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A B S T R A C T

In aviation, the most promising strategy for reducing greenhouse gas emissions is the use of sustainable aviation 
fuels (SAF). Biomass being a key feedstock poses specific challenges due to its limited availability and hetero
geneous composition, highlighting the necessity for developing efficient and flexible conversion pathways for 
maximizing carbon and energy utilization. Given that integrated conversion pathways remain insufficiently 
explored, this study evaluates a novel, integrated process concept, utilizing food waste as the primary feedstock 
and combining biochemical conversion (consisting of dark fermentation, a microbial electrolysis cell and aerobic 
fermentation) with hydrothermal gasification to produce the intermediate 2,3-butanediol (2,3-BDO), followed by 
thermochemical conversion of 2,3-BDO to SAF. The overall process is modelled and simulated in Aspen Plus and 
evaluated in terms of overall carbon and energy efficiencies, supplemented by a sensitivity analysis of uncertain 
key parameters. The results show that the proposed pathway converts food waste into hydrocarbons with an 
overall carbon efficiency of 25.4% and an energy efficiency of 20.5%, of which 9.5% of the carbon and 7.6% of 
the energy are recovered as SAF. Additionally, the study identifies key parameters and strategies for potential 
process improvement, providing a quantitative basis for further process development.

1. Introduction

As the international community faces an increasing number of 
challenges due to the anthropogenic climate change, efforts to limit 
global warming at least to 2.0 ◦C above pre-industrial levels – as written 
in the Paris Agreement - must continue to intensify [1]. While some 
sectors have demonstrated measurable progress - particularly in the field 
of electricity generation, where renewables achieved a record 31.9% 
share of the global electricity generation in 2024 [2] - other sectors 
remain fundamentally difficult to defossilze and thus stay at a fairly low 
defossilization level. Within the transport sector, defossilization of 
aviation forms a particular challenge, because alternative propulsion 
options such as battery electric- or hydrogen-based systems cannot 
match the gravimetric and volumetric energy density, range perfor
mance and refuelling characteristics of hydrocarbon jet fuels for long- 
distance flights [3]. Furthermore, the existing global aircraft fleet and 
associated airport infrastructure are organized for kerosene as the main 

(and effectively the only) energy carrier. Consequently, there is a strong 
need for synthetically produced, drop-in liquid hydrocarbon fuels 
derived from renewable energy and/or waste resources that can be used 
within the existing fuel logistics and aircraft fleet; these fuels are 
commonly referred to as Sustainable Aviation Fuels (SAF) [4].

SAF can be produced from either biomass-derived carbon-based 
molecules or from biomass- or air-derived CO2 in combination with 
hydrogen obtained either from biomass conversion or supplied as 
hydrogen via electrolysis using electricity from renewable sources of 
energy. Over the past decades, several SAF production pathways have 
been accepted by the American Society for Testing and Materials 
(ASTM) meeting the strict jet fuel specification [5].

Among these certified pathways, Hydroprocessed Esters and Fatty 
Acids (HEFA) has emerged as the dominant technology, accounting for 
roughly 90% of existing and announced global SAF production capacity 
due to its high technological maturity and ability to leverage existing 
refinery infrastructure [6]. However, HEFA relies on lipid feedstocks 
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such as native vegetable oils, animal fats, and used cooking oils being 
characterized by constrained availability and competition with other 
sectors (e.g., the food sector) [5]. This feedstock limitation implies that 
HEFA alone cannot support the scale-up needed to align aviation with 
long-term climate targets [6]. This highlights the necessity of developing 
and deploying additional SAF production pathways to satisfy future 
demand and defossilization objectives.

Advanced biofuels must be produced from waste and residue streams 
to meet European Union (EU) criteria and avoid competition with food 
resources [7]. Food waste represents a major environmental, economic, 
and social challenge [8]. In the 27 member states of the EU in 2023, 
roughly 58.2 Mt of fresh food waste have been generated, with house
holds accounting for more than half of the overall food waste generation 
[9]. To utilize this waste stream for SAF production, a technically and 
energetically optimal conversion route must be identified.

Among the various platform chemicals that can be converted to SAF, 
2,3-butanediol (2,3-BDO) is an especially promising candidate. On the 
one hand, catalytic upgrading of 2,3-BDO to jet-range hydrocarbons via 
the same sequence of catalytic steps as a conventional alcohol-to-jet 
pathway (dehydration, oligomerization and hydrogenation) has been 
reported to achieve high carbon efficiencies [10]. On the other hand, 
2,3-BDO is a multifunctional intermediate product with a wide range of 
applications that can be produced by fermentation using various bac
terial strains and yeasts [11]. Additionally, acetoin, a key intermediate 
in the metabolic pathway for 2,3-BDO synthesis in most microorganisms 
[11], can be produced from volatile fatty acids – and particularly effi
cient from propionic acid – using a genetically engineered Cupriavidus 
necator (C.nec.) strain [12,13]. With further genetic modifications of the 
C.nec. strain, acetoin can be converted to 2,3-BDO, while additionally 
exploiting its autotrophic growth capacity enabling the conversion of 
CO2 and H2 into biomass and intermediate-products, including 2,3-BDO 
[14].

The present work focuses on a process combining biochemical routes 
for 2,3-BDO production from waste streams, in particular food waste, 
with thermochemical routes for SAF production. This concept aims to 
maximize overall carbon utilization while exploiting the energetic ad
vantages of biological fermentation under mild operating conditions, 
while simultaneously enabling internal reuse of the effluent from the 
biological steps via a hydrothermal gasification unit. Hydrothermal 
gasification is a promising technology for the valorisation of wet organic 
residual streams by converting organic compounds into a gas mixture 
consisting mainly of CO, CO2, H2 and CH4. The use of catalysts is a 
promising approach for reducing the required process temperature and 
enhancing product selectivity [15–17]. Therefore, with regard to the 
autotrophic growth capacity of C.nec., catalytic hydrothermal gasifica
tion can be particularly suitable for recovering residual carbon and 
chemical energy from bioprocess effluents and redirecting it back to the 
bioprocess steps.

Previous studies have addressed individual segments of the investi
gated food waste to jet fuel value chain, including fermentative pro
duction of 2,3-BDO from bread waste [18] or gaseous substrates (CO2 
and H2) [19], as well as the catalytic upgrading of 2,3-BDO to jet-fuel- 
range hydrocarbons [20,21]. However, no study has evaluated the 
complete integrated process chain of producing jet fuel from food waste 
using 2,3-BDO as an intermediate, including a catalytic hydrothermal 
gasification unit for effluent recovery and internal reuse.

The objective of the present study is to technically evaluate the novel 
SAF production process via the intermediate 2,3-BDO by quantifying its 
carbon and energy efficiencies and analysing how these performance 
indicators respond to fluctuations in uncertain process parameters.

2. Methodology

The following sections describe the methodological approach used to 
establish and evaluate the process. This includes an overview of the 
process design, its main design motivations and the conversion routes 

investigated; a description of the process modelling framework and 
overarching modelling assumptions; and an introduction to the key in
dicators of the technical analysis (i.e., carbon- and energy efficiency).

2.1. Process design

The process design is derived from the conceptual framework 
developed within the EU Horizon project BIOCTANE (project website: 
https://www.bioctane.eu/) investigating integrated pathways for pro
ducing sustainable aviation fuel. Due to the early development stage of 
most investigated reactor systems (technology readiness levels (TRL) of 
ca. TRL 1 to 3), the process remains in the basic research and laboratory 
scale phase. Consequently, the design aims to conceptually demonstrate 
process integration and evaluate technical performance rather than 
representing an industrial-scale configuration. Process parameters are 
based on experimental data generated within the BIOCTANE project's 
experimental work packages, supplemented by literature data when 
project data are unavailable.

The investigated conversion route from household food waste to 
kerosene is presented in Fig. 1. In the following subsections the process 
design is presented beginning with a description of the main feedstock, 
followed by a brief explanation of the conversion pathways to the 
intermediate-product 2,3-BDO, and concluding with the thermochem
ical conversion steps of 2,3-BDO to kerosene. Additionally, a catalytic 
hydrothermal gasification step is introduced to recover and reutilize the 
solid fraction produced during the bioconversion stages of the process. 
These recycling streams follow an internal recycling strategy, enabling 
inside the system boundaries the production of a gaseous intermediate 
that can be fed back to the bioconversion steps for 2,3-BDO production.

In the biochemical section, no external hydrogen supply is consid
ered, reflecting the biological production constraints and self-contained 
stoichiometry of the fermentation routes. Hydrogen provision is 
considered only in the thermochemical conversion section, where 
hydrogen (considered as green hydrogen, produced via water electrol
ysis powered by electricity from renewable sources of energy) is 
required for hydro-processing and deoxygenation reactions.

2.1.1. Bioconversion steps – food waste to 2,3-BDO
In the first process section, a series of integrated bioconversion steps 

are carried out to convert food waste into high-purity 2,3-BDO through 
fermentation and subsequent purification. The block flow diagram of 
these bioconversion steps is shown in Fig. 2.

Main feedstock and pre-treatment. Against the background of the 
EU criteria for advanced biofuels and the large quantity of available food 
waste within the 27 member states of the EU [7,9], its utilization as a 
biogenic carbon source for SAF production seems to be particularly 
attractive. Therefore, a representative composition of average house
hold food waste according to Table 1 is assumed as feedstock here.

Household food waste is processed before providing it as substrate to 
microorganisms inside the dark fermentation. The efficiency of the dark 
fermentation process (or anaerobic digestion process) is increased by 
reducing the particle size of food waste; i.e., the specific surface area is 
increased to improve the biodegradability of these waste material 
[23–25]. A mechanical pre-treatment is selected; various types of 
hammer, disk or ball mills are available for grinding such organic ma
terial [26].

Dark Fermentation. The mechanical pre-treated food waste is 
further processed via a mixed microbial anaerobic fermentation to 
produce a liquid fermentation broth with a high concentration of vola
tile fatty acids, with a particular focus on propionic acid production.

The use of a mixture of microorganisms within an anaerobic 
fermentation process is already well established. Although over 8500 
biogas plants are operational only in Germany, anaerobic digestion still 
faces technical challenges, including unpleasant odours, leaks posing 
hazards to climate and local environment as well as the accumulation of 
inhibitors that can disrupt the process [27]. In recent years, research has 
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focused on alternative fermentation products to methane to improve the 
overall conversion efficiency and to develop a more robust process, as 
methanogenesis is a particularly slow and easily disrupted step in 
anaerobic digestion [28]. Therefore, an anaerobic fermentation toward 
a mixed production of volatile fatty acids, also often referred to as dark 
fermentation, is used as the first step of processing the pre-treated food 
waste. In addition to the liquid fermentation intermediate-products, a 
gaseous phase, consisting mainly of CO2 and H2, is provided. Addi
tionally, after separation, a solid phase, containing microbial biomass 

and the undigested and indigestible parts of the food waste, is produced.
Dark fermentation has so far not progressed beyond pilot-scale ap

plications and is predominantly investigated for biohydrogen produc
tion [29]; consequently, optimal operating conditions for a propionic- 
acid-rich fermentation remain a research topic. Depending on the 
applied conditions (e.g., pH, inoculum source, temperature, hydraulic 
retention time), different microbial communities are enriched during 
the biochemical degradation process, which in turn leads to distinct 
intermediate-product distribution [30].

Microbial electrolysis cell. The liquid phase leaving the dark 
fermentation step, now enriched in carboxylic acids, gets further pro
cessed in a microbial electrolysis cell (MEC). This step is introduced to 
obtain a metabolic profile enriched in propionic acid, as C.nec, the 
microorganism used in the downstream aerobic fermentation, performs 
particularly efficient when propionic acid is supplied as a substrate [12]. 
In the microbial electrolysis cell, acetic acid, which is the dominant 
carboxylic acid in the effluent coming from the dark fermentation step, 
can be selectively oxidized electrochemically by electroactive microor
ganisms (e.g., Geobacter sulfurreducens [31]), thereby lowering its con
centration relative to the higher volatile fatty acids [32]. As a result of 
this electrochemical polishing, propionic acid, formerly the second most 
abundant carboxylic acid (under applied dark fermentation conditions), 
becomes the predominant acid in the liquid phase. After the microbial 
electrolysis cell, the formed microorganisms are separated by filtration, 
allowing the liquid to be considered microbially free and subsequently 

Fig. 1. Process overview (HC hydrocarbon).

Fig. 2. Block flow diagram of the bioconversion process steps (cHTG Catalytic hydrothermal gasification).

Table 1 
Assumed food waste composition [22].

Fresh matter food waste Share in [wt%]

Water 76
Inorganic 2
Volatile Solids 22

Biochemical composition of the Volatile Solids Share in [wt%]
Starch 48
Proteins 21
Lipids 15
Hemicellulose 7
Cellulose 6
Lignin 3
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fed to the aerobic fermentation.
A microbial electrolysis cell is conceptually similar to a conventional 

water electrolyser, consisting of an anode and a cathode compartment 
separated by a proton exchange membrane and connected via an 
external power supply [33]. The key difference to a water electrolyser is 
the presence of an anodic biofilm, which acts as a biocatalyst and oxi
dizes organic substrates (i.e., acetic acid) to CO2 and protons instead of 
oxidizing water. The protons migrate through the proton exchange 
membrane and are reduced at the cathode together with electrons 
(supplied by the power source) to form H2. Because organic compounds 
are oxidized rather than water, the required cell voltage is significantly 
lower compared with conventional water electrolysis, which translates 
into reduced electrical energy demand for hydrogen production in mi
crobial electrolysis cells [34].

Aerobic fermentation. For the production of the intermediate 
chemical 2,3-BDO, an aerobic bioconversion step is applied. Using a 
genetically engineered strain of the aerobic, non-pathogenic bacteria C. 
nec. H16, 2,3-BDO can be produced. C.nec. can convert carboxylic acids 
– especially favouring propionic acid – into acetoin [12], a key prede
cessor in the 2,3-BDO biosynthesis [11]. In addition to this heterotrophic 
route based on carboxylic acids, an autotrophic pathway enables C.nec. 
to produce 2,3-BDO from a gaseous substrate consisting of CO2 and H2, 
with hydrogen serving as the electron donor [14].

Both pathways are implemented in the aerobic fermentation reactor, 
which can be configured with an internal membrane bundle that, on the 
one hand, enabling efficient CO2/H2 gas supply to the culture and, on 
the other hand, retains the bacterial cells within the reactor system [35]. 
To avoid the formation of an explosive O2/H2 gas mixture, oxygen is 
supplied via an additional aeration unit located at the bottom of the 
reactor. Again, the excess microorganisms are separated from the 
fermentation broth by filtration.

2,3-BDO purification. The purification of 2,3-BDO from the 
fermentation broth was designed as a multistage process to achieve an 
intermediate-product purity above 97 wt%. The process scheme com
prises three main purification steps: membrane pre-concentration, 
liquid-liquid extraction, and multistage rectification.

In the first step, a reverse osmosis unit concentrates the dilute 
fermentation broth to ca. 10 wt% 2,3-BDO being the starting concen
tration reported for an effective liquid-liquid extraction [19,36,37]. This 
pre-concentration step primarily reduces water load for subsequent 
downstream operations and therefore enables a more efficient extrac
tion performance.

The concentrated intermediate-stream is next subjected to liquid- 
liquid extraction (LLE) using decanol as the organic solvent. Decanol 
was selected due to its favourable properties – limited solubility in water 
and a boiling point sufficiently higher than that of 2,3-BDO, which fa
cilitates downstream separation. Although decanol has not been exten
sively studied as an extraction solvent for 2,3-BDO, its physico-chemical 
properties and structural similarity to other long-chain alcohols which 
have been studied as extraction agents (e.g., hexanol, heptanol, oleyl 
alcohol) suggest good solvent selectivity [36,38].

The organic phase from the liquid-liquid extraction step undergoes a 
three-column rectification sequence. The first column recovers and re
cycles the decanol solvent. The second column removes residual water, 
and the third separates acetoin, a side-product of aerobic fermentation, 
which is used for energy recovery in the furnace. The final intermediate 
stream achieves a purity exceeding 97 wt% 2,3-BDO and a recovery rate 
above 88%.

2.1.2. Catalytic hydrothermal gasification
To utilize the undigested and indigestible parts of the food waste 

remaining after dark fermentation and to recover carbon losses associ
ated with microbial growth inside the bioconversion steps, a catalytic 
hydrothermal gasification unit is integrated into the process. Under 
hydrothermal conditions, organic material is converted into a gaseous 
intermediate-product.

To achieve the supercritical state of water, elevated pressures 
(typically above 220 bar) and temperatures (around 375 ◦C or higher) 
are required [17]. Under these conditions, the solubility of inorganic 
salts decreases significantly, leading to the formation of a concentrated 
brine waste-stream that can be separated from the system, which could 
subsequently be used as a fertilizer [16,39].

In recent years, hydrothermal gasification has been developed and 
investigated primarily for methane production [16]. However, since 
methane cannot be digested by the C.nec. via the autotrophic pathway, a 
modified catalytic approach is investigated to shift the gas component 
distribution toward CO2 and H2.

A catalyst selective toward CO2 and H2 formation has been reported, 
consisting of platinum supported on γ-alumina. Although this study was 
conducted at laboratory scale using a uniform ethylene glycol feedstock, 
the reported carbon selectivity of 95% toward CO2 has been adopted in 
the present work as a first assumption for the complex residue recycle- 
stream from the bioconversion step [17]. The applicability of this 
selectivity to the complex residue recycle-stream has not yet been 
experimentally validated and therefore represents an uncertainty of the 
present process assessment. To prevent catalyst deactivation, a sulphur 
trap is installed upstream of the catalyst bed to capture sulphur com
pounds, while nitrogen present in the feedstock is expected to form 
ammonia under hydrothermal conditions [16]. This configuration is 
illustrated as a block flow diagram in Fig. 3.

2.1.3. Thermochemical conversion steps – 2,3-BDO to kerosene
In the final process section, 2,3-BDO gets thermochemically con

verted into kerosene. Conventional fossil-based kerosene, obtained by 
distillation of crude oil, consists primarily of hydrocarbons with carbon 
chain lengths ranging from C9 to C16 and a boiling range between 150 
and 290 ◦C [40] (for the specifications for synthetic kerosene defined in 
the norm of the American Society for Testing and Materials (ASTM) 
ASTM D7566 and used to model kerosene in the process simulation, see 
Supplementary Material Table S9).

The conversion of 2,3-BDO into the target kerosene-range hydro
carbon mixture involves three key steps (dehydration, oligomerization, 
and hydrogenation) followed by separation of the hydrocarbons via 
distillation (i.e., fractionation), as illustrated in Fig. 4, thereby following 
the pathway of an alcohol-to-jet process already approved for ethanol 
and isobutanol under ASTM D7566 [5].

Dehydration. In the dehydration step, oxygen is removed from 2,3- 
butanediol (2,3-BDO) forming water and unsaturated C4 components as 
main products, typically in the gas phase under a hydrogen atmosphere 
over solid acid catalysts (e.g., metal/zeolite systems) [41,42]. The 
selectivity toward different product types varies with the choice of the 
catalyst and the applied reaction conditions. Vapor-phase dehydration 
of 2,3-BDO is typically carried out at temperatures between 200 and 
300 ◦C and at pressures ranging from approximately atmospheric pres
sure up to about 10 bar, depending on reactor design and process inte
gration [42,43].

Here, data from a dehydration reaction system equipped with a CuO- 
ZSM catalyst are used, in which complete conversion of 2,3-BDO was 
reported, with a butene selectivity (Eq. (1)) exceeding 84 mol% (product 
distribution without water) [44]. 

C4H10O2 +H2→C4H8 +2 H2O (1) 

Oligomerization. To obtain hydrocarbons in the kerosene-range, 
the short-chain alkenes (mainly butenes) formed after the dehydration 
of 2,3-BDO must undergo a chain-growth reaction. Depending on the 
reacting monomer and the reaction conditions, different degrees of 
oligomerization can be achieved. The oligomerization of a single alkene 
can be described by Eq. (2); however, mixtures of different short-chain 
alkenes can also be used as feedstock, which in both cases leads to a 
product mixture of alkenes with varying chain lengths [45–47]. For the 
formation of longer-chain hydrocarbons, elevated pressures in the 
magnitude of 20 to 40 bar and temperatures of about 100 to 400 ◦C are 
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typically required, largely independent of the implemented catalyst 
[46,48–50]. 

n CxH2x→CnxH2nx ∣ n ≤ 2 (2) 

To describe the product spectrum obtained from the oligomerization 
reaction, the Anderson–Schulz–Flory distribution is applied as a math
ematical model. This distribution has been widely used to represent 
product distributions in oligomerization reactions, most notably in 
Fischer-Tropsch synthesis using CO and H2 as reactants [51–53], and has 
also been extended to systems involving longer reactants such as 
ethylene [50,54].

Hydrogenation. Hydrogenation is a well-established process that is 
already widely applied in the petroleum industry. During hydrogenation 
of alkenes, the C=C double bonds are saturated by the addition of 
hydrogen in the presence of a solid catalyst (such as Ni–W/alumina), 
resulting in the formation of the corresponding alkanes [55–57].

Fractionation. After obtaining the alkanes, the final step is to 
separate them into the corresponding fuel fractions (i.e., naphtha, 
kerosene, heavy alkanes). This separation step is also well established in 
the petroleum industry, where crude oil is distilled and fractionated into 
the respective fuel cuts. This process step ensures that the kerosene 
fraction meets the required boiling curve specifications outlined in 
ASTM D7566 [5].

2.2. Process modelling

The process is modelled in a steady-state flowsheet simulation using 
the process simulation software Aspen Plus [58] to establish a complete 
mass and energy balance across the overall process. Power inputs were 
treated as external utilities supplied to the respective units. To achieve 
optimal heat recovery and minimize the energy demand for heating and 
cooling from external sources, a pinch analysis is performed using Aspen 
Energy Analyzer [59] to identify optimal integration of the process heat 
streams.

Different property methods are applied along the process pathway. A 
detailed description of all stoichiometric reactions, operating conditions 
and thermodynamic models is provided in the Supplementary 
Information.

2.2.1. Data assumptions
Household food waste is assumed to correspond to the average Eu

ropean food waste composition after collection and impurity removal 
[22]. Particle size is reduced to 3 mm using a meat shredder, followed by 
dilution with water to the target substrate concentration and heating to 
35 ◦C [60]. The dark fermentation is represented by a set of stoichio
metric reactions for hydrolysis and acidogenesis of carbohydrates, lipids 
and proteins, with reaction rates calibrated to match experimentally 
observed volatile fatty acid and hydrogen yields (Table S1 – Supple
mentary Information). Generic components (triolein for lipids, gelatine 
for proteins, C5H7NO2 for biomass) are used to represent complex sub
strates and microbial matter [61–70].

In the microbial electrolysis cell, only acetic acid is assumed to be 
electro-biochemically converted to hydrogen and CO2 by Geobacter 
sulfurreducens, with an assumed overall acetic acid conversion rate of 0.8 
and a fixed, literature-derived hydrogen recovery rate of 0.7. The elec
trical power input is determined based on the applied cell voltage, the 
number of electrons transferred in the electrochemical conversion of 
acetic acid, and the conversion rate of acetic acid. The waste heat 
released during the reaction is calculated as the difference between the 
supplied electrical work and the reaction enthalpy. Biomass formation is 
represented by an empirical formula, and complete biomass removal is 
assumed [32,33,71–76].

Aerobic fermentation is modelled via heterotrophic and autotrophic 
reactions converting volatile fatty acids and CO2/H2 to 2,3-butanediol 
(2,3-BDO), acetoin and biomass based on literature yields [12,14,19]
(Table S3 – Supplementary Information); volatile fatty acids are fully 
converted in the heterotrophic stage, all microbial growth is assigned to 
heterotrophic stage, and fixed intermediate-product distributions and 
hydrogen consumption are assumed.

In catalytic hydrothermal gasification, all organics are first idealized 
as decomposed into their elemental forms at 420 ◦C and 270 bar. In
organics are completely removed into a brine waste-stream via a salt 
separator, taking advantage of their low solubility under supercritical 
water conditions. Organic losses in the brine are represented by a single 
generic compound, and sulphur is captured separately in a dedicated 
sulphur trap. Gasification reactions are adjusted to achieve a target gas- 
phase carbon distribution of 95% CO2, 4% CH4 and 1% C2H6, assuming 
complete carbon gasification and complete conversion of nitrogen to 
NH3 [16,17,39,77,78].

Fig. 3. Block flow diagram of the catalytic hydrothermal gasification.

Fig. 4. Block flow diagram of the 2,3-BDO to kerosene conversion step.
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2,3-BDO purification combines reverse osmosis, LLE with decanol 
and a three-column distillation sequence. The LLE was modelled using 
an activity-coefficient-based approach, which has been reported as 
suitable for the extraction of 2,3-BDO using long-chain extraction sys
tems such as heptanol [36]. In addition, its applicability to decanol- 
water extraction systems involving organic acids, including acetic and 
citric acid, has been reported [79,80]. The reverse osmosis membrane is 
characterized by fixed rejection factors per component [19,81] (Sup
plementary Information – Table S4), and the overall scheme achieves a 
2,3-BDO purity of 97.4 wt% at 89.5% recovery.

Dehydration of 2,3-BDO at 250 ◦C and 1 bar yields mainly butene as 
dominant intermediate-product; reaction rates are adjusted to match 
reported dehydration-product distributions (Supplementary Informa
tion – Table S6), while hydrogen, water, and co-products are separated 
and hydrogen is fully recycled [44].

Oligomerization of C2 to C6 olefins at 225 ◦C and 30 bar is described 
by an Anderson-Schulz-Flory type chain growth model at 95% olefin 
conversion and fixed chain-growth probability factor α = 0.375, tar
geting a high kerosene-range yield; unreacted light olefins are recycled 
with a 10% purge to the furnace [46,48–50].

Subsequent hydrogenation at 100 ◦C and 17 bar assumes complete 
conversion of olefins to paraffins with full hydrogen recycle and a 5% 
purge [57], followed by two distillation columns that define naphtha, 
kerosene (ASTM D7566) and heavier fractions.

2.2.2. Sensitive parameters
Due to the low technology readiness level (TRL) of several process 

steps and the limited availability of experimental data, key model pa
rameters are subject to considerable uncertainty. Therefore, several 
parameters are investigated through a sensitivity analysis by systemat
ically varying each parameter and rerunning the simulation for every 
increment. The results are used to highlight the influence of the inves
tigated parameters on the overall process performance and to derive 
strategies for improving process efficiency.

2.3. Process performance evaluation

The carbon and energy balance of the overall system are evaluated as 
key performance indicators, based on the mass and energy flows ob
tained from the steady-state flowsheet model and the pinch analysis.

2.3.1. Carbon efficiency
Carbon efficiency is used as an indicator of the material-based effi

ciency of the overall process, as it quantifies how much of the input 
carbon is retained in the desired fuel products or side products rather 
than being lost in waste streams. This is particularly relevant for 
biomass-based processes, where the limited availability of biogenic 
feedstock makes efficient carbon utilization essential for maximizing the 
sustainable fuel yield per unit of biomass. The carbon efficiency is 
calculated according to Eq. (3). ηc,i is the carbon efficiency and ṅc,i the 
molar carbon flow. 

ηc,i =
ṅc,i

∑
ṅc,Feed

(3) 

2.3.2. Energy efficiency
Energy efficiency is used as a key indicator to quantify the energetic 

performance of the overall process, relating the energy content of the 
fuel product to the energy supplied to the system. Here, the chemical 
energy of all mass or molar streams is expressed as higher heating value 
(HHV) used in the efficiency calculation to ensure a consistent energy 
basis.

As input energy to the overall system, the higher heating value of the 
feed streams, the external electricity demand, and the net external heat 
demand after heat integration are considered. Accordingly, the energy 
efficiency for each (intermediate) product can be calculated using Eq. 

(4). ηE,i is the energy efficiency, ṁi the mass flow, HHVi the higher 
heating value, Pel the external electricity demand, and Q̇ the external 
heating demand. 

ηE,i =
ṁi HHVi

∑
(ṁFeed HHVFeed) + Pel + Q̇

(4) 

3. Results and discussion

Below, the results of the overall process simulation are presented and 
discussed. First, the carbon balance is shown, illustrating the carbon 
distribution of each material stream relative to the overall carbon con
tained within the feed material streams. Next, the energy balance is 
presented, displaying all energy flows relative to the total energy input. 
Finally, a sensitivity analysis is elaborated with respect to the overall 
carbon efficiency toward the kerosene fraction.

3.1. Carbon efficiency

The carbon efficiency of the overall process is shown in Fig. 5. The 
subprocesses (i.e., bioconversion, catalytic hydrothermal gasification, 
and thermochemical conversion) are separated from each other by 
dashed lines and marked in the Sankey diagram (Fig. 5). The carbon feed 
primarily consists of food waste, accounting for 99.3% of the input 
carbon, with an additional 0.7% originating from the makeup extraction 
agent (decanol) used in the liquid-liquid extraction step.

During dark fermentation, liquid metabolites are produced contain
ing 70.9% of the total carbon, which is further processed in the micro
bial electrolysis cell. Within the MEC, acetic acid is consumed, yielding a 
gaseous (22.9%, mainly CO2) and a liquid intermediate-product (39.3%, 
containing propionic acid as the most abundant species). In the catalytic 
hydrothermal gasification step, all solid suspension recycling-streams 
(comprising microbial biomass and undigested food waste) are com
bined into a single feed, predominantly generating a gaseous output 
with minor carbon losses (3.1%) to the brine waste-stream.

In the subsequent aerobic fermentation, all gaseous intermediate- 
streams are merged with the liquid intermediate-stream originating in 
the microbial electrolysis cell. During this step, 50.6% of the feed carbon 
exit the system and proceeds to the purification unit, while the off-gas 
carbon mainly consists of CO2. During purification, ca. 12% of the 
total carbon leaves the system via wastewater, largely as diluted organic 
compounds. After the final distillation column, 31.4% of the total carbon 
is available as 2,3-BDO, which is fed into the thermochemical conver
sion step, while 8.2% exits as acetoin used for energy recovery in the 
furnace.

After the dehydration of 2,3-BDO, about 5% of the total carbon 
leaves the system as organic compounds (mainly methyl ethyl ketone) 
dissolved in wastewater. The remaining carbon undergoes oligomeri
zation, hydrogenation, and fractionation, resulting in an overall hy
drocarbon yield of 25.8%. 9.6% of the overall carbon feed falls within 
the kerosene boiling range.

The Sankey diagram clearly highlights the major carbon losses 
within the overall process scheme. By far the largest carbon loss, ca. 
46%, occurs as off-gas CO2 following the aerobic fermentation. The high 
carbon losses can be attributed to elemental balance constraints of the 
system. Compared with the molar composition of the intermediate- 
product 2,3-BDO (C:O = 2.0; C:H = 0.4), the food-waste feedstock ex
hibits a lower C:O ratio (ca. 1.7) and a higher C:H ratio (ca. 0.6), indi
cating an over-supply of oxygen and an under-supply of hydrogen. This 
imbalance is further intensified by the oxygen supplied during aerobic 
fermentation. The consequence is that this excess oxygen needs to be 
removed to provide the desired intermediate and final products pri
marily as CO2 and H2O; this necessity results in substantial carbon losses 
in form of CO2. Potentially, this CO2 being of biogenic origin might serve 
as a feedstock for various downstream applications, including power-to- 
kerosene pathways when combined with additional hydrogen provided 
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by an electrolysis with water and electricity from renewable sources of 
energy. But such processes are beyond the scope of this process and thus 
not investigated here.

Wastewater from purification offers recycling potential. Portions 
could be redirected to the beginning of the overall process while 
reducing fresh water demand. Reverse osmosis permeate is particularly 
promising, as organics are highly diluted, minimizing purge needs to 
prevent inhibitor build-up. However, as no recycling has been taken into 
account within the process investigated here, carbon losses in the waste 
water from the purification stage amount to ca. 12%.

The brine stream being another “waste stream” could potentially be 
valorised as a kind of fertilizer (currently under investigation), but its 
carbon content (accounting for ca. 3%) must still be accounted for as a 
conversion loss.

The modelled 2,3-BDO-to-hydrocarbon conversion exceeds 80% ef
ficiency. Major losses arise as co-products (mainly methyl ethyl ketone 
(2-butanone)) from dehydration, exiting diluted in wastewater.

Although the chemical energy contained in the process streams 
redirected to the furnace can be recovered within the process boundaries 
by converting it to thermal energy through complete oxidation (Section 
3.2), the associated carbon leaves the system in the form of CO2. This 
waste-stream accounts for ca. 9% of the total carbon output of the 
process.

The oligomerization step predominantly yields C8, C12, and C16 
olefins from the main olefin monomer in the feedstock (C4, butene) in 
descending order (C8 > C12 > C16), as lower oligomers (i.e., dimers) 
form in higher amounts than higher ones (i.e., trimers, tetramers) ac
cording to the Anderson–Schulz–Flory distribution. Consequently, to 
meet the kerosene boiling range defined within the respective ASTM 
standard, much C8 is directed to naphtha (44% of total hydrocarbons) 
and C16 to heavy hydrocarbons (19%), leaving 37% of the hydrocarbon 
carbons to the kerosene fraction (9.6% total carbon efficiency).

3.2. Energy efficiency

The energy balance can be illustrated as a Sankey diagram shown in 
Fig. 6. As in the carbon flow diagram (Fig. 5), the different process 
sections are separated by dashed lines. Each energy stream is expressed 
as a percentage relative to the total input energy consisting of the 
chemical energy of the feed streams, the electrical energy input, and the 
thermal energy input. External heat demand above 250 ◦C is supplied 
electrically, while heat below this temperature is provided by high- 
pressure steam.

The thermal energy demand is determined after internal heat inte
gration. Cooling streams available within the process and above a 
certain temperature level (i.e., the heat streams from the bioconversion 
steps at 35 ◦C were not included) are considered potential heat sources, 
with feasible heat recovery determined by the pinch analysis (see Sup
plementary information – Table S11). Only the remaining heat demand 
is externally supplied, either as steam or electricity. This distinction 
between internally recovered heat and externally supplied energy is 
illustrated in the Sankey diagram of energy flows in Fig. 6. The central 
heat integration bus combines all integrated thermal energy streams, 
while external heating duty and cooling demand are shown separately 
entering or leaving the system on the right-hand side of the heat inte
gration bus.

As in the carbon balance, the main feedstock is food waste, 
contributing with 60% of the total energy input. An additional 4.5% 
originates from auxiliary streams, including hydrogen used in the 
thermochemical process steps, make-up decanol as an extraction agent 
in the liquid-liquid extraction, and nutrients (modelled as NH3) in the 
bioprocess steps. Furthermore, 15% of the total energy input is supplied 
as electrical energy and 20.7% as thermal energy. Of the total input, 
13.8% corresponds to heat above 250 ◦C supplied by electricity from 
renewable sources of energy.

From a product perspective, the process converts 20.5% of the 
overall energy input into hydrocarbons, with the kerosene fraction 

Fig. 5. Carbon flow efficiency (cHTG Catalytic hydrothermal gasification; LLE Liquid-liquid extraction; HC Hydrocarbons).
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representing 7.6% of the total input. The largest energy loss occurs 
during the aerobic fermentation stage in the form of non-recoverable 
(low temperature) heat. Heat released within this and other biochem
ical conversion steps is not considered recoverable within the heat 
integration analysis, as it is provided at a fairly low temperature level of 
ca. 35 ◦C. Depending on ambient conditions, additional heat losses occur 
in the bioreactors; i.e., most of this heat is used only to maintain a 
constant operating temperature. The total energy output does not sum 
up to 100%, as part of the heat is utilized within the system boundaries 
for heating duties. This is due to the assumption that all incoming ma
terial streams enter at 20 ◦C and all outgoing streams leave the system at 
35 ◦C (described in the Supplementary Information).

The overall energy balance of the integrated process reveals several 
hotspots and inefficiencies that clearly influence the overall system 
performance. The pre-treatment stage is characterized by a significant 
heat demand resulting mainly from the high dilution of the feedstock 
food waste with water (i.e., ca. 0.8 wt% volatile solids [67]) assumed 
here. The resulting large input material stream consisting mainly of 
water required for feed preparation must be heated up from ambient 
temperature (assumed with 20 ◦C) to the reactor operating temperature 
(35 ◦C); this results in a considerable thermal energy input already at 
this very early process stage. Additionally, the pre-treatment and dark 
fermentation units are characterized by considerable electrical power 
requirements due to food waste size reduction and centrifugation 

operations.
The inclusion of a MEC further increases the system's electrical en

ergy demand, accounting for ca. 6.5% of the total energy input.
Significant chemical energy losses also occur in the aqueous and 

brine waste-streams, corresponding to ca. 5.1% of the overall input 
energy. These losses primarily originate from residual organic com
pounds in the brine and dissolved ammonia in the wastewater resulting 
from nitrogen conversion and ammonia formation in the catalytic hy
drothermal gasification process. Although this unit exhibits a high de
gree of internal heat recovery, its thermal energy demand remains the 
second highest in the overall conversion system. This is mainly due to 
the operation at elevated temperatures, reaching up to 420 ◦C inside the 
reactor.

During aerobic fermentation, additional chemical energy is lost via 
off-gas, mainly due to incomplete hydrogen utilization. This highlights 
the importance of a highly efficient autotrophic conversion route and a 
near-complete hydrogen conversion (further investigated in Section 
3.3.2). Combustion of the off-gas is not considered here, as a more 
promising approach involves its material reuse within the system by 
adjusting the hydrogen conversion ratio. Complete hydrogen conversion 
would result in an off-gas with a high CO2 molar purity of ca. 80% 
(Section 3.3.2), while containing only negligible amounts of combus
tible species such as CH4 from the catalytic hydrothermal gasification 
step, and thus a marginal remaining energy content.

Fig. 6. Energy flow efficiencies.

F. Mendler et al.                                                                                                                                                                                                                                Fuel Processing Technology 293 (2026) 108630 

8 



Further energy penalties arise from high-pressure operation in the 
reverse osmosis unit (up to 70 bar) and the substantial thermal load of 
the distillation network, particularly within the decanol recovery col
umn. The overall process exhibits a chemical energy loss of around 5.4% 
due to these separation steps.

In contrast, the thermochemical subprocesses demonstrate relatively 
high energetic efficiency. Roughly 72% of the input energy to this 
subsystem can be recovered as hydrocarbons, excluding the furnace 
stage.

3.3. Sensitive parameters

To assess the impact of uncertainties and evaluate the robustness of 
the results, three process steps – microbial electrolysis cell, aerobic 
fermentation, and olefin oligomerization - are investigated in detail 
based on a sensitivity analysis. These steps are selected for distinct 
reasons. 

• The electricity demand of the microbial electrolysis cell accounts for 
6.5% of the total energy demand, making it the second largest 
electricity input stream, surpassed only by the electricity required for 
high-temperature external heat supply.

• Aerobic fermentation is associated with the largest carbon losses 
within the overall process (ca. 46%) and therefore represents a key 
leverage point for improving the overall carbon efficiency.

• The oligomerization step significantly influences the chain length 
distribution of the final hydrocarbon products. As such, it directly 
determines the yield of the kerosene fraction and consequently af
fects the yields of side-products (i.e., naphtha and heavy 
hydrocarbons).

For each investigated process step, the selected parameters were 
systematically varied by up to ±100% within the simulation, and the 
model was re-run to quantify the resulting changes in carbon efficiency 
toward kerosene at each variation point. 

• For the microbial electrolysis cell, the conversion of acetic acid and 
the hydrogen recovery rate are identified as the most influential 
parameters and are therefore subjected to detailed sensitivity anal
ysis. The acetic acid conversion rate (baseline: 0.8) is varied across a 
wide range from − 100% (no conversion, acetic acid conversion rate 
equals 0) to +25% (complete conversion, acetic acid conversion rate 
equals 1.0), using increments of 10%. This range captures the full 
spectrum of potential process performance, from total failure of the 
conversion step to complete conversion. The hydrogen recovery rate, 
with a baseline value of 0.7, is adjusted from − 100% (no hydrogen 
recovery, hydrogen recovery rate of 0) to +43% (maximum theo
retical recovery, hydrogen recovery rate of 1.0). These variations, 
applied in 10% steps, illustrate the overall system's sensitivity to 
microbial electrolysis cell management.

• In the heterotrophic stage of the aerobic fermenter, parameter vari
ations focused on the intermediate-product yields of 2,3-BDO, ace
toin, and microbial biomass. Two distinct aspects are considered: 
overall microbial growth and the intermediate-product distribution 
between 2,3-BDO and acetoin at a fixed microbial growth rate. The 
latter has been analysed by the variation of the share of 2,3-BDO 
among the intermediate-products with a baseline value of 0.53. 
The maximum variation (+89%) corresponds to complete selectivity 
toward 2,3-BDO (i.e., share of 2,3-BDO 1.0), while the minimum 
(− 100%) reflects exclusive acetoin formation (i.e., share of 2,3-BDO 
0). The overall microbial growth has been investigated by adjusting 
the individual growth for each organic acid by ±100%. As all organic 
acids have an individual baseline growth rate (0.36 for acetic acid, 
0.12 for propionic acid, 0.69 for butyric acid, and 0.74 for valeric 
acid), at +100%, these growth rates were doubled (i.e., acetic acid 
0.72, propionic acid 0.24, butyric acid 1.00, valeric acid 1.00), while 

at − 100%, microbial growth was set to zero for all involved volatile 
fatty acids. In the autotrophic stage of the aerobic fermenter, the 
hydrogen consumption rate (initially set to 0.8) is varied in an 
additional sensitivity analysis from complete inhibition of the auto
trophic pathway (− 100%; i.e., no hydrogen uptake, hydrogen con
sumption 0) to full utilization reflecting the maximum autotrophic 
productivity (+25%; i.e., hydrogen consumption 1.0).

• For the oligomerization step, the influence of the chain-growth 
probability factor on the overall process performance is investi
gated alongside the impact of the C2 to C6 olefine conversion rate. In 
the baseline scenario, the chain-growth probability factor has been 
set to 0.375, corresponding to the maximum kerosene selectivity and 
is varied by ±50% (i.e., in the range of 0.188 to 0.563). The impact 
of the C2 to C6 olefine conversion rate (baseline value: 0.95) has been 
analysed by parameter variation from − 50% (corresponding to a 
conversion rate 0.475) up to complete conversion (i.e., conversion 
rate of 1.00), corresponding to an increase of ca. +5%.

The results of the sensitivity analysis are presented and discussed 
below, beginning with the microbial electrolysis cell, followed by the 
aerobic fermentation reactor, and concluding with the oligomerization 
parameters.

3.3.1. Microbial electrolysis cell
Fig. 7 (left) shows the results of the variations defined above; each 

cross represents the outcome of an individual simulation run, corre
sponding to a specific parameter variation from its baseline value. 

• The variation of the acetic acid conversion rate is depicted with blue 
crosses. The resulting kerosene efficiency with changing acetic acid 
conversion rate remains constant across all simulations, with slight 
deviations (±0.06%).

• The hydrogen recovery rate is marked using green crosses. Here, only 
a very small variation of the overall carbon efficiency toward kero
sene (i.e., 9.4% at minimum and 9.7% at maximum) can be observed, 
with a linear behaviour.

Changes in kerosene efficiency are marginal for both parameters 
analysed. The hydrogen recovery rate behaves as expected: as recovery 
decreases, losses to microbial biomass increase, thereby reducing overall 
kerosene carbon efficiency, while higher recovery improves it. Although 
being a loss to the microbial electrolysis cell, the carbon inside the mi
crobial biomass is not lost to the overall system as it can be recovered in 
the catalytic hydrothermal gasification step. This explains the flat 
gradient of the curve.

The almost constant kerosene carbon efficiency with the variation of 
the acetic acid conversion rate indicates that acetic acid removal via the 
microbial electrolysis cell (together with its associated hydrogen pro
duction) is less beneficial to the overall carbon efficiency than initially 
anticipated. Aerobic bacteria (C.nec.) are capable of converting acetic 
acid with a decent efficiency, while simultaneously generating sub
stantial hydrogen losses through the autotrophic pathway due to the 
formation of water inside the metabolic pathway. Consequently, from a 
carbon efficiency perspective, the inclusion of a microbial electrolysis 
cell in the overall process scheme appears highly questionable, as it 
delivers no identifiable improvement.

3.3.2. Aerobic fermenter
The results of the variation of key parameters in the aerobic 

fermentation are shown in Fig. 7 (right). Again, each cross represents an 
individual simulation run, with increments of 10% applied to each 
parameter. 

• The hydrogen consumption (depicted as a blue line) exhibits a linear 
positive correlation with the overall process efficiency toward 
kerosene.
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• In the heterotrophic pathway, two parameters are examined. 
The first, shown as a red line, represents the share of 2,3-BDO 

among the intermediate-products (i.e., 2,3-BDO and acetoin) and 
again follows a positive linear trend. The second heterotrophic 
parameter, shown in green, represents microbial growth and thus 
quantifies the carbon losses during aerobic fermentation.

As expected, increasing microbial growth leads to reduced overall 
process efficiency, whereas lower growth improves kerosene yield. The 
nonlinearity of this curve arises from the distinct baseline growth rates 
assigned to individual volatile fatty acids and the individual variation of 
these growth rates. Consequently, as butyric and valeric acid reach their 
maximum microbial growth rates at ca. +45% and +35%, respectively, 
the slope of the green line begins to flatten slightly.

According to Fig. 7 (right), the hydrogen consumption rate of the 
autotrophic metabolic pathway has the greatest influence on kerosene 
yield during aerobic fermentation of the parameters examined. This 
aligns with the Sankey diagram showing the carbon efficiency. Here, ca. 
36% of the carbon entering the aerobic fermentation originates from the 
liquid phase (i.e., the feedstock for the heterotrophic route) while the 
remaining 64% is supplied via the gas phase. Consequently, changes in 
the autotrophic route efficiency have a significant impact on the 2,3- 
BDO yield, which directly affects the overall kerosene productivity. 
Under conditions of complete hydrogen consumption, kerosene effi
ciency reaches 11.4%, while off-gas losses decrease from 45.6 to 36.1%. 
The resulting gas waste-stream exhibits a molar CO2 purity above 80%, 
presenting an attractive point source for biogenic CO2 recovery.

Within the heterotrophic pathway, the most significant parameter is 
the selectivity toward 2,3-BDO. Since the baseline selectivity between 
2,3-BDO and acetoin is roughly 53:47, an increase in 2,3-BDO selectivity 
substantially enhances process productivity related to the kerosene 
fraction. Acetoin, in contrast, is not utilized as feedstock for the ther
mochemical conversion step and contributes only to internal energy 
recovery within the process. At full selectivity toward 2,3-BDO, the 
overall process efficiency toward kerosene increases to 11.4%.

Microbial growth shows a comparatively smaller influence on pro
cess efficiency. This is because biomass formation does not constitute a 
complete carbon loss; its carbon content can be recovered through 
gasification and subsequently reintroduced into the autotrophic route of 
the aerobic fermentation as CO2.

3.3.3. Oligomerization
The influence of the investigated parameters in the oligomerization 

step is shown in Fig. 8. The variation of the chain-growth probability 
factor (α) is indicated in blue. In addition to the efficiency toward 
kerosene, the corresponding efficiencies for naphtha and heavy hydro
carbons (indicated by a dotted line with circular markers and a dashed 
line with square markers, respectively) are also displayed to illustrate 
the effect of the chain-growth probability on the distribution of hydro
carbon fractions. Each set of vertically aligned blue markers corresponds 
to a single simulation run, performed at a 10% parameter increment. 
The influence of the chain-growth probability factor on the kerosene 
fraction follows a parabolic trend, reaching its maximum at the baseline 
scenario. In contrast, the naphtha and heavy hydrocarbon fractions 
show decreasing and increasing trends, respectively, with rising chain- 
growth probabilities.

Additionally, the results of the sensitivity analysis of the olefin 
conversion rate are presented in red and follows an almost linear trend, 
with a relatively small slope, resulting in a carbon efficiency decrease of 
only 1.1%-points at a conversion rate of 0.475 (− 50%).

The behaviour of the overall conversion system with the variation of 
the chain-growth probability factor (α) is consistent with the expecta
tion that higher chain-growth probabilities favour the formation of 
larger olefins, thereby increasing the share of heavier hydrocarbons. 
Although kerosene is not the most dominant fraction at its maximum, it 
remains optimal at a chain-growth probability of 0.375. Notably, at a 
chain-growth probability value between 0.45 and 0.5, the kerosene 
fraction becomes the most abundant, but since this point does not 
coincide with the peak of the curve, it is not considered the preferred 
operating condition. Due to the parabolic nature of the kerosene curve, 
variations of the chain-growth probability within ±20% have only a 
minor effect on kerosene efficiency, resulting in a decrease of ca. 0.2% 
kerosene efficiency.

The oligomerization rate behaves as expected; with a higher con
version rate of the feed olefins (C2 to C6), more kerosene is produced, 
and vice versa. The relatively small slope of the linear trend can be 
explained by the recycling of unconverted olefins. However, since the 
purge rate of the recycle-stream is fixed at 10%, lower conversion rates 
result in a larger total recycle flow, which in turn increases the stream 
directed from the oligomerization step to thermal energy recovery in the 
furnace.

Fig. 7. Sensitivity analysis of the microbial electrolysis cell parameters (left side) and the aerobic fermentation parameters (right side; int. prod.: intermedi
ate products).

F. Mendler et al.                                                                                                                                                                                                                                Fuel Processing Technology 293 (2026) 108630 

10 



3.4. Final process assessment and perspectives

Achieving the climate targets of the aviation sector requires large- 
scale production and usage of sustainable aviation fuels as an essential 
step toward net-zero greenhouse gas emissions. However, the currently 
dominant SAF production route HEFA faces limited scalability due to 
considerable constraints related to the demanded lipid-based feedstock 
(vegetable oil and used cooking oils). This highlights the need to explore 
alternative, feedstock-diverse production pathways. The present anal
ysis focuses on carbon and energy efficiency as key performance in
dicators to evaluate the potential of the proposed SAF production 
pathway and to identify opportunities for further improvement. For 
context, carbon efficiencies of other biomass based SAF production 
pathways (an alcohol-to-jet study and a gasification-based Fischer- 
Tropsch (FT) study) are briefly summarized, while noting that a direct 
comparison with the food-waste-to-2,3-BDO-to-jet-fuel pathway is not 
meaningful at this stage due to fundamental differences in system 
boundaries and assumptions. 

• Alcohol-to-jet. A recent study investigated two pathways using corn 
stover as the main carbon source: (1) ethanol fermentation followed 
by an alcohol-to-jet conversion, and (2) anaerobic digestion, fol
lowed by a methanol synthesis and a methanol-to-jet route. The re
ported carbon efficiencies to kerosene lie between 19% and 23%. A 
direct comparison is questionable because primary feedstock is corn 
stover rather than food waste, and the digestate that is not utilized 
within the system boundaries except for heat integration in some 
scenarios [82].

• Fischer-Tropsch: A forest-residue-to-Fischer-Tropsch-liquid study 
reports carbon efficiencies of 34–61% toward hydrocarbons higher 
than C5, highly depending on the process configuration and, in 
particular, on the inclusion of electrolysis and thus non biomass 
derived hydrogen. Comparability to the present process is highly 
limited: dry forest-residue chips were the primary biomass, and 
depending on the scenario, either no CO2 and no additional 
hydrogen were considered, or CO2 was recycled and additional 
hydrogen was supplied via electrolysis to adjust the H2/CO2 ratio. In 
contrast, the here investigated concept introduces hydrogen only in 

the thermochemical conversion subprocess. Additional differences 
arise as in the FT-process no heat integration is performed and all 
alkanes with a carbon number higher than C5 are viewed as products 
[83].

Energy efficiencies are not compared because of even more funda
mental methodological differences, such as the use of lower heating 
value versus higher heating value as basis for calculation and different 
heat integration assumptions. As illustrated, any direct numerical 
comparison of carbon and energy efficiencies across pathways is highly 
sensitive to methodological choices and may be misleading unless con
ducted on the basis of fully harmonized assumptions and system 
boundaries.

The current study was therefore designed to assess the proposed 
pathway, highlighting achievable conversion efficiencies while simul
taneously identifying routes for further improvement, and thereby 
forming the basis for a subsequent analysis. A key finding is that the 
anticipated improvements in carbon yield through the introduction of a 
microbial electrolysis cell were not achieved. By simulating a wide range 
of different MEC productivity scenarios, including complete MEC failure 
(no acetic acid conversion, i.e., a simulation run without any MEC 
conversion), the results indicate that the MEC inclusion is unnecessary, 
as same kerosene yields can be achieved without it. This has a direct 
impact on the economic analysis, as the process becomes less complex, 
requiring less equipment while simultaneously reducing electricity de
mand (6.5% of the overall input energy is consumed by the MEC), 
thereby directly lowering utility costs. Given that the MEC does not 
improve carbon yields and that the process configuration can be 
simplified accordingly, the next critical question concerns the feasibility 
of the streamlined process at pilot and industrial scale.

Challenges are expected when scaling up the reactors to the di
mensions considered for the pilot and, subsequently, a large-scale plant 
operating in long-term continuous mode, which may significantly affect 
the overall economic feasibility. Particular attention must be paid to 
membrane fouling control in the filtration stages downstream of the 
bioreactors as well as in the reverse osmosis unit. In addition, catalyst 
lifetime studies are required to enable a robust assessment of catalyst 
replacement demands over the plant lifetime. These scale-up and 

Fig. 8. Sensitivity analysis of oligomerization parameters (HC: hydrocarbon).
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durability aspects should be explicitly addressed in a subsequent eco
nomic analysis, in which appropriate metrics are applied to capture 
uncertainties in component lifetimes and associated replacement costs.

4. Conclusion

The present study conducts a technical assessment of a novel SAF 
production pathway using food waste as the primary feedstock, 2,3- 
butanediol (2,3-BDO) as a key intermediate-product, and integrates 
biogenic as well as thermochemical conversion processes, providing a 
quantitative basis for further process development. Based on the meth
odological framework, the main results of the analysis can be summa
rized as follows. 

• Carbon efficiency. The carbon efficiency analysis revealed the con
version of the feed carbon through multiple process stages, with 
major losses occurring mainly as gaseous CO2 and diluted organic 
compounds in wastewater. Starting from food waste as the dominant 
carbon source, the biochemical conversion steps, supported by the 
catalytic hydrothermal gasification unit, converted ca. 50% of the 
input carbon into intermediate liquid products, with 2,3-BDO as the 
main compound and acetoin as main co-product, which is used for 
energy recovery. After the purification of the 2,3-BDO produced, 
roughly 31% of the total carbon were transferred to the thermo
chemical conversion section in the form of purified 2,3-BDO. Despite 
partial losses in subsequent thermochemical conversion and purifi
cation steps, the integrated process achieved an overall hydrocarbon 
yield of about 25%, of which about 10% falls within the kerosene 
boiling range.

• Energy efficiency. The energy balance evaluation illustrated the 
distribution of the total input across the process steps, revealing that 
the most significant energy losses occur during the biochemical 
conversion stages. Starting from food waste as the main energy 
carrier, supported by auxiliary inputs such as electricity, hydrogen, 
and thermal energy, ca. 20% of the total input energy is recovered as 
hydrocarbons, with about 8% corresponding to the kerosene frac
tion. The largest irrecoverable losses are associated with aerobic 
fermentation, where low temperature heat is dissipated and cannot 
be utilized for process integration. Chemical energy losses are pri
marily associated with hydrogen losses during the aerobic fermen
tation stage, amounting to about 11%, as well as with compounds 
diluted in the wastewater streams, which accounts for roughly 14% 
throughout the entire process.

Based on a sensitivity analysis, key parameters for potential process 
improvement are identified. The use of a microbial electrolysis cell does 
not appear to contribute positively to the overall carbon conversion 
efficiency and is associated with a high electrical energy demand 
reducing the overall energy efficiency. Therefore, the use of a microbial 
electrolysis cell should be excluded from further process optimization 
studies. The autotrophic stage has been identified as the main leverage 
point for improving carbon efficiency. With a maximum hydrogen 
conversion rate, the carbon efficiency toward the kerosene fraction 
could be increased by up to 2%-points. In contrast, a reduction in 
hydrogen conversion efficiency would have a major impact, potentially 
decreasing the kerosene fraction to below 3% in the most extreme case.

Additionally, the results for energy efficiency clearly reveal the high 
thermal energy demand of the pre-treatment stage. Therefore, the dark 
fermentation step should be further investigated with regard to reducing 
the water demand and, consequently, the dilution of the food waste used 
as a feedstock. Lower water content would reduce the overall energetic 
burden and allow for smaller reactor volumes, which is particularly 
relevant when considering the economic feasibility of the process.

In future studies, a focus should additionally be placed on imple
menting improvement measures and on exploring potential utilization 
options of co-products such as acetoin and CO2. The use of acetoin as an 

additional feedstock for the dehydration stage within the thermo
chemical conversion sequence, or its direct conversion into hydrocarbon 
fractions within the jet-fuel range, could offer promising carbon yield 
improvement options. Furthermore, purification and reuse of CO2 as a 
feedstock in power-to-liquid applications may represent an interesting 
option for enhancing overall carbon utilization. Finally, a comparison 
with alternative bio-thermochemical conversion routes should be car
ried out under consistent system boundary conditions to identify the 
most effective strategy for valorising food waste, a currently abundant 
yet underutilized biogenic resource.

CRediT authorship contribution statement

Felix Mendler: Writing – original draft, Software, Methodology, 
Investigation, Formal analysis, Conceptualization. Steffen Voß: Vali
dation, Software, Methodology. Martin Kaltschmitt: Writing – review 
& editing, Supervision, Conceptualization.

Declaration of generative AI and AI-assisted technologies in the 
writing process

During the preparation of this work, the authors used Perplexity AI 
and OpenAI's ChatGPT in order to improve the readability and language 
clarity of the manuscript. After using these tools, the authors reviewed 
and edited the content as needed and take full responsibility for the 
content of the published article.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgment

The authors acknowledge the financial support of BIOCTANE Project 
with Grant N◦ 101084336. Funded by the European Union. Views and 
opinions expressed are however those of the author(s) only and do not 
necessarily reflect those of the European Union or the European Climate, 
Infrastructure and Environment Agency (CINEA). Neither the European 
Union nor CINEA can be held responsible for them.

The authors gratefully acknowledge INRAE LBE, Narbonne, France 
for hosting F. Mendler for a one-week research visit and for numerous 
valuable discussions that supported this work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fuproc.2026.108630.

Data availability

Data will be made available on request.

References

[1] Ipcc, Global Warming of 1.5 ◦C: IPCC Special Report on Impacts of Global Warming 
of 1.5 ◦C above Pre-Industrial Levels in Context of Strengthening Response to 
Climate Change, Sustainable Development, and Efforts to Eradicate Poverty, 1st ed, 
Cambridge University Press, 2022, https://doi.org/10.1017/9781009157940.

[2] E. Graham, N. Fulghum, Global Electricity Review 2025, Ember, London, 2025.
[3] Defossilising Aviation With e-SAF – An Introduction to Technologies, Policies, and 

Markets for Sustainable Aviation Fuels, Agora Verkehrswende and PtX Hub, 2024.
[4] O. Rosales Calderon, L. Tao, Z. Abdullah, K. Moriarty, S. Smolinski, A. Milbrandt, et 

al., Sustainable Aviation Fuel (SAF) State-of-Industry Report: State of SAF 
Production Process, 2024, https://doi.org/10.2172/2426562.

[5] Specification for Aviation Turbine Fuel Containing Synthesized Hydrocarbons, 
ASTM International, West Conshohocken, PA, 2021, https://doi.org/10.1520/ 
D7566-21.

F. Mendler et al.                                                                                                                                                                                                                                Fuel Processing Technology 293 (2026) 108630 

12 

https://doi.org/10.1016/j.fuproc.2026.108630
https://doi.org/10.1016/j.fuproc.2026.108630
https://doi.org/10.1017/9781009157940
http://refhub.elsevier.com/S0378-3820(26)00237-7/rf0010
http://refhub.elsevier.com/S0378-3820(26)00237-7/rf0015
http://refhub.elsevier.com/S0378-3820(26)00237-7/rf0015
https://doi.org/10.2172/2426562
https://doi.org/10.1520/D7566-21
https://doi.org/10.1520/D7566-21


[6] Global Feedstock Assessment for SAF Production - Outlook to 2050, IATA, 2025.
[7] Publications Office of the European Union, RefuelEU Aviation – Sustainable Air 

Transport, 2024.
[8] S. Scherhaufer, G. Moates, H. Hartikainen, K. Waldron, G. Obersteiner, 

Environmental impacts of food waste in Europe, Waste Manag. 77 (2018) 98–113, 
https://doi.org/10.1016/j.wasman.2018.04.038.

[9] Eurostat, Food Waste and Food Waste Prevention by NACE Rev. 2 Activity - Tonnes 
of Fresh Mass, 2024, https://doi.org/10.2908/ENV_WASFW.

[10] S.P. Adhikari, J. Zhang, Q. Guo, K.A. Unocic, L. Tao, Z. Li, A hybrid pathway to 
biojet fuel via 2,3-butanediol, Sustainable Energy Fuels 4 (2020) 3904–3914, 
https://doi.org/10.1039/D0SE00480D.

[11] C.W. Song, J.M. Park, S.C. Chung, S.Y. Lee, H. Song, Microbial production of 2,3- 
butanediol for industrial applications, J. Ind. Microbiol. Biotechnol. 46 (2019) 
1583–1601, https://doi.org/10.1007/s10295-019-02231-0.
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