount of infrastructure to gather flue gases
for a centralised refinery capture unit [29,34]. While 100% of refinery CO2 emissions
could be captured (including all of the emissions associated with running the capture
plant), a lower level of CO2 capture would be expected. The JRC report [19] considers
that CCS reduces the GHG intensity of SMR hydrogen from 104 to 39.7 gCO2eq/MJ
H2—70% mitigation. This paper considers two CCS lever cases: in the first case the
refinery deploys site-wide CCS but continues to import hydrogen without CCS; in the
second case the refinery has its own SMR unit that is included within the site-wide
CCS; the providers of imported electricity and steam are assumed not to have CCS in
both cases. These two cases lead to a 64% and 83% reduction in refinery CO2 emissions,
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respectively. The reductions in refinery emissions have been used to adjust the overall
WTW emissions, leading to overall potential for reduction of 4.6 and 5.7 gCO2eq/MJ
jet fuel for the two CCS lever cases, or reductions of 4.0 and 5.3%, respectively.

• Large-scale low carbon hydrogen: Hydrogen is used extensively in refineries for
hydrodesulphurisation and hydrocracking, so the demand depends on the type of
refinery and sulphur content in the processed crudes. Hydrogen production currently
accounts for around 19% of refining emissions, which is expected to rise to as much
as 30% by 2030 due to growing demand for hydrogen. The opportunities for local
production of low-carbon hydrogen include onsite electrolysis using imported low-
carbon electricity and importing third-party low-carbon hydrogen produced either by
(a) steam methane reforming (SMR) of natural gas with CCS or (b) electrolysis. SMR
with CCS is a known concept, but despite the fact that SMR is the main route nowadays
to hydrogen production [35], CCS continues to represent a huge barrier to widespread
deployment for SMR with CCS. Renewable hydrogen production is rapidly getting
momentum, driven by several policy initiatives [36], but several technical and non-
technical barriers regarding its production are still yet to be overcome. The technical
limit of this lever is the fraction of a refinery’s hydrogen supply that is made on
purpose, i.e., in an SMR. On average, this fraction is between 50–60% of the total
hydrogen demand, which makes up 19% of total refinery CO2 emissions. All on
purpose hydrogen can be supplied as zero-carbon energy using either SMR with full
carbon capture (100%) or electrolysis using renewable electricity. As a result, refined
GHG emissions could be reduced by 19% compared to the base case. This reduction
in refining emissions is applied to the full WTW distribution, showing an overall
potential for reduction of 1 gCO2eq/MJ jet fuel or 1.0%.

2.4.3. GHG Emission Reduction Applied Specifically to Kerosene Production at
Refinery Level

Jet fuel production is a hydrogen-demanding process. Today, jet fuel is mainly gen-
erated in Merox or kerosene hydroreating (KHT) units plus a smaller fraction (perhaps
20%) from hydrocracking units (HCK). The hydrogen consumption of both KHT and HCK
units depends on feed quality, unit design and operation. Alternatively, to typical refinery
hydrogen supply (mainly obtained from catalytic reforming unit (CRU) or made by steam
methane reforming (SMR) of natural gas), the use of low-carbon hydrogen can deliver
significant benefits.

Decarbonising options of KHT hydrogen include a dedicated KHT-scale SMR with
CCS, by replacing the natural gas feed to the main SMR unit with biogas, or by a dedicated
electrolyser to produce “green” hydrogen using low-carbon electricity. It might also be
possible to replace the gas used to provide process energy by low-carbon energy, for
example biogas from anaerobic digestion, or in the longer-term, electrical heating using
low-carbon energy.

The achievable GHG savings depend on the relative GHG intensities of green hydro-
gen versus fossil hydrogen. This assessment assumes that the hydrogen supplied to the
KHT can be treated as SMR hydrogen, and thus is taken to have a baseline WTT GHG
intensity of 104 gCO2eq/MJ H2. Hydrogen produced by SMR with CCS has a WTT GHG
intensity of 39.7 gCO2eq/MJ H2 whilst electrolyser hydrogen with renewable electricity is
assumed to have a GHG intensity of 9 gCO2eq/MJ H2. Clearly these savings have to be
properly allocated to the whole final fuels pool, in proportion to the hydrogen consumed
for its production.

As sulphur reduction becomes more and more important for aviation, alterative
processes could be considered to lower the impact of this stage. Merox processing (to
change the type of sulphur compounds) is a low-intensity liquid-phase process that does
not consume hydrogen, but requires process energy for liquid mixing, stripping, etc.
There is growing interest in lower sulphur jet fuel, which could constrain the potential
for adopting Merox more widely. Therefore, it is highly unlikely KHT users would opt
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to switch to Merox as a GHG reduction measure; thus, Merox is not examined in any
further detail.

A potential alternative approach for removing sulphur is adsorption where a solid is
used to separate sulphur compounds from liquid hydrocarbon. The solid adsorbent is then
regenerated for reuse, leaving a high-sulphur stream for further treatment. An example
of this is the Phillips S-Zorb process where a handful of commercial plants have been
constructed for gasoline desulphurisation. In principle, the technology can also be applied
to distillates such as jet, but—to date—no commercial plants have been built. A critical issue
is adsorbent regeneration, in which S-Zorb is performed using hydrogen. S-Zorb requires
one-third to half the amount of hydrogen that is necessary for kerosene hydrotreaters.
However, the data also suggest that S-Zorb’s energy consumption is approximately double
that of the kerosene hydrotreater. On that basis, the GHG implications look broadly
comparable with KHT.

2.4.4. Methodological Frame and Results Boundaries

For each of the identified levers, technical potential for GHG reduction was calcu-
lated, which assumes that a technology is used to its engineering and scientific limits. It
is worth remarking that the technical potential for GHG reduction of each lever is cal-
culated independently. Economic feasibility is not specifically addressed in this work,
but only considered qualitatively to derive high-level commentary on the deployment of
these levers.

3. Results
3.1. Upstream GHG Emissions Reduction Levers

Table 4 summarises the potential for GHG emissions reduction for each of the up-
stream levers. The results highlight that methane control has significant potential to
reduce the GHG emissions of jet fuel by as much as 5.6% in comparison to the baseline of
89.0 gCO2eq/MJ of fuel. Assuming there is no interdependency between the levers, imple-
menting all three could theoretically result in an emissions reduction of 9.5% compared
to the ICAO benchmark, this falls just short of the 10% reduction required to qualify as a
lower carbon aviation fuel.

Table 4. Summary of the technical potential of upstream GHG emission reduction levers.

Product WTW
(gCO2eq/MJ) Base Case Energy Efficiency

Improvements Flare Reduction Methane Control

Crude production 8.4 6.1 7.2 3.4

Crude transport to market 0.6 0.6 0.6 0.6

Refining 6.0 6.0 6.0 6.0

Product distribution 0.8 0.8 0.8 0.8

Combustion (TTW) 73.2 73.2 73.2 73.2

Total WTW 89.0 86.7 87.8 84.0

Technical potential for GHG reduction - 2.6% 1.3% 5.6%

3.2. Refinery GHG Emissions Reduction Levers

The potential for mitigation offered from the identified levers was estimated and is
reported in Table 5. The results indicate that deployment of CCS has the greatest emissions
reduction potential, with refinery-wide CCS reducing WTW GHG emissions by 5.6%
compared to the ICAO benchmark of 89 gCO2eq/MJ.
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Table 5. Summary of the impact of general refinery GHG reduction levers on jet WTW emissions.

Product WTW
(gCO2eq/MJ) Base Case

Refinery
Energy

Efficiency

Renewable
Energy

CCS
Excl. H2

Production

CCS
INCL. H2

Production

Low-
Carbon

H2

Crude production 8.4 8.4 8.4 8.4 8.4 8.4

Crude transport to market 0.6 0.6 0.6 0.6 0.6 0.6

Refining 6.0 4.7 4.0 2.2 1.0 4.9

Product distribution 0.8 0.8 0.8 0.8 0.8 0.8

Combustion (TTW) 73.2 73.2 73.2 73.2 73.2 73.2

Total WTW 89.0 87.7 87.0 85.1 84.0 87.9

% technical limit for reduction - 1.5% 2.2% 4.3% 5.6% 1.3%

3.3. Jet Fuel-Specific GHG Emissions Reduction Levers

As presented in Table 6, jet fuel-specific GHG emissions reduction levers make only a
small difference to the overall WTW GHG emissions of jet fuel, less than 1.5% compared to
the ICAO benchmark of 89 gCO2eq/MJ, in all cases.

Table 6. Summary of the technical potential of jet fuel-specific GHG emission reduction levers.

Product WTW (gCO2eq/MJ) Base Case SMR-CCS H2
to KHT

Electrolyser H2
to KHT

Renewable Power
to KHT

Alternative
Desulphurisation

Crude production 8.4 8.4 8.4 8.4 8.4

Crude transport 0.6 0.6 0.6 0.6 0.6

Refining 6.0 5.3 5.3 5.4 4.7

Product distribution 0.8 0.8 0.8 0.8 0.8

Combustion 73.2 73.2 73.2 73.2 73.2

Total WTW 89.0 88.3 88.3 88.4 87.6

% technical potential for
reduction - 0.8% 0.8% 0.7% 1.5%

3.4. Summary of the Potential GHG Emission Reductions

Considering the GHG emission reductions for each lever outlined in Table 7, it is clear
that taking each lever independently, no single one can reach the required 10% reduction
even if deployed to its maximum technical potential. When deployed together there is
interdependency, which means the individual GHG reduction potentials cannot simply be
added together.

Crude production represents approximately 50% of WTT emissions. The general
indication is that methane control may have the greatest potential to reduce total WTW
emissions compared to the ICAO benchmark, perhaps as much as 5.6%, as shown in Table 7.
There are real opportunities across all three upstream levers with many of the operational
techniques already well-established for energy efficiency, use of renewable energy and
flare reduction.

Levers to reduce the refining contribution occur at two levels: (a) refinery-wide
measures that in principle affect all refined products, and (b) kerosene-treating levers
that affect only jet fuel production. These both include energy efficiency and improved
technology measures, use of low-carbon hydrogen, use of low-carbon energy and CCS.
Refinery-wide CCS has the greatest technical potential to reduce jet fuel WTW GHG by
5.6%, assuming 100% CO2 capture. Refinery-based kerosene treatment is less intensive
than other refinery processes, so kerosene specific-levers generally have less impact on the
jet fuel WTW emissions, e.g., perhaps less than 1.5% reduction.
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Table 7. Summary of WTW emissions of jet fuel arising from each lever, and the percentage reduction
compared to the base case (ICAO).

Lever WTW Emissions
(gCO2eq/MJ)

% Technical Potential
for Reduction

Base Case 89.0 -

Upstream levers

Energy use 86.7 2.6%

Flaring reduction 87.8 1.3%

Methane emissions control 84.0 5.6%

Refinery-wide levers

Energy efficiency improvements 87.7 1.5%

Renewable energy 87.0 2.2%

Refinery-wide CCS excl. H2 production 85.1 4.3%

Refinery-wide CCS incl. H2 production 84.0 5.6%

Use of low-carbon hydrogen 87.9 1.3%

Jet fuel-specific levers

Use of low-carbon hydrogen in KHT
(SMR-CCS or electrolyser H2) 88.3 0.8%

Use of renewable power in KHT 88.4 0.7%

Alternative desulphurisation 87.6 1.5%

4. Discussion

The presented results show that current options for mitigating fossil-based kerosene
are not able to achieve the expected CORSIA impact (10% saving) when considered inde-
pendently. There is no single LCAF technology that can reach the required 10% reduction
even if deployed to its maximum technical potential. When deployed together, interactions
do not allow for simply adding together the expected GHG reduction potentials. Some
of the refining levers are not truly independent; for example, improved energy efficiency
reduces the use of imported energy and thus reduces the opportunity for deploying lower-
carbon energy. To address this, the levers should be applied sequentially, with levers being
applied to the energy/hydrogen demand resulting from the application of its predecessor;
this as determined based on industry and policy trends, which were triangulated with
CO2 abatement cost and technical feasibility in 2030. In particular: (i) energy efficiency;
(ii) renewable energy; (iii) low-carbon hydrogen (blue and green); (iv) refinery-wide CCS.

Following refinery efficiency improvements, renewable energy is likely to be the next
lever deployed fully. In addition to broad decarbonisation measures, the RED II targets
renewable energy specifically, requiring it to make up about one-third of the electricity
mix by 2030. These targets are currently under revision, and they will likely be increased.
Progress in policies and technologies have caused sharply falling costs of renewable elec-
tricity, contributing to rising renewable electricity shares. However, by 2030 the EU-average
grid mix will not be completely renewable (estimated GHG intensity of 71 gCO2eq/MJ [19]);
therefore, access to lower carbon-intensity electricity would require dedicated renewable
electricity capacity.

Despite significant momentum behind green hydrogen production, demand looks
poised to surpass supply by 2030 without significant innovation and scaling up of elec-
trolysers. The EU Hydrogen strategy [36] is expected to contribute to the rapid increase
of green hydrogen production and to overcome several technical and non-technical barri-
ers. Thus, this EU Hydrogen strategy aims to achieve the installation of at least 6 GW of
renewable-powered electrolysers in the EU by 2024, and 40 GW by 2030. This depends
on the availability of low-cost renewable electricity. Several projects are being funded in
the EU to ramp up hydrogen production [37]. Blue hydrogen is likely to have a significant
role in satisfying the growing hydrogen demand due to lower costs compared to green
hydrogen, abundant gas and pre-existing infrastructure. The Clean Hydrogen Partnership
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(former Fuel Cells and Hydrogen Joint Undertaking (FCHJU)) has estimated that blue
hydrogen could reach 10% of demand in industrial application by 2030 [38].

Despite large expectations for a significant contribution from carbon capture and
storage (CCS) to decrease greenhouse gas emissions, the large-scale deployment of CCS
deployment is lagging. Several technologies are available for carbon capture and different
storage options are available (enhanced oil recovery—EOR, depleted oil and gas fields,
saline formations, porous rock formations, deep ocean, etc.). A few pilot and demonstration
CCS projects have been developed worldwide, such as Weyburn, Canada; Aquistore,
Canada; or CO2CRC Otway, Australia, that have proven the technology to be technically
feasible [39]. In Europe, several demonstration projects were announced, but most of them
were cancelled in the last years. There are only two operating CCS projects in Europe,
Sleipner and Snøvhit in Norway, where CO2 captured is reinjected into the offshore natural
gas fields [40]. Roll-out of CCS is being currently delayed by high capital cost, high energy
consumption (on the carbon capture side) and thus high costs and a lack of demonstration of
technology. Other aspects that hinder CCS deployment are related to the large scale needed
and the available geological storage capacity. [39,41]. CCS also requires infrastructure to
transport CO2 and favourable storage conditions for wide-spread deployment, as CO2
leakages and safety on the storage side are other aspects to consider. This is important
for wide-spread deployment. Capturing all CO2 in a refinery is challenging due to the
number of CO2 sources. By comparing the Clean Hydrogen Partnership’s estimation of
blue hydrogen accounting for 10% of refinery demand in 2030, it is likely that the degree of
CCS deployment across the whole refinery will be smaller.

In general, and regardless CORSIA-related initiatives (e.g., LCAF), refineries are
already expected to implement such technologies to reduce their carbon impact: historically,
refinery energy efficiency has improved by 0.5% per year, and refineries will continue
implementing efficiency improvement measures until 2030. In terms of upstream emissions
reduction, a 20% reduction in upstream emissions could be assumed for 2030 on the basis of
the trajectory set by the Oil and Gas Climate Initiative’s (OGCI) target to reduce upstream
emissions by 13% between 2017 and 2025. The 20% comprises the easier to implement
and cheaper technologies or measures. Some measures for upstream emissions are still
in early stages of development and are therefore unlikely to be available for widespread
deployment in 2030. The extent of deployment of the both general refinery and kerosene-
specific levers depends primarily on the availability and cost of low-carbon hydrogen, CCS
and renewable electricity, which ultimately depend on the specific policy support level.

5. Conclusions

In this work, WTW emissions for the EU refinery base case presented were based on
the JRC WTT v5 study but adjusted to align with the ICAO benchmark: WTW emissions
comprise WTT emissions and TTW combustion emissions, which account for 18% and
72%, respectively. This approach allows for focusing on the application of GHG emissions
reduction levers to the WTT emissions, namely the upstream oil production and refining
steps. In this study, we identified the possible “levers”—technological measures that can
achieve GHG reductions—in light of the possibility offered by CORSIA lower carbon
aviation fuels (LCAF):

• Upstream emissions account for 53% of WTT emissions and comprise flaring, energy
use and methane emissions. Of the three, methane emissions contribute most signifi-
cantly to upstream emissions and therefore have the greatest potential for emissions
reduction. There are a range of measures that can be implemented to reduce emissions,
some of which relate to new technologies or use of low-carbon energy sources whilst
others are more focussed on changes to operation management, e.g., elimination of
economic venting of methane.

• Refining emissions account for 38% of WTT emissions. At this level, several actions
can be considered for reducing emissions: energy efficiency improvements, renewable
energy, low-carbon hydrogen and CCS, which in theory have the technical potential to
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mitigate almost all of a refinery’s carbon emissions; exceptions might include short-
term flaring for safety reasons. Considering the technical potential of these levers, it
was found that CCS has the greatest potential to reduce refining emissions but faces a
number of technical and financial barriers to wide-scale deployment.

This study shows that no one lever can reduce emissions to a sufficient level to meet
the requirement of being a CORSIA-eligible fuel (10% saving on WtW basis), and therefore
that the deployment of multiple levers is needed.

The results suggest that the extent of deployment of both the general refinery and
kerosene-specific levers depends primarily on the availability and cost of low-carbon
hydrogen, CCS and renewable electricity. Since jet fuel comprises only around 10% of
total refining output, the LCAF measures could support the implementation of large,
high-abatement cost changes, such as refinery-wide CCS that affect multiple fuels.
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CI Carbon intensity
CORSIA Carbon Offsetting and Reduction Scheme for International Aviation
EC European Commission
EOR Enhanced oil recovery
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GHG Greenhouse gas
ILUC Indirect land use change
ICAO International Civil Aviation Organization
KHT Kerosene hydrotreating
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LCAFs Lower carbon aviation fuels
LPG Liquefied petroleum gas
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SMR Steam methane reforming
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WTT Well-to-tank
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References
1. Eurostat. Energy, Transport and Environment Indicators; Eurostat: Luxembourg, 2017; ISBN 978-92-76-20736-8.
2. EASA. European Aviation Environmental Report; EASA: Cologne, Germany, 2022. [CrossRef]
3. EASA. European Aviation Environmental Report 2019; EASA: Cologne, Germany, 2019. [CrossRef]
4. EC. Sustainable and Smart Mobility Strategy—Putting European Transport on Track for the Future; COM(2020) 789 final; European

Commission: Luxembourg, 2020.

http://doi.org/10.2822/129746
http://doi.org/10.2822/309946


Appl. Sci. 2022, 12, 11818 15 of 16

5. Chiaramonti, D.; Talluri, G.; Scarlat, N.; Prussi, M. The challenge of forecasting the role of biofuel in EU transport decarbonisation
at 2050: A meta-analysis review of published scenarios. Renew. Sustain. Energy Rev. 2021, 139, 110715. [CrossRef]

6. ICAO. Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA); ICAO: Montreal, ON, Canada; Available online:
https://www.icao.int/environmental-protection/CORSIA/pages/default.aspx (accessed on 20 June 2022).

7. ICAO. CORSIA Sustainability Criteria for CORSIA Eligible Fuels. International Civil Aviation Organization. 2021. Available on-
line: https://www.icao.int/environmental-protection/CORSIA/Documents/ICAO%20document%2005%20-%20Sustainability%
20Criteria%20-%20November%202021.pdf (accessed on 20 June 2022).

8. ICAO. CORSIA Default Life Cycle Emisssions Values for CORSIA Eligible Fuels; International Civil Aviation Organization: Mon-
treal, ON, Canada, 2022; Available online: https://www.icao.int/environmental-protection/CORSIA/Documents/CORSIA_
Eligible_Fuels/ICAO%20document%2006%20-%20Default%20Life%20Cycle%20Emissions%20-%20June%202022.pdf (accessed
on 5 September 2022).

9. CORSIA. Guidance to Sustainability Certification Schemes (SCS) for application of CORSIA Sustainability Criteria, Themes 3 to 7,
for CORSIA Sustainable Aviation Fuel Produced on or after 1 January 2024. Available online: https://www.icao.int/environmental-
protection/CORSIA/Documents/Guidance%20on%20Sustainability%20Themes%203-7.pdf (accessed on 20 June 2022).

10. ICAO. CORSIA Methodology for Calculating Actual Life Cycle Emissions Values; International Civil Aviation Organization: Montreal,
ON, Canada, 2021; Available online: https://www.icao.int/environmental-protection/CORSIA/Documents/CORSIA_Eligible_
Fuels/ICAO%20document%2007%20-%20Methodology%20for%20Actual%20Life%20Cycle%20Emissions%20-%20June%2020
22.pdf (accessed on 5 September 2022).

11. Prussi, M.; Lee, U.; Wang, M.; Malina, R.; Valin, H.; Taheripour, F.; Velarde, C.; Staples, M.D.; Lonza, L.; Hileman, J.I. CORSIA:
The first internationally adopted approach to calculate life-cycle GHG emissions for aviation fuels. Renew. Sustain. Energy Rev.
2021, 150, 111398. [CrossRef]

12. Hu, Y.J.; Yang, L.; Cui, H.; Wang, H.; Li, C.; Tang, B.J. Strategies to Mitigate Carbon Emissions for Sustainable Aviation: A Critical
Review from a Life-cycle Perspective. Sustain. Prod. Consum. 2022, 33, 788–808. [CrossRef]

13. Timmons, D.; Terwel, R. Economics of aviation fuel decarbonization: A preliminary assessment. J. Clean. Prod. 2021, 369, 133097.
[CrossRef]

14. Shahriar, F.; Khanal, A. The current techno-economic, environmental, policy status and perspectives of sustainable aviation fuel
(SAF). Fuel 2022, 325, 124905. [CrossRef]

15. Mussatto, S.I.; Motta, I.L.; Maciel Filho, R.; van der Wielen, L.; Capaz, R.; Seabra, J.; Osseweijer, P.; Posada, J.A.; Goncalves, M.;
Scorza, P.R.; et al. Sustainable Aviation Fuels: Production, Use and Impact on Decarbonization. In Comprehensive Renewable Energy,
2nd ed.; Letcher, T.M., Ed.; Elsevier: Amsterdam, The Netherlands, 2022; pp. 348–371.

16. Prussi, M.; O’Connell, A.; Lonza, L. Analysis of current aviation biofuel technical production potential in EU28. Biomass Bioenergy
2019, 130, 105371. [CrossRef]

17. Chiaramonti, D.; Taluri, G.; Vourliotakis, G.; Testa, L.; Prussi, M.; Scarlat, N. Can Lower Carbon Aviation Fuels (LCAF) Really
Complement Sustainable Aviation Fuel (SAF) towards EU Aviation Decarbonization? Energies 2021, 14, 6430. [CrossRef]

18. EC. Directive (EU) 2018/2001 on the Promotion of the Use of Energy from Renewable Sources (Recast); European Commission: Luxem-
bourg, 2018.

19. Prussi, M.; Yugo, M.; De Prada, L.; Padella, M.; Edwards, R.; Lonza, L. JEC Well-to-Tank Report v5. 2020. Available online:
https://op.europa.eu/en/publication-detail/-/publication/a857087a-fe0c-11ea-b44f-01aa75ed71a1/language-en (accessed on
20 June 2022).

20. Huss, A. JEC Tank-to-Wheels Report v5: Passenger Cars. 2020. Available online: https://op.europa.eu/en/publication-detail/-/
publication/13db0e2b-feda-11ea-b44f-01aa75ed71a1/language-en (accessed on 20 June 2022).

21. Eurostat. Oil and Petroleum Products—A Statistical Overview. Available online: https://ec.europa.eu/eurostat/statistics-
explained/index.php?title=Oil_and_petroleum_products_-_a_statistical_overview (accessed on 20 June 2022).

22. Masnadi, M.; Al, E. Global carbon intensity of crude oil production. Science 2018, 361, 6405. [CrossRef] [PubMed]
23. FuelsEurope. Statistical Report 2022. Available online: https://www.fuelseurope.eu/uploads/files/modules/publications/1664

962555_DEF_FE_2022SR_LR.pdf (accessed on 20 June 2022).
24. OGJ. 2021 Worldwide Refining Capacity Summary. Available online: https://www.ogj.com/ogj-survey-downloads/worldwide-

refining (accessed on 20 June 2022).
25. McKinsey. European Refineries. 2020. Available online: https://www.mckinseyenergyinsights.com/resources/refinery-

reference-desk/# (accessed on 20 June 2022).
26. ICAO. CORSIA SARPS. Annex 16, Volume IV. 2018. Available online: https://www.icao.int/environmental-protection/CORSIA/

Pages/SARPs-Annex-16-Volume-IV.aspx (accessed on 20 June 2022).
27. CONCAWE. Estimating the Marginal CO2 Footprints of Refinery Products. Report no. 1/17. Brussels, Belgium. 2017. Available

online: https://www.concawe.eu/wp-content/uploads/2017/04/Rpt_17-1-1.pdf (accessed on 20 June 2022).
28. IEA. Methane Tracker 2020. Available online: https://www.iea.org/reports/methane-tracker-2020/methane-from-oil-gas

(accessed on 20 June 2022).
29. CONCAWE. CO2 Reduction Technologies. Opportunities within the EU Refining System (2030/2050). 2019. Available online:

https://www.concawe.eu/wp-content/uploads/Rpt_19-8.pdf (accessed on 20 June 2022).

http://doi.org/10.1016/j.rser.2021.110715
https://www.icao.int/environmental-protection/CORSIA/pages/default.aspx
https://www.icao.int/environmental-protection/CORSIA/Documents/ICAO%20document%2005%20-%20Sustainability%20Criteria%20-%20November%202021.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/ICAO%20document%2005%20-%20Sustainability%20Criteria%20-%20November%202021.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/CORSIA_Eligible_Fuels/ICAO%20document%2006%20-%20Default%20Life%20Cycle%20Emissions%20-%20June%202022.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/CORSIA_Eligible_Fuels/ICAO%20document%2006%20-%20Default%20Life%20Cycle%20Emissions%20-%20June%202022.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/Guidance%20on%20Sustainability%20Themes%203-7.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/Guidance%20on%20Sustainability%20Themes%203-7.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/CORSIA_Eligible_Fuels/ICAO%20document%2007%20-%20Methodology%20for%20Actual%20Life%20Cycle%20Emissions%20-%20June%202022.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/CORSIA_Eligible_Fuels/ICAO%20document%2007%20-%20Methodology%20for%20Actual%20Life%20Cycle%20Emissions%20-%20June%202022.pdf
https://www.icao.int/environmental-protection/CORSIA/Documents/CORSIA_Eligible_Fuels/ICAO%20document%2007%20-%20Methodology%20for%20Actual%20Life%20Cycle%20Emissions%20-%20June%202022.pdf
http://doi.org/10.1016/j.rser.2021.111398
http://doi.org/10.1016/j.spc.2022.08.009
http://doi.org/10.1016/j.jclepro.2022.133097
http://doi.org/10.1016/j.fuel.2022.124905
http://doi.org/10.1016/j.biombioe.2019.105371
http://doi.org/10.3390/en14196430
https://op.europa.eu/en/publication-detail/-/publication/a857087a-fe0c-11ea-b44f-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/13db0e2b-feda-11ea-b44f-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/13db0e2b-feda-11ea-b44f-01aa75ed71a1/language-en
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Oil_and_petroleum_products_-_a_statistical_overview
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Oil_and_petroleum_products_-_a_statistical_overview
http://doi.org/10.1126/science.aar6859
http://www.ncbi.nlm.nih.gov/pubmed/30166477
https://www.fuelseurope.eu/uploads/files/modules/publications/1664962555_DEF_FE_2022SR_LR.pdf
https://www.fuelseurope.eu/uploads/files/modules/publications/1664962555_DEF_FE_2022SR_LR.pdf
https://www.ogj.com/ogj-survey-downloads/worldwide-refining
https://www.ogj.com/ogj-survey-downloads/worldwide-refining
https://www.mckinseyenergyinsights.com/resources/refinery-reference-desk/#
https://www.mckinseyenergyinsights.com/resources/refinery-reference-desk/#
https://www.icao.int/environmental-protection/CORSIA/Pages/SARPs-Annex-16-Volume-IV.aspx
https://www.icao.int/environmental-protection/CORSIA/Pages/SARPs-Annex-16-Volume-IV.aspx
https://www.concawe.eu/wp-content/uploads/2017/04/Rpt_17-1-1.pdf
https://www.iea.org/reports/methane-tracker-2020/methane-from-oil-gas
https://www.concawe.eu/wp-content/uploads/Rpt_19-8.pdf


Appl. Sci. 2022, 12, 11818 16 of 16

30. IPIECA. Green Completion. 2014. Available online: https://www.ipieca.org/resources/energy-efficiency-solutions/units-and-
plants-practices/green-completions/ (accessed on 20 June 2022).

31. DECC. Optimization of CO2 Storage in CO2 Enhanced Oil Recovery Projects. 2010. Available online: https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment_data/file/47992/1006-optimization-of-co2-storage-in-
co2-enhanced-oil-re.pdf (accessed on 20 June 2022).

32. NETL. Carbon Dioxide Enhanced Oil Recovery. 2010. Available online: https://www.netl.doe.gov/sites/default/files/netl-file/
co2_eor_primer.pdf (accessed on 20 June 2022).

33. NREL. Enhanced Oil Recovery. 2020. Available online: https://www.energy.gov/fe/science-innovation/oil-gas-research/
enhanced-oil-recovery (accessed on 20 June 2022).

34. IEAGHG. Understanding the Cost of Retrofitting CO2 Capture in an Integrated Oil Refinery. 2017. Available online:
https://www.sintef.no/globalassets/project/recap/2017-tr8-recap-project.pdf (accessed on 20 June 2022).

35. Younas, M.; Shafique, S.; Hafeez, A.; Javed, F.; Rehman, F. An Overview of Hydrogen Production: Current Status, Potential, and
Challenges. Fuel 2022, 316, 123317. [CrossRef]

36. EC. A Hydrogen Strategy for a Climate-Neutral Europe; Communication from the Commission to the European Parliament, the
Council, the European Economic and Social Committee and the Committee of the Regions; COM (2020) 301 Final; European
Commission: Luxembourg, 2020.

37. Clean Hydrogen Partnership. Projects Repository. 2022. Available online: https://www.clean-hydrogen.europa.eu/projects-
repository_en?page=28 (accessed on 20 February 2010).

38. Hydrogen Europe. Path to Hydrogen Competitiveness: A Cost Perspective. 2020. Available online: https://hydrogencouncil.
com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf (accessed on 20 June 2022).

39. Ma, J.; Li, L.; Wang, H.; Du, Y.; Ma, J.; Zhang, X. Carbon Capture and Storage: History and the Road Ahead. Engineering 2022,
14, 33–43. [CrossRef]

40. Holz, F.; Scherwath, T.; del Granado, P.C.; Skar, C.; Olmos, L.; Ploussard, Q.; Ramos, A.; Herbst, A. A 2050 perspective on the role
for carbon capture and storage in the European power system and industry sector. Energy Econ. 2021, 104, 105631. [CrossRef]

41. Hong, W.Y. Carbon Capture Science & Technology A techno-economic review on carbon capture, utilisation and storage systems
for achieving a net-zero CO2 emissions future. Carbon Capture Sci. Technol. 2022, 3, 100044. [CrossRef]

https://www.ipieca.org/resources/energy-efficiency-solutions/units-and-plants-practices/green-completions/
https://www.ipieca.org/resources/energy-efficiency-solutions/units-and-plants-practices/green-completions/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/47992/1006-optimization-of-co2-storage-in-co2-enhanced-oil-re.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/47992/1006-optimization-of-co2-storage-in-co2-enhanced-oil-re.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/47992/1006-optimization-of-co2-storage-in-co2-enhanced-oil-re.pdf
https://www.netl.doe.gov/sites/default/files/netl-file/co2_eor_primer.pdf
https://www.netl.doe.gov/sites/default/files/netl-file/co2_eor_primer.pdf
https://www.energy.gov/fe/science-innovation/oil-gas-research/enhanced-oil-recovery
https://www.energy.gov/fe/science-innovation/oil-gas-research/enhanced-oil-recovery
https://www.sintef.no/globalassets/project/recap/2017-tr8-recap-project.pdf
http://doi.org/10.1016/j.fuel.2022.123317
https://www.clean-hydrogen.europa.eu/projects-repository_en?page=28
https://www.clean-hydrogen.europa.eu/projects-repository_en?page=28
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
http://doi.org/10.1016/j.eng.2021.11.024
http://doi.org/10.1016/j.eneco.2021.105631
http://doi.org/10.1016/j.ccst.2022.100044

	Introduction 
	Materials and Methods 
	LCA and Methodological Choices 
	Production of Conventional Jet Fuel from Crude Oil 
	The GHG Intensity of Conventional Jet Fuel 
	GHG Emissions from Upstream Activities 
	GHG Emissions from Downstream Activities 

	Identification of Levers for Reducing GHG Emissions 
	GHG Emissions Reduction from Upstream Activities 
	GHG Emission Reduction Applied Refinery-Wide 
	GHG Emission Reduction Applied Specifically to Kerosene Production at Refinery Level 
	Methodological Frame and Results Boundaries 


	Results 
	Upstream GHG Emissions Reduction Levers 
	Refinery GHG Emissions Reduction Levers 
	Jet Fuel-Specific GHG Emissions Reduction Levers 
	Summary of the Potential GHG Emission Reductions 

	Discussion 
	Conclusions 
	References

