Proposed Organized Session for the 2023 Annual Conference on Global Economic Analysis
Université de Bordeaux, Bordeaux, France

Availability and Sustainability
of Power-to-Liquid Fuels for Aviation

Sustainability Paper:

Paper 4: Sustainability Challenges and Opportunities of Power-to-Liquid Fuels

Authors and their affiliations

Kristin C. Lewis, Volpe National Transportation Systems Center, U.S. Dept of Transportation
Jon A. Obnamia, Transport Canada

Florian Allroggen, Massachusetts Institute of Technology

Farzad Taheripour, Purdue University

Robert Malina, University of Hasselt

Table of Contents
1. Motivation: Need for sustainability assessment for PtL fuels
2. Analysis of potential negative sustainability implications
3. Key considerations for sustainability assessment of PtL fuels
4. Discussion and conclusions

Abstract

Power-to-liquid fuels are considered by many proponents to be a significant improvement in
sustainable aviation fuel alternatives to petroleum. Previous papers in this session focused on the
potential carbon benefit and land use impacts of these fuels. The scale at which these fuels would
be needed to replace a significant portion of fossil-based fuels may lead to additional sustainability
challenges that must be addressed to avoid unintended consequences of PtL deployment.

The high PtL requirement for renewable power suggests that PtL fuel production is likely to take
place where renewable power generation from sources such as wind and solar is highly available.
These locations are also likely to experience water scarcity. However, water is required as a
hydrogen source for PtL fuels as part of the renewable and low carbon performance of the fuels.
Thus, desalination may become an important source of water for PtL production. Desalination
produces significant brine waste that must be disposed of properly to avoid environmental impacts.
Therefore, the use of water in the local context is an important determinant of PtL fuel
sustainability.

Both renewable power generation and electrolysis for PtL depend on rare earth minerals and other
critical raw materials, the sourcing and use of which can have environmental impacts. It is
therefore also important that minimization and recycling of such materials be integrated into PtL
production pathways.

The International Civil Aviation Organization’s Carbon Offsetting and Reduction Scheme for
International Aviation (CORSIA) defines a globally applied set of sustainability criteria for



sustainable aviation fuels used in international aviation. To be used in the international aviation
sector, PtL fuels will need to be certified as meeting these criteria. The renewable power
generation, electrolysis, and water sourcing of PtL fuels should be considered as part of the
sustainability certification of these fuels. By applying sustainability criteria consistently and
requiring verified/audited reporting of actions, it is possible to systematically reduce the
sustainability risks associated with fuel production.

Motivation: Need for sustainability assessment for PtL fuels

Alternative renewable fuels for aviation tend to be more expensive than traditional fuels and
require the development and expansion of entirely new industrial and supply chain infrastructure
(de Jong, et al., 2015; World Economic Forum, 2020; Brandt, Martinez-Valencia, & Wolcott,
2022) Therefore, the key value proposition of alternative renewable fuels that drives interest is
based on the potential for decarbonization and associated improved sustainability performance
(Lewis, et al., 2022). The demand for such sustainable fuels is growing rapidly (German
Environment Agency, 2022) as the urgency of climate action increases (IPCC, 2023). In
addition, using renewable electricity to generate renewable hydrogen and liquid fuels is seen as a
method to enhance the output of biofuel processes (Hannula, 2016) and/or to store excess
renewable electricity (Koj, Wulf, Linssen, Schreiber, & Zapp, 2018).

However, given the complexity of sustainability, comprising environmental, social, and
economic considerations and the tradeoffs among them, sustainability cannot be assured for all
instances of fuel production technologies. Therefore, as new fuels enter the marketplace, careful
consideration is needed to ensure that the fuels are developed thoughtfully and that sustainability
is assessed rigorously to prevent unintended consequences of alternative fuel scale up.

Currently there is significant interest in power-to-liquid (PtL) fuel options, which are considered
by many proponents to be a significant improvement in sustainable fuel alternatives to petroleum
compared to biomass-based alternative aviation fuels. There are a range of PtL technologies
(German Environment Agency, 2022) with varying degrees of enhancement over traditional
biofuels in terms of carbon, hydrogen and/or energy source, land use, and carbon intensity.

Previous papers in this session focused on the potential carbon benefit and land use impacts of
these fuels. In many cases, PtL fuel technologies are focused on drawing down COz directly
from the atmosphere or from unavoidable waste streams. These fuels could be less land-use
intensive than biomass-based fuels if they are not reliant on agricultural or forestry for
production of feedstocks. (German Environment Agency, 2022). However, the need for
extensive renewable power generation to achieve scaled up PtL production may extend
competition for land and induce land use change.

Furthermore, beyond carbon and land use change considerations, the scale at which these fuels
would be needed in order to replace a significant portion of fossil-based fuels may lead to
additional sustainability challenges that must be addressed to avoid unintended consequences of
widescale PtL deployment. Currently, efforts are underway to identify any unique sustainability
challenges associated with PtL fuels and to develop approaches that can mitigate potential
negative impacts (e.g., European Commission’s delegated regulation on Renewable Fuels of
Non-Biological Origin or RFNBO (European Commission, 2023)).



Analysis of potential negative sustainability implications and key sustainability considerations for
PtL fuels

Sustainability evaluations encompass environmental, social, and economic conditions. Some of
the key environmental resource areas beyond decarbonization that must be considered include
impacts on demand for water and water quality, air quality, soil health, biodiversity/conservation,
and impacts from process waste and chemicals. From a socioeconomic perspective, considerations
include food security, human and labor rights, and water/resource rights. Any industry that scales
up extensively runs the risk of affecting these resource areas of concern, and PtL fuels are no
exception. On the other hand, producing sustainable aviation fuels using the PtL technologies
could provide local economic development opportunities.

While any of the above resource considerations can be of concern for a new, scaled-up industrial
process, specific risk areas are higher when associated with inherent production process
conditions. The implications of the high electricity intensity of PtL fuels with regard to carbon
intensity [PtL Core LCA session paper reference] and land use impacts [PtL ILUC session paper
reference] were outlined in the previous papers for this session. The electricity source can be the
largest contributor to the environmental performance of these fuels both from a carbon reduction
perspective and other environmental considerations (Koj, Wulf, & Zapp, Environmental impacts
of power-to-X systems - A review of technological and methodological choices in Life Cycle
Assessments, 2019). The scale of the required systems also raises questions around the temporal
supply and demand matching requirements for renewable electricity, both from carbon accounting
perspective [Intermittency paper in this session] as well as from a grid stability perspective. The
latter is specifically relevant for PtL, which might provide both benefits and disbenefits to the grid:
PtL fuel production can act as a stabilizing element through use of excess renewable electricity
during high production periods or it can add additional baseload, which increases the need for
back-up resources.

The use of rare earth minerals and other critical raw materials are a concern for long-term
sustainability both because of their inherent supply insecurity as well as the potential
environmental and social effects of the materials themselves and/or their extraction. The
electrolysis used for PtL depends on a range of these materials, which may include iridium,
platinum, cobalt, tantalum, and nickel (International PtX Hub, 2022). Renewable power
infrastructure (wind, PV power plants) also requires consumption of metals such as aluminum,
steel, and copper as well as permanent magnets that require rare earth elements. Copper mining in
particular is considered to have high potential for freshwater toxicity (Zhang, Bauer, Mutel, &
Volkart, 2017). In addition, many of these materials can be difficult to source and subject to
geopolitical issues that render the supply chains potentially unstable (Bobba, Carrara, Huisman,
Mathieux, & Pavel, 2020). Use reduction and recycling of these materials is strongly recommend
to ensure the viability and sustainability of PtL fuels. (International PtX Hub, 2022).

Another known high-risk area for PtL fuels is water use and associated water quality impacts.
The U.N. estimates that 2.3 billion people live in water-stressed countries, an issue which is being
exacerbated due to climate change (UN-Water, 2021). For biofuels produced from agricultural
resources, water use intensity has been raised as a potential issue since their introduction due to
the potential unsustainable use of water for irrigation and for fuel production processes, coolant,



and other demands (e.g., (Diaz-Chavez, Berndes, Neary, Neto, & Fall, 2011; Gerbens-Leenes,
Hoekstra, & Meer, 2009; Domingues-Faus, Powers, Burken, & Alvarez, 2009). Water use
intensity comparing conventional fossil-based fuels and biomass-based fuel indicate that water
consumption is within the same range within 1.6 to 20.1 liters of water per liter of middle distillate
fuel produced if the biomass feedstock is rain-fed (Staples, et al., 2013). On the other hand,
irrigated biomass results in an overall water consumption that can be up to 22,600 liters of water
per liter of middle distillate or up to three orders of magnitude greater than rain-fed biomass.
Efforts have been made to reduce the water use intensity of biofuel production through reduction
or elimination of crop irrigation, use of forestry and agricultural wastes and other waste materials,
and increased process efficiency (Wu, 2019).

Although water use efficiency may be better for PtL fuels than other alternative and conventional
fuels (German Environment Agency, 2022) certain aspects of PtL fuels, particularly the demand
for green hydrogen and renewable electricity, may have water use and quality implications as the
industry scales up. Green hydrogen production via electrolysis splits water to generate the
renewable hydrogen (currently with approximately 73% efficiency for alkaline or PEM
electrolysis (IEA, 2020)) coupled with the reverse water gas shift reaction, synthesis gas can then
be generated for Fischer-Tropsch fuel production reactions from CO: and water (German
Environment Agency 2016). Both of these processes are critical for the renewability and carbon
benefit on which the value proposition of PtL fuels depends. In addition, the high demand for
renewable energy to power the conversion to PtL fuels is both land intensive and tends to be co-
located with regions where water scarcity is an issue. (Grahn, et al., 2022). Therefore, the water
use intensity of PtL fuels production and potential water quality impacts may pose a substantive
issue for many communities and regions.

The International Renewable Energy Agency (IRENA) has suggested that most planned green
hydrogen projects will need to source water via desalination (IRENA, 2022) to supply electrolysis
because of their likelihood of being in regions of water scarcity. Desalination is itself energy
intensive, with the two alternative technologies of reverse osmosis requiring up to 3.5-5 kWh of
electricity per m® of water desalinated and multi-stage flash desalination requiring up to 80 kWh
of heat energy and up to 3.5 kWh of electricity per m* of water desalinated (IEA-ETSAP and
IRENA, 2012). If desalination needs to be used in tandem with PtL fuel production, this will
increase the demand for renewable energy beyond the requirements from electrolysis, feedstock
production, and conversion processes.

Desalination can also have implications for localized water quality around the facility due to brine
and/or cooling water production and release. For every liter of clean water produced by
desalination, approximately 1.5 liters of brine is produced (Jones, Qadir, van Vliet, Smakhtin, &
Kang, 2019). This brine is high salinity (sodium chloride) and can also be contaminated with ions
such as calcium, magnesium, and sulfate as well as heavy metals in some cases, particularly
copper, and biocides and other additives (Omerspahic, al Jabri, Siddiqui, & Saadaoui, 2022). This
brine is toxic to organisms, and must be disposed of properly or risk significant environmental
harm. There are existing methods for brine disposal and efforts are also being taken to evaluate
alternative brine disposal methods that improve wupon water recovery, energy
efficiency/optimization, and techno-economic feasibility (e.g., zero liquid discharge technologies
including membrane and thermal treatment technologies) (Panagopoulos, Haralambous, &
Loizidou, 2019).



Thus, water quality and quantity are key concerns relating to PtL fuel production in addition to the
land use and carbon implications. Beyond these factors, PtL fuels need to be held to the standards
set for all alternative fuels covering the range of sustainability considerations encompassing
environmental, social, and economic aspects.

Current requirement for sustainability of PtL SAF

Many regulatory schemes and voluntary programs leverage third-party verified audits for
certification in accordance with overarching principles and criteria on sustainable fuel production
to ensure sustainability of alternative fuels

Existing regulatory programs with qualification criteria for alternative/renewable fuels and
voluntary schemes for ensuring sustainability of fuels and other products depend on the
implementation of measures that can limit / mitigate impacts. Regulatory programs such as the
E.U. Renewable Energy Directive (EU, 2018) and the U.S. Renewable Fuel Standard (U.S., 2007)
obligate certain parties to comply with such sustainability criteria. The International Civil Aviation
Organization Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) sets
a requirement for carbon neutral growth in international aviation that has been adopted by 107
countries as of 2022 (ICAO, 2022), and only fuels that have been certified to comply with the
CORSIA sustainability criteria can be used to contribute to that requirement. Both the EU RED
and CORSIA rely upon certification by voluntary Sustainability Certification Schemes (SCSs) to
ensure compliance with the required sustainability criteria.

ICAO has adopted a comprehensive set of sustainability criteria for the first phase of the CORSIA
program (ICAQO, 2022). The criteria were developed as an “umbrella” standard based on existing
sustainability principles and criteria developed by existing regulatory programs and non-
governmental organizations (e.g., the Roundtable on Sustainable Biomaterials (RSB) and the
International Sustainability and Carbon Certification (ISCC)) with extensive stakeholder input and
refinement.

The CORSIA sustainability criteria are the only set of sustainability criteria being applied globally
across an entire industry. ICAO has defined sustainability criteria for two categories of CORSIA
Eligible Fuels (CEF): Sustainable Aviation Fuels (SAF) and Lower Carbon Aviation Fuels
(LCAF). The former are waste or renewable-based fuels, and the latter are fossil-based fuels that
have at least a lower carbon intensity than conventional petroleum jet fuels. PtL fuels fall within
the SAF category.

In the CORSIA pilot phase (from 2021 through 2023) only three criteria under two themes are
required, focusing on greenhouse gas emissions reductions on a life cycle basis and the avoidance
of disturbing high carbon stock ecosystems. For the “First Phase” of CORSIA (starting 1 January
2024), there are 13 applicable themes for SAF and 19 individual criteria that must be met under
those themes. The environmental considerations addressed include: GHG emissions, high carbon
stocks, GHG emissions reduction permanence, water use and quality, soil, air, conservation, and
wastes and chemicals. Social considerations include human and labor rights, land use and land
use rights, and, and economic considerations include local and social development and food
security. At the time of writing, RSB and ISCC are two SCS that have been approved by ICAO to
provide certification across these sustainability considerations so that CORSIA SAF candidates
can be used in CORSIA (ICAO, 2020).



The CORSIA sustainability criteria and associated requirements for SAF vary in their level of
prescription with regard to the demonstrations of compliance depending on the criterion/area of
concern: in some cases, such as carbon accounting and land use change, very specific metrics and
thresholds are prescribed either in the sustainability criteria themselves or in additional documents
outlining the requirements associated with them including CORSIA Default Life Cycle Emissions
Values for CEF (ICAO, 2021), the CORSIA Methodology for Calculating Actual Life Cycle
Emissions Values (ICAO, 2021), the Guidance to Sustainability Certification Schemes for SAF
(ICAO, 2021), and the CORSIA Supporting Document “CORSIA Eligible Fuels — Life Cycle
Assessment Methodology (ICAO, 2022). In other criteria such as water quality or soil health, the
demonstration of compliance is focused ensuring the implementation of best practices and
appropriate planning and operating procedures to reduce risk. Social factors are addressed by an
attestation by the company in which the SAF is produced, and economic factors are addressed by
reporting of measures taken without further judgement by the SCS. These different compliance
approaches reflect the challenges of demonstrating compliance in various States with differing
expectations and legal requirements.

The CORSIA sustainability criteria serve as a guideline for implementation by SCSs, with multiple
approaches potentially allowable by credible SCSs. Sustainability certification schemes can apply
to be qualified to certify CORSIA Eligible Fuels using their own approach as long as it is deemed
sufficiently rigorous by ICAO. By applying sustainability criteria consistently and requiring
verified/audited reporting of actions, it is possible to systematically reduce the sustainability risks
associated with fuel production.

In this regard, PtL fuels should be treated as any other SAF under CORSIA. However, there are
specific aspects inherent to PtL processes should be taken into account when applying
sustainability criteria. These include the high requirement for renewable power, with its potential
associated land use changes and sustainability impacts, and the generation of renewable hydrogen
and any carbon capture, either from industrial or ambient atmospheric settings. These significant
inputs to the PtL process must be addressed in any application of sustainability criteria to these
fuels to ensure that their scale up does not lead to detrimental environmental, social, or economic
effects.

Discussion and conclusions

The global aviation sector has agreed upon a minimum set of sustainability criteria for SAF in
the form of the CORSIA sustainability requirements. Any SAF, including PtL fuels, need to be
held to those standard requirements in order to minimize the risk of unsustainable production.
However, while the primary focus on PtL fuels has been the value proposition of their potential
carbon benefit when produced with renewable fuels, there are other aspects of sustainability that
may be uniquely acute for PtL fuels that must be addressed in order to ensure that the industry
does not generate unintended consequences for other resources of concern. Given the potential
water demand for PtL fuels and the criticality of renewable energy to their value proposition,
plus the likely co-location of renewable power generation and water scarcity, the issue of local
water availability, quality, and use will be important. Water demand for PtL fuels in water-
scarce regions where renewable power generation is high may potentially be supported by
desalination, which can lead to issues relating to associated brine production causing water
quality and ecotoxicity issues. The need for substantial infrastructure for power generation may
include significant mining and materials sourcing that can have both environmental and



sociopolitical impacts, and the ability to source these materials may also be influenced by
geopolitical considerations. In these regards, there may be additional considerations for
evaluating sustainability of PtL fuels that will need to be taken into account for regulatory and
voluntary sustainability evaluations.
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