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ARTICLE INFO ABSTRACT

Keywords: Sustainable aviation fuels (SAF) provide a viable option to decarbonise global aviation. Unlike conventional jet-
Sustainable aviation fuels (SAF) fuel, SAFs can be produced in several production pathways making their selection a complex multi-criteria
Sustainability decision making (MCDM) problem with conflicting objectives. In this paper, we propose a multicriteria based
Multi-criteria decision making (MCDM) . . c . . .. . .

PROMETHEE framework for evaluating SAF production pathways, which is a sequential decision-making process with feed-
TOPSIS back adjustment mechanisms. Given the early stage of SAF technologies’ development and the scarcity of data on
VIKOR such technologies, in this research, we involved a variety of aviation industry stakeholders to assist with data and

preference gathering. Our MCDM framework is designed to be generic to provide flexibilities to potential users in
choosing the appropriate implementation decisions for the relevant stakeholders. The strength of the proposed
framework lays in its flexibility to accommodate various stakeholders’ subjective judgements, choice of ranking
method, and robustness of results. We used our MCDM framework within a stakeholders’ participatory approach
to rank order 11 SAF production pathways against 24 criteria grouped under social, environmental, economic,
and technical impact categories. Our analysis revealed that the environmental and the economic impact cate-
gories are the most important ones followed by the technical and the social criteria; the gasification/Fischer-
Tropsch (F-T) based production processes are preferred over fermentation and oil-based ones; and waste gases
are the preferred feedstock along with wood-residue. These findings provide decision-makers with guidelines on
the selection of SAF production pathways.

1. Introduction

Commercial aviation has brought global connectivity and prosperity.
Governments are expected to gain U.S. $129 billion in tax revenues and
70 million global supply chain jobs in 2019 (IATA, 2019a). Despite
economic and social benefits, there are several shortfalls to commercial
aviation, particularly the adverse effects on the environment in the form
of greenhouse gas emissions (GHG). Although GHG are not limited to
carbon dioxide (CO5), it is the relative contribution of CO5 (~53%) to
the GHG effect that makes it important. Though this emission level

merely corresponds to 2%-2.6% share of annual global CO; emissions
(ICAO, 2016), it is significantly worse than other emission sources as
they are emitted at a higher altitude making for a far greater adverse
environmental impact (Kivits et al., 2010). The International Air
Transport Association (IATA), a global airline trade association, esti-
mates global air passenger numbers to double by 2035 compared to
2016 (O’Connell et al., 2019) with an overall aviation industry growth
to be around 4.5-4.8% annually (Deane and Pye, 2018). As a result, the
aviation industry’s contribution to global fossil fuel CO5 emissions are
expected to reach 4.6-20.2% by 2050 (Staples et al., 2018).
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Technological innovations and operational improvements can be
instrumental in decarbonising the sector (IRENA, 2017). Particularly,
innovation in aircraft structural design and improved propulsion sys-
tems has the potential to improve technological efficiency (Miiller et al.,
2018). Electrification is considered to be a viable option with research
currently assessing the potential of long-distance flights (Schafer et al.,
2019). However, electric aircraft may not be commercially available
until well after 2050 (IRENA, 2017). Other options for decarbonising
aviation include planning optimised flight paths (Niklap et al., 2016),
and the use of SAF (Klein et al., 2018; Michailos, 2018; O’Connell et al.,
2019). Liquid fuels will continue to play a significant role in aviation due
to a lack of technological readiness in alternatives. Hence, the use of SAF
is considered as a medium-term solution for combating emissions as well
as reducing fossil fuel dependency (The Royal Society, 2019).

Despite its potential for decarbonizing the aviation sector, SAF pro-
duction pathways face significant sustainability challenges (Wang et al.,
2019). These challenges arise from technical uncertainty (IATA, 2019b),
social perception (Filimonau and Hogstrom, 2017; Filimonau et al.,
2018), the environmental impact of production and distribution
(Michailos, 2018) and economic considerations (Bann et al., 2017).
Therefore, the decision-making landscape becomes more complex amid
a high level of uncertainty in the sector. Most studies tend to measure the
effectiveness of SAF pathways via techno-economic analysis (TEA) (see
for example, Klein et al., 2018; Li et al., 2018; Neuling and Kaltschmitt,
2018). Although traditional cost-benefit analysis and net present value
may be useful, the complexity of the problem warrants multi-criteria
decision making (MCDM) problem to be considered to support
decision-making in the presence of multiple and often conflicting
criteria. Our survey of the literature on MCDM applications in sustain-
able aviation fuel production points to the scarcity of MCDM studies on
SAF production technologies' and is further supported by a latest review
done by Dozic (2019).

Our paper aims at filling this gap by proposing a stakeholders’
participatory approach based on the MCDM framework which integrates
aviation industry experts’ perspectives on low carbon jet fuel production
pathways. The innovative contributions of this paper are summarised as
follows. First, we propose a comprehensive framework for assessing SAF
production pathways. To operationalise our framework, we identified a
set of performance criteria and their measures through both a literature
survey and expert opinions. These criteria are synthesised into social,
environmental, economic and technical impact categories. Furthermore,
through a workshop, we collected, from experts, information on the
relative importance of the criteria under consideration as well as ratings
of each alternative or SAF production pathway on each criterion. This
information is used to model the preference system of experts and to
rank SAF production pathways. Finally, we compared our multicriteria
ranking results using multiple MCDM methods.

The rest of this paper is organized as follows. Section 2 reviews the
various production pathways available to date. Section 3 discusses prior
studies on SAF related research. Section 4 presents our MCDM frame-
work for ranking SAF production pathways and its implementation de-
cisions. Section 5 presents and discusses numerical results. The
sensitivity analysis is presented in section 6 while section 7 summarises
and concludes this paper.

2. Sustainable aviation fuel production pathways

SAFs are produced in many ways and each production pathway has
its own technical (e.g., fuel composition), economic (e.g., cost), social (e.
g., public acceptance) and environmental (e.g., GHG) characteristics.

! MCDM techniques have been widely used for evaluating the sustainability
of transportation projects (Awasthi et al., 2010; Curiel-Esparza et al., 2016);
and several authors have considered assessing liquid fuels (Baudry et al., 2018a,
2018b; Turcksin et al., 2011; Ubando et al., 2016).

International Journal of Production Economics 238 (2021) 108156

The academic literature generally classifies SAFs production methods
into two broad categories: biochemical processes and thermochemical
processes. We summarised SAF production pathways in Fig. 1. A brief
description of these pathways is provided in the following sub-sections.
For a detailed description of these processes, we refer readers to Sha-
habuddin et al. (2020).

2.1. Hydroprocessed esters and fatty acids (HEFA)

HEFA is a biochemical process that results in the production of long-
chain hydrocarbons. In this process, any type of oil, such as, animal fat,
waste grease, vegetable oil, or algal (Dayton and Foust, 2020), are hy-
drogenated and isomerized to produce long-chain hydrocarbons; an
additional selective cracking process yields aviation fuel (Neuling and
Kaltschmitt, 2018). Hydroprocessed SAF have high energy content, are
thermally stable, and have low tailpipe emissions (Gawron et al., 2020).
Due to these features, HEFA fuels have been certified by ASTM for a 50%
of blend limit with conventional jet fuel (IATA, 2014). Since 2008,
several major airlines including, KLM, Lufthansa, Etihad have success-
fully conducted flight tests using blends of conventional and HEFA jet
fuels (Wang and Tao, 2016).

2.2. Advanced fermentation

Two processes, i) Alcohol to Jet (ATJ) and ii) Direct sugars to hy-
drocarbons (DSHC) are grouped under the advanced fermentation
pathway. The premise of this grouping is that both ATJ and DSHC have
fermentation as their underlying process (Kandaramath Hari et al.,
2015).

The ATJ process converts alcohols (e.g., ethanol, methanol or n-
butanol) to form long-chain hydrocarbons that possess similar charac-
teristics to conventional Jet-Al fuel. The main feedstock, alcohol can be
obtained from the fermentation of sugars, catalytic conversion of
biomass or direct conversion of sugars to hydrocarbons (Dayton and
Foust, 2020; Kandaramath Hari et al., 2015). Irrespective of the source
of alcohol, the ATJ process is comprised of four steps. The process starts
with dehydration, followed by oligomerization while the last two steps
are hydrogenation and distillation to get the desired product (Geleynse
et al., 2020; Neuling and Kaltschmitt, 2018; Wang and Tao, 2016). One
of the main advantages of this pathway is the technical maturity of the
process involved. The ATJ process features higher infrastructure costs
than the F-T process (Atsonios et al., 2015; Geleynse et al., 2020). The
choice of catalyst used is critical for both the F-T and ATJ process. The
DSHC process on the other hand, does not need alcohol production.
Concentrated sugars are converted to hydrocarbons through anaerobic
fermentation (Huili Zhang et al., 2020). Phase separation is then per-
formed to synthesize jet fuel (Wang and Tao, 2016).

2.3. Gasification/Fischer-Tropsch (F-T) synthesis

In this thermochemical process, carbon-rich biomass is gasified to
produce syngas consisting primarily of carbon monoxide (CO) and
hydrogen (H2). The syngas is then converted to liquid fuel via catalytic
conversion (Shahabuddin et al., 2020). A wide range of biomass
including wood waste from forestry and wood industry, short rotation
crops like poplar and willow, and agricultural residues like wheat straw
and corn stover can be used to produce a carbon-neutral aviation fuel
(Dayton and Foust, 2020). However, due to high pressure and temper-
ature, the additional requirement of an F-T catalyst becomes an
expensive option to produce SAF (Kandaramath Hari et al., 2015).

2.4. Pyrolysis

After drying, grinding and chopping, the biomass is heated at high
temperatures (400-600 °C) in absence of oxygen (O5) either rapidly or
slowly (Shah et al., 2019). This process then yields three products:
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Fig. 1. Classification of process focussed SAF production pathways.

pyrolysis gas, bio-char, and pyrolysis oil (also called bio-oil). The bio-oil
is a mixture of organic compounds with carbon ranging from C1 to
C21+. Also bio-oil has a high oxygen content which is an unwanted
compound in the final fuel. Oxygen molecules are removed by hydro-
treating i.e., chemical reactions in the presence of high-pressure
hydrogen to remove oxygen. After this cleansing, hydrotreating is then
performed in order to produce various hydrocarbons including jet fuel
(Chen et al., 2020).

2.5. Hydrothermal liquefaction (HTL)

HTL is a thermochemical process that converts biomass under high
temperatures (~250-~375 °C) and pressurised water (4-22Mpa) to
liquid fuels (Gollakota et al., 2018). Typical feedstocks used the HTL
pathway include algae, manures, sewage sludge and lignocellulosic (e.
g., corn stover) biomass (Castello et al., 2019; Tzanetis et al., 2017). A
sufficient time is required for the molecule breaking process to occur.
The resultant oil is called bio-crude and has a high O3 content which is
removed by a hydrotreating process. The upgraded hydrocarbons are
then separated via a distillation process to yield jet fuel, diesel and other
co-products.

2.6. Co-valorisation of CO2 and waste biomass

This pathway makes use of two feedstocks or input to the F-T process:
CO rich syngas produced from waste biomass gasification and Hj rich
syngas produced from co-electrolysis of CO2 along with water as dual
feedstocks (Zhang et al., 2020).

3. Literature review

Our literature survey is organised around studies concerned with the
social, environmental, economic and technical perspectives. The need
for such an approach is to reflect the opinions of different and sometimes
conflicting groups of stakeholders (Kim et al., 2019), which together
form a strategic part of the energy production matrix, leading to the
sustainability of low carbon jet fuels (Neves et al., 2020). Each of the
four perspectives within the context of aviation fuels is discussed in this
section.

From a social perspective, there are studies that focus on public
perceptions and acceptance of sustainable liquid fuels in road trans-
portation (Amin et al., 2017). These studies show that the public are
generally aware of environmental and economic benefits of sustainable
fuels use; however, the social-environmental impact of fuel production

is still not being fully considered. It was also found that the ‘food vs fuel’
debate persists in the public shaping their perceptions of sustainable
fuels. There are other studies that look into farmers willingness to grow
crops towards the promotion of sustainable fuels and agriculture ad-
visers’ attitude towards sustainable fuel promotion (Pischke et al., 2018;
Yaghoubi et al., 2019). The focal point of these studies was to explore
the farmers’ willingness to commit land, labour, and resources for the
growing energy crops. These studies indicate that the farmers’ willing-
ness to grow fuel-crops consists of a complex interaction of economic,
social and biophysical dynamics. The Farmers’ willingness to grow vary
by region, type of crop and its profitability, level of farmers’ education,
and financial and technical resource available. Other research found
media framing and labelling of biofuels as a tool for public acceptance
(e.g., Radics et al., 2016).

Less attention has been paid on the aviation sector. Filimonau et al.
(2018), for example, explored tourists’ opinions about aviation biofuel
use in Poland. They measured perceptions of benefits and safety con-
cerns and suggested a need to develop an awareness campaign to
highlight sustainable fuel use in aviation. Another exploratory study on
environmental concerns of aviation and SAF use was done in the UK by
Filimonau and Hogstrom (2017). This study demonstrated a limited
public understanding of the environmental benefits of using SAF.
Challenges and opportunities for SAF adoption were highlighted by
Chiaramonti (2019) while the role of airports in supporting clean
aviation was explored by Kivits et al. (2010). More recently, Wang et al.
(2019) used a macroeconomic approach of Input-Output analysis to
investigate the contribution of aviation fuel production to the Brazilian
economy. The analysis revealed net positive socio-economic effects on
employment and GDP. In summary, the public plays an important role in
developing the sustainable fuel supply chain (Malik et al., 2019), to
achieve carbon neutral growth in the aviation sector.

Several studies focused on the environmental effects of SAF pro-
duction (Kolosz et al., 2020). GHG emission savings and energy effi-
ciency were considered as the two crucial criteria in the most recent Life
Cycle Analysis (LCA) study by O’Connell et al. (2019). Their analysis
revealed that certain SAF conversion pathways are more energy inten-
sive then others except the ones using waste and residues as a feedstock.
A study by Staples et al. (2018) looked into emission savings by SAF
production from non-food” feedstocks through various conversion

2 Non-food feedstock include by-products (cereal straw, sugar cane bagasse,
wood residues), organic components of municipal solid wastes (MSW), and
dedicated feedstocks like purpose-grown grasses and short rotation forests
(Sims et al., 2010).
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pathways over their entire life cycle. The analysis showed that around
12 billion USD per annum investments are to be required to achieve 50%
or less GHG emission by 2050. Besides considering multiple feedstocks
and conversion processes there are other studies that investigated a
single feedstock and process assessment. An LCA study was performed
on a wood-based feedstock by Ganguly et al. (2018) for SAF production.
It was found that such a SAF produced can achieve a 78% improvement
in global warming impact compared with conventional jet fuel. Simi-
larly, HTL of microalgae feedstock assessment was performed by Fortier
et al. (2014) for two different production plant locations. Their analysis
suggested that the LCA of SAF produced at a wastewater treatment plant
was less GHG intensive than fuels produced at a conventional refinery.
Likewise, Seber et al. (2014) implemented LCA to find GHG emission
savings and production costs associated with HEFA jet from yellow
grease and tallow. It was found that the LCA of SAF from yellow grease
produced lower GHG emissions than that from tallow when compared to
petroleum-based jet fuel. In addition, yellow grease derived SAF yields a
lower Minimum Selling Price (MSP) than SAF from tallow as a feedstock.
There seems to be a consensus in LCA studies that SAFs have the po-
tential to reduce GHG emissions in aviation. However, as each study
makes its own assumptions regarding the system boundary, the outcome
of such studies is not comparable due to the heterogeneity of the envi-
ronment. Finally, from a policy perspective, a continuous-time simula-
tion approach was used by Sgouridis et al. (2011) to evaluate the impact
of long-term policies and strategies on mitigating CO, emissions from
global air transportation. The study suggested that a combination of
using low carbon fuel and a carbon pricing mechanism has the potential
to achieve the goal of reducing emissions.

From an economic perspective, Bann et al. (2017) followed a
financial approach for finding the best suitable process of producing
SAF. They used stochastic modelling for finding the MSP of SAF based on
a net present value approach for six different pathways. A comprehen-
sive pioneer plant TEA was performed for six SAF production pathways
by de Jong et al. (2015). Based on the assumptions used, none of the
pathways assessed was able to reach price parity with fossil-derived jet
fuel until 2020 and suggested that co-production of SAF with existing
production infrastructures will be the likely strategy to bridge the price
gap and bring SAF production to commercial scale. Unlike other TEA,
Diederichs et al. (2016) focussed on food—crop'3 and non-food feedstocks
for comparing aviation fuel MSP. They consider HEFA, gasification/F-T
synthesis, as well as a hybrid gasification and syngas fermentation
processes. The MSP from each production pathway resulted in a fuel 2-4
times higher than convention fossil-derived jet fuels. They also discov-
ered that SAF from vegetable oil feedstock is closer in price parity to
conventional jet fuel as compared to non-food feedstocks. In term of the
production process, gasification/F-T is more financially viable than the
hybrid process. Trivedi et al. (2015) performed an Energy Return on
Investment (EROI) for F-T, HEFA and advanced fermentation processes
using different feedstocks. The F-T process with switchgrass resulted in
the best option with an EROI of 9.8%. Neuling and Kaltschmitt (2018)
performed another TEA with environmental considerations of SAF
production pathways. They used a mass and energy balance approach to
analyse such processes. Their results suggested that satisfying technical,
economic and environmental criteria simultaneously is not feasible for
any single pathway. Further, TEA for SAF from camelina oil via
hydro-processing was done by Li et al. (2018). Under the production
conditions considered, their analysis found MSP of SAF to range from
0.40 to 01.7 $/L with most sensitivity to feedstock cost than any other
criterion. Likewise, the detailed process design and economic valuation
of SAF from sugar cane residue (bagasse) were performed by Michailos
(2018). It was found that 0.121 kg of SAF can be produced from a kg of
dry bagasse yielding a price of 2.78 $/L. Finally, Klein et al. (2018)

3 Food-crop feedstock include cereals, sugar crops and oil seeds (Sims et al.,
2010).
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incorporated an environmental perspective and TEA for setting up a SAF
production facility with an existing sugarcane processing industry in
Brazil. Their analysis revealed that the HEFA production pathway could
yield the highest production capacity whereas gasification/F-T gives the
best economic performance, while ATJ is the least desirable pathway
due to its low jet fuel yield.

From a technical perspective, fuel viscosity and cloud point tem-
perature of SAFs were compared for compatibility to conventional jet
fuel by Chuck and Donnelly (2014). SAFs from oil-based feedstocks were
found to be closer to conventional jet fuel compared with other sources
of SAFs production. Focusing on the technical characteristics of
oil-based feedstocks (macauba palm tree), the operational characteris-
tics of reaction pressure, atmosphere, presence of stirring and catalysts
use were studied by Silva et al. (2016). It was found that oil from the
macuba palm tree has the potential to be used as a feedstock for SAF. The
analysis also indicated a blend of 5% SAF with conventional jet fuel is
possible. Similarly, Lokesh et al. (2015) developed a model that looked
into SAF hydrocarbon chemistry, thermodynamic behaviour and fuel
combustion on engine/aircraft performance. Three SAFs from camelina,
jatropha, and microalgae were considered and compared to conven-
tional jet fuel. It was established that SAF performs better than con-
ventional jet fuel on fuel-savings and emissions.

It is worth mentioning that a study undertaken by Hileman and
Stratton (2014) provide a comparative analysis based on multiple
criteria for assessing the feasibility of various fuel options for the avia-
tion sector has been. They found that fuels derived from F-T and HEFA
processes are viable for augmenting current jet fuel supply, whereas
hydrogen was found to be infeasible due to the current aircrafts’ engine
design. Alcohol, biodiesel and bio-kerosene were found to be more
suitable for road transportation. Despite the problem rationale of the
above-mentioned studies representing a multi-criteria problem, none of
these actually use the multi-criteria decision analysis methodological
framework which is slowly becoming integrated into the LCA/TEA
toolkit as a final endpoint method. Some of these studies are reporting
that the criteria under consideration are conflicting which requires
consideration of MCDM methodologies. This paper aims at filling this
gap by proposing a stakeholders’ participatory MCDM based framework
which integrates aviation industry experts’ perspectives on low carbon
jet fuel production pathways.

4. Proposed MCDM framework

In this section, we propose an MCDM based framework to assess the
relative performance of SAF production pathways under multiple
criteria, and devise a multi-criteria ranking to assist a variety of aviation
industry stakeholders to make informed decisions. A graphical summary
of the proposed framework is depicted in Fig. 2.

Notice that, by design, our system is flexible and adaptive. To be
more specific, the system is flexible in that it has a generic nature which
makes it a plug and play framework. On the other hand, it is adaptive as
it includes feedback mechanisms that allow one to adjust implementa-
tion decisions to specific applications and their contexts. Notice that the
proposed framework allows for any group of stakeholders to customise it
to their own needs or take on board their inputs with respect to both the
choice of ranking method and robustness of its results. In the following
sub-sections, we shall discuss the implementation decisions of the
framework and describe the methods used at each of its different stages.

4.1. Choice of performance criteria and their measures

The first stage of our framework is concerned with the identification
of performance criteria and their measures for evaluating SAF produc-
tion pathways. Within this MCDM framework, SAF production pathways
shall be referred to as alternatives. Our review of the literature revealed
that there are currently 15 SAF production pathways which are sum-
marised in appendix Al, where a production pathway is a combination
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of the production process and its feedstock. Our review of the academic
literature on social, environmental, economic and technical aspects of
sustainable liquid transportation fuels identified an initial set of 45
performance criteria (see appendix A2). Buchholz et al. (2009) and
Markevicius et al. (2010) in their research found that not all criteria are
critical for evaluation purposes. Therefore, we narrowed down the
initial set of 45 criteria and 15 SAF production pathways to 24 and 11,
respectively. To be more specific, we use the methodology proposed by
Kassem et al. (2016) implemented by means of an online survey of ex-
perts in bio/aviation fuels; namely, a value tree methodology embedded
within the Delphi method, which is a structured multi-round technique
with feedback mechanisms to achieve higher levels of consensus
amongst the participating panellists (i.e., experts and stakeholders) and
a stability measure-based stopping criterion. The value trees are refined
from one iteration or round to the next using a hybrid penalty-reward
approach based on chosen thresholds of aggregate measures; that is, a
degree of importance index (DII) and a degree of consensus index (DCI)
for each criterion. Recall that DII is fundamentally a weighted sum of
respondents’ evaluations that takes account of the importance of each
criterion using a Likert-scale, whereas DCI cluster respondents’ evalu-
ation into three categories representing the agreement level amongst the
respondents about the importance rating — see Table 1. For more details,
the reader is referred to Kassem et al. (2016).

There is no set threshold level for DII and DCI, however, based on the
literature (Kassem et al., 2016), we applied a 50% threshold to narrow
down criteria and SAF production pathways. This resulted in a total of
39 criteria and 15 pathways. Furthermore, we discussed each criterion
and production pathways during our workshop with experts from
bio/aviation fuel producers, airlines, academia, governmental regula-
tors, and aviation sector international bodies. As a result, the final
evaluation model consisted of 24 criteria and 11 SAF production path-
ways. Tables 2 and 3 summarise the performance criteria and SAF

Table 1

Degree of consensus categories.
Category Description
A A total number of ‘very important’ and important’ responses
B A total number of ‘Moderate’ responses

C A total number of ‘not important’” and ‘negligible’ responses
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Table 2
Final assessment criteria descriptions, code and references.
Category Criterion Code  Description Reference
Social Traceability Socl This criterion is Lanzini et al.
concerned with (2016)
the transparency
of the production
pathway from
feedstock to the
final product.

Contribution Soc2 This refers to the Lietal. (2015);

to economy creation of new Wang et al.
commerce, (2019)
industrial districts,
rural development
and so on.

Food security Soc3 Impact of Sikarwar et al.
feedstock used for (2017)

SAF production on
food security.

Social Soc4  The general Gegg and

acceptability public’s Wells (2017)
perception of SAF
production and
use.

Environmental  Feedstock Envl It represents the Chiaramonti

sustainability continuity of (2019)
feedstock supply
for SAF
production.

GHG emission Env2 Net CO, emissions Zemanek et al.

savings savings compared (2020)
to jet-A fuel.

Land-use Env3  Both direct and Lanzini et al.

change impact indirect land-use (2016)
change due to SAF
production.

Soil and water Env4  Impact of the use Efroymson

pollution of fertilizer and et al. (2017)
pesticides for
biomass
production.

Economic Feedstock Ecol Possible uses of Hileman and
alternative use feedstock other Stratton
than for SAF (2014), Klein
production (e.g., et al. (2018)
electricity and bio-
methane).

Feedstock Eco2  Financial benefits Klein et al.

profitability in producing a (2018)
specific feedstock.

Minimum Eco3  The expected Diederichs

selling price minimum selling et al. (2016),

(MSP) price of the SAF. Ribeiro et al.

(2017)

Input energy Eco4  Amount of energy Diederichs

use consumed during et al. (2016)
SAF production.

Land Eco5 Inclusion of short Baudry et al.

productivity rotation crops or (2018b),
intensive farming Hileman and
techniques. Stratton

(2014)

Operations & Eco6 This relates to the Li et al. (2018)

maintenance operational and

cost maintenance cost
of the SAF
production
facility.

Feedstock cost Eco7 Expenses incurred Diederichs
in procuring the et al. (2016)
primary material
used for fuel
production.

Plant capital Eco8  This cost refers to de Jong et al.

cost

the establishment
of production

(2015)

(continued on next page)
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Table 2 (continued)

Category Criterion Code  Description Reference
plant and related
facilities.

Technical Blending limit Tecl Percentage of Moore et al.
alternative fuel (2017)
certified for
mixing with
conventional jet-A
fuel.

Conventional Tec2 Closeness to Cheng and
jet fuel conventional jet Brewer (2017)
compatibility fuel in fuel
characteristics
including
flashpoint,
viscosity, density,
energetic content,
etc.
Domestic Tec3  Availability of Expert panel
technological domestically
ability available
production
technology.
Process Tec4 Integration ability Neuling and
integration of a production Kaltschmitt
pathway with (2018)
existing jet-fuel
refinery
infrastructure.
Process Tec5 Current Ahmad et al.
technical development (2017);
maturity status of a Fiorese et al.
production (2012)
pathway: pilot,
demonstration or
commercial.
Process yield Tec6  Amount of SAF Bann et al.
obtained from a (2017)
conversion
pathway.
Production Tec7 Capacity for later Schillo et al.
volume expansion of the (2017)
scalability SAF processing
facility.
Quality and Tec8 SAF batch quality. Atsonios et al.
composition of (2015)
feedstock
Table 3
SAF production pathways assessed in this study.
Production process Feedstock Reference Code for
Pathways
HEFA Algae/Microalgae Tao et al. (2017) Al
Used Cooking Oil/ Chen et al. A2
Animal fat (2020)
Oilseeds Zemanek et al. A3
(2020)
Gasification/F-T Municipal Solid Suresh et al. A4
Synthesis Wastes (MSW) (2018)
Wood residue/ Han et al. (2013), A5
Agriculture waste Klein et al.
(2018)
Pyrolysis Algae/Microalgae Guo et al. (2017) A6
Wood residue/ Shahetal. (2019) A7
Agriculture waste
Hydrothermal Algae/Microalgae Castello et al. A8
liquefaction (2019)
Wood residue/ Tzanetis et al. A9
Agriculture waste (2017)
Advanced Wood residue/ Geleynse et al. Al0
Fermentation Agriculture waste (2020)
Co-valorisation of CO,  Industrial waste Zhang et al. All
and waste biomass gases CO, + Wood (2020)

residue
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production pathways considered for evaluation in section 5.
4.2. Choice and implementation of experts’ preferences elicitation method

To model experts’ preferences, we organised an industry workshop
to gather information on expert’s preferences with respect to the relative
importance they assign to different criteria. A total of 40 experts from
Europe representing different organisations belonging to SAF supply
chains participated in our workshop. As there is no consensus about the
most valid preference elicitation method (Lienert et al., 2016), we dis-
cussed with these experts a practical choice of the elicitation method to
use amongst the ones described in Ouenniche et al. (2018). Particular
attention has been paid to a direct rating method, a relative rating of
Max100, Min100, point allocation method, Simos’ cards method, and
the Analytic Hierarchy Process. Based on experts’ feedback and type of
our study we adopted the point-allocation method proposed by Doyle
et al. (1997). In this method, impact category criteria (social, environ-
mental, economic, and technical) were rated relative to each other by
distributing 100 points between them. Such a choice was motivated by
its ability to reflect the criteria’s relative importance to the objective and
experts’ desires, as well as its simplicity from a user’s perspective (Xu
et al., 2016).

4.3. Choice of a system for rating SAF production pathways and its
implementation

The ratings of SAF production pathways against each criterion were
obtained from aviation industry experts using a simple rating system.
Because of the novelty of this application and the scarcity and un-
availability of data on the measures of these criteria, we conducted a
survey amongst aviation industry experts to collect data and opted for
discrete measures for all criteria but one (blending limit) which is
measured on a continuous scale. To be more specific, we used a 5-point
Likert scale to allow experts to express their ratings for each SAF pro-
duction pathway and criterion combination. A numeric scale of 1-9 was
considered (1 is very bad, 3 being bad, 5 is average, 7 is good and 9 is
very good) to enhance the discrimination power of the ranking methods
used in section 4.4. On one hand, the choice of the Likert scale was made
based on the non-availability of SAF specific data, while reducing ex-
pert’s cognitive burden, on the other hand.

4.4. Choice and implementation of a ranking method for SAF production
pathways

In this paper, our focus is on the use of an outranking PROMETHEE
method which was first presented by Brans in 1982 (Brans and Mar-
eschal, 2005); namely, the PROMETHEE II method.” The reason of our
choice, PROMETHEE 1], is its ability to use both quantitative and qual-
itative data for alternative evaluation; and its ability to handle uncer-
tainty in experts’ preferences and rankings based on pairwise
comparisons of alternatives.’

Conceptually, PROMETHEE II could be seen as a modelling and so-
lution framework for MCDM problems, where the decision problem is
modelled as a complete network whose nodes represent alternatives and
whose arcs represent preference relationships between pairs of nodes or
alternatives (a,b), say z(a, b). The strength of a node or alternative a,
commonly referred to as the net outranking flow and denoted by ¢(a)or
¢net(@), is computed as the difference between the so-called leaving
outranking flows, say ¢ (a), and entering outranking flows, say ¢ (a);
that is, ¢ (@) = ¢ (a) — ¢~ (a). The solution to the problem of ranking

4 For a detailed description of PROMETHEE II reader is referred to Brans and
Mareschal (2005).

> Note that our choice of MCDM ranking method is also verified by an online
tool (www.mcda.it) developed by Watrobski et al. (2019).


http://www.mcda.it
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a set of alternatives under multiple criteria is then obtained by sorting
alternatives in descending order of their strengths as measured by the
net outranking flows, ¢s. The detailed steps of the method are outlined
below.

Input: Decision matrix and Weighting scheme.

In PROMETHEE II, the information gathered from the decision
maker is synthesised into a m x n matrix, commonly referred to as the
decision matrix (DM), as shown in Eq. 1:

ci(ar) - cular)
DM= | : . Eq.1

c1(am) calam)

where A = {ai,ay, ...a;...an} is the set of alternatives and C = {c1,ca...
Gj...cn} is the set of performance criteria under consideration, and ¢;(a;)
is the performance of alternative g; on criterionj;i = 1,....m,j = 1,...
n.

Then, we compute the relative importance weight, w;, of the n per-
formance criteria under consideration. The vector w; = (w1, wz, ..., Wp),
j=1,...,ncomprises of non-negative weights conforming to Zn: wj = 1.

j=1

Step 1: For each pair of alternatives (a,b) and each criterion j, we
compute the difference in performance on criterion j of alternatives a
and b, say Dj(a,b), as shown in Eq. (2):

Dj(a,b) =cj(a) — ¢;(b), j=1,...,nVa,beA Eq. 2

Step 2: For each pair of alternatives (a,b) and each criterion j,
compute a local or criterion-dependent preference index or function,
say Pj(a, b), which takes account of the difference in performance on
criterion j of alternatives a and b computed in step 1. Different prefer-
ence functions and their details can be found in Brans and Vincke
(1985). In our case, we used the type 1, the usual preference function as
shown in Eq. (3).

P(D) =

<
{O,D_o Fq. 3

1, D>0

Step 3: For each pair of alternatives (a,b), we compute a global or
aggregate preference index or function, say z(a,b), which expresses the
degree to which alternative a is preferred over alternative b on all
criteria under consideration as shown in Eq. (4); in sum, z(a, b) is a
weighted average of local performance indexes P;(a,b).

wa.b)= [ @) 5,

J

VabecA Eq. 4

Step 4: For each alternative or node a, we compute leaving (¢*) and
entering (¢*) outranking flows as shown in Eq. (5) and Eq. (6),
respectively.

¢ (a) = ﬁ S 7 (a,) Eq. 5

X€A

$@= —— 3 2(na) Eq. 6

m—1 <

The leaving outranking flow expresses the degree to which an
alternative a is outranking all the others. Regarded as the power of an
alternative, the higher¢(a), the better the alternative. On the other
hand, the entering outranking flow expresses the degree to which an
alternative a is outranked by all the others. Regarded as the weakness of
an alternative, the lower¢™(a), the better the alternative.

Step 5: For each alternative a, we compute the net outranking flow
or strength as shown in Eq.7.

brala)= ¢"(a) — ¢ (a) Eq.7

Output: The final ranking of all alternatives is based on the principle
that the higher the ¢,,(.), the more attractive that alternative is; in
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summary, the global ranking is obtained by sorting alternatives from
best to worst in descending order of their net outranking flow.

5. Results and discussion

In this section, we present and discuss the outcome of our empirical
analysis. To be more specific, we shall first present the multi-criteria
weights obtained followed by mono-criterion evaluation of SAF pro-
duction pathways. Then, we present the broader impact category-wise
rankings. Finally, we report the complete or global PROMETHEE II
rankings of these pathways.

5.1. Performance criteria weights

During our expert workshop, we obtained experts’ preferences as
expressed by the relative importance assigned to each criterion or
equivalently the criteria weights. To ensure our results have not been
affected by the outliers, our analyses are based on using the geometric
mean values of all experts’ preferences.® We find that environmental and
economic categories are the most important ones with relative weights
of 31% and 28%, respectively. The technical criteria category is the third
most important category with a relative weight of 25%, whereas the
social criteria category is the least important one with a relative weight
of 16%.

Within each impact category, local weights define the importance of a
single criterion. For example, food security gets the highest importance
(29.8% out of 100%) over the other three in decreasing order; social
acceptability, contribution to economy and traceability, having weights of
26.9%, 23.3% and 20.0%, respectively within the social impact cate-
gory. Similarly, within the environmental category, GHG emission sav-
ings is rated the most important (36.6%) while soil and water pollution is
least preferred (17.5%). The consensus among the experts is to rate MSP
as the most important criterion (17.8%). Finally, conventional jet fuel
compatibility (18.7%) is preferred over other criteria within the technical
criteria category with domestic technological ability getting the least
preference (8.6%).

Next, we compute the global weights of each criterion. This is done
by multiplying each criterion local weight with its respective impact
category’s relative weight. For example, food security belongs to the
social impact category, its global weight (4.8%) is a product of 0.298
(local weight) and 0.16 (impact category’s relative weight). All criterion
weights (local and global) are summarised in Fig. 3.

Global criteria ranking analysis reveals that GHG emission saving has
the highest importance (11.3%) followed by feedstock sustainability at
8.5% and land use change impact at 5.8%. Notice that the top three global
criteria are from the environmental impact category. This importance
ranking by experts is understandable as SAFs are presented as an envi-
ronmentally friendly option for aviation. MSP with a weight of 5% is the
most important criterion from the economic impact category. Food se-
curity and conventional jet fuel compatibility are considered important
from the social and the technical impact categories with global criterion
weights of 4.8% and 4.6%, respectively.

The conflicts, similarities, and independencies among the criteria are
explored using the Geometrical Analysis for Interactive Assistance
(GAIA) plane. The GAIA plane presents the result of Principal Compo-
nents Analysis onto a two-dimensional plane such that the longer a
criterion vector, the more discriminating this criterion (Lai and Ishizaka,
2020). In our case, a 24-dimensional space of criteria is projected pre-
serving 67.1%’ of the total information from the experts (Fig. 4). This

© Note that out of the total 40 experts who have participated our workshop,
we have included 22 experts’ preferences and excluded those who has provided
us incomplete data.

7 Brans and Mareschal (2005) suggest information preservation threshold of
60%.
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Food security(L:0.298)
Social acceptability (L:0.269)

Social

Contribution to economy (L:0.233)
Traceability (L:0.200)

GHG emission savings (L: 0.366 )
Feed-stock sustainability (L: 0.273 )
Land use change impact (L: 0.187)
Soil and water pollution (L: 0.175)

Environmental

minimum selling price (L:0.178 )
Plant capital cost (L: 0.160)

Input Energy use (L: 0.132)
Feed-stock cost (L: 0.132)
Feed-stock alternative use (L: 0.117)

Economic

Operations & maintenance cost (L: 0.099)
Feed-stock profitability (L: 0.1092

Land productivity (L: 0.090)

Conventional jet fuel compatibility (L:0.187)

Process integration potential (L: 0.143)
Process technical maturity (L: 0.137)
Process yield (L: 0.134)

Technical

Production volume scalability (L:0.121)

Quality and composition of feed-stock (L:0.104)
Blending limit (L: 0.086)

Domestic technological ability (L: 0.086 )
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4.8%
4.3%
3.8%

3.2%

11.3%

Fig. 3. Global weights of criteria (L:xxx denotes criterion local weight).

Soc3

Soc4

Socl

Ecol

Eco3

Env3 BV

Quality: 67.1% .

Tagg Tecd

Tecs

Fig. 4. GAIA-criteria plane.

indicates the reliability of the information provided by the panel of
experts.

The GAIA-criteria plane in Fig. 4 shows that there are criteria
expressing conflicting preferences. For example, feedstock profitability

(Eco2) and land productivity (Eco5) are conflicting feedstock alternative
use (Ecol), MSP (Eco3) and plant capital cost (Eco8). Likewise, criteria
expressing similar preferences are represented by vectors oriented in
approximatively the same direction. Feedstock sustainability (Env1) and
GHG emission savings (Env2) from the environmental impact category
while conventional jet fuel compatibility (Tec2), domestic technological
ability (Tech3) and process integration (Tech4) exhibit similar prefer-
ences. Food security (Soc3), land-use change impact (Env3), operations &
maintenance cost (Eco6) and process technical maturity (Tec5) are the most
discriminating criteria. However, except for Tec5, none of the most
discriminating criteria are in the direction of the decision axis (the red
colour vector). The decision axis points to the direction of preferred SAF
production pathways currently not shown in Fig. 4. Finally, contribution
to economy (Soc2) and social acceptability (Soc4); GHG emission savings
(Env2) and land-use change impact (Env3); operations & maintenance cost
(Eco6) and land productivity (Eco5), and conventional jet fuel compatibility
(Tech2) and production volume scalability (Tech7) exhibit independence
within social, environmental, economic and technical impact categories,
respectively. The presence of conflicting criteria is an indication that the
selection of a good SAF production pathway will be a challenge.

5.2. A mono-criterion evaluation of SAF production pathways

Table 4 summarises the rankings of SAF production pathways from
the best to the worst by considering only one criterion at a time. The
usefulness of mono-criterion rankings lays in exploring how a SAF
production pathway performs on a specific performance criterion. Next,
we discuss our findings on the most important performance criterion
from each impact category.

Food security is considered as one of most important performance
criteria on the social impact category. We find that the SAF production
pathway A1 is ranked the best while A3 is considered the worst. Despite
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Table 4
Criterion wise ranking of SAF production pathways.

Criterion Ranking (from best to worst)

Social

Traceability Al1>A9>A2-A3>A6A11>A7>A8>A5-A10>A4

Contribution to the A4>A5>A11>A2>A10>A3>A7>A8>A1>A6>A9
economy

Al1>A46A9-A11>A2>A6>A5-A10>A7-A8>A3
A11>A4>A8-A9>A7>A5-A10>A6>A2>A1<A3

Food security

Social acceptability

Environmental

Feedstock sustainability

GHG emission savings

Land use change impact

Soil and water pollution

Economic

Feedstock alternative use

Feedstock profitability

Minimum selling price

Input energy use

Land productivity

Operations &
maintenance cost

Feedstock cost

Plant capital cost

Technical

Blending limit

Conventional jet fuel
compatibility

Domestic technological
ability

Process integration

Process technical
maturity

Process yield

Production volume
scalability

Quality and composition
of feedstock

A11>A5>A4>A8>A7>A7>A10>A6-A9>A1>A2>A3
A11>A5>A4>A7>A8-A10>A2>A1<A6>A9>A3
A3>A10>A1>A2-A8>A9>A7>A6>A5>A11>A4
A9>A11>A5>A6>A7+-A4>A8-A10> A2-A1>A3

A3>A1>A6>A9>A10>A2>A4>A7>A8>A11>A5
Al11>A4>5>A8>A10>A7>A6>A9>A2>A1>A3
A3>A26A9>A1-A6>A7>A8-A10>A4>A5>A11
A1>A2>A6>A9>A3-A4>A7-A10>A11>A8>A5
A5>A11>A8>A4>A7>A2A6>A9>A1>A10>A3
A1>A6-A10>A4>A9>A7>A8>A2>A3-A11>A5

A1>A9>A3>A8>A4>A6>A2>A10>A11>A7>A5
A2>A1-A7>A4>A3>A8>A5>A6>A9>A10>A11

Al<A26A36A46A5A11>A10>A6-A7<A8<A9
A5>A10>A4>A11>A2>A6>A8>A3-A9>A7>A1

A10>A4>A5-A11>A7>A8>A6>A2>A3>A9>A1

A5>A4-A11>A8>A7>A3>A6>A2>A10>A9>A1
A3<A10>A5>A11>A4>A2A7>A8>A6>A9>A1

Al11>A26A5>A36A8>A7-A10>A9>A6>A4>A1
A11>A5>A10>A7>A8>A4>A9>A1>A6>A2>A3

A11>A3>A5>A10>A8>A9> A7-A6-A2>A1>A4

Notes: “>" signifies higher rank; “<” indicates the same rank.

both Al and A3 have HEFA as the main conversion process, it is the
feedstock used that influences their ranking. Production pathway Al
uses algae/microalgae as a feedstock which does not compete with
arable land or freshwater rather it can be grown off-shore or utilising
city’s waste treatment facilities (Daroch et al., 2013; IATA, 2014). In
contrast, A3 uses oil-seeds as feedstocks which places them in direct
competition with food production (Tenenbaum, 2008), and the use of
the cropland (Axelsson et al., 2012). Hence, making this production
pathway the least attractive one.

Moving on to the environmental impact category. The highest GHG
emission savings are achieved by A11, while the least savings can be from
SAF produced via the A3 pathway. The reason for this preference is that
A1l uses direct CO and CO, from waste processes giving it better
emission savings as compared to A3 (Zheng et al., 2017). GHG emission
savings are further enhanced by the use of wood residue which is
considered a better feedstock than oil-seeds in terms of life cycle emis-
sion savings (O’Connell et al., 2019).

Given that SAF have been found to be 2 to 3 times more expensive
than conventional jet A1 (O’ Connell et al., 2019), the selling price be-
comes a major deciding factor. Mono-criterion analysis reveals that
production processes A3 and A2 are ranked the best in terms of
achieving lowest MSP whereas A11 is ranked the least attractive alter-
native. HEFA production pathways are generally found to achieve a
lower MSP than gasification/F-T synthesis as reported by Diederichs
et al. (2016), IATA (2014) and Tao et al. (2017).

Finally, from the technical impact category, conventional jet fuel
compatibility is found to be best achieved by SAF production process A5,
while Al is the worst SAF production pathway. It is interesting to note
that both A1 and A3 are found to produce SAF as substitutes of con-
ventional jet-A, even better in some fuel characteristics (Zhang et al.,
2016), yet we see that experts in our panel prefer gasification/F-T

International Journal of Production Economics 238 (2021) 108156

synthesis (conversion process used in Al pathway) over HEFA (con-
version process used in A3 pathway). One possible explanation could be
again in using different feedstocks that MSW is more suitable than
algae/microalgae for producing SAF.

However, one of the main drawbacks of the unidimensional or mono-
criterion rankings is conflicting rankings across the criteria. For
instance, A11 offers the best pathway on GHG emission savings and it
ranked as the worst by being an expensive alternative as depicted by
performing worst on MSP criterion, whereas A3 provides least GHG
emission savings, and the best option based on MSP as compared to
other production pathways. This situation results in a conundrum for
decision-makers. They would not be able to make an informed decision
as to which SAF production pathway performs best when all criteria are
considered simultaneously. In addition, uni-dimensional rankings can
result in ties amongst the alternatives (e.g., A1-A2 and A8-A9 rank equal
for blending limit criterion and A6-A9 for feedstock sustainability). This
finding is not unusual given that many SAF production pathways have
similar social, environmental, economic and technical requirements. In
order to alleviate mixed performance results and to reduce the number
of equal ranks or ties, it is required to consider multiple criteria
concurrently within each impact category.

Hereafter, we report and discuss SAF production pathway findings
based upon each impact category; namely, social, environmental, eco-
nomic and technical.

5.3. SAF production pathways evaluation based on impact categories

First, from the perspective of public welfare reflecting socially
motivated stakeholders (e.g., government agencies, not-for-profit orga-
nisations), we obtained the SAF production pathways ranking (see
Fig. 5) using a weight vector of [0.200; 0.233; 0.289; 0.269] for the
social impact category of criteria. Focusing on the production process it
is found that gasification/F-T synthesis processes, A1l and A4, rank
higher than HEFA processes, Al and A2. In terms of feedstock, wood
residue is preferred over algae/microalgae. This is understandable as
wood residue and MSW supply chain and market is mature and
acceptable to the public (McGuire et al., 2017). However, the lack of
information about potential buyers, unfamiliarity with the optimal
cultivation methods, among others have been identified as barriers for
algae and oil seeds social acceptance (Axelsson et al., 2012; Gegg and
Wells, 2017). Surprisingly, A2 is ranked fifth in the social impact cate-
gory contrary to the fact that the majority of flights around the globe
have used or are using HEFA and waste cooking oil/animal fat-based
SAF (Kousoulidou and Lonza, 2016). This shows the lack of public
engagement from airlines and SAF producers on their initiatives which
otherwise would have resulted in more social acceptance of SAFs.

For environmentally motivated stakeholders (e.g., climate advocacy
groups, international regulatory agencies, etc.) with the weight vector of
[0.273; 0.366; 0.187; 0.175], we obtained the ranking for SAF produc-
tion pathways as shown in Fig. 5. SAF production pathway A11 performs
best due to utilising captured CO- followed by A5 and A8 while A3, A6,
and A9 are found to have the worst environmental performance
Gasification/F-T synthesis based production processes using captured
CO2 and wood residue/agriculture waste show higher environmental
savings as compared to oily biomass (Agusdinata et al., 2011; Staples
et al., 2018). This is due to the high use of fertilizer and cultivation
process emissions for algae/microalgae and oil-seeds production (de
Jong et al., 2017). However, this is found to be opposite for A8 and A9
rankings. In fact, A8 and A9 both have HTL as a conversion process but
use algae/microalgae and wood residue/agriculture waste as feedstock,
respectively. This inclination towards algae/microalgae is due to its
faster growth rates resulting in better CO, sequestration, higher per land
area yield, and non-requirement of fertile soil (Gollakota et al., 2018).
Hence, making HTL of algae/microalgae perform better environmen-
tally than HTL of other terrestrial biomass options.

Economic preference represents the commercially motivated
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Social

AS A2 Al A9 A4 All

Environment

A7 A4 AL0 AB A5 All

Fig. 5. Impact category wise

stakeholders (e.g., SAF producers, airlines, and feedstock providers)
perspective. These stakeholders are interested in evaluating financial
gains from producing SAF using a particular pathway. Fig. 5 summarises
the rankings with the economic criterion weights vector of [0.117;
0.092; 0.178; 0.132; 0.090; 0.098; 0.132; 0.159]. It is found that the top
three SAF production pathways show a mix of chemical processes used
for the fuel production. However, gasification/F-T based synthesis (A4,
A5 and Al11) dominate others. This situation indicates a convolution of
chemical process and feedstock used. This finding is further confirmed
by looking at the relative economic ranking of production pathway A2
and A3; both use the HEFA process but different feedstocks. It is seen
that MSW along with wood residue/agriculture waste are preferred due
to their relatively negative cost compared to oily biomass (A3). SAF
production pathways A6 and A7 are almost equally ranked. Preference
of gasification/F-T synthesis over HEFA based processes is in contrast to
the most important criterion of MSP within the economic impact cate-
gory. Bann et al. (2017) estimated the SAF price to be within
$0.66/litre-$1.24/litre for HEFA wusing waste oil, $0.79/litre-
$1.42/litre for HEFA using animal fat, and within the range of
$0.95/litre-$1.39/litre for gasification/F-T synthesis of MSW. Similar
findings have been reported by Chu et al. (2017) and Jani¢ (2018) for
HEFA based SAF production pathways that show better economic per-
formance compared to gasification/F-T synthesis based ones. Though
Bann et al. (2017) rate HTL based processes as lower in economic per-
formance (based on net present value), our analysis rank A8 over HEFA
and gasification/F-T synthesis except production pathway A4. HTL
based processes are considered to be a viable option for SAF production
in short to medium term (de Jong et al., 2015; Dimitriadis and Bezer-
gianni, 2017).

Finally, from a technical evaluation perspective, the SAF production
pathways ranking is performed using a weight vector of [0.086; 0.186;
0.086; 0.143; 0.137; 0.134; 0.121; 0.104]. The ranking of SAF produc-
tion pathways is presented in Fig. 4. A5, A11, and A10 are the top three
ranked SAF production pathways. A5 is gasification/F-T synthesis based
production process, which is high SAF yielding, and a mature process as
compared to A10 (Suresh et al., 2018), while Al1 is still at a lower
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A9 Al A7 A6 All A2 AS AB A4

Technical

A8 A3 A4 A10A11 A5

SAF production pathway ranking.

10

technology readiness level (The Royal Society, 2019). On the other
hand, A1 technically ranks the worst of the SAF production pathways,
followed by A9 and A6. Al and A6 using algae/microalgae possesses
lower SAF yield due to high water and oxygen content in bio-crude oil
produced (IRENA, 2016). Our analysis ranks A6 higher in giving a better
production pathway than A9. This finding is contrary to the previous
findings where HTL (A9) is found to be better than pyrolysis (A6) for the
majority of biomass feedstock including dry biomass like wood residue
(Dimitriadis and Bezergianni, 2017). Further, in terms of the commer-
cial level availability of technology, biomass gasification and pyrolysis
systems are commercially available while biomass HTL is at a pilot phase
(Sikarwar et al., 2017)

5.4. SAF production process global MCDM ranking

Next, we detail the steps for obtaining the PROMTHEE II global
rankings of 11 SAF production processes on 24 criteria. Leaving and
entering flows for each production pathway are given in Table 5 while
net flows and rankings are shown in Fig. 6. The vertical axis in Fig. 5
represents net outranking flows of each pathway. Note here that we are
limiting our discussion to SAF production pathways that have positive
outranking flows only. The reason for this focus is that these production

Table 5

Leaving and entering flows in SAF production pathways.
Production pathway Entering flow Leaving flow Net Phi
Al 0.441 0.517 —-0.076
A2 0.486 0.464 0.022
A3 0.422 0.533 —0.111
A4 0.582 0.385 0.197
A5 0.551 0.422 0.129
A6 0.374 0.581 —0.207
A7 0.445 0.516 —0.071
A8 0.482 0.463 0.019
A9 0.379 0.583 —0.204
Al0 0.508 0.446 0.062
All 0.604 0.364 0.24




S. Ahmad et al.

03

02

01

Net Phi
(=]

-0.1

-0.2

-0.3

Fig. 6. SAF production pathways MCDM ranking.

pathways make a credible business case for future investments and
policy developments.

Looking at the extreme end of the ranking spectrum in Fig. 6, A6 is
found to be the least preferred SAF production process with a net out-
ranking flow of —0.207 followed by A9 and A3 with net flows of
—0.2045 and —0.111, respectively. SAF production pathway All out-
ranks all other processes with a net outranking flow of 0.240. The top
three production processes, A11, A4, and A5 comprise of gasification/F-
T synthesis processes show that experts agree that these are the most
suitable processes for SAF production. Recall that the main constitute of
gasification/F-T synthesis, syngas, is derived from relatively cheap
feedstock (MSW, wood residue/agriculture waste). This gives
gasification/F-T synthesis based production pathways a competitive
advantage by balancing out their high capital cost and small scale pro-
duction over HEFA pathways (Neuling and Kaltschmitt, 2018). Our
analysis reveals that A10 (advanced fermentation) is the second best
after gasification/F-T synthesis. This is contrary to the literature which
presents advanced fermentation (DSHC and ATJ) based pathways as
falling short to achieve the commercialisation phase of development (de
Jong et al., 2017) and are restrained in terms of feedstock sustainability
(Bosch et al., 2017). However, the advanced fermentation production
pathway could be difficult to upscale (Neuling and Kaltschmitt, 2018). It
can be seen from Fig. 6 that our panel of experts ranked A10 relatively
higher due to its better overall environmental and technical character-
istics. A2 (HEFA with waste cooking oil/animal fats) is ranked higher to
A8 (HTL processes with algae/microalgae) though the potential capacity
expansion of this production pathway is limited by the supply of feed-
stock (Bosch et al., 2017). Finally, A6 and A9 (Pyrolysis and HTL based
pathways) are outranked by other alternatives. Our findings are in line
with the related study on biofuel production conversion technology by
Fiorese et al. (2012). In their expert survey, gasification/F-T synthesis
came out to be the most preferred production process followed by
oil-based processes; namely, HEFA, Pyrolysis, and HTL.

Focusing on the second part of SAF production pathway, feedstock, it
is found that within gasification/F-T synthesis group direct conversion
of CO, to SAF (pathway A11) is regarded as the best option. This could
be because experts perceive capturing CO5 from industrial processes as a
direct approach as compared to using MSW (A4) and wood and agri-
culture waste (A5). Though converting MSW to SAF avoids GHG emis-
sions that would have otherwise resulted from landfilling and
incinerating operations, yet the GHG emission savings are foregone
which would have been realised by landfill gas offsetting fossil fuel
usage (Suresh et al., 2018). Feedstock analysis shows that algae/mi-
croalgae is less preferred over wood residue and agriculture waste. One
possible explanation could be unfamiliarity with algae as a reliable
feedstock and higher pre- and post-processing needed for algae/mi-
croalgae feedstock (IRENA, 2016). Similarly, our analysis reveals that
exerts continue to view oil-seeds as an infeasible option and seem to
have been caught up in food versus fuel feud.
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5.5. SAF production pathways ranking based on PROMETHEE group
decision support system (GDSS)

In the previous section, we discussed the aggregate ranking of SAF
production pathways. To further the analysis, we compare individual
expert’s” preference to capture any conflict among them. For this pur-
pose, for each expert, we perform an individual PROMETHEE-GAIA
analysis to check potential conflicts. Next, we aggregate them to
obtain the global ranking and use the GAIA plane to understand different
perceptions among the experts.

Fig. 7 reports the different inclinations among the experts on the
ranking of SAF production pathways. Note that each expert’s preference
is represented by a vector labelled ‘E’ while SAF production pathway as
points. The direction of decision axis (the red vector) is towards A11, A4
and A5, which are the best production pathways, and opposite to A6, A9,
A3, the worst alternatives. In respect to decision vector, not all pro-
duction pathways perform well for all the experts. A clustering of pref-
erence towards a group of production pathways is evident. SAF
production pathways, Al and A2 forms one such cluster preferred by
expert nine experts (E5, E8, E11, E13, E17, E19, E21, E20, E21) while
Al1, A4, AS forms the other cluster preferred by the remaining experts.
This distinction can be attributed to experts’ specific background.

6. Sensitivity analysis

The reliability of the results yielded from the initial model needs to
be evaluated to ensure the validity of the selected alternatives. To this
end, sensitivity analysis is performed, and the initial ranks of the alter-
natives are validated. For this aim we adopted two distinct approaches:
(1) change the criteria weights and validated the ranking using
PROMETHEE, and (2) use two other MCDM methods to validate and
compare SAF production pathway ranking.

6.1. Criteria weight experiments

To investigate the influence of the criteria weight’s changes on the
ranks of alternatives, we divide the experiments into three categories: 1)
pessimistic (considering the minimum criteria weights across all stake-
holders); 2) likely (considering the mean criteria weights), and 3) opti-
mistic (considering the highest criteria weights obtained during expert
consultation). In order to check to what extent, the preference of
decision-makers will affect the results reported earlier, we assume that
each criterion is equally important; thus, a weight value of 4.2% is used
for each of the 24 criteria. This experiment is labelled ‘neutral’.

Fig. 8 presents the results of sensitivity analysis and shows that out of
the four experiments, SAF production pathway A11 has the highest score
in all four experiments followed by A4 occurring at second rank three
times and A5 at rank three thrice. A10 comes at rank four in all four
experiments while A2 comes at rank five and six twice each time. (Ap-
pendix A3 shows the frequency of SAF production pathway ranking). We
find that by altering the weights to an equal weighting scheme, the
rankings of the best and worst performing production pathway ranking
did not change much. This implies that our findings are robust and do
not yield to input criteria weight variations. Thus, giving confidence in
the SAF production pathways rankings.

6.2. Comparison with other MCDM methods

To compare our findings on the rank order of SAF production path-
ways, we employed two widely used MCDM methods: TOPSIS (Hwang
and ve Yoon, 1981) and VIKOR (Opricovic, 1998). To incorporate ex-
perts’ preferences uncertainty, we follow Awasthi et al. (2018, 2010)
and Oliveira et al. (2018) in using the fuzzy versions of TOPSIS and

8 We have used a total of 22 experts’ preferences.
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VIKOR methods, respectively.” Our descriptions of fuzzy TOPSIS and
fuzzy VIKOR are outlined in Fig. 9 with specific implementation details
summarised in Table 6.

Table 7 reports the ranking obtained using fuzzy TOPSIS and fuzzy
VIKOR methods. Both methods ranked A4 and A5 amongst their top
three options, whereas A6 and A9 are systematically ranked in the
bottom three. However, the ranks assigned to All and A3 by fuzzy
TOPSIS are different from the rank assigned by fuzzy VIKOR, because of
the differences in the principles underlying these methods (Opricovic
and Tzeng, 2004).

Furthermore, we investigate the relationship among the ranking
generated by all three MCDM methods we have considered in this study.
By performing the Spearman’s rho correlation analysis, we find that the
PROMETHEE ranking is hihgly positvely correlated with fuzzy TOPSIS
(0.927), while it is slightly less but also signficantly correlated with

9 Note that, for comparability of the results purpose, we modified the fuzzy
VIKOR version proposed by Awasthi et al. (2018) so that the weighted nor-
malised aggregate fuzzy ratings are common input to both TOPSIS and VIKOR.
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role in the aviation sector’s efforts to combat carbon emissions and to
continue the search for an alternative jet-fuel supply. SAF can be pro-
duced in several ways thus making the selection of a particular pathway
a complex strategic decision. The current literature focuses on evalu-
ating the relative performances of a single or a few pathways using the
TEA or LCA studies. There is a lack of comprehensive multiple-criteria
evaluation of pathways approved for SAF production based on ex-
perts’ preferences.

7.1. Theoretical contribution

To address this gap, we followed a stakeholders’ participatory
approach to develop a holistic framework in collaboration with experts
based on social, environmental, economic and technical impact cate-
gories. To gather stakeholders’ views and preferences, we have devel-
oped a questionnaire to help us devise a list of the critical criteria that
need to be considered when investing/producing/purchasing/using
SAF. Furthermore, we have validated the choice of criteria during our in-
depth interviews with industry experts. Another questionnaire was
distributed, in a workshop, to industry experts to gather preferences on
performance criteria and ratings of each SAF production pathways
under consideration. In addition to PROMETHEE, we applied fuzzy
TOPSIS and fuzzy VIKOR for validation purposes to minimize experts’
judgemental biasedness in evaluating SAF production pathways.

7.2. Practical contribution

Our study found that environmental and economic issues are more
important as compared to technical and social ones. The emphasis on
these two categories is plausible as SAFs are promoted to have lesser
adverse environmental effects than conventional jet-A fuel but are also
relatively an expensive option. Furthermore, GHG emission savings,
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Fig. 9. The flowchart for the fuzzy MCDM methods.

feedstock sustainability, MSP, jet fuel compatibility and SAF traceability are
found to be the most important performance criteria for ranking SAF
production pathways.

Mono-criterion rankings of SAF production pathways reveal that no
one production pathway gets the prominence on all 24 criteria consid-
ered for evaluation. Furthermore, in mono-criterion rankings, while
considering each impact category separately, we see a mix of results as
well. However, in the economic impact category, the HEFA based pro-
duction process outranks other alternatives. We advise caution on this
finding as HEFA seems be the best option for the other three impact
categories. Complete/Global MCDM rankings reveal that gasification/F-
T synthesis is the best conversion process to consider while producing
SAFs followed by fermentation and hydrothermal liquefaction-based
ones. HEFA based processes, though technically mature and widely in
operation at commercial scale, are less attractive options.

In terms of feedstock, this study reveals that captured waste gases
and wood residues along with agriculture waste are a better option than
algae/microalgae and purposely grown non-edible oil seeds. Animal fat
and waste cooking oils are also an attractive option but are not capable
of giving higher SAF production due to their limited availability. Hence,
based on our findings, we recommend that efforts be made to integrate/
design/modify waste gases and residues supply chain towards SAF
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production.

Our framework for analysing and ranking SAF production pathways
are useful for policy development. The choice of SAF production path-
ways should be focussed on a country’s local technological features,
feedstock availability, and/or market conditions (Royal Academy of
Engineering, 2017). For example, sugarcane has been used to produce
SAF in Brazil, while MSW and agriculture waste has been identified as
the most suitable feedstock for SAF production in the UK (Department
for Transport, 2018). Thus, financial incentives could be provided to
feedstock producers to ensure a steady supply of raw material for SAF
production (Klein et al., 2018), as optimised feedstock supply chain
would help to minimize the uncertainty in SAF production; and ensure
businesses sustainability for both feedstock suppliers and the SAF pro-
ducers. On the technology side, policy frameworks to strengthen specific
SAF production pathways and R&D capabilities would manifest in na-
tional competitiveness and contribute towards a prosperous bio-
economy. These capabilities would then be exported to other regions of
the world. Furthermore, as highlighted in our study, SAF production
pathway’s plant capital cost is a crucial criterion. In this regard, we
propose that schemes should be arranged which would make securing
debt or equity financing less complicated and underwritten by national
governments. This setting will boost private investors’ confidence for



S. Ahmad et al. International Journal of Production Economics 238 (2021) 108156

Table 6
A summary description of Fuzzy MCDM methods.

Input: The ratings by K experts of m alternatives on n criteria, x{;, i=1,...mj=1,..,nk =1,... K, and the weight of each criterion by each expert, w;.‘;j =1,...,n,k=1,...,K.

Step 1: Choose a fuzzy modelling framework and compute an aggregate fuzzy rating of each alternative on each criterion and an aggregate fuzzy weight for each criterion. Note that
there are several fuzzy modelling frameworks to choose from. The simpler and most common one consists of using triangular fuzzy numbers to model the fuzzy nature of the data,
which in our case corresponds to the ratings. Under this choice, for each alternative i (i =1,...,m) and each criterionj (j =1,...,n), the ratings by the K experts are aggregated into a
single triangular fuzzy rating, say X; = (aj, by, c;j), as follows:

. 1
a,-,-:m;n{xf,}: b,-,-:EZk:xfj; c,-,-:mflx{xfj} Eq.8
Similarly, an aggregate fuzzy weight for each criterion j (j = 1,...,n), say w; = (wj1,wj2,W;3), is computed as follows:
. 1
Wi :mk!n{wf};wj_g = E;w?: Wiz = mkax{w?} Eq.9

Encapsulate aggregate fuzzy ratings into a fuzzy decision matrix & fuzzy weights into a vector of criteria fuzzy weights.

Step 2: Compute weighted normalised aggregate fuzzy ratings, say n; (i = 1,....,m; j = 1,...,n), as follows:

-~ a; b c a, b;; cjj . .
iy =w; ® o =y Wi Wi ji=1,...,mjeCt Eq.10
maxc;’ maxc; maxc; maxc; maxc; maxc;
i i i i i i
ming; mina; mina; mina;; mina;; mina;;
=W ® | —— ———,— = wu—— W wia——— |;i=1,...,m; je C” Eq.11
aij b;j Cij dij by Cij

where C~ (resp. C*) denote the set of cost criteria (resp. benefit criteria) for which lower (resp. higher) values are better.

FUZZY TOPSIS FUZZY VIKOR
Step 3: Compute the fuzzy positive ideal solution (FPIS) and fuzzy negative ideal Step 3: Defuzzify the weighted normalised aggregate fuzzy ratings, n; (i =1,...,m;j =1,...,n),
solution (FNIS), say 1" and 71, as follows into crisp values, say n;;, as follows

nl1in nlFje C” 1 a b ¢
r = ) =lem L = | ij 4 i , ij si=1,...,mjeCt Eq.17
" A i IFject J=hean Eq12 6 w"maxc” * W"zm?lxz‘quwj']maxc,/ a I 4
and and

max i IFj € C 1 miina,, . m‘ina,j m’inau i1 c Ea.18
P e . ni=—| wji +4w; +wjs si=1,...,mjeC q.
" .,n[lin ﬁi/ IFje ct i Lo Eq.13 "6 ’ ij ’ ij ! i

Step 4: Compute the distances d(i,nn" ) and d(i,71_) between each alternativei (i = 1, ~ Step 4: Compute the crisp positive ideal solution (CPIS), say n*, using scrip ratings as follows:
...,m) and FPIS and FNIS, " and 71~ respectively, as follows: { ,qlin nglFje C™
= d i=hem
7

) 1on Eq.19

; 1 ~ =t 2
dh = ;Z ;=7 Eq.14
J

max n; IF j € C* W=
=Ly

I—/- -\\2
- ;; iy Eq.15

Step 5: Choose the similarity score — also referred to as the closeness coefficient - for ~ Step 5: Compute a performance score, say Q;, for each alternative i (i = 1,...,m) as follows:

each alternative i (i = 1,...,m) as follows: 5 _ st R —R*
_ L . - Q,:a( . ) (1 a)('i);oéaél Eq.20
Sy =d(i,n")/(d(i,i)+d(i,n")) Eq.16 S =8t R~ —R*
where
m
Si =y (nf —ny); R = mj?lx{("f —ny)}
=1

ST = minS;;S~ = maxS;; Rt = minR;; R~ = maxR;
i i i i
In our implementation, we have chosen a = 0.5.

Step 6: Rank alternative in descending order of their similarity scores. Thus, the best ~ Step 6: Rank alternative in ascending order of their performance scores. Thus, the best

alternative is farthest from FNIS and closest to FPIS. alternative has the smallest Q value.
Table 7 Table 8
Fuzzy TOPSIS and VIKOR based SAF production pathway ranking. Correlation coefficients (Spearman’s rho) for the raking methods.
Alternate ranking PROMETHEE Fuzzy TOPSIS Fuzzy VIKOR
Fuzzy TOPSIS A11>A4>A5>A1>A2>A10>A3>A8>A7>A6>A9 PROMETHEE 1
Fuzzy VIKOR A4>A5>A2>A1>A10>A11>A7>A8>A6>A9>A3 Fuzzy TOPSIS 0.927%** 1
Fuzzy VIKOR 0.673%** 0.745%** 1

not only new investors but also the existing refineries producing sus- **Correlation s significant at the 0.01 level.

tainable fuel for road transport to include SAF in their business model. ) ) ) o o
Similarly, our analysis may help in devising policy options of setting pathway, taxing conventional-jet fuel (resulting in a level playing field
production/consumption quotas from a specific SAF production for a specific SAF production pathway) and subsidising aviation fuels

14
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from sustainable production pathways. Moreover, SAF production can
be identified as an enabler within wider national climate change policy
development, as identified by Larsson et al. (2019).

To conclude, we expect the insights from our study to be considered
by decision-makers while making an investment or policy decision
regarding SAF production pathways. Our observations suggest for

International Journal of Production Economics 238 (2021) 108156

additional research questions that one may consider.'’ For example, it
would be interesting to investigate conflicts within each of the social,
economic, technical and environmental criteria. Furthermore, we plan
to incorporate a range-based approach to explore ranking distributions
and include more synthetic pathways for SAF production. We leave
these issues for future work.

Appendix
Al
The initial list of SAF production pathways
Production process Non-food feedstock
HEFA Algae/Microalgae
Yellow grease
Tallow
Soybean
Gasification/F-T Synthesis MSW
Wood residue/Agriculture waste
Pyrolysis Algae/Microalgae
Corn stover
Wood residue/Agriculture waste
Hydrothermal liquefaction Algae/Microalgae
Wood residue
ATJ Wood residue
Wheat straw
DSHC Wheat straw
Co-valorisation of CO, and waste biomass Industrial waste gases CO + Wood residue
A2

The initial list of performance criteria

Social

Environmental

Economic

Technical

Contribution to economy
Food security

Food price

Green branding

Jobs created

Social acceptability
Technical Partnerships

GHG emission savings
Water use

Land use change impact
Soil and water pollution
Feedstock sustainability

Feedstock profitability

Land productivity

Minimum selling price
Feedstock cost

SAF availability

Input energy use

Operations & maintenance cost

Conventional jet fuel compatibility
Process technical maturity
Domestic technological ability
Production volume scalability
Energetic content

Process integration

Process yield

Traceability Plant capital cost Quality and composition of feedstock
Feedstock alternative use Blending limit
Feedstock transportation and storage cost Process efficiency
Long-term off-take agreements Process flexibility
Production incentives SAF yield
Infrastructure development subsidies Ease of SAF transportation and storage
Cost of capital Combustion Efficiency
SAF Boiling range
SAF freezing temperature
Flash temperature
SAF Viscosity at —20 °C
A3
Ranking frequency of production processes
Rank
1 2 3 4 5 6
Production
Process
A2 24 24
A4 24 v
A5 4 244
A8 24
Al10 2244
Al1 244

10 we would like to thank one of the anonymous referees suggesting these questions for future research.
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