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Alternative aviation fuels possess significant potential to reduce the environmental burdens of the aviation

industry. This review critically explores the application of the Life Cycle Assessment Methodology to the

assessment of alternative aviation fuels, highlighting critical issues associated with implementing Life

Cycle Assessment, such as the regulatory policy, functional unit selection, key system boundaries and

the selection of the appropriate allocation methods. Critically distinct from other reviews on aviation

fuels, a full, detailed analysis of the 37 Lifecycle Assessment studies currently available is critically

evaluated over the past decade, supported by the additional background literature. For the first time, it

brings together the assessment of sustainable feedstocks, processes and impact methods on the

assessment of the jet fuel fraction. Significantly, the results highlight a lack of assessment into other

characterisation factors within the Life Cycle Impact Assessment phase, leading to an over reliance on

Global Warming Potentials and high uncertainty during production and combustion of the aircraft at high

altitudes. Future perspectives on the next generation of aviation fuels from novel feedstocks are

explored, leading to recommendations for applying endpoint damage assessment categories to these

studies.
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1. Introduction

The delivery of the recent ‘Global Warming of 1.5 �C’ report by
the IPCC (Intergovernmental Panel on Climate Change) has
indicated that global CO2 emissions should reach net zero by
2050 in a bid to avert unrecoverable climate change.1 Life Cycle
Assessment (LCA) is fast becoming a critical accounting tool for
Dr Yang Luo is a post-doctoral
research associate in the
Research Centre for Carbon
Solutions (RCCS) at Heriot Watt
University. He received his PhD
degree from the Wolfson School
of Mechanical, Manufacturing
and Robotics Engineering at
Loughborough University in
2016. Currently, he is conduct-
ing his post-doctoral studies
under the supervision of Prof
Maroto-Valer and Dr Andresen

through assessing the sustainability and process integration of
next generation green data centres. His expertise includes waste
heat recovery, energy efficiency and lifecycle assessment and is an
associate member of the Institute of Mechanical Engineering
(AMIMechE).
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carbon systems. She has over 450 publications, of which she edited
4 books, and 32% of her publications are among the top 10% most
cited publications worldwide. Her research portfolio includes
projects worth £35m, and she has been awarded a prestigious
European Research Council (ERC) Advanced Award. She obtained
a BSc with Honours (First Class) in Applied Chemistry in 1993 and
then a PhD in 1997 at the University of Strathclyde (Scotland).
Following a one-year postdoctoral fellowship at the Centre for
Applied Energy Research (CAER) at the University of Kentucky in the
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guiding policy makers, investors and fuel producers towards
a holistic energy system approach.2 Specically, LCA over the
past decade has been crucial for assessing the sustainability of
Alternative Aviation Fuels (AAF), where GHG emissions within
the aviation sector are increasing by 3% globally.3

A full traditional LCA approach normally entails framing the
entire product supply chain and is known as a cradle-to-grave
analysis, but for the purposes of assessing fuel based prod-
ucts, the literature refers to this type of study as Well-to-Wake
(WtWa). LCA as a method features contrasting congurations
depending upon the context of analysis and requires a thorough
review across the AAF literature to make sense of how it inter-
prets performance. Thus, depending on the context of scope
and scale, confusion over allocation of fuel co-products
remains.4–9 When used correctly and following appropriate
standards, LCA can provide a consistent level of AAF bench-
marking across different feedstocks and process pathways
including all greenhouse gas (GHG) emissions from selected
technologies over their total lifetime, from extraction, through
to production and eventual combustion. This review, therefore
aims to assist and provide guidance to the reader in performing
LCA on alternative aviation fuels.

Technologies that are labelled “zero-carbon” may be unsus-
tainable when comparing their cumulative emissions. LCA
studies have therefore proven extremely useful for assessing
various liquid fuels based on global warming potentials
(GWP).10 In addition, Environmental midpoint impact cate-
gories including eutrophication, acidication and ozone
depletion can highlight complex interactions across different
spheres such as the biosphere and hydrosphere etc. over their
entire lifetime due to changes in the system boundary or the
introduction of new emission factors.11 Such factors can provide
new insights depending on the environmental focus and study
Dr Bing Xu is an Associate
Professor in Finance in the Edin-
burgh Business School at Heriot-
Watt University, UK. She holds
a MA (Hons) in Business Studies
& Accounting and a PhD in
Management both from the
University of Edinburgh, UK.
Bing sits on the Roundtable on
Sustainable Biomaterials (RSB)
board of directors and is an
Energy Economics Group Chair
for the Chinese Economics Asso-

ciation. Her research concerns banking and nance, energy
economics, Data Envelopment Analysis and Multi-Criteria
Decision-Making Analysis. She has also worked on several
external funded research projects (e.g., E-Harbours; Efficient
Sustainable Energy Management with Abattoir and Dairy Indus-
tries in Scotland) and collaborated with a wide range of industrial
and government partners. Currently, Bing leads the work package
on Policy, Public Engagement and Regulations, for two EPSRC
funded projects on low carbon fuels.

3230 | Sustainable Energy Fuels, 2020, 4, 3229–3263
context, however, they are seldom used, particularly when
assessing liquid fuels.

Other methodological issues that are prevalent within the
environmental footprint of AAFs act as common sub-topics
within the LCA literature. Key issues include functional unit
denition, system boundary denition, temporal and spatial
variability, data availability, and data quality.12–15 The Society of
US, she moved to Pennsylvania State University in the US, where
she worked as a Research Fellow and from 2001 as an Assistant
Professor and became the Program Coordinator for Sustainable
Energy. She joined the University of Nottingham as a Reader in
2005, and within 3 years she was promoted to Professor in Energy
Technologies. During her time at Nottingham she was the head of
the Energy and Sustainability Research Division at the Faculty of
Engineering. In 2012, she joined Heriot-Watt University as the rst
Robert Buchan Chair in Sustainable Energy Engineering and has
served as the head of the Institute for Mechanical, Processing and
Energy Engineering (School of Engineering and Physical Sciences)
and the pan-University Energy Academy. She is a member of the
Directorate of the Scottish Carbon Capture and Storage (SCCS). She
holds leading positions in professional societies and editorial
boards, and has received numerous international prizes and
awards, including the 2018 Merit Award Society of Spanish
Researchers in the United Kingdom (SRUK/CERU), 2013 Hong Kong
University William Mong Distinguished Lecture, 2011 RSC Envi-
ronment, Sustainability and Energy Division Early Career Award,
2009 Philip Leverhulme Prize, 2005 U.S. Department of Energy
Award for Innovative Development, 1997 Ritchie Prize, 1996 Glenn
Award—the Fuel Chemistry Division of the American Chemical
Society and 1993 ICI Chemical & Polymers Group Andersonian
Centenary Prize.

This journal is © The Royal Society of Chemistry 2020
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Environmental Toxicology and Chemistry (SETAC)'s “Code of
practice” established four methodological phases within the
LCA: goal and scope denition, Life Cycle Inventory (LCI), Life
Cycle Impact Assessment (LCIA) and Life Cycle interpretation in
its international standard (ISO 14040).7,16,17 Across the aviation
LCA literature, various types of LCAs have been applied. In some
cases, recent studies have incorporated economic assessments
which have been performed using market allocation through
marginal data via either attributional or consequential LCA18–21

and these have been highlighted, although economic results in
this context is out of scope for the review.

One of the contested debates in terms of applying LCA to AAF
fuels is the setting of the system boundary.22 In Fig. 1, LCA
features four typical boundary settings when applied to aviation
fuel. The rst isWell-to-Wake (WtWa) in the blue box and covers
the full lifecycle of the fuel pathway from extraction to
combustion of the fuel. Well-to-Pump (WtP) includes every step
excluding combustion in the red box. The third boundary focus
is Well-to-Gate (WtG) and an example can be seen in the green
box. The nal boundary conguration is Gate-to-Gate (GtG) in
the orange box. The system boundaries cause signicant
uncertainty when performing comparisons with the rest of the
LCA literature.2 Across the system boundary, allocation is per-
formed in order to partition environmental burdens of products
or functions that are involved in or at least share the same
process.2 The allocation procedure (see Section 2.2) is primarily
carried out through one of four ways, namely mass,4 displace-
ment (system expansion), energy and economic (market) parti-
tions. Implementation remains difficult with the methods
interpreting results in different frames relating to the function
of that specic method. Applying an attributional LCA to the
Dr John Andresen joined Heriot
Watt University in 2012 as Asso-
ciate Director of the Low Carbon
Systems group under Research
Centre for Carbon Solutions and
is an Associate Professor and
Reader in Chemical Engineering.
He is currently leading LCA
efforts on AAFs (EP/N009924/1),
green data centres (EP/P015379/
1) and waste plastic recycling
(KTP/11171). He gained his PhD
in Applied Chemistry researching

sustainable binders for carbon materials in 1997 from University of
Strathclyde, Scotland. He then worked as an Assistant Professor at
Pennsylvania State University, USA, where he was Director for the
Consortium for Premium Carbon Products from Coal as well as its
Carbon Research Centre. He then moved to University of Notting-
ham, England, where he became an Associate Professor in 2006. At
University of Nottingham he worked closely with industry and
secured three Knowledge Transfer Partnerships (KTP) projects in
the area of sustainable fuel. He is a member of the Royal Society of
Chemistry (MRSC) and an Associate Member of the Institute for
Chemical Engineering (AMIChemE).

This journal is © The Royal Society of Chemistry 2020
WtP process boundary is straightforward; estimating the emis-
sions from combustion is complex due to relative efficiencies of
different types of aircra in operation as well as distances
covered. For example, long-haul aircra are efficient over long
distances such as transcontinental ights, while they are less so
over short-term ights such as inter-city “hops” due to complex
manoeuvring and power adjustment. Such studies are out of
scope for this review but are readily available.23–27

This review aims to benchmark currently available studies
on AAFs (2008–2018) and so aims to consolidate the work that
was started in other review papers.28–38 The focus of the review
includes an analysis of the types of LCA performed, the process
pathways, feedstocks and uncertainty associated with LCA. It
also identies what processes negatively inuence upstream/
embedded emissions and assists in the identication of
which combination of processes and feedstock's provide the
most optimal emission reduction.39

Section 2 illustrates current regulatory policy and the general
data requirements for AAF research, including key LCA tools
(soware and algorithms) and their terminologies. Section 3
introduces and describes the current AAF fuel technologies
available, considering all feedstocks and process pathways as
well as their commercial readiness. Section 4 critically evaluates
the 37 LCA studies in terms of their results and trends. The
distribution of conventional jet A1 is compared across the
literature, since signicant variation also exists with this base-
line. Availability and scaling issues of each process is explored,
as well as the uncertainty and distribution of the results. Finally,
Section 5 provides a short prospective, highlighting available
fuels that have not been assessed by LCA to produce aviation
fuels as well as future work that discusses new technologies that
require either modication of the existing aircra eet or the
creation of entirely new aircra to support such future path-
ways. The conclusions then close the paper.
2. Approaches, data requirements
and resources

This section discusses the regulatory and general assumptions
when conguring LCA. It explores policy, key LCA terminologies
for assessing AAF, product allocation methods that have been
applied and the role of the functional unit and system bound-
aries. Finally, LCA databases and tools are also explored and
discussed.
2.1 LCA congurations for aviation fuel

2.1.1 Attributional and consequential. LCA can be grouped
into two different categories – attributional and consequential
studies.6,40,41 Attributional applies sustainability parameters to
a specic AAF pathway. Total impacts of the separate processes
to produce aviation fuel can be easily summed, however indirect
impacts from the renery cannot be simulated and the system
boundary is xed on the product supply chain only. Direct
environmental effects from input are included as well as the
output i.e. combustion of the fuel.
Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3231
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Fig. 1 LCA system boundary analysis of a generic aviation fuel pathway. WtWa ¼ well-to-wake; WtP ¼well-to-pump; WtG¼ well-to-gate; GtG
¼ gate-to-gate.
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Consequential LCA on the other hand allows the system
boundary to include both direct and indirect effects of the
production system with the realisation that the production is
part of a larger system that can adjust its behaviour in response
to the adjustments in production – essentially simulating cause
and effect dynamics.42–45 Additional environmental effects can
be captured due to the ability to capture the dynamics of the
system over time.

2.1.2 The functional unit (FU) and system boundary. The
functional unit (FU) lies at the centre of all LCA studies,46

providing normalisation metrics for the liquid fuel products. It
is a common rule that the LCA should closely relate to the
functions of the “product” as opposed to the physical or
tangible product which is why an energy based FU is normalised
based on one embodied MJ of its product and performed for the
37 studies with either g CO2e per MJ or kg CO2e per GJ.47,48 The
FU differs between product categories based upon the type of
product that is being used and it should be able to compare
across multiple different products. The FU differs between
allocation and consequential methods. For allocation, the unit
is xed based upon the specied allocation parameters within
a specic timeframe. For consequential decision making, the
scale of the consequence may inuence how the size of the
functional unit is dened.

2.1.3 Time horizon. Most linear LCA studies do not
consider time, and this of course causes considerable confu-
sion. In order to be as realistic as possible, emission timing
should be taken into account in order for the results to become
more accurate.15,49 For example, as new technologies emerge
that are cleaner andmore stable, this will have an impact on the
LCA results. Ideally, the time horizon should equal the project
lifespan.15 There is no clear quantitative method that is
3232 | Sustainable Energy Fuels, 2020, 4, 3229–3263
currently available that allows the selection of this value. The
RFS2 analysis of land use emissions aimed to set fuel produc-
tion to a time horizon of 30 years with the current yields being
retained. The standard time horizon of 100 years which relates
to the GWP potentials was also taken into account in all of the
studies, however, serious challenges are present with such
approaches. The rst issue is that using the standard 100 year
assessment period is suggestive of GHG emissions being passed
on to future generations and there is an argument that the 20
year timeline should be implemented also for comparison
purposes. Also, relying on GWP does not necessarily represent
the true environmental impact or even the burden of cost. AAF
projects may either fail quickly freeing up land for other
applications or some biofuel projects may actually persist for
much longer periods of time. Also, CO2 sequestration on land
addresses other challenges. One example of a time specic
approach was introduced as a time shock value as opposed to
spreading such environmental burdens equally throughout the
selected time boundary50 with the single impact being higher
than the amortized value.51

2.1.4 Process efficiency. The process efficiency of the
various pathways is dependent on the types of technology being
used, and therefore, will determine the balance of emissions
versus the production of fuel. Renery process efficiency is also
of primary interest in most studies. This can be expressed as an
overall energy efficiency ratio (1):

Overall energy ratio ¼ total energy out

total energy in
(1)

A process pathway energy ratio can be estimated by calcu-
lating the overall energy ratio (i.e., total energy in) to produce 1
MJ of jet fuel (i.e. total energy out). The amount of energy that is
This journal is © The Royal Society of Chemistry 2020
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feeding into the system is derived from energy that is fed into
the pathway in addition to all primary process requirements
(electricity grid etc.). Process energy accounts for everything else
and is dependent upon the efficiency of the overall process
pathway. The overall energy ratio can be expressed by (2) as:

Overall energy ratio ¼

1 MJ

1 MJ feedstock inputþ total process energy input
(2)
2.2 LCA allocation methods

As described earlier in Section 1, several allocation methods are
available when comparing the LCA of AAFs. The most common
include: (1) energy allocation;4 (2) mass allocation;52 (3) market
or economic allocation47,52 and (4) displacement, also known as
system expansion or substitution.53 Using only one of these
methods can produce drastically different LCA results, and
therefore, care must be taken when deciding on which alloca-
tion method should be used. Fig. 2 illustrates the type of allo-
cation methods that have been applied to AAF LCA studies.

2.2.1 Energy allocation. Energy based allocation aims to
assess the LCA performance of a process pathway by allocating
results based upon the energy content of a feedstock.2,54,55 It is
a requirement of the EU renewable energy directive.56 Just like
mass allocation, it is easy to apply and is probably the most
relevant method to employ when assessing AAF technologies
Fig. 2 Comparison of allocation methods applied to fictional alternativ
feedstocks as input. The functional unit is represented by the central bo
product GHG% illustrates the change in emissions based upon the allocat
same, only the allocation methods change, impacting the distribution o

This journal is © The Royal Society of Chemistry 2020
due to the variable energy content of feedstocks. Most of the EU
literature uses the Lower Heating Value (LHV) for pre-
production, while North America uses the Higher Heating
Value (HHV) which includes the latent heat of water vapor-
ization for post-production to determine energy content, which
is proportional to the functional unit. All of the co-products that
are produced for the nal production of AAF can be used as
energy sources, and therefore, it is logical to use this
approach.47

2.2.2 Mass allocation. Mass allocation is probably the
simplest to perform, since it allocates emissions based upon co-
product mass.52 This technique appears to be the most useful
when co-product quantity is small compared with the aviation
fuel fraction. In addition, it is preferred if a co-product substi-
tute cannot be found that displacement/system expansion
should be applied.47Other perspectives indicate mass allocation
in liquid fuels which makes it difficult to compare technologies
without rst declaring their energy content, unless the co-
products are displaced on a physical/mass basis.

2.2.3 Market allocation.Market value allocation offers both
a xed and non-linear approach, as the parameters may not be
constants, but could consist of marginal data which can be
forecasted through time.48,57 Emissions and energy are allocated
to the main supplier of the production of AAF based upon
market dynamics driving the production.58 If production from
aviation fuels is being increased through demand, the price of
the fuel also rises due to such demand. The monetary value of
co-products falls as their additional supply increases resulting
e aviation fuel co-products produced at a generic refinery using dual
x for energy, mass and market allocation methods. The allocated co-
ionmethod adopted. Note that the feedstocks and co-products are the
f GHG results across different co-products.

Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3233
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in a higher allocation of emissions to the main product and
a reduced level of allocation to the co-products.

In effect, the aviation fuel product i.e. kerosene becomes the
driving force of the AAF production pathway as well as its nal
emissions.59 Unfortunately, it can be difficult to accurately
measure market stability over time, which may introduce
additional uncertainty such as uctuations in oil price.60–62

2.2.4 Displacement. Displacement is necessary in order to
conform with the U.S. renewable fuel standard63 and is the most
logical choice for allocating the emissions and energy of AAF
process pathways and feedstock's. It determines benets from
its co-products compared with conventional aviation fuels and
credits them to the specied fuel product (known as discount-
ing). For example, if industrially sourced CO2 was considered as
a feedstock, the avoided venting from the production source
would be applied to the quantity of CO2 that was processed in
the aviation fuel production plant, effectively discounting its
quantity from the atmosphere. This can be seen in Fig. 2, where
renery co-products and electricity production are being dis-
placed with the business as usual case. Key difficulties for this
type of method include nding an appropriate product which
can be displaced, assessing the environmental burden and
eventually nalising the appropriate displacement ratio.64

There is also a considerable misunderstanding of how land use
change emissions should be quantied, particularly rst
generation biomass feedstocks that are also produced as a food
source e.g., soybeans and rapeseed featuring particularly large
food-based markets.

As Fig. 2 illustrates, although the results can be different,
there is no specic right or wrong approach to implementing
product allocation methods, however, it is proving important
(and perhaps necessary) to perform a comparative analysis
using multiple allocation methods based upon the number of
distinct scenarios. The type of feedstocks that are under scru-
tiny must be carried out on an independent basis due to the
uniqueness of the feedstock and how they affect the process
pathway once again highlighting the deviation of results in
Fig. 2. The development of rulesets and guidance for assisting
AAF modellers with applying the four allocation methods is
currently ongoing.22,56
2.3 Regulations, guidelines and accounting standards

Table 1 highlights 18 distinct regulatory approaches that are
either actively engaged with assessing the performance of AAFs
or possess the potential to do so. A variety of policies and
frameworks exist in order to assess transportation fuels. Due to
the similarity of their methodologies, it is possible that they
could also be applied to the governance of the aviation industry.

2.3.1 Government-based programs. A total of 7
government-based programs (Table 1) are currently in opera-
tion. These are the California low carbon fuel standard (LCFS),65

the Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA),66 the U.S. Energy Independence and Security
Act (EISA),67 the U.S. renewable fuel standard (RFS2),68 the
European Renewable Energy Directive (RED)69 and the Renew-
able Transport Fuel obligation (RTFO).70
3234 | Sustainable Energy Fuels, 2020, 4, 3229–3263
All support the assessment of GHG emissions and energy
requirements, but they do not support other environmental
criteria. When assessing their methodologies, they can be nar-
rowed down to three key points. The rst consists of co-product
allocation methods and if displacement (Section 2.2.4) is being
used across the system boundary. The second is double
counting of co-products within the system boundary, which can
lead to inaccurate conclusions in terms of environmental
results. The third is the incorporation of land use impacts,
which can be both direct and indirect, and depends on the type
of associated feedstock. The choice of either consequential or
attributional LCA causes different interpretations in terms of
how the system boundary behaves. Finally, the default values
for the regulatory frameworks may be different, and can there-
fore cause similarly performing feedstock pathways to behave
differently. As an example, a pathway that produces surplus
electricity, the RFS2 standard assigns emission-based credits
depending upon the amount of surplus available.

Regulations have various accounting requirements for
energy production, which can have implications on the emis-
sions credit attribution. The LFS standard in Table 1 for
example incorporates a regional grid mix. Under the RED
framework, the emissions credit is xed to the feedstock that
was used to produce the electricity; therefore the assigned credit
would be much lower as opposed to comparing directly with the
regional grid mix which is naturally more emission intensive. In
terms of more established standards such as the RFS2 and RED,
it may be worthwhile in the future to harmonise the sustain-
ability requirements for fuel production. This is because some
pathways may accept a certain type of fuel by one regulatory
body but would not be sufficient for another based on calcula-
tion methods, differences in GHG targets and land use
requirements, which currently can act as barriers to
implementation.

2.3.2 Voluntary based standards and independent bodies.
Table 1 also illustrates a number of contrasting voluntary
based programs consisting of independently run regulatory
bodies and institutions that aim to standardise, promote and
invest in improvements for sustainable aviation and similar
industries. Such bodies emphasize and target specic
sustainability characteristics and differ greatly between
regional focus, feedstock scope and scale. For example, Bon-
sucro (UK)71 focuses on sugarcane feedstocks as well as its
producers, however they do not feature or apply a specic LCA
methodology to carry this out. Instead, they set mandatory
targets of <24 g CO2e per MJ of fuel-based emissions in order
for mills and farms to remain certied. This target is much
lower than the EU renewable energy standard (RED) which
requires all fuels to be between <54.4–33.5 g CO2e per MJ
depending on whether installations were open before or
beyond 5th October, 2015. On the other hand, the Roundtable
on Sustainable Biomaterials (RSB)72 focuses on all feedstocks
and process pathways and features very distinct methodolog-
ical requirements in the form of an attributional LCA assisted
with data that is taken from various data sources such as
Biograce.73 In addition to small scale standards such as Bon-
sucro and RSB, the International Sustainability and Carbon
This journal is © The Royal Society of Chemistry 2020
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Certication (ISCC)74 and Council for Sustainable Biomass
Production (CSBP) offers certication standards and guide-
lines for biomass derived fuels.

2.3.3 Environmental accounting standards. Supporting the
regulatory bodies and governmental programs in Table 1 are
three environmental accounting standards, which are designed
to give guidance on environmental product declarations. The
Public Available Specication (PAS 2050)75 was created by the
British Standards Institution in an attempt to standardize the
methodology that is used in LCA and is based upon standards
that have been developed by IPCC and ISO. Hence, it is designed
to support consistency and step-by-step guidance on how to
create an LCA for any product. In comparison between these
two, system boundaries and functional units vary between the
different products, however, PAS 2050 focuses on GHG emis-
sions only compared with EPD's multiple environmental
criteria. With the exception of ISO 14040, the basis for their
guidelines consists of completely different standards. While
PAS 2050 has a detailed LCA methodology drawn out, a Product
Category Rule (PCR) is required which may lead to a long and
difficult certication process. ISO 14025 (ref. 76) is designed to
assess the requirements for designing EPD guidelines which is
why it has been included in Table 1.
Table 1 Regulations, guidelines and accounting standards influencing a

Fuel programs Region Responsible parties

Government regulations
California LCFS California Transportation fuel providers
CORSIA International Flight operator and airline
EISA section 526 U.S. Federal agency fuel procurers

i.e. Department of defence
RFS2 U.S. fuel producers
European RED European Union Fuel suppliers
European ETS European Union Industry

(aviation to be included)
RTFO United Kingdom Fuel suppliers

Sustainability guidelines
Bonsucro International Sugarcane producers
CSBP Biomass and biofuel producers
GBEP Biofuel analysts and policy mak
ISCC Biofuel producers

ISO 14040, 14044 Lifecycle assessment studies
RSB Biofuel and biomaterial produc
RSPO Palm oil producers
RTRS Soy oil producers

Environmental accounting
EPD/PCR International Products with environmental d
ISO 14025
PAS 2050 United Kingdom

a LCFS¼ low carbon fuel standard; CORSIA¼ carbon offsetting and reduc
security act; RFS2 ¼ renewable fuel standard 2nd amendment; European
scheme; RTFO ¼ renewable transport fuel obligation; CSBP ¼ council
partnership; ISCC ¼ international sustainability and carbon certicat
roundtable for sustainable biomaterials; RSPO ¼ roundtable for sus
environmental product declaration; PCR ¼ product category rules; PAS ¼

This journal is © The Royal Society of Chemistry 2020
2.4 Databases and tools applied to alternative jet fuels

A variety of commercially available and free LCA soware is
available for analysing current AAF production pathways and
simulations. In this section, we review seven commonly used
approaches.

2.4.1 GREET. The GREET (Greenhouse gas Regulated
Emissions and Energy use in Transportation) is an LCA tool
which was developed by the Argonne National Laboratory, U.S.
It is considered to be the most popular tool when assessing the
LCA of AAFs.47,77,78 Data from GREET is based mainly on U.S.
sources and parameters (U.S. electricity generation mix via the
U.S. Environmental Protection Agency's e-grid database, U.S.
industrial statistics, U.S. transportationmodes and distances79).
GREET has been credited by the Society of Automotive Engi-
neers as the gold standard for WtWa analyses of vehicles and
fuel systems. Since its creation, the U.S. government and
industry have relied on the GREET model. Argonne's own
simulations using ASPEN plus soware for engineering
processes, Autonomie simulations for vehicle fuel consumption
and EPA MOVES modelling of vehicle emissions also use the
GREET model. In terms of AAFs, a few studies have contributed
to the renement of the GREET database, such as Elgowainy
et al.78 and studies by the Massachusetts Institute of Technology
(MIT).24,47,80–82
lternative aviation productiona

Allocation approach Calculation tools

Attributional, displacement CA-GREET, GTAP
Attributional, energy GREET, E3
Attributional GREET

Consequential, displacement
Attributional, energy Biograce
Non-specic Non-specic

Attributional Default calculations

Non-specic Non-specic

ers
Attributional, energy ISCC GHG

emission calculation
Non-specic Non-specic

ers Attributional, market RSB greenhouse gas tool
Non-specic Non-specic

eclaration Various Various

tion scheme for international aviation; EISA ¼ energy independence and
RED ¼ renewable energy directive; European ETS ¼ emissions trading
for sustainable biomass production; GBEP ¼ global biomass energy
ion association; ISO ¼ international standards organisation; RSB ¼
tainable palm oil; RTSS ¼ roundtable on responsible soy; EPD ¼
publically available specication.
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2.4.2 Biograce. Biograce is a model that was developed by
Intelligent Energy Europe.83 The soware follows the regula-
tions of the EU RED (as described earlier in Table 1). It features
two different scales in the form of general or country specic
(i.e. Germany, Spain and Netherlands etc.). The functional units
are derived from the European Commission's Joint Research
Centre (JRC). It is capable of providing over 15 different biofuel
pathways and allows for auditing. Co-products are allocated
using the energy allocation method, therefore GHG emissions
are partitioned using only this method, providing less exibility
compared to some of the other models currently available.
However, Biograce can be updated through importing external
LCI data. It does not calculate other impacts beyond CO2e which
is one of the major issues with the LCA aviation fuel literature.

2.4.3 ALCEmB (assessment of life cycle emissions of bio-
fuels). ALCEmB is a lifecycle GHG model which is specically
created in order to assess biofuels and has been proposed by
Lokesh et al.84,85 GHG emissions are allocated to bio-SPKs from
WtWa LCA congurations. ALCEmB adapts the process pathway
conditions as well as the selected feedstocks in order to predict
combustion emissions (see Section 4.4). In previous studies, it
was assumed that combustion emissions were denite.
Biomass credits are predicted via a special chemical algorithm
determining hydrocarbon chemistry and constantly updated
tracking of the carbon cycle. Water consumption is given
a linear relationship in line with carbon intensity and specic
engine congurations of aircra and its systems are investi-
gated. The core system boundaries of the ALCEmB tool is
applied from the cultivation of biomass (representing the well/
cradle) through to the combustion of the fuel product in the
engine producing wake emissions (representing the grave). The
tool primarily uses energy-based allocation as the core baseline
scenario. Fuel specic systems are quantied through a specic
module in addition to operational emissions. A uid property
library that contains several parameters for the aviation fuels is
relative to temperature, fuel air ratio and pressure.86

2.4.4 TLCAM (Tsinghua University LCA model). The
Tsinghua University LCA Model or TLCAM was created to
simulate the standard parameters of China's transport network
and includes an LCA suite.87 Most of the key transport modes
are covered, as well as the two different versions of sustainable
energy, which are utilised aer data extraction in addition to the
transportation only function. The indirect energy and the
impacts of GHG emissions are assessed in detail so that
descriptions of the environmental burden and energy require-
ments for the secondary energy pathways are shown in China.

2.4.5 NETL LCA tools. NETL LCA are a set of tools that were
created by the National Energy Technology Laboratory (NETL)
who assists in the support and implementation of LCA models
for AAF production. They consist of the following models and
programs. The NETL Fischer–Tropsch (FTL) black box model
allows the user to enter different compositions of syngas with
the expected output being displayed. The assumptions assume
50 000 bbl per day. Key outputs are CO2 emissions, mass ows,
required syngas input and the export of electricity from the
facility. The coal and biomass GHG optimisation tool performs
3236 | Sustainable Energy Fuels, 2020, 4, 3229–3263
scenario analysis to optimise the performance of GHGs under
various coal and biomass to liquids (CBTL) congurations
through three different coal types (Montana Rosebud sub-
bituminous coal, Illinois No. 6 bituminous coal or North
Dakota Lignite).

2.4.6 GHGenius. GHGenius is an LCA tool based on
transportation fuels88 and features a variety of different biofuel
feedstocks and process pathways. It is capable of analysing
contaminants associated with the production of the 1st gener-
ation of AAF fuels such as hydro processed fatty acids (HEFA)-
based feedstocks. The tool was originally specic to Canada
and used by Natural Resources Canada, but GHGenius can also
calculate results for several other locations including India,
Mexico and the U.S.89. The three key GHGs are included in this
model (i.e. CO2, CH4 and N2O) as well as CFC-12 and HFC-134a
and criteria pollutants. This model is a lot more complex than
traditional LCA models and includes around 20 different
regions and soil types, in addition to indirect GHG calculations
as well as a non-linear simulation of the atmosphere. Over 200
feedstock pathways exist that focus on fuel, pathways and
vehicles, however they do not measure the jet fuel pathway, as
the focus is on ground transportation.

2.4.7 SimaPro and Ecoinvent. SimaPro (v8.5.2) is one of the
most popular LCA soware suites globally and includes the
Ecoinvent database (v3.6).90 Other databases that are included
with SimaPro include the US Lifecycle Inventory database,
Industry data 2.0, EU Danish input–output and the European
Life Cycle Database (ELCD). As good background data is
important, specically in LCA, practitioners mainly use LCI
databases, such as Ecoinvent, which can be considered to be
one of the largest, most transparent and most fully-equipped
unit-process LCI databases internationally. The most recent
version, Version 3.5, provided several important methodolog-
ical and technological improvements, as well as a high number
of extensive and revised datasets.

3. Current pathways and feedstocks

The seven pathways that form the core AAF LCA literature
consist of: Hydroprocessed Renewable Jet fuel (HRJ), also
known as Hydroprocessed Esters and Fatty Acids (HEFA);
pyrolysis (Hydrotreated Depolymerized Cellulosic Jet (HDCJ));
Fischer–Tropsch (FT); Catalytic Hydrothermolysis (CH),
referred to as Hydrothermal Liquefaction (HTL) in this paper;
Alcohol-to-Jet (ATJ); Sugar to Jet (STJ), also referred to as Direct
Sugar to Hydrocarbons (DSHC), and Aqueous Phase Processing
(APP) which can be considered as a secondary pathway to STJ.
Fig. 3 illustrates the Commercial Aviation Alternative Fuels
Initiative (CAAFI) Fuel Readiness (FRL) scale, measuring tech-
nological maturity for certication and commercial use.83 FRL 1
in the CAAFI FRL scale indicates that basic principles have been
observed and reported indicating that the feedstock and
process principles have been identied. FRL 2 indicates that
a technology concept has been formulated and a complete
record of the feedstock process has been identied. FRL 3 is the
proof of concept, which can be attributed to lab scale experi-
ments that have validated the approach. An energy balance has
This journal is © The Royal Society of Chemistry 2020
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also been undertaken and basic fuel properties have been vali-
dated. The fuel quantity that is to be prepared at this stage is
0.13 US gallons (500 ml). FRL 4 is divided into two parts,
preliminary, technical and evaluation.

System performance and integration studies are carried out
and entry criteria/specication properties are evaluated. At this
stage 10 US gallons (37.8 litres) of fuel are produced and given
rigorous performance tests. According to Fig. 3, all of the
pathways of the core LCA literature in this paper have reached
FRL 5 dependent on pathway conguration which entails
process validation and consists of gradual upscaling to an
operational pilot plant. The quantity of fuel produced can be
between 80 US gallons (302.8 litres) to 225 000 US gallons
(851 715 litres). At FRL 6, a full-scale technical evaluation is
conducted which includes tness, fuel properties, rig testing
and engine testing. The same quantities of fuel are produced
here just as in FRL 5. FRL 7 provides the approval of fuel in a set
of international standards. FRL 8 provides commercial and
business model approval and a GHG assessment is carried out
of the renery using standard LCA techniques. At FRL 9 the
commercial plant is fully operational.
3.1 Available pathways

3.1.1 HEFA/HRJ pathway. Hydroprocessed ester and fatty
acids (HEFA/HRJ) according to Fig. 3, has a CAAFI FRL of
between 5–9 depending on the feedstock and is one of the
certied process pathways currently available for trials that are
being carried out by major airlines.31,47,81,92–94 Fig. 4(a) illustrates
the steps to produce aviation fuel from a WtP system boundary.
Biomass is rst harvested and transported to the renery where
the feedstock's molecules (consisting mostly of triglycerides in
addition to fatty acids) are hydrogenated and isomerized in
Fig. 3 CAAFI fuel readiness scale.91 HEFA ¼ hydroprocessed esters
and fatty acids; FTJ ¼ Fischer–Tropsch; STJ/DSHC ¼ sugar-to-jet/
direct sugar to hydrocarbons; ATJ ¼ alcohol-to-jet; HDCJ ¼ hydro-
treated depolymerized cellulosic jet; APPJ/APR ¼ aqueous phase
processing/aqueous phase reforming. Note that HTL does not yet
have an FRL level.

This journal is © The Royal Society of Chemistry 2020
order to produce long chain hydrocarbons within a desired
carbon length.94–97 The most common feedstocks for this
specic process include any form of oil and fats from both
plants and animals including vegetable oils.

3.1.2 Fischer–Tropsch (FTJ) pathways. Fischer–Tropsch
(FT) is a proven and well established pathway which produces
aviation fuel by taking syngas as an input in addition to
a number of other co-products. It was established in 1925 by the
two German scientists Franz Fischer and Hans Tropsch.98–101

According to the CAAFI fuel readiness scale (Fig. 3), FT has an
FRL of between 6–8.91 FT is usually twinned with syngas
production from gasication102 and has already been well
established for over 80 years.103 Depending on the congura-
tion, the FRL level aims to make a decision on the type of
feedstock to use for full commercial production. Unlike crude
oil which can be synthesised to kerosene directly, coal requires
the use of FT99 (see Section 3.3.3). Fig. 4(b) illustrates such
a conguration where syngas is produced from the gasication
process. The gasier then puries the gas using a combination
of steam and air to determine product composition. It is then
sent to the FT renery which renes, upgrades and separates
the product. It is also possible that thermochemical conversion
can be applied to produce syngas.104 As well as other alternative
syngas production approaches such as CO2 electrolysis through
direct air capture or source capture from industry (described in
Section 5.1.2). Such approaches are represented in Fig. 4(b) via
the alternative feedstock and production boxes with the dashed
blue lines.

3.1.3 Sugar-to-jet (STJ) pathways. STJ involves the conver-
sion of sugars to jet fuel105–108 According to Fig. 3, STJ has a FRL
rating of between 6 and 7 indicating that up to 225 000 US
gallons (851 715 litres) can be produced as well as the estab-
lishment of a set of international standards.

According to the literature, there are two primary STJ path-
ways that exist. The rst is based on catalytic upgrading of
sugars and their intermediates to suitable hydrocarbons.109 The
second approach consists of the biological conversion of sugars
and their intermediates to hydrocarbons.110 Signicant research
has been carried out into the fermentation of hydrocarbon fuel.
Fig. 4(c) illustrates this process via the conversion of biomass
into solubilized sugars. This process is typically carried out
through the biomass pre-treatment phase and the appropriate
enzymatic hydrolysis of biomass in order to create the C5 and
C6 sugars. The second phase involves the transportation of
puried hydrolysate to reforming reactors where carbohydrates
are converted in the presence of hydrogen into polyhydric
alcohols through hydrogenation. The hydrotreated product is
then sent directly to the APR reactor where it is reacted with
water over a catalyst between 450 to 575 K and pressures of 10 to
90 bar. Hydrogen is produced using the APR reactors. The types
of feedstock that are available for sugar-to-jet tend to include
lignocellulosic materials, soluble sugars and starches. Accord-
ing to the literature, there are three possible approaches to
converting oxygenates during the reforming step into appro-
priate hydrocarbons111 which include option 1: acid condensa-
tion, option 2: aldol condensation and option 3: dehydration or
hydro-dehydration.
Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3237
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Fig. 4 Overview of (a) HEFA/HRJ; (b) Fischer–Tropsch and (c) sugar-to jet. Red arrows indicate transportation emissions would be included at
this specific phase of the process.
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3.1.4 Alcohol-to-jet (ATJ) pathways. ATJ and its alternative
term alcohol oligomerization is converted from a variety of
different chemicals such as methanol, ethanol, butanol and
3238 | Sustainable Energy Fuels, 2020, 4, 3229–3263
a long chain of different fatty based alcohols.112–116 According to
Fig. 3, it has an FRL level of between 3 and 7 indicating
signicant deviations in the type of feedstock used as well as the
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Overview of (a) alcohol-to-jet and (b) pyrolysis and (c) hydrothermal liquefaction pathways.
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pathway conguration. The quantity of fuel that can be
produced is from lab scale 0.13 US gallons (500 ml) up to pre-
commercial production volumes i.e. 225 000 US gallons
This journal is © The Royal Society of Chemistry 2020
(851 715 litres). In some cases an FRL level of 7 indicates ATJ
features a set of international standards for full commercial
use. Fig. 5(a) illustrates a typical ATP pathway taking methanol
Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3239

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9se00788a


T
ab

le
2

O
ve

rv
ie
w
o
ft
h
e
LC

A
st
u
d
ie
s
h
ig
h
lig

h
ti
n
g
A
A
F
fe
e
d
st
o
ck

p
ro
p
e
rt
ie
s
an

d
ch

e
m
ic
al
co

m
p
o
si
ti
o
n
s
b
y
th
e
lit
e
ra
tu
re
.V

M
¼
vo

la
ti
le

m
at
te
r;
FC

¼
fi
xe

d
ca

rb
o
n
;M

¼
m
o
is
tu
re

co
n
te
n
t;
LH

V
¼

lo
w
e
r
h
e
at
in
g
va
lu
e
;
r
¼

d
e
n
si
ty
;
C

¼
ca

rb
o
n
;
S
¼

su
lp
h
u
r;
O

¼
o
xy
g
e
n
;
H

¼
h
yd

ro
g
e
n
;
N

¼
n
it
ro
g
e
n
;
C
l¼

ch
lo
ri
d
e
an

d
A
¼

as
h
yi
e
ld

Fe
ed

st
oc
ks

A
A
F
LC

A
st
u
di
es

V
M

FC
M

LH
V

r
C

S
O

H
N

C
l

A

C
on

ve
n
ti
on

al
cr
u
d
e
oi
l

Pe
tr
ol
eu

m
E
lg
ow

ai
n
y
et

al
.1
5
6

N
o
da

ta
av
ai
la
bl
e

43
.2

0.
8

86
.2

3.
0

1.
0

12
.5

0.
6

N
o
da

ta
av
ai
la
bl
e

W
on

g4
7

60
0

P
ul
tr
a-
lo
w

su
lp
h
u
r

E
lg
ow

ai
n
y
et

al
.1
5
6

0.
7

86
.0

11
V
er
a-
M
or
al
es

an
d

Sc
h
äf
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äf
er

1
5
7

42
.8

0.
05

W
on

g4
7

43
.2

60
0

O
il
sh

al
e

V
er
a-
M
or
al
es

an
d

Sc
h
äf
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as an input where it is dehydrated and fractionated. Aer frac-
tionation C1–C3 paraffin's are recycled to be dehydrated further.
C4 paraffins and olens are fractionated into jet fuel. The main
advantages of ATJ pathways include the potential of higher
availability of feedstocks, i.e. sugar/starch and lignocellulosic
biomass are abundant. In addition, the technological maturity
of ATJ conversion is also high, particularly when using starches
and sugar based feedstocks. Within the U.S., ethanol is added to
a specic type of petrol i.e. E10. The amount of ethanol that was
produced in the U.S. equalled 55.6 billion litres in 2015. The
main advantages of ATJ pathways include the potential of
higher availability of feedstocks, i.e. sugar/starch and lignocel-
lulosic biomass are abundant. In addition, the technological
maturity of ATJ conversion is also high (see Fig. 3), particularly
when using starches and sugar based feedstocks. Within the
U.S., ethanol is added to a specic type of petrol i.e. E10. The
amount of ethanol that was produced in the U.S. equalled 55.6
billion litres in 2015. Gasoline equalled 553 billion litres (2015)
although this is expected to decline due to increases in renew-
able energy shares.117 Through the 10% blend wall, the
production of ethanol may supersede the consumption within
the US E10 market, providing some additional approaches for
ATJ technology growth.

3.1.5 Pyrolysis/HDCJ. Pyrolysis is a process that aims to
heat various forms of biomass without the use of oxygen
through different process speeds.30,78,118,119 According to Fig. 3,
pyrolysis has a FRL level of between four and six and produces
pyrolysis gas, biochar and pyrolysis oil.111 The pyrolysis
pathway, also known as Hydrotreated Depolymerized Cellulosic
Jet (HDCJ) can covert biomass into jet fuel although it currently
has not been approved by ASTM. Like HEFA, the oils from the
pyrolysis process undergo hydrotreatment in order to create the
aviation fuel product.111 Fig. 5(b) illustrates the process
pathway. Where the biomass is extracted and transported to the
renery. The next step involves pyrolysis of the feedstock where
biogas is produced and diverted to be reused, possibly as
a power or heat source. The bio oil is then recovered and then
hydrotreated. Finally, fractionation occurs which produces the
aviation fuel. The feedstocks that are most related to this
pathway include corn stover, switchgrass, sugarcane bagasse,
guinea grass, algae biomass and forest residue.78

3.1.6 Aqueous phase processing (APP). Aqueous-phase
processing (APP) or aqueous phase reforming is another
approach synonymous with sugar-to-jet which converts cellu-
losic biomass thermochemically into AAF and co-products.120–124

According to Fig. 3, they currently have an FRL level of between
4–6 indicating that system performance and integration studies
are carried out and the potential quantity of jet fuel that can be
produced at this stage is between 10 US gallons (37.8 litres) and
225 000 US gallons (851 715 litres). APP can produce hydrogen
from biomass based oxygenated compound i.e. sugar and sugar
alcohols. The potential for energy efficiency is signicant as all
of the reforming is carried out within the liquid phase hence it
does not volatilize the water. Another benet is that the water–
gas shi reaction is favourable to the temperatures necessary
for APP, therefore CO is minimized and decomposition is
almost eliminated. Fig. 5(c) illustrates the aqueous phase
This journal is © The Royal Society of Chemistry 2020
reforming process via the conversion of biomass into solubi-
lized sugars.

3.1.7 Hydrothermal liquefaction (HTL). HTL is a thermal
depolymerisation process used to convert under moderate
temperatures and high pressure wet biomass into crude like
oil.125–133 Fig. 3 indicates an FRL of 4–6 indicating between 10 US
gallons (37.8 litres) to 225 000 US gallons (851 715 litres) can be
produced depending upon the pathway conguration and the
technology that is used. According to Fig. 5(c), third generation
feedstock's, i.e. algae and microalgae, tend to use HTL due to
their high moisture content, but theoretically almost any type of
biomass can be used in this process.34 This process is carbon-
neutral i.e. plant based biomass has carbon stored from
photosynthesis and when it is exposed to HTL the carbon is
released back into the atmosphere, albeit completely offset
from the carbon that has been collected by that specic biomass
type (stated earlier in Section 3.4). Although HTL and pyrolysis
are indeed related, it needs to be considered that biomass with
a high moisture content (algae and microalgae for example),
can produce bio jet fuel which has a 2 : 1 energy density ratio
than pyrolysis-based oil. Biomass within the pyrolysis process is
dried in order to increase the yield. In addition, algae oil
contains up to 80 wt% in terms of feedstock carbon content.
3.2 Current feedstocks

Table 3 illustrates the properties of the feedstock. Each of the
feedstocks contain unique properties that can affect the parti-
tioning of GHG emissions depending upon the allocation factor
that is used (see Section 2.2). Such parameters that can effect
LCA partitioning including mass based parameters such as
weight and density (r) in addition to the chemical compositions
(C, H, N, O, S). Energy based allocation can be affected by the
caloric or lower heating value (LHV) in addition to the process
efficiency of the pathway (see Section 2.1.4).

3.2.1 Conventional crude oil. Traditional jet A/A1 is
a kerosene based feedstock with multiple components and
feature a carbon chain length of C8–C16 manufactured from
lamp oil.134 The primary feedstock is extracted from crude oil
that is recovered from below the surface aer millions of years
of fossil compression. Kerosene production has improved in
terms of consistency and is evolving through changes in secu-
rity of supply and safety criteria. The kerosene composition
consists of aromatics and cycloparaffins or naphthenes. Paraf-
ns and olens are also included, albeit in small amounts.135

Table 3 indicates that aviation fuel has an average LHV of 43.2
kg MJ�1 i.e. 23.17 g MJ�1. Carbon content is high as expected
from crude oil (86.2%). Ultra-low sulphur jet fuel is regarded as
the most common conventional pathway and includes hydro-
treatment so that sulphur content is reduced to �5 ppm as
indicated in Table 3.

3.2.2 Unconventional crude oil. Unconventional crude oil
derives from a selection of different liquid sources, which
include extra heavy oil, gas to liquids, other liquids and oil
sands.136–143 Such oils are extracted using different methods
compared with the oil well method.144 The two most dominant
types of unconventional crude oil are oil sands and oil shale.
Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3243
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Two of the largest reserves of unconventional crude oil are oil
sands in Alberta (Canada) and oil shale embedded in the Green
River formation in parts of Colorado, Utah and Wyoming
(U.S.).145 According to Table 2, the chemical composition of
unconventional crude oil is similar to conventional crude.

Both oil and gas can be produced from shale using a method
known as retorting.146 The shale is heated in order to convert
kerogen to liquid and gaseous hydrocarbons.147 As with oil
sands, surface and in situmethods can be utilised to extract the
oil and the surface mining involves crushing and retorting in an
above ground facility. The in situ process heats the oil shale
while still underground so that it can be extracted and eventu-
ally transported to the surface. Surface retorting is the most
emission intensive process as it operates at up to 750 �C.148

Carbonate minerals decompose releasing CO2 back into the
atmosphere. Surface retorting damages land149 and is consid-
ered controversial internationally, suggesting that the damage
impact categories of an LCA would commonly indicate mass
fouling of land to local ecosystems (Fig. 6).150

3.2.3 Coal. Coal – another fossil fuel – can be considered as
the rst direct alternative to crude oil due in part to its relative
historical abundance.151–153 Unlike crude oil which can be syn-
thesised to kerosene directly, coal requires the use of FTL99 (see
Section 2.3.2). Table 3 illustrates the general ash composition of
bituminous and sub-bituminous coal, which is high in Al2O3

and SiO2 compared to biomass and Municipal Solid Waste
(MSW) but low on K2O. In addition, U.S. averages are given from
37 samples. There are essentially two different approaches for
producing coal through liquefaction: indirect154 (current tech-
nology) and direct155 (laboratory stage at time of publication). In
the indirect process, the hydrocarbon chains are reduced
through a decomposition process with reorganisation of the
molecules to optimum production congurations.

According to Table 2, the U.S. average of coal has an LHV of
22.7 kg MJ�1. The direct process converts coal into liquids
directly with no intermediate steps through breaking down the
organic structure of coal with catalysts or solvents.

This procedure is typically carried out in an environment
with high temperature and pressure. WtWa emissions of coal
can vary sporadically depending upon technologies used and
emission control mechanisms in place. Coal is the rst feed-
stock that has been produced on a large scale as an AAF through
Fig. 6 Conventional, ULS and unconventional jet fuel pathways.
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Sasol's full synthetic jet fuel.183 50% of coal blends are carried
out with standardised jet A-1 fuel.184 Coal is the rst feedstock
that has been produced on a large scale as an AAF through
Sasol's full synthetic jet fuel.183 50% of coal blends are carried
out with standardised jet A-1 fuel.184 Under DEF STAN 91-91,
AAFs can be utilised in commercial ights through a maximum
of 50% concentration as long as there is sufficient lubricity and
8% aromatics are present within the nal product. These must
all originate from the blending of petroleum.

However, most studies on coal feature LCA emissions
exceeding the WtWa of conventional jet fuel. Coal can be gasi-
ed and is a process that directly precedes FT catalytic
conversion.

3.2.4 Natural gas. NG is the third and nal historically
abundant fossil fuel. Synthetic oil and its production process
from NG closely parallels coal liquefaction using the
gasication/FTJ process pathway.185 The only difference is that
energy requirements are not as intensive compared to coal.
Numerous studies for harnessing NG for aviation fuel have been
carried out.47,77,78,157 In addition, most studies report that the
embedded emissions of using NG constitutes worse emissions
than conventional jet fuel because of the high methane content
which must be gasied in order to produce the syngas to
produce the fuel (see Section 3.4).

3.2.5 Biomass. Biomass constitutes the majority of the LCA
studies on AAF and features sporadically differing process
pathways and results due to the wide variety of feedstocks and
their compositions. Table 3 also illustrates that biomass,
particularly algae, feature commonly high levels of moisture, Cl,
K, Na, Mn in addition to trace elements177 indicating that
Biomass can be broken down into a variety of different cate-
gories and generations. The rst generation conicts with
human food sources and industry.186 Examples of rst-
generation biofuels include starch, sugar and vegetable oil.
Fig. 7 illustrates an overview of the biomass system boundaries,
highlighting how the LCA tends to be congured for biomass.
In a typical full WtWa system boundary when assessing alter-
native aviation fuels, biogenic CO2 uptake in biomass is in
equilibrium with the combustion of CO2 during ight, and the
literature assumes that combustion emissions would typically
be offset.47 LUC scenarios tend to be added to the sensitivity
analysis and consists of time horizon, direct LUC such as the
This journal is © The Royal Society of Chemistry 2020
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Table 3 Elemental analysis of selected fossil and biomass feedstocks (adapted from ref. 177)

Feedstocks SiO2 CaO K2O P2O5 Al2O3 MgO Fe2O3 SO3 Na2O TiO2 Sum Mn (ppm) Samples

Coal
Coal (bituminous) 56.1 4.9 1.6 0.2 24.8 1.5 6.6 2.1 0.7 1.1 100 511 22
Coal (sub-
bituminous)

54.7 7.05 1.67 <0.1 22.8 2.14 5.30 4.07 1.09 1.00 509 N/D

Coal (U.S. average) 54.0 6.5 1.6 0.5 23.1 1.8 6.8 3.5 0.8 1.0 543 37

Biomass
Algae/microalgae 1.6 12.3 15.3 9.7 0.8 12.5 1.8 25.7 19.8 N/D 99.9 326 11
Corn stover 49.9 14.7 18.5 2.4 5.0 4.4 2.5 1.8 0.1 0.2 100 620 1
Eucalyptus bark 10.0 57.7 9.29 2.3 3.1 10.9 1.1 3.4 1.8 0.1 10 850
Forest residue 20.6 47.5 10.2 5.0 2.9 7.2 1.4 2.9 1.6 0.4 13 180 3
Forest/woody residue 53.1 11.6 4.8 1.3 12.6 3.0 6.2 1.9 4.4 0.5 N/D 2
Palm 63.2 9.0 9.0 2.8 4.5 3.8 3.9 2.8 0.8 0.2 1
Rapeseed 40.8 30.6 13.4 2.2 5.4 2.0 2.0 2.6 0.4 310 N/D
Switchgrass 66.2 10.2 9.6 3.9 2.2 4.7 1.3 0.8 0.5 N/D 3
Tallow <0.1 41.2 3.1 40.9 2.3 1.3 0.2 4.2 6.4 <0.1 78 1
Wood (red maple) 8.9 67.3 7.0 0.7 3.9 6.59 1.43 1.99 1.76 0.12 5430 2

Municipal solid waste
Municipal solid waste 38.6 26.8 0.2 0.7 14.5 6.4 6.2 3.0 1.3 1.9 100.0 N/D 1
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physical planting and removal of biomass as well as the change
in carbon stocks over time. Emissions are allocated based upon
the cultivation of the land. Fertilizer for example can be
Fig. 7 Overview of biomass system boundaries and example scenarios.

This journal is © The Royal Society of Chemistry 2020
emission intensive and will therefore increase the emission
burden. Various displacement scenarios can take place which
compares the product or co-products at the renery with
Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3245
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alternative products that have been avoided. This can either
cause emissions to increase or decrease based upon the emis-
sion intensity of the product.

The second generation of feedstocks attempts to avoid the
conict between human consumption and AAF production, and
therefore, all second generation feedstocks are non-food based
or are not traditionally consumed on a large scale.187

Examples of second generation feedstocks include wood
based crops and agricultural waste residues which are more
difficult to extract.2,32 Different process pathways are usually
required for this type of feedstock although wood-based
biomass can use conventional gasication/F–T synthesis.188,189

Another argument for adopting second generation biofuels is
the efficiency that they can be rened at, i.e. no waste compared
with rst generation biofuels.190 Other feedstocks such as
Municipal Solid Waste (MSW) contains a mixture of different
substances containing refuse, food waste (considered to be the
organic fraction) as described in Table 3 and commercial and
industrial waste.82,191 It is a promising feedstock as it has the
potential to reduce land use and offset unsustainable disposal
of rubbish into sensitive zones such as ocean and landll and
can offset waste management strategies. One of the biggest
drawbacks to this feedstock is its high variability and non-
uniform composition.

Table 2 illustrates an average approximation into what the
potential chemical properties of MSW could be but it is for
refuse only. For the production of jet fuel, MSW is processed
using the gasication and FT combination

The third generation is derived around algae based feed-
stocks192 and their diversity is impressive. Algae can produce
much more additional fuels than the previous generations by
up to 10� the normal amount of some rst and second gener-
ation biomass.193 Unfortunately, the capital costs for this type of
generation are the highest.194 Algae or microalgae contains
approximately 70% lipid content (dry weight) and present the
capability to be nurtured in various wastewater streams, such as
saline or brackish water and seawater near coasts resulting in
reduced freshwater demand within LCA results.195 Current
efforts are on nding an ideal species of algae featuring high
growth conditions and lipid content.
4. Evaluation of aviation fuel lifecycle
results

This section focuses on a detailed analysis of all 37 currently
published LCA studies of AAFs, supported by the wider renew-
able fuels literature. Table 4 illustrates a breakdown of all the
LCA studies currently available. The LCA scope emphasizes
whether the assessment incorporates a techno-economic
assessment in addition to the environmental investigations.
Out of the studies available, 15 (40%) contain some form of
techno-economic assessment and interested readers can refer
to these assessments here.80,81,104,116,157,160–162,169,170,178,196–198

17 (46% of the studies) consist of consequential LCA's. The
LCA database soware or toolkit is also indicated (as described
in Section 2.4) where the GREET database (14 studies or
3246 | Sustainable Energy Fuels, 2020, 4, 3229–3263
37.83%) and SimaPro (13 studies or 35.13%) are the most
popular LCA methods for assessing AAFs. Allocation methods
illustrate how the environmental results have been assigned to
the co-products (Section 2.2). Energy allocation methods are
used in 21 studies (56.7%) incorporating the energy and
displacement allocation. Finally, uncertainty methods highlight
what type of additional results have been carried out in order to
determine inuential parameters. Here the most popular
methods have been high–low sensitivity analysis with six
studies (16.21%) and Monte-Carlo analysis (13.51%).
4.1 Fossil fuels

4.1.1 Conventional crude oil. Fig. 8(a) illustrates a strategic
overview of the GHG emission intensity and energy require-
ments of aviation fuel production from crude oil using Wong47

as the primary example, producing a GWP of 85 g CO2e per MJ.
Crucially, not only is this resource critically emission intensive,
but as it is a fossil fuel it is of limited supply.206 Most of the AAF
literature in Table 4 uses different baselines to compare their
results to conventional jet fuel.

The most energy intensive process is catalytic hydrocracking
(8.12%) followed by hydrotreating (4.99%), while the largest
contributor of GHG emissions is the fuel combustion in addi-
tion to processing (84.18%) which due to signicant variation
only the total contribution of CO2 is presented (73.2 � 2.1 g CO2

per MJ). Taken as a whole, conventional jet fuel features aWtWa
of approximately 95.3 � 10.75 g CO2e per MJ (ref. 47 and 77)
based upon the literature available. Fig. 8(b) illustrates the
distribution of these GHG results with error bars representing
deviations from the sensitivity and uncertainty analyses where
available. Of the more interesting works, Stratton compared the
GHG emissions related to the origin of the oil eld. The crude
oil origin was averaged for the baseline scenario attributed to
the countries that were researched in the study as well as the
processing technique. The U.S. was selected for the crude oil
origin low emission scenario and Nigeria was selected for the
high emission scenario. The specications indicated a rening
efficiency of 93.5% for the baseline, 98% (low) using a straight
run processing technique and 88% (high) using an HRJ/HEFA
pathway. Results indicated 87.5 and 89.1 g CO2e per MJ for jet
A-1 and ULS, respectively.

The main contributor of GHG emissions is kerosene
combustion. Interestingly, Stratton also performed an assess-
ment of the non-CO2 combustion emissions (see Section 4.4 for
further discussion) through upscaling the CO2 value raising the
overall impact of GHG emissions by 2.47 times up to 180.8 g
CO2e per MJ accounting for all climatic impacts.

4.1.2 Unconventional crude oil (UCO). As discussed in
Section 3.3.2, unconventional crude oil offers an alternative to
conventional crude. Based upon the results of the literature in
Fig. 8(b), UCO overall is considerably worse in terms of GHG
emissions compared with crude oil over the entire lifecycle with
a total study deviation of between 96.8 and 142.2 g CO2e per MJ.
The two types of unconventional crude – oil sands and oil shale
is carried out by the literature. Wong for example conducted two
assessments for Canadian oil sands. The rst study was based
This journal is © The Royal Society of Chemistry 2020
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Table 4 Current LCA studies on jet fuel including LCA type, software, impact methods and characterisation factors. Uncertainty methods were
also illustrated where available. LCA types may also include an economic component in the form of a techno-economic analysis. This is shown in
the appropriate category. Note that we use displacement to also account for system expansion allocation methods

LCA studies LCA scope LCA type LCA soware/toolkit Allocation method Uncertainty methods

Wong47 Environmental Attrib/conseq. GREET Disp., energy, market,
mass

High–low sensitivity
pathways

Vera Morales and
Shafer157

Enviro/tech-eco. Attributional Custom Market, mass None

Stratton77 Environmental Attrib/conseq. GREET Disp., energy, market, High–low sensitivity
pathways

Bailis and Baka174 SimaPro Disp., energy, mass Energy/mass based
allocation

Kinsel160 Enviro/tech-eco. Attrib/conseq. Eiolca.net Market None
Shonnard et al.168 Environmental Attributional SimaPro v7.1 Disp., energy, mass High–low sensitivity

pathways
Skone et al.159 NETL LCA tools Probabilistic

uncertaintyAgusdinata et al.162 Enviro/tech-eco. Consequential Custom Market
Handler et al.126 Environmental Attributional Energy
Carter80 Enviro/tech-eco. Attrib/conseq. GREET v1 2011 Disp., energy, market Monte-Carlo simulation
Elgowainy et al.78 Environmental GREET Disp., mass None
Han et al.119 Displacement, energy,

mass
Ou et al.165 Attributional TLCAM Energy
Fan et al.199 Attrib/conseq. SimaPro v7.2 Displacement, mass
Fortier et al.125 Attributional SimaPro v7.3.3 Mass Monte-Carlo simulation
Li and Mupondwa200 Consequential SimaPro v7.2 Displacement Custom
Cox et al.196 Enviro/tech-eco. SimaPro v7.3.3 Displacement, market Monte-Carlo simulation
Seber et al.81 Attrib/conseq. GREET 2011, SimaPro

7.3.3
Energy, market and
mass

High–low sensitivity
pathways

Staples et al.201 Consequential GREET Displacement, market
Moreira et al.179 Environmental Attributional CA-GREET and others Displacement Monte-Carlo simulation
Connelly et al.127 GREET Energy
Falter et al.104 Enviro/tech-eco. Custom Energy, market High–low sensitivity

pathways
Lokesh et al.202 Environmental ALCEmB Energy, mass None
Budsberg et al.203 SimaPro v.8.0/GREET Displacement
Guo et al.166 GREET 2014 Energy
Suresh82 Enviro/tech-eco. Attrib/conseq. GREET 2015 Displacement, energy Monte-Carlo simulation
Ukaew169 Attributional SimaPro 8.0 Disp. Energy, market None
Crossin171 Environmental SimaPro 8.0.4.6 Disp., energy, market,

mass
Han et al.105 Attrib/conseq. GREET Displacement, energy None
De Jong83 Enviro/tech-eco. GREET v1.3.0.12844, Disp., energy, market,

mass
Alternative allocation

Capaz et al.182 Environmental Custom Disp., energy market None
Ganguly et al.172 Attributional SimaPro 8 Mass
Klein et al.204 Enviro/tech-eco. Market
Olcay et al.161 Attrib/conseq. GREET/SimaPro Energy, market and

mass
Pierobon et al.205 Environmental Attributional USLCI, NETL, TRACI,

SimaPro 8.1
Displacement, mass

Michailos178 Enviro/tech-eco. Custom Displacement, energy Sensitivity analysis only
Neuling and
Kaltschmitt116

Custom with Aspen
plus

Energy, market
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upon surface mining with emissions reported to be around
99.7 g CO2e per MJ. The second assessment was based upon in
situ production and resulted in 108.2 g CO2e per MJ. Stratton207

improved upon Wong's study by performing an environmental
analysis of oils sands and oil shales, reporting total emissions of
102.7 and 121.5 g CO2e per MJ. In addition, crude mixes were
also assessed which looked into combining both crude types78
This journal is © The Royal Society of Chemistry 2020
which oil sands emitted 103 g CO2e per MJ and the crude mix
roughly equalled conventional crude, indicating no signicant
improvements was carried out to the emissions levels, although
lower sulphur content was reported. From these results it
appears that oil shale carries the highest level of GWP due to the
mining and extraction processes, resulting in signicantly
worse GWP emissions than conventional crude oil.
Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3247
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Fig. 8 (a) Energy and lifecycle GHG emissions of conventional jet fuel; (b) Comparison of conventional/unconventional jet A1 emission factors.
Horizontal axis illustrates the author and year of publication in superscript: W ¼Wong; V ¼ Vera Morales and Shafer; S ¼ Stratton; B ¼ Bailis and
Baka; Sh ¼ Shonnard et al.; Sk ¼ Skone et al.; A ¼ Agusdinata et al.; H ¼ Han et al.; C ¼ Carter; E ¼ Elgowainy et al.; O ¼ Ou; F ¼ Fan et al.; Fo ¼
Fortier et al.; L¼ Li andMupondwa; Co¼Cox et al.; St¼ Staples et al.; Lo¼ Lokesh et al.; Bu¼ Budsberg et al.; Su¼ Suresh; Ol¼Olcay et al.; Pi¼
Pierobon et al.; M ¼ Michaelos et al.
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4.1.3 Coal. In terms of the results of this feedstock, it is
immediately clear according to Fig. 9, that coal is one of the
worst performing pathways in terms of GHG emissions and in
some studies up to six times worse without point source carbon
capture. This can be conrmed across the literature in Wong47

who conducted an analysis of coal with carbon capture (CC) and
without carbon capture (WCC) technology, indicating that WCC
produced emissions of 194.8 g CO2e per MJ. Coal with CC
produced much lower emissions of 91 g CO2e per MJ. The
sulphur content was recorded at 32 500 ppm and a further,
more signicant analysis evident in Vera-Morales and Schäfer157

showed that liquid conversion efficiency was approximately
50% with WtP emissions that result in 115 g CO2e per MJ using
coal, i.e. 10� the level of conventional jet A1. Combustion
emissions increase the GHG results to approximately 190 g
3248 | Sustainable Energy Fuels, 2020, 4, 3229–3263
CO2e per MJ. This indicates that it contains twice the emission
intensity of Jet-A1 derived jet fuel. If CC technology is applied,
GHG emissions can be reduced substantially. GHG emissions
indicate a total of 90 g CO2e per MJ compared with 85 g CO2e per
MJ of petroleum-derived jet fuel. Stratton, a relation of Wong's
earlier work conducted a similar study with results equalling
194.8 without CC and 97.2 g CO2e per MJ with CC. In addition,
Stratton also assessed a mixed blend of coal and switchgrass
reporting a total GWP of 56.9 and 53 with and without CC.
Elgowainy et al.78 found that the total emissions were 225 g CO2e
per MJ for coal without CC installed and 105 g CO2e per MJ with
CC. Fig. 9 illustrates the results of the coal. Signicant devia-
tions can be seen indicating the impact of point source carbon
capture across the studies.
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Comparison of LCA results of using coal for jet A1. Horizontal
axis illustrates the author and year of publication in superscript: W ¼
Wong; V ¼ Vera-Morales et al.; S¼ Stratton; Sk¼ Skone and Allen; E¼
Elgowainy et al.
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From the results of the coal LCA's, if point source carbon
capture is installed within the gasication unit, there is
potential to bring the total emissions to within the jet fuel
production margins of crude oil. None of the investigations into
the coal/gasication pathways for aviation fuel have included
other characterisation factors apart from GWP but there is
considerable evidence that the overall environmental impact of
coal is considerably worse than that of crude oil.

4.1.4 Natural gas. According to Fig. 9, NG fairs better in the
LCA results than coal when considering results with carbon
capture and without. Wong47 carried out two studies on NG
(with and without CC).

His work originated in North America with the pathway data
being available in the GREET LCA soware (see Section 2.3.1).
The analysis assumed a standalone FT plant which aimed to
maximise the production of FTL and include tail gas recycling
from F–T reactors. The study aimed to produce acceptable levels
of energy to fuel its internal processes with no additional excess.

In addition, another pathway focusing on hydroprocessing
of long chain liquid products estimated that 100.4 and 87.3 g
CO2e per MJ would be produced from NG, WCC and with CC
technology, respectively. Two out of the four studies indicate
much worse GHG emissions than the reported distribution of
results of conventional jet A1. In another study by Vera-Morales
and Shafer,157 for example, results in terms of energy use within
the fuel-cycle was the equivalent of 0.68 MJ per MJ of jet fuel
(they assumed a gas-to-liquids conversion efficiency of 60
percent). GHG emissions were approximately 25 g CO2-eq per
MJ2. When combustion is included, GHG emissions equalled
99 g CO2-eq per MJ, a 16% increase over conventional jet fuel.

When using CC, reductions in CO2 emissions (5.8 g CO2-eq
per MJ) becomes considerably lower than conventional jet fuel.
Some studies such as Elgowainy et al.78 from the Argonne
National Laboratory estimated a 63% process efficiency for
producing FT diesel which is comparable to the other studies.
Their results indicated that up to 1 750 000 (J/MJ) of WtWa
fossil energy were utilised by NG and a marginal amount of
petroleum energy (J MJ�1). Emissions resulted in 115.34 g CO2e
per MJ. In terms of trends, most of the results for NG tend to
This journal is © The Royal Society of Chemistry 2020
stay within the jet A1 margins and with carbon capture can
perform slightly better than crude oil production.
4.2 Coal and biomass

Studies combining both coal and biomass via gasication/FTL
have been reported comprising assessments of both coal and
either corn stover or switchgrass (see Tables 2 and 3). The main
impacts of corn stover indicates the extraction phase carrying
the biggest burden due to the use of fossil fuels. This includes
windrowing, baling and the transportation of the corn stover
plant to a suitable location in the eld. Fertiliser also possesses
a signicant impact.118 The impact of cultivation is not applied
to corn stover (corn is its by-product). Across the literature,
transportation uctuates widely due to differences in biomass
yields and bio renery capacity. Estimated gures in terms of
capacities for pyrolysis bio reneries are between 2000–3000 dry
tons of biomass per day.118,208 Fig. 10 illustrates the results of
coal and biomass from the literature. Half of the baseline
results are worse than the reported conventional jet A1.
Manufacturing jet fuel through the combination of corn, coal or
corn stover uses the established gasication/FTL process
pathway. Crucially, the biomass feedstock fraction is a key
parameter for LCA results.208–211 Select studies include Skone
et al.159 where they carried out a large case study on the
gasication/FT process pathway assessing 10 different
scenarios of aviation fuel production from coal and various
concentrations of switchgrass. The results are highly detailed
giving a range of between 55.2 or 37% reduction (scenario 8
using displacement with best estimate value) to 98.2 g CO2e per
MJ or 12% increase (scenario 1 using displacement with best
estimate value) compared to conventional jet fuel i.e. 88.1 g
CO2e per MJ. Elgowainy78 highlighted that Coal mixed with
biomass (forest residue) produces total emissions equalling
approximately 140 g CO2e per MJ.212 Others studies213 focused
on the assessment of coal and corn stover to produce FT liquids.
The combination of liquids tended to include diesel, jet and
naphtha. Corn stover is arguably the best candidate for the
gasication/F–T pathway due to its minimal land use require-
ment.214 The forming and extraction of corn stover, the mining
of Bitumen coal and cleaning, and FT production were all
emission intensive processes. The harvested corn stovers
nutrient content was calculated through mass equations and
assumptions were made on N2O emissions in that they can be
represented as the same as synthetic nitrogen and nitrogen in
crop residues i.e. supplemental nitrogen fertiliser (nitrication
and denitrication) were assumed to be zero.

In terms of transport of coal and biomass, the literature
assumed various distances, based upon the above studies from
both pyrolysis and gasication/FTJ pathways. The source of
GHG emissions for coal mining included abandoned mines,
degasication, post-mining operations and non-combustion
CH4 emissions.215 The study in particular identied both
surface mining and underground activities, where non-
combustion emissions of CH4 differ radically. Coal mining
and cleaning also includes the energy costs of mining above and
below ground. Biomass shares of around 20% are considered to
Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3249
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Fig. 10 Comparison of LCA results of using coal combined with a variable biomass fraction for jet A1. The process pathway adopted was the
gasification/FTL process pathway. Horizontal axis illustrates the author and year of publication in superscript: S¼ Stratton; Sk¼ Skone and Allen; E
¼ Elgowainy et al.; H ¼ Han et al.
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be the baseline variable for the study. As expected, the increase
in corn stover usage reduces the GHG impact of aviation fuel
production. The results of CC with improved efficiencies indi-
cated 98 g CO2e per MJ while reduced efficiencies indicated
152 g CO2e per MJ.

4.3 Biomass

4.3.1 First generation biomass. The production of aviation
fuel from rst generation biomass is taken primarily from the
HEFA/HRJ pathway and is in direct conict with human food
supply, invoking signicant land use requirements.

The U.S. for example historically invested in soybean oil in
order to produce biofuel indicating 30.9 g of N, 210 of potas-
sium oxide (K2O), 113.4 g of phosphorous pentoxide (P2O5),
where data was taken from the National Agricultural Statistics
Service.216 Around 1.32% of the N from indirect and direct
conversion in fertilisers and soybean biomass in the eld leads
to emissions of N2O.64 Oil extraction energy requirements is
approximately “3590 Btu lb�1 of oil; 5.4 lb of soybeans yield 1 lb
of oil and 4.4 lb of soy meal”.217 Livestock feed based on
soybeans is displaced via soy meal. For the displacement ratio,
approximately 1.2 lb soybeans represented 1 lb of soymeal.

Fig. 11(a) illustrates a comparison of all of the 1st generation
biomass LCA studies. The results of allocating rst generation
biomass to be used for AAF production comprises 11 studies
(30%)47,78,91,105,119,169,179,196,198,201,204 which all performed a WtWa of
aviation fuel produced by rst generation biomass. There were
a total of ve feedstocks that were reported from the HEFA
process pathway consisting of sugarcane (six studies), soybean
(four studies), corn grain (three studies), rapeseed (two studies),
and canola (one study). These feedstocks were one of the rst to
be assessed for aviation fuel production and consist of addi-
tional co-products where available which in turn may affect the
distributions of results of the LCA.

As can be seen in Table 4, all four allocation methods were
involved across the studies. Overall results by the displacement
3250 | Sustainable Energy Fuels, 2020, 4, 3229–3263
allocation method indicated between �27–639 g CO2e per MJ.
Staples et al.201 in their comprehensive analysis of sugarcane
recorded the best results out of the 1st generation biomass
feedstocks from the advanced fermentation pathway with
optimal feedstock-to-fuel efficiencies and utility requirements
with overall variability of their results being high. Wong47 on the
other hand calculated that depending on land use require-
ments, the results of soybean could lead to 639 g CO2e per MJ
depending on the feedstock that is being displaced or in this
instance replacing soybean with its soy meal co-product.

Overall results for the energy allocation method led to
between 26–600.3 g CO2e per MJ. De Jong83 recorded the lowest
GHG emissions for sugarcane from the ATJ pathway with the
most energy intensive process coming from the conversion of
the feedstock, performing better than the STJ pathway. The
highest emissions stem from the worst land use scenario for
soybean in Wongs study. Different land use change scenarios
were applied to the cases fromWong which were also applied to
three or four unique pathways.

In terms of mass allocation, the overall distribution of
results equated to between 21–131.5 g CO2e per MJ for AAF
production from soybean. Both of these results come from
Wongs mass allocation scenario where the lowest number
represents the exclusion of land use and the highest number
representing the results are inclusive of land use. These results
are dependent on the mass of the co-products. For example, two
key co-products tended to be produced from the soybean plant,
which consists of soy oil and soy meal (which is a livestock
feed78). In terms of mass, soy meal for example has a higher
mass allocation (about 5 times that of the extracted soy oil.)
although its energy to mass ratio is lower.

Finally, market allocation resulted in deviations of between
6.8–289.0 g CO2e per MJ. The lowest emissions were based upon
the sugarcane feedstock being produced through advanced
fermentation that was carried out by Staples et al. Once again,
due to land use change accounting for over 87% (253.8 g CO2e
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 LCA results of first (a), second (b) and second (2016–2018) (c) generation biomass with error bars representing all scenarios in the specific
study. Upper and lower bounds of conventional jet A1 derive from the distribution of ULS and crude oil results in Fig. 8. Dotted lines represent the
2nd edition of the renewable fuel standard, illustrating the required reduction percentile for the fuel to be certified with RFS2. Horizontal axis
illustrates the author and year of publication in superscript: A ¼ Agustinata et al.; B ¼ Bailis and Baka; Bu ¼ Budsberg et al.; C ¼ Cox et al.; G ¼
Ganguly et al.; E ¼ Elgowainy et al.; H ¼ Han; K ¼ Klein et al.; L ¼ Li and Mupondwa; Lo ¼ Lokesh et al.; Mi ¼ Michailos et al.; M ¼ Moreira; N ¼
Neuling and Kaltschmitt et al. Ol ¼ Olcay et al.; P ¼ Pierobon et al.; U ¼ Ukaew et al.; S ¼ Stratton; Se ¼ Seber et al.; Sh ¼ Shonnard et al.; St ¼
Staples et al.; Su ¼ Suresh et al.; U ¼ Ukaew et al.; W ¼ Wong.
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per MJ) of the result the most emission intensive pathway was
Wongs evaluation of the Soybean feedstock.

Overall, when land use is included into the LCA calculation,
soybean being produced through HEFA/HRJ is the most emis-
sion intensive feedstock out of the 1st generation biomass
pathways. In addition, Stratton later updated the datasets of soy
oil that Wong originally assessed in order to determine emis-
sions that were more related to HRJ/HEFA based process
pathways. Land use changes and their impacts were also
updated and rened as they possessed substantial damage
effect on the LCA AAF fuel including long-term impacts.

4.3.2 Second generation biomass. As discussed earlier
(Section 3.3.4), 2nd generation biofuels originate from biomass
that cannot be consumed by humans, including plants, animal
waste such as tallow and Municipal Solid Waste (MSW) which
can be used specically to produce aviation fuel. Fig. 11(b) and
(c) illustrates the results of the second-generation pathways.
The results of allocating second generation biomass in order to
produce aviation fuel consists of 28 studies (75% of the litera-
ture)47,77,78,81,82,105,116,119,157,159–162,171,172,174,178,182,196,199–205,218 which all
performed WtWa analysis of aviation fuel produced by second
generation biomass. There were a total of 18 feedstocks that
were reported across ve different pathways. These pathways
consisted of: HEFA/HRJ (15 studies), gasication/FT (12
studies), advanced fermentation/STJ (six studies) and alcohol-
to-jet (ve studies). The majority of the feedstocks consist of
lignocellulosic biomass that is in an abundant supply globally,
hence this type of feedstock is a popular choice for the
production of aviation fuel.

Referring to Table 4, all four allocation methods were once
again utilised throughout the various studies and the results are
represented through these methods. Overall results by the
displacement allocation methods indicated between �134
and 98 g CO2e per MJ. The best displacement performance
stems from Bailis and Baka174 who compared the LCA emis-
sions of synthetic paraffinic kerosene (SPK) derived from the
Jatropha curcas feedstock produced in Brazil. The ndings
from this study considered four tonne dry fruit per ha
through drip irrigation using current logistical planning
through energy-allocation. A 20 year lifetime for plantation
with zero LUC was assumed resulting in 40 g CO2e per MJ of
produced fuel, performing better than jet A1 by 55%. When
including LUC carbon stocks the results vary from 50 tonne C
per ha (if it is grown within woodland) increasing to 10–15
tonne C per ha (grown within former agro-pastoral regions).
GHG emissions can uctuate from 13 c if the Jatropha plant is
grown within previously established agro-pastoral lands
(85% decrease) to approximately 141 g CO2e per MJ, if
Jatropha was grown via cerrado woodlands (60% increase).
However, the best performance stems from using the seed-
cake and husk as boiler fuel and selling the remaining excess
electricity back to Brazil's national grid. The high end emis-
sions from displacement are from Staples who estimated that
switchgrass may feature emissions of 89.8 g CO2e per MJ.
Once again, the variability in the technology of advanced
fermentation performance which affects the feedstock-to-
3252 | Sustainable Energy Fuels, 2020, 4, 3229–3263
fuel conversion efficiency in addition to the utility require-
ments contribute to this result.

In terms of energy allocation the best results were obtained
from Suresh et al. who calculated �115.5 g CO2e per MJ from
ATJ process pathways which were sensitive to associated fuel
yields co-product allocation method, feedstock transportation
distance, MSW composition, plant scale and waste manage-
ment strategy displaced. However, the most prominent factors
for such a result is the non-biogenic fractions where were
assumed to be 0% for �115.5 and 65% for a results of 104.2
indicating that the results are highly sensitive to MSW's organic
fraction. The worst results were carried out by Strattons77 work
who performed a comparative analysis of switchgrass, Jatropha
and Salicornia with biomass credits of �222.7, �70.5 and
�105.3 g CO2e per MJ due to photosynthesis. For switchgrass,
offsetting total LCA emissions if land use changes are applied
(�19.8), negative WtWa emissions of �2 g CO2e per MJ are
obtained, providing aminor carbon sink and 17.7 g CO2e per MJ
taking into account unavoided land use. However, the worst
land use scenario indicated 698 g CO2e per MJ.

In terms of mass allocation, the range of results indicated
between 10–47.1 g CO2e per MJ. Elgowainy et al.78 calculated
GHG regulated emissions for cellulosic biomass. The results
were incorporated into the expanded transportation (GREET)
model. The results of the corn stover from pyrolysis indicate
approximately 39.6 g CO2e per MJ (55% reduction) while
cellulosic biomass gave WtWa results of around 10 g CO2e per
MJ or 85% reduction which is the best result in the literature.
Crossin171 estimated the worst performing feedstock from mass
allocation from the Mallee Eucalyptus feedstock using a theo-
retical biorenery operating in the great southern region of
Western Australia. GHG emissions were reduced by up to 40%
compared to crude oil and further reductions can be applied
such as capturing methane emissions for the production of
hydrogen and the use of co-produced bio-diesel. The potential
impact of environmental benets were sensitive to potential
food displacement and co-production.

Finally, for market allocation, the worst result that was
recorded was from Wong where palm oil that was inclusive of
land use indicated total emissions of 139.0 g CO2e per MJ. This
was calculated through assigning 97.9% of the total feedstock
cost to the palm oil ($0.78 per kg) and palm kernel oil ($0.78 per
kg) and 2.1% to the palm kernel expeller. The market value of
palm oil in 2008 ($0.15 per kg). The best result was recorded in
Capaz et al.182 with sugarcane bagasse and straw indicating total
emissions of 8.2 g CO2e per MJ.

4.3.3 Third generation biomass. Fig. 12 illustrates the GHG
results of third generation biomass showing high variations in
terms of GHG's and signicant uncertainty. As discussed earlier
in Section 3.4.5, 3rd generation biofuels consist entirely of algae/
microalgae feedstocks. They do not conict with food for
human consumption, land use is minimal and their energy
content is superior than lignocellulosic biomass (2nd genera-
tion). For example, Vera-Morales and Schäfer's219 study on
microalgae offered early promising insights from the perspec-
tive of productivity as lower land requirements and food
resource avoidance offer considerable benets. Algae
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9se00788a


Review Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 9

:5
1:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
productivity consisted of 30 g per m2 per day and lipid contents
of 50%.220 Energy requirements (0.44 MJ MJ�1) stems from CO2

from coal power plants that fertilises algae resulting in
approximately 32 g CO2e per MJ (40% reduction). Captured CO2

emissions from coal power plants result in 86 g CO2e per MJ fuel
within the threshold of conventional jet fuel results in Fig. 8. If
clean ue gas is used 19 g CO2e per MJ is produced. The results
of allocating 3rd generation biomass to the production of jet fuel
consists of 12 studies representing 32.4% of the litera-
ture.77,78,80,125–127,157,162,166,196,202,221 Two different pathways have
been used to produce algae/microalgae: HEFA/HRJ (nine
studies representing 24.3%) and HTL (two studies or 5.4%).

With reference to Table 4, all four allocation methods were
used to assess the environmental performance of 3rd generation
feedstocks and the results are once again compared using the
different methods in order to identify trends and the most
dominant pathway processes. From the perspective of
displacement, GHG emissions from Microalgae were between
14.1–1020 g CO2e per MJ, representing a signicant variation in
results across the displacement method alone. For the best
result, Stratton77 conducted an LCA of algae-derived jet fuel
from the HEFA/HRJ pathway. From an analysis of the study
using displacement for the low and baseline scenarios, the most
notable differences between the cases that have been conducted
lie within the recovery phases, as well as WTT CH4. CO2 emis-
sions are appended from injection, dewatering and drying of
the algae. Uncertainties surrounding N2O emissions (algae
ponds and ooded rice elds have been given similar cultiva-
tion penalties). Little information exists on N2O formation from
algae ponds. N2O only contributes 16% of WtWa GHG emis-
sions. The worst emissions stem from Carter80 who carried out
Fig. 12 LCA results of third generation biomass with error bars represe
conventional jet A1 derive from the distribution of ULS and crude oil resu
standard, illustrating the required reduction percentile for the fuel to be
publication in superscript: V ¼ Vera-Morales et al.; S ¼ Stratton; H ¼ Han
CO ¼ Connelly et al.; Lokesh et al.; Guo et al.

This journal is © The Royal Society of Chemistry 2020
an environmental LCA on microalgae production (U.S.) using
horizontal serpentine tubular packed bed reactors.

GHG emissions, energy, land use and water consumption are
sourced in the “direct cultivation, harvesting, dewatering, and
drying”.80 In terms of cultivation technologies, GHG emissions
and production costs were really sensitive within the context of
lipid content, inputs and microalgae productivity although
harvesting technologies were more sensitive for the open
raceway ponds.

In terms of the energy allocation method overall results
indicated between 17.23–851.9 g CO2e per MJ. The best result
consists of a detailed study by Guo et al.166 who performed an
LCA of microalgae based aviation fuel. Lipid content on fossil
fuels and GHG emissions are relatively close and energy
consumption is 0.68 MJMJ�1 and GHG emissions of their entire
study were between 17.23–51.04 g CO2e per MJ. Effectively, this
is an increase of between 59.70–192.22% with higher lipid
content. Total energy requirements is reduced (2.13–3.08 MJ
MJ�1 or 0–47.10%) with lower N efficiency of between 75–50% in
terms of recovery. The worst results of the literature stem from
Ou et al.165 who studied open ponds using datasets that corre-
late to the Tsinghua University LCA Model (TLCAM) which was
explored in Section 2.2.3. Most of the attention was based upon
the energy recovery via biogas production and also combined
heat and power from leover biomass aer lipid extraction.
This includes CH4 emissions of biogas production and N2O
emissions of digestates which can be used as agricultural fer-
tiliser. These emissions stem from the assumptions of low algae
productivity, and high energy use in CO2 acquisition for culti-
vation with 140 kW h per tonne, algae harvest and lipid
extraction.
nting all scenarios in the specific study. Upper and lower bounds of
lts in Fig. 8. Dotted lines represent the 2nd edition of the renewable fuel
certified with RFS2. Horizontal axis illustrates the author and year of
et al.; Ca ¼ Carter; E ¼ Elgowainy et al.; O ¼Ou et al.; F ¼ Fortier et al.;

Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3253
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For mass allocation overall results were between 20 and
131.9 g CO2e per MJ with Vera-Morales et al. offering the best
result assuming that ue gas was utilised as an input for CO2

extraction and point source carbon capture was implemented
on site. The worst result on the other hand was discovered by
Fortier et al.125 who conducted a study of microalgae via HTL (1
GJ functional unit) which was “cultivated in wastewater
effluent”. Two distinct scenarios were carried out in a renery
and a wastewater treatment plant. Upon assessing the results,
renery transportation and waste nutrients dominated the LCA.
Levels of heat integration introduced a great deal of sensitivity
to the LCA in addition to the heat source and the solids content
of the dewatered algae. In their most optimised study up to 76%
reduction compared with jet A1 can be attained with minor
improvements to the aforementioned sensitivity parameters.

Finally, the market allocation gave a distribution of between
31–2020 g CO2e per MJ. This distribution was carried out
entirely within Carters study, who assessed the difference
between open raceway ponds using wet lipid extraction against
horizontal serpentine tubular reactors which were signicantly
more energy intensive resulting in signicantly high levels of
GHG emissions.
4.4 Other environmental factors from combustion

4.4.1 Estimating combustion effects during ight. The
estimation of GHG emissions during the combustion phase is
open to controversy as there is a lack of agreement on how to
suitably model the impact of the aircras wake. Thus, non-CO2

effects during ight has received a signicant amount of
attention recently and these studies can be read here.222–225 Key
issues to resolve are the methodologies that are being used to
calculate emissions during each phase of a commercial aircra
i.e. taxiing, taking off, cruising and landing. ICAO has reported
that due to a lack of agreement on the methodologies quanti-
fying GHG estimations other than CO2, there are no official
results available.

4.4.2 Water vapour and water contaminated fuel. Water
vapour when produced at high altitude contributes signicantly to
global warming.226 Although the residency period does not get
mentioned in the literature much it has been estimated as 8.9 �
0.4 days,227 however, it is currently difficult to quantify such
emissions using the GWP20 andGWP100 characterisation factors.
Water contaminated fuel when combusted produces additional
water vapour in its wake and it is thought that the aromatic
component plays a role in the solubility of water in jet fuel.225,227

4.4.3 Additional environmental results. For kerosene based
fuel, other studies explored additional characterisation factors.
For example, Koroneos et al.228 used a functional unit of 1 kg of
kerosene production. Ozone depletion indicated 1.84 � 10�8

while acidication had the highest impact at 7.75 � 10�4 where
96.04% is due to combustion. Eutrophication (1.93 � 10�4 air
and 1.06 � 10�5 water) and summer smog (2.76 � 10�4) were
less severe.

A select number of studies carried out an environmental
analysis of the AAF product using the following characterisation
factors: smog, eutrophication, eco-toxicity, acidication,
3254 | Sustainable Energy Fuels, 2020, 4, 3229–3263
carcinogenics, non-carcinogenics, respiratory effects, water use
and land use. Table 5 highlights the results of these assessments.

Cox et al. carried out an analysis of the effects of eutrophi-
cation using displacement allocation (44, 12, and 11 g PO4e per
MJ for sugarcane, pongamia and microalgae respectively) indi-
cating that sources of nitrogen oxide (NOx) exhaust gases from
combustion in jet engines from the combustion of bagasse in
addition to biogas and light gases from fossil fuels were the
most dominant. According to Cox et al., sugarcane also has the
potential for eld emissions of the nutrients (N and P) which
originate from the sugarcane growth which can amount to
higher levels of eutrophication as opposed to pongamia and
microalgae cases.

Eco-toxicity potential trends stem from the release of heavy
metals and organics which originate from chemical production
and electricity generation. Grid displacement in terms of elec-
tricity provides the lowest toxicity score. Further comparisons of
different impact assessment methods are required as the
conguration of weights differ between the characterisation
factors i.e. greater priority for environmental burden is given to
pesticides as opposed to metals and organics.

The key process responsible for water use was irrigation for
the growth of pongamia and sugarcane. The supply of water to
the ponds that hold algae are carried out in order to compensate
for key evaporative losses.

Pongamia (1.18 L or displacement and 0.55 for energy allo-
cation) features the lowest water use and sugarcane possesses
much higher use in more arid climates such as Australia,
indicating that the environment is a marker to determine water
use in feedstock production for AAF.

In terms of land use, the pongamia cause offers the best
result due to high cultivation efficiency (4.5 m2/100 MJ), fol-
lowed by sugarcane (5.1/100 MJ) and microalgae (6.8/100 MJ).
All three pathways can be considered relatively low compared to
biodiesel.

Studies by Ganguly et al.172 and Pierobon et al.205 using
energy, mass, and displacement allocation on forest residue
were carried out with some deviations in their results. Eutro-
phication (1.12, 0.03 and �0.09 g PO4e per MJ) and eco-toxicity
(283.03, 47.46 and 162.97 CTU) can be mostly attributed to the
wastewater treatment process, releasing acetic acid, furfural,
nitrates, lignosulfonic acid, nitrogen dioxide, phosphates,
soluble sugars and sulphur dioxide. The key contributor to the
smog characterisation factor (9.17, 9.54 and 11.03 g O3e per MJ)
stems from combustion during ight (representing just under
half of the total impact). This factor is also related to acidi-
cation 0.39, 0.47 and 0.88 g SO2e per MJ (33.7%). Additional
impacts arising from combustion include carcinogenics impact
(�1.04–107, 5.40 � 10�8 and 1.94 � 10�8 CTUh MJ�1) and non-
carcinogenic impact (9.55–106, 7.55 � 10�6 and 2.51 � 10�5).

5. Prospective and conclusion
5.1 Alternative ‘drop in’ aviation fuels for current
technologies

The following section explores possible alternative feedstocks
and pathways which could be used to produce jet fuel, however,
This journal is © The Royal Society of Chemistry 2020
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they do not yet possess LCA results from the literature speci-
cally referring to the jet fuel fraction. Nevertheless, such alter-
natives may become important in the future in a bid to avoid
land use and conict with food.

5.1.1 Oleaginous yeasts. An opportunity exists to produce
jet fuel from oleaginous yeasts which are lipid based microor-
ganisms.229–236 Their ability to produce such lipids is relatively
high (20% of their dry weight can produce such organic
compounds) and it may also be possible to increase lipid
content to 70% under certain conditions offering excellent
potential as a jet fuel provider. Unfortunately, the lipid extrac-
tion process phase has to currently be performed using solvents
that include a wide variety of toxic chemicals such as petroleum
hexane as well as a mixture of hydrocarbons. Such extraction
methods will have to be replaced in the future for LCA perfor-
mance to remain competitive with the core feedstock contri-
butions to biomass in Section 4. A non-LCA based study on
oleaginous yeasts towards the production of jet fuel currently
exists. Breil et al. performed an experimental study on jet fuel
production with two theoretical sub-units based on the extrac-
tion of oil from the Yarrowia lipolytica organism. They hypoth-
esize that ethyl acetate, CPME and MeTHF could replace hexane
solvents in order to support the energy required to evaporate 1
kg of solvent,229 however, it remain to be seen when exactly such
innovations will take place.

5.1.2 Waste carbon, water and materials. There is prom-
ising potential to produce jet fuel from waste carbon such as
CO2 and water due to the presence of H2. Current technologies
that are available which can help make this happen is the use of
solid oxide co-electrolysis (SOEC)237–241 which separates O2 from
H2O through reverse water–gas shi and microbial fuel cells
(MFC's). Microbial fuel cells (MFC's) which are a rapidly
evolving eld and consists of new forms of energy generation in
which no universally dened terminology has been given.242–249

MFCs offer a promising technology to produce liquid fuels from
wastewater leading to the potential production of aviation fuel
and although this particular eld is still in its infancy, there has
been signicant progress, as summarised here.36,250–253 In the
past decade, it was discovered that the alkane biosynthesis
pathway could be created from cyanobacteria in the range of
C13–C17 alkanes and alkenes.254

Waste carbon from residues and other materials are in
abundant supply. Throughout the studies, there is a potential
opportunity for a future process pathway that can take CO2 from
industrial sources such as a coal power plant, oil renery or
steel industries in order to produce H2 rich syngas.255. This
technology allows CO2 to be reduced into its constituent
elements and together with biomass from gasication performs
co-valorisation, producing two syngas streams with one rich in
CO and the other in H2. Recent technological advances indicate
that SOEC's may be affordable while providing high perfor-
mance and low temperature SOEC due to recent advances in Ni
thin-lm electrodes on porous alumina templates.256 Solid oxide
co-electrolysis257 would effectively allow for a rich H2 syngas to
be produced while the biomass would enter a gasier and
produce a rich CO syngas, eventually combining them through
FT to produce carbon neutral aviation fuel. CO2 pipelines would
3256 | Sustainable Energy Fuels, 2020, 4, 3229–3263
transport the CO2 from the industrial source to the bio
renery258 and directly into the SOEC unit.
5.2 Alternative aviation fuels for modied aircra and future
technologies

This section discusses potential future aviation fuel sources that
require non-conventional modication of an existing aircras
system.

5.2.1 Ethanol and methanol. Ethanol, while currently
being used in land vehicles in small quantities (known as E10
with a 1 : 10 fuel ratio in U.S.), there are issues which go against
its use. The rst is that ethanol like 1st generation biomass
possesses conicts with human consumption and secondly, it is
very difficult to store the chemical safely259 due in part to its low
ash point. Issues also arise during ight where a combination
of difficulties may include fuel system vapour lock, which is
where liquids will change their state to a gas within the fuel
delivery system. There are several methods to reduce vapour
lock and improve the safety of the use of ethanol, but it requires
substantial investment in the modication of current infra-
structure and aircra. Also, there is a lower level of performance
overall in terms of energy efficiency (40% reduction compared
with conventional jet fuel).260

Methanol is a by-product of the fossil fuel production process
of coal and NG (described in Sections 3.2.3 and 3.2.4). However, it
can also be produced from biomass from both woody and MSW's
and can also be produced from CO2 via carbon capture technol-
ogies. Methanol production is one of the key drivers for the
persistence of NG production, it is 70% energy efficiency and
almost the entire product is methanol (99%).259

5.2.2 Hydrogen. Hydrogen sourced feedstock's can become
a suitable future aviation fuel259,261–265 and can be extracted from
a wide variety of sources. Hydrogen productions paths may
include direct water splitting from renewable energy, as a by-
product of electricity production from electrolysis from radio-
active waste and also from the cracking and steam reformation
process from fossil fuels once carbon sequestration has taken
place.261 Hydrogen has a caloric value that is 2.8 times higher
than kerosene, however the volume of hydrogen is four times
more so this higher energy content will be offset somewhat in
addition to a heavier tank. In order to be utilised. H2 needs to be
stored in liquid form (LH2) in cylindrical storage tanks with
appropriate insulation and pressure differentials indicating
that the tanks will require non-conventional modications.
Ammonia can be converted into hydrogen pathway (below).

5.2.3 Ammonia. Ammonia is considered to be one of the
most highly produced inorganic chemicals266 and offers an
abundant supply of feedstocks as a potential replacement to
fossil fuels, therefore it can be used as a cleaner source of fuel
production. It currently cannot be used in conventional engine
technologies due to its extremely narrow ammability spectrum
although it has a remarkably high octane rating of 120.
Ammonia can be fed into a fuel cell that can produce energy
with the caloric value of ammonia being much lower than
kerosene at 22.5 MJ kg�1. If the water vapour is not condensed
the caloric value will be 21% less than the aforementioned
This journal is © The Royal Society of Chemistry 2020
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number. Carbon monoxide, hydrocarbons and soot cannot be
produced as ammonia does not feature any carbon therefore it
burns very cleanly with minimal contaminants. Also it is
possible to convert ammonia to a hydrogen pathway using the
sodium amide process and can also be converted as fuel to
a proton exchange membrane cell. Ammonia solid oxide fuel
cells (SOFC's) can also be used for on board power production.
It is possible to use liqueed ammonia with or without the use
of fuel cells. When assessing the scenario without the fuel cell
a liqueed ammonia tank, dissociation and separation unit for
decomposition of ammonia and an internal combustion engine
rounds off the pathway which powers the vehicle. In the second
conguration the fuel cell drives the power and it is supple-
mented with the internal combustion engine.

There are two key disadvantages for using ammonia in aircra.
The rst is that it possesses a low energy density compared with
hydrocarbon-based fuels and although it burns cleaner, it is still
toxic via the production of other caustic substances, which will be
distributed at high altitude. This has slowed down its integration
with the global transportation system.

5.2.4 Liquid natural gas (LNG). Liqueed natural gas may
offer supplemental power to existing aircra through modi-
cation of the fuel delivery system.267 As NG is much cheaper
than traditional kerosene based jet fuel this is an attractive
option once the retrotting has been carried out. Withers et al.
in their study on comparing LNG (50% kerosene based fuel in
terms of energy content included) with the NG Fischer–Tropsch
pathway (with 50% of kerosene based jet fuel by volume) indi-
cated that a 39%, 24%, 1% and 47% reduction in CO2 NOx,
black carbon and hydrocarbons respectively is possible.
5.3 Conclusion

A wide variety of AAF LCA studies have been published within
the last decade using vastly different approaches to the adop-
tion of process pathways. In addition, the actual methods that
were used when carrying out the LCA are also utilised differ-
ently, meaning it is very difficult to draw comparisons with
other studies. In particular, the four allocation methods applied
to aviation fuels, namely mass, energy, market and displace-
ment, cause large uctuations in the results of the LCA's.
However, the basic benchmarking of the different approaches
has shown that when producing AAFs from biomass, there is
great promise being shown in the literature. Compared with the
other process pathways under review, HRJ and FTJ fuels appear
to show the biggest potential in terms of the greatest reduction
of GHG emissions as they have a high FRL level and are already
certied to be produced commercially with a 50% blending
ratio compared with conventional jet A1.

Many studies highlighted the key drawbacks in relation to
biodiesel and bio-alcohols as aviation fuels due to poor fuel
composition properties as highlighted in Tables 2 and 3. Using
liquid hydrogen and methane are favoured, however high
production cost and less suitability to the connes of the
turbofan conventional engine seriously limits their capabilities
and potential impact. A variety of serious challenges exist, mainly
land use and agricultural emissions and levels of distribution.
This journal is © The Royal Society of Chemistry 2020
There is however increased backing of international governments
with a variety of organisation providing certication and recom-
mendations, pushing policy forward to enable the delivery of
sustainable fuels more quickly. It is here that scaling up can be
supported along with necessary commercialisation in addition to
supply chain infrastructure. Finally, other characterisation
factors need to be applied in order to fully embrace LCA as an
environmental accounting method. As only 10% of the literature
refer to the GWP only, it is imperative that thesemethods be used
more fully. This should be the primary goal of future investigate
work in order to fully decarbonise the aviation sector.
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J. Keller, S. Freguia, P. Aelterman, W. Verstraete and
K. Rabaey, Environ. Sci. Technol., 2006, 40, 5181–5192.

246 B. E. Logan, Nat. Rev. Microbiol., 2009, 7(5), 375–381.
247 D. Pant, G. Van Bogaert, L. Diels and K. Vanbroekhoven,

Bioresour. Technol., 2010, 101(6), 1533–1543.
248 T. P. Sciarria, A. Tenca, A. D'Epifanio, B. Mecheri,

G. Merlino, M. Barbato, S. Borin, S. Licoccia,
V. Garavaglia and F. Adani, Bioresour. Technol., 2013, 147,
246–253.

249 B. Min, J. Kim, S. Oh, J. M. Regan and B. E. Logan, Water
Res, 2005, 39(20), 4961–4968.

250 P. P. Peralta-Yahya, F. Zhang, S. B. Del Cardayre and
J. D. Keasling, Nature, 2012, 488, 320.

251 N. Lu, S.-G. Zhou, L. Zhuang, J.-T. Zhang and J.-R. Ni,
Biochem. Eng. J., 2009, 43(3), 246–251.

252 A. P. Borole and C. Tsouris, U.S. Patent No. 8,597,513, U.S.
Patent and Trademark Office, Washington, DC, 2013.

253 Z. He, S. D. Minteer and L. T. Angenent, Environ. Sci.
Technol., 2005, 39, 5262–5267.

254 A. Schirmer, M. A. Rude, X. Li, E. Popova and S. B. Del
Cardayre, Science, 2010, 329, 559–562.

255 M. Aresta, Carbon dioxide as chemical feedstock, John Wiley
& Sons, 2010.

256 S. Ji, H. G. Seo, S. Lee, J. Seo, Y. Lee, W. H. Tanveer,
S. W. Cha and W. Jung, RSC Adv, 2017, 7, 23600–23606.

257 M. Ni, Chem. Eng. J., 2010, 164, 246–254.
258 P. W. Parfomak, P. Folger and A. Vann, Carbon dioxide

(CO2) pipelines for carbon sequestration: emerging policy
issues, Congressional Research Service, Library of
Congress, Washington, DC, 2007.

259 Y. Bicer and I. Dincer, Int. J. Hydrogen Energy, 2017, 42,
10722–10738.

260 J. I. Hileman and R.W. Stratton, Transport Pol, 2014, 34, 52–
62.

261 B. Khandelwal, A. Karakurt, P. R. Sekaran, V. Sethi and
R. Singh, Prog. Aeronaut. Sci., 2013, 60, 45–59.

262 P. B. Maccready, B. D. Hibbs and R. F. Curtin, U.S. Patent
No. 7,281,681, U.S. Patent and Trademark Office,
Washington, DC, 2007.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9se00788a


Review Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 9

:5
1:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
263 T. H. Bradley, B. A. Moffitt, D. N. Mavris and D. E. Parekh, J.
Power Sources, 2007, 171(2), 793–801.

264 S. R. Pereira, T. Fontes and M. C. Coelho, Int. J. Hydrogen
Energy, 2014, 39, 13266–13275.

265 I. Dincer and C. Acar, International Journal of Sustainable
Aviation, 2016, 2(1), 74–100.
This journal is © The Royal Society of Chemistry 2020
266 A. Af, N. Radenahmad, Q. Cheok, S. Shams, J. H. Kim and
A. K. Azad, Renewable Sustainable Energy Rev, 2016, 60, 822–
835.

267 M. R. Withers, R. Malina, C. K. Gilmore, J. M. Gibbs,
C. Trigg, P. J. Wolfe, P. Trivedi and S. R. H. Barrett, Prog.
Aero. Sci., 2014, 66, 17–36.
Sustainable Energy Fuels, 2020, 4, 3229–3263 | 3263

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9se00788a

	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a

	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a

	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a

	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a

	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a
	Life cycle environmental analysis of tnqh_x2018drop intnqh_x2019 alternative aviation fuels: a reviewElectronic supplementary information (ESI) available. See DOI: 10.1039/c9se00788a


