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Bio-derived Furanics

reduce the aviation industry’s carbon footprint. Current pathways that produce °

SAFs in significant volumes from ethanol and fatty acids can be costly, have a E’)

relatively high carbon intensity (CI), and impose sustainability challenges. There is Network

a need for a diversified approach to reduce costs and utilize more sustainable Generation O\/\
feedstocks effectively. Here, we map out catalytic synthesis routes to convert

furanics derived from the (hemi)cellulosic biomass to alkanes and cycloalkanes /\/\)\ O\/
using automated network generation with RING and semiempirical thermochem- @

istry calculations. We find >100 energy-dense Cg—C 4 alkane and cycloalkane SAF ’ SAF Molecules
candidates over 300 synthesis routes; the top three are 2-methyl heptane, ethyl

cyclohexane, and propyl cyclohexane, although these are relatively short. The

shortest, least endothermic process chemistry involves C—C coupling, oxygen removal, and hydrogen addition, with
dehydracyclization of the heterocyclic oxygens in the furan ring being the most endothermic step. The global warming potential
due to hydrogen use and byproduct CO, is typically 0.7—1 kg CO,/kg SAF product; the least CO, emitting routes entail making
larger molecules with fewer ketonization, hydrogenation, and hydrodeoxygenation steps. The large number of SAF candidates
highlights the rich potential of furanics as a source of SAF molecules. However, the structural dissimilarity between reactants and
target products precludes pathways with fewer than six synthetic steps, thus necessitating intensified processes, integrating multiple
reaction steps in multifunctional catalytic reactors.
KEYWORDS: jet fuels, GWP, biomass, synthesis routes, furans, fuels

Bl INTRODUCTION

Commercial aviation accounts for 11% of transportation
greenhouse gas (GHG) emissions.”” At the projected growth
rate of the aviation industry, the emissions can reach 1.9

approved for commercial flights, but these lack aromatics and
cycloalkanes that can impart desirable properties.”” ">
Due to the lack of all components, blending SAF with
petroleum fuel is inevitable but undesirable. Recent biobased

GtCO, in 2050, ~2.6 times the 2021 values.” Achieving net-
zero carbon emissions by 2050 will require the development of
sustainable aviation fuels (SAFs), drop-in liquid hydrocarbon
fuels created from waste, renewable materials, and gaseous
carbon sources. According to the US 2021 Aviation Climate
Action Plan, SAF offers a critical near-term solution to reduce
greenhouse gas emissions." To meet the US climate goals and
aviation demand, 3 billion gallons by 2030 and 35 billion
gallons by 2050 should be produced.” According to the recent
Department of Energy (DOE) billion tons report, the amount
of available biomass is adequate for SAF production.’
Aviation fuels contain hydrocarbons comprising a range of
molecular sizes and structures. For instance, Jet A, a
conventional jet fuel used as a benchmark for SAF’s molecular
composition and fuel properties, contains C7—C18 hydro-
carbons, including n-alkanes, iso-alkanes, cycloalkanes, and
aromatics (see Figure 1 for the relative composition, adapted
from the DOE report® with original data from ref 7). As of
2023, 11 conversion processes for SAF production® have been
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cycloalkane efforts utilizing lipid feedstocks, cellulosic, and
lignin address this challenge, but none have reached
commercialization.”'*™’ These methods include condensa-
tion of furanic aldehydes and cyclic ketones,®*™** alkylation of
furfural-derived cycloalkanes with phenolics,®”~*" conversion
of lignin-derived phenols,"”~* Robinson annulation of furfural
and 2,4-pentanedione,46_48 and conversion of cyclic ketones to
polycyclic alkanes.*”~* Hydroxyalkylation/alkylation of furans
and condensation®* ™" have been reported to convert biomass-
derived small molecules, including furfural, furfuryl alcohol, S-
hydroxymethylfurfural, cyclic ketones, phenolics, acyclic
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Figure 1. Composition of average jet fuel A. (a) Fractions and (b) distribution of different components. Adapted from DOE report.®
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Figure 2. Computational workflow for exploring synthesizable molecules and the chemistry space for sustainable aviation fuels (SAFs).

ketones, cyclic alcohols, furans, esters, and alkenes to high-
density cycloalkanes.'® Despite significant progress, challenges
remain in developing more efficient catalytic routes for
producing cycloalkanes with less hydrogen, lower temperatures
and pressures, greater selectivity, and lower carbon footprints.
Even with current and emerging technologies, achieving the
targeted SAF volumes is impossible. Thus, new conversion
technologies capable of generating all of the SAF components
from abundant, renewable feedstocks are essential for 100%
drop-in SAF."

Furans, including furfural and S5-hydroxymethylfurfural
(HMF), derived from abundant lignocellulosic sugars, can be
converted to aromatics in high yield.”® For example, HMF can
be transformed into dimethylfuran (DMF) and then para-
xylene via Diels—Alder cycloaddition-dehydration with ethyl-
ene, with >90% yield*~* to synthesize SAF. Such routes have,
however, not been explored much, and delineating the best
candidate SAF molecules and synthesis routes can guide the
development of novel processes. However, since furanics are
oxygenated rings with 4—6 carbon atoms, SAF synthesis would
require C—C bond formation to increase the carbon chain,
oxygen removal, and hydrogenation of C—C unsaturated
bonds, likely with unintuitive combinations;** ™ there exist
many possible options. Manual curation and analysis of these
options are time-consuming and cumbersome; instead, here,
we use automated reaction network generation based on expert
knowledge of catalytic chemistries®**** =7 to chart the
synthesis space for upgrading furans to linear, branched, and
cycloalkanes. We identify synthesizable SAF candidates with
high energy density and synthetic routes of low global warming
potential (GWP), low energy use, and minimum number of
reaction steps.

B METHODS

The computational workflow, shown in Figure 2, comprises four
steps: (1) Generation of a reaction network of plausible reactions,
demarcating the synthesis space. We use the Rule Input Network
Generator (RING)”*”* with a set of initial biomass-derived reactants
and heterogeneous catalysis reaction rules; (2) Postgeneration queries

in RING to discover suitable SAF molecules and their synthetic
pathways; (3) Estimation of the thermochemistry of molecules and
pathways and molecule-specific energy; and (4) Analysis of the
ensuing chemistry space to elicit specific pathway- and overall
network-level insights. RING is employed as the network generator, in
view of its flexibility in describing rules and searching for pathways.

Six (6) biomass-derived reactants (viz., furan, 2-methyl furan, 2,5-
dimethylfuran, furfural, HMF, and acetic acid) and molecular H,
along with 11 reaction classes (encoded in 22 rules) were provided to
RING. These methyl furans can be derived from furfural (hemi-
cellulose) and HMF (cellulose) in a single step.76_78 Acetic acid is a
common byproduct. The reaction classes were selected to grow the
carbon chain to the SAF range, remove the oxygen atoms to improve
the energy density and thermal stability, and saturate bonds to
improve the oxygen stability and energy density. They include
acylation, aldol condensation, dehydra-decyclization, Diels—Alder,
hydrodeoxygenation (HDO), hydroxyalkylation/alkylation, ketoniza-
tion, hydrogenation, alcohol dehydration to alkenes or ethers,
alkylation, and (de)hydrogenation. The reaction classes and
associated RING rule(s) are detailed in Table S1 in Supporting
Information Section SI.

Global constraints prevent highly reactive or unphysical molecules,
such as those including (1) three consecutive C=C=C or ketene
fragments (O=C=C), (2) acyclic molecules with more than two
C=C, and (3) cyclic molecules with rings containing fewer than four
C atoms. Also, we restrict the maximum molecular size to 22 carbon
atoms in the jet fuel range. Other specific constraints are presented in
Table S1. The heat of formation of molecules and the heat of
reactions were computed using pGrAdd, a Python group additivity
package.”” The specific energy (MJ/kg) of molecules was calculated
using the heat of formation (along with heat of formation of
combustion products, water and carbon dioxide both in the gas phase,
taken from NIST).

B RESULTS AND DISCUSSION

The generated reaction network includes 223,107 species
among 363,840 reactions, underlying the chemistry richness
and the need for an automated tool. The molecules include
alkanes, olefins, aromatics, alcohols, acids, ketones, and
aldehydes (see Figure S3 of Section S4). Due to the absence
of oxygen in jet fuels, we focus hereafter only on hydrocarbons,
and specifically nonaromatic ones (although aromatics are also
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needed for SAFs). Of all species, 109 molecules are
nonaromatic, saturated hydrocarbons with 8—16 carbon
atoms (Cg—C¢) in the jet-fuel range; only one was found to
be acyclic (2-methyl heptane), with the rest having at least one
six-membered ring (see Figure 3b for a partial list, the whole
list is in Figure S1 of Section S2 and a supporting interactive
tool to visualize molecules and pathways is provided in Section
SS). Interestingly, the absence of Cg—C isoparaffins indicates
that other reactants are required to make such molecules in a
few steps.

The specific energy of these candidates (Figure 3a) is weakly
dependent on the carbon number and only moderately
dependent on the structure. Acyclic alkanes exhibit higher
specific energy (>44 MJ/kg) than other hydrocarbons, while
monocycloalkanes fall within the 43.5 MJ/kg range and
dicycloalkanes around 43 MJ/kg. These could be SAF
candidates based on (1) having high specific energy (>43
MJ/kg), according to the DOE’s specifications,” and (2) being
liquids under typical operating conditions. The three highest

12929

specific energy candidates are 2-methyl heptane (44.82),
propyl cyclohexane (43.89), and ethyl cyclohexane (43.88);
however, given their size (8—9 carbon atoms), they are
expected to contribute only up to 2 wt % of a typical jet fuel
mixture (Jet A).

We queried RING to identify short reaction pathways to
each molecule (specifically, by setting the maximum path
length up to two more steps than the shortest possible path),
as this is a simple metric of economics; fewer steps lead to
lower capital cost because, often, each step is a separate reactor
(or a reaction zone in a multifunctional reactor). When
pathways contain bimolecular steps (two reactants), the
synthesis steps to both reactants were traced to correctly
compute associated metrics (discussed later). This query
yielded 315 unique pathways, indicating a rich SAF product
slate and synthesis options. Figure S4 of Section S4
(Supporting Information) shows the statistics of starting
reactants for these pathways; furan (picked 195 times), 2-
methyl furan (34S), and furfural (172) are the prominent

https://doi.org/10.1021/acssuschemeng.4c04199
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starting reactants and may participate more than once in some
pathways. Interestingly, HMF was never picked as a reactant,
indicating that the number and type of functional side groups
determine whether it is invoked, given that we seek only short
pathways (note that 2,5-dimethylfuran is produced from HMF
in one step via HDO). Figure SS shows a histogram of the
reaction distribution categorized by rules. Hydrogenation
(occurring 1446 times), HDO (389), Diels—Alder (577),
and dehydra-decyclization (839) are featured prominently. In
contrast, alkylation, a well-known C—C bond-forming reaction,
is not present in these pathways, as it does not form saturated
hydrocarbons in the given number of steps or makes molecules
containing at least one oxygen atom. Correlation analysis of
the 315 queried pathways using a novel fingerprint (Section
S$3.1) provided network-level insights into several reactant-rule
and rule—rule relationships. While detailed insights are
provided in Section S3.2, we note here that some unintuitive
relationships were identified from Figure S2, for example, furan
hydrogenation, Diels—Alder, and dehydra-decyclization are
correlated, indicating that these steps often occur together to
saturate furans, remove oxygen, and form C6 rings.

Given this rich space of SAF candidates and synthesis routes,
the questions “What SAF molecule(s) to make?” and “How to
make it (them)?” need to be addressed simultaneously. This
requires a wholistic analysis of the entire reaction network.
Here, instead, we analyze our reduced search space of 109
molecules and 315 pathways by employing screening metrics,
specifically two independent contributors to the total GWP:
(1) reaction endothermicity, related to process heat, and (2)

12930

CO, release from the process chemistry, arising from the
stoichiometry and coreagent (H,) use.

The reaction enthalpy and, thus, the endothermicity depend
on the reaction rule and the structure and functionalities of the
reactants and products. Figure 4 presents the reaction enthalpy
of the reaction rules that occ—r at least four times in all queried
pathways (see Figure S5 of Section S4 for the frequency
distribution of each rule). HDO, Diels—Alder, dehydration in
Diels—Alder (termed DADehydration), double bond hydro-
genation, furan hydrogenation (termed FuranHydro), alcohol
dehydration (AlcDehyd), and dehydra-decyclization are
moderately endothermic or exothermic (enthalpy varies
between —40 to 20 kJ/mol). The most endothermic reactions
are dehydra-decyclization and alcohol dehydration, while
Diels—Alder and benzene ring hydrogenation are significantly
more exothermic (reaction enthalpy ranging from —S0 to
—150 kJ/mol; note that highly exothermic steps are not
included in Figure 4). The variability across the reaction rules
and even within a rule implies that all pathways must be
enumerated and evaluated step-by-step to identify bottlenecks.
In particular, the step with the highest endothermicity in a
pathway can be a surrogate metric for both energy requirement
(and associated CO, emissions) and thermodynamic bottle-
necks; therefore, we seek the pathway with the smallest
enthalpy of the highest endothermicity step (the “min-max”
path) for this metric. Figure S shows the min—max pathways to
the three most energy-dense molecules. As seen in Figure S,
(1) ketonization, hydroxyalkylation, hydrogenation, dehydra-
decyclization, and hydrogenolysis produce 2-methyl heptane
(Figure Sa), and (2) hydrogenation, dehydra-decyclization,

https://doi.org/10.1021/acssuschemeng.4c04199
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Diels—Alder with subsequent dehydration, and hydrogenation
result in propyl and ethyl cyclohexane (Figure Sb,c),
respectively. Pathways to all three candidates involve
dehydra-decyclization as the most important endothermic
step, consistent with Figure 4.

Alternative energy-based metrics include the sum of (i) all
endothermic reaction enthalpies (termed “Endosum”) for the

12931

required process heat and (ii) the absolute values of all
reaction enthalpies (“AbsdHsum”) as a descriptor of the
operational cost (based on empirical relations identified for
chemical and energy industries).”’ At this stage, since we do
not consider detailed process design, we assume no heat
integration as an extreme limit. Figures S6 and S7 of Section
S4 show the pathways to the three energy-dense candidates
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Table 1. Experimental Evidence of Some of the Identified Reactions for SAF Synthesis and Their Selectivity Challenges*®™"**
Reactants Rule Product Catalyst Yield, Y/ Side reactions/
and Selectivity, S challenges
conditions (%)
I. DMF, ethylene Diels-Alder®¢-% p-Xylene Zeolites, 75% (S) with H- | Hydrolysis of DMF
(Figure 5) aliphatic Y Zeolite to 2,5-hexanedione;
= solvents, alkylation of p-
+ 300-600 °C xylene;
o polymerizatipn of
| 2,5-hexanedione.
II. Acetic acid ketonization!> %! acetone Zeolites 100% (S) with Sequential aldol
(Figure 5) HZSM-5 condensation
o reactions of acetone
)J\ OH
II1. 2-MF, acetone Hydroxy- C8 furan Graphene 90% (Y) Typically results in
(Figure 5) alkylation/alkylatio or C13 oxide difuran synthesis
o n (HAA) 66, 67,9297 difuran
)J\ adduct
¥
O,
IV. THF, 2-MTHF, Dehydra- C4-C6 Zeolites >70% (S) with THF ring opening
2,5-DMTHF decyclization®-103 dienes P-SPP without
(Figure 5/Figure 7) dehydration to 3-
butene-1-ol, retro-
R2 o Prins condensation
to propylene and
R formaldehyde
R1/R2: -H, -CHj

with the lowest “Endosum” and “AbsdHsum” values; as
expected, the AbsdHsum pathways have fewer instances of
highly endothermic and exothermic steps (Diels—Alder,
dehydra-decyclization). The “min-max”, “Endosum”, and
“AbsdHsum” pathways to all other candidates can be identified
using our interactive tool provided in the Supporting
Information.

Converting biomass oxygenates to saturated alkanes requires
(i) removing oxygen via dehydration, dehydra-decyclization,
decarboxylation through ketonization, and HDO, and (ii)
adding hydrogen to saturate the C—C bonds. Therefore, aside
from the process heat, the process chemistry too causes carbon
emissions due to (1) H, use which contributes to CO,
emissions (~10 kg-CO,/kg-H,, assuming production by
steam methane reforming)®* and (2) byproduct CO, release,
e.g, in ketonization. Both H, and the byproduct CO, are
significantly involved in the synthesis routes. For instance, we
found that more than 260 of the 315 pathways require >8 mol-
H,/mol-product (Figure S8), with 12 pathways requiring <S
mol-H,/mol-product, indicating the generally high hydrogen
requirements. In addition, 173 of the 315 pathways coproduce
>4 mol-H,0/mol-product (Figure S8), indicating that a
significant fraction of hydrogen removes oxygen. Indeed, a
correlation analysis (Figure S9) suggests that water generation
significantly correlates with H, consumption. Further, 23 of the
315 pathways release CO, through ketonization (Figure S8),
and CO, production is negatively correlated with the H,
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demand but positively correlated with coproduced water
(Figure S9). Therefore, to assess the net CO, emissions from
the process chemistry alone, i.e., byproduct CO, and coreagent
H,, we summed these two CO, sources, denoted as CO,,
(measured in kg-CO,/kg-product). Figure S10 of Section S4
shows the pathways with the lowest CO,,, to the three most
energy-dense candidates. Interestingly, all routes are already
shown in Figure S; the lowest CO,q for 2-methyl heptane,
propyl- and methyl-cyclohexane is 1.27, 0.97, and 1.08 kg-
CO,/kg-product, respectively.

The distribution of CO,,q across all 315 pathways (Figure 6)
shows that more than two-thirds have a footprint of 0.7—1 kg-
CO,/kg-product (lower than the top-3 energy-dense mole-
cules) due to their lower hydrogen demand. The candidate
molecules with the lowest CO,q are shown in Figure S11 of
Section S4. The routes to the top two candidates are shown in
Figure 7, with the respective “min-max,” “EndoSum,” and
“AbsdHsum” pathways given in Figure S12. As shown in
Figure 7, these molecules tend to be larger (thereby having a
higher product mass and hence a lower COZeq) while requiring
the same amount of H, as the most energy-dense molecules
shown in Figure 5. The two molecules in Figure 7 are novel
candidates, never reported in the context of SAFs. We note
that the C,, product can contribute up to 5 wt % of a typical jet
fuel such as jet A, representing one of the larger fractions, while
the Ci4 can be up to 1%. Figure 6 also shows the carbon
intensity (CI) of the fuel candidates measured as g-CO, per
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M]J of energy; as can be seen, most of the candidates are in the
range of 16—30 g-CO,/MJ.

A vital sustainability metric is the theoretical atom efficiency,
viz., the fraction of atoms of reactants retained in the products
in a pathway (not considering selectivity limitations). We
computed the theoretical carbon atom efficiency and found
that 95 fuel candidates have at least one pathway with an ideal
100% carbon atom efficiency. In contrast, 14 molecules have a
carbon atom efficiency of 85 to 91% (see Figure S13 of Section
S4 for a list). The relatively high carbon atom efficiency is
attributed to ketonization being the only reaction leading to
carbon loss. Since ketonization is primarily used to synthesize
acetone, allowing this molecule as an initial reactant avoids this
reaction altogether. These are upper bound values that would
decrease depending on the selectivity and number of steps in a
pathway.

Many steps identified in Figures 5 and 7 have been
experimentally demonstrated or have a close analogue to
experimentally observed ones (Table 1). The selectivity
challenges are well understood, thereby reinforcing the validity
of this approach. Here, we discuss several of these cases. First,
the pathway to 2-methyl heptane (Figure S) requires an acid-
catalyzed step of acetone and 2-methyl furan (or, furfuryl
alcohol); the Cg adduct can react with another furan to form a
difuran leading to a larger (C,3) product83 (Table 1, entry III).
Although this product can eventually be hydro-deoxygenated
to a SAF-compatible branched alkane, additional steps prevent
it from being generated in the network. The selective synthesis
of the Cg product in Figure S will require tuning the acid
strength of the catalyst and the ratio of the reactants to enable
the first hydroxyalkylation step but avoid the second alkylation
step. However, diminished selectivity in this step is not
detrimental, since the eventual C;; product is an SAF
candidate molecule. Therefore, this represents an example
where low selectivity in a step may still result in high yield of
desired products. Second, Diels—Alder reactions feature
prominently in Figures 5 and 7; while synthesis of ethyl-
benzene from 1,3-butadiene®*®® and aromatics from furans and
ethylene (Table 1, entry I) have been reported, the reaction of
furans with dienes (seen, for instance, in the alternative route
to propyl cyclohexane in Figure 5) is novel and expected to be
feasible. Third, the formation of acetone from acetic acid in
Figure S is a well-documented ketonization reaction (Table 1,
entry III), although base catalysts can also enable subsequent
aldol condensation products. Fourth, pentadiene can be
formed via dehydra-decyclization of 2-methyl furan (Table 1,
entry IV), as seen in the pathway for propyl cyclohexane in
Figure S; the subsequent Diels—Alder reaction of pentadiene
with butadiene has not been reported but is likely feasible,
albeit with additional (self) Diels—Alder byproducts.

It should be noted that all 109 candidates require six or
more steps (Figure S14 in Section S4). The capital and
operating costs increase with every additional reaction due to
the need for multiple reactors and separation units.
Economical synthesis of SAFs would require process
intensification by integrating several steps in a single reactor.
For instance, combining metal and acid functionalities in a
single reactor (a multifunctional catalyst or a physical mixture
of multiple catalysts) could allow cascades of hydrogenation,
HDO, and dehydration in a “single” pot and plausibly couple
fast exergonic steps with slow endergonic ones.'”* For
instance, the last few steps in the pathways shown in Figures
S and 7 all involve hydrogenation and HDO steps that can be

combined in a single pot. However, this could result in a
mixture of products, not all of which are fuel candidates. Our
results chart the space of possibilities, identifying the optimal
process further requires leveraging this information within a
concerted effort in catalyst selection, reaction engineering, and
process systems engineering.

B CONCLUSIONS

Current pathways to produce SAFs from alcohols and fatty
acids lack cycloalkane and aromatic molecules, produce a small
fuel volume that cannot meet the growing demand, and exhibit
high cost. Alternative pathways are urgently needed. Here, we
used an automated network generation based on typical
organic chemistry reaction rules to produce a rich reaction
network of 223,107 species among 363,840 reactions from
furanics (produced from lignocellulose and hemicellulose) and
acetic acid, as starting reagents, to demonstrate the approach.
Several aromatics and cycloalkanes were found, indicating
furanics are excellent platform molecules for making SAFs. In
contrast, iso-alkanes have rarely been seen; their production
requires exploring other reagents and longer routes. To prune
the vast chemical space, first we sought molecules with the
right number of carbon numbers (C3—C,¢) and high energy
density without containing oxygen, as rudimentary fuel
properties. Second, we limited the number of reaction steps
to reduce cost. Data-driven thermochemistry estimation of the
heat of formation then identified >100 alkanes over >300
synthesis routes as potential SAF candidates. Interestingly,
many of the molecules we predicted have never been reported
before; their pathways, while plausible, as evidenced by
reactions reported in the literature, are nonintuitive, thereby
underlining the need for our novel approach. Next, we
introduced pathway surrogates of energy use (estimated using
thermochemistry) and process-chemistry-related CO, emis-
sions stemming from the reaction stoichiometry due to carbon
loss and H, use due to the exothermicity of the methane steam
reformer. We found many paths with GWP in the range of
0.7—1 kg-CO,/kg-product. Promising SAFs and synthesis
routes for low net CO, emissions may not be the ones
producing the highest energy density molecules; a trade-off
exists. While we showed pathways to the most energy-dense
candidates and those with the lowest CO, emissions, these
only cover a small subset of the 109 plausible candidates. The
interactive tool provided here (see Section S$ for instructions)
will enable extracting pathways to the rest of the molecules.
Our network generation and simple fuel properties and
GWP metrics indicate a rich chemical space for making SAFs,
even though (i) we restricted our search to well-proven
chemistries (as rule inputs to RING), (ii) we sought short
pathways as a means to minimize capital investment, and (iii)
we considered no heat integration as a worst-case scenario.
The optimal molecules and synthesis route need to be
concurrently designed considering cost and CO, footprint of:
(1) the biomass-derived reactants, including land use, water,
etc, (2) any hydrogen used for upgrading, (3) the energy
required for the reactions, (4) the energy required for
separations, pumps, etc., (5) the theoretical carbon loss due
to the chemistry, and (6) actual reaction yields leading to
byproducts. Such a thorough exploration is predicated on the
availability of fast methods, semiempirical or artificial
intelligence-based, to estimate thermophysical, kinetic, and
economic properties. The relatively large number of steps
necessitates designing intensified processes integrating multiple
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reaction steps into multifunctional catalytic reactors. Exper-
imental demonstrations are also needed.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c04199.

Input (ring) and output files of RING, scripts for
specific energy computation (jet_energy folder) and
stoichiometry computation (.py), the queried pathways
for all SAF molecules (Pathway 109 processed), and an
interactive tool for searching SAF molecules and
pathways in the extracted results; escription of rules, a
figure of all 109 SAF molecular candidates, details of
pathway fingerprint generation and the correlation
analysis between reactants and chemistries, a collection
of supplementary figures including: (1) the distribution
of species found in the studied reaction network, (2)
histogram of reactants employed and histogram of
reaction rules employed for the found SAF molecular
candidates, (3) the lowest “EndoSum”, “AbsdHsum”
and “CO,,," pathways illustration of the top 3 energy-
dense molecules, (4) a histogram and a correlation
analysis of hydrogen consumption, water and carbon
dioxide generation for the pathways to all SAF molecular
candidates, (5) a list of molecules with the lowest and
the second lowest CO,,, (6) the “min-max”, “Endo-
Sum” and “AbsdHsum” pathways illustration of the two
molecules with lowest and the second lowest CO,,, (7)
a list of molecules with non-100% carbon atom
efficiency, (8) a histogram of min number of steps and
rank required in producing all found SAF molecular
candidates, and (9) a user instruction of the SAF
molecules and pathways searching tool (ZIP)
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