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ABSTRACT 
Sustainable aviation fuel (SAF) is a key pathway for mitigating greenhouse gas emissions in avia-
tion, yet its large-scale deployment is constrained by high energy demand and production costs. 
Among available conversion routes, the hydroprocessed esters and fatty acids (HEFA) pathway is 
the most commercially mature, but it requires substantial hydrogen input and high-temperature 
heat, affecting both economic and environmental performance. This study presents a decision-
support framework for SAF production via integrated biorefineries, using rapeseed oil extraction 
coupled with HEFA conversion as a case study. Detailed process simulations are combined with 
energy integration and mixed-integer linear programming optimization to enable system-level 
analysis. Material integration strategies include internal hydrogen generation via glycerol steam 
reforming and valorization of rapeseed meal through gasification for syngas production. Heat in-
tegration considers cross-process heat recovery and the application of high-temperature heat 
pumps to reduce external energy demand. The results demonstrate that coordinated optimization 
of heat and material flows significantly improves energy efficiency and reduces reliance on fossil 
utilities. The framework provides a practical tool for identifying economically and environmentally 
robust SAF production pathways by integrating feedstock conversion, co-product utilization, and 
utility optimization. These findings support strategic decision-making for next-generation biore-
fineries and strengthen circular economy principles in sustainable aviation fuel production. 

Keywords: Sustainable Aviation Fuel (SAF), HEFA, Biorefinery, Process Integration, MILP Optimization

INTRODUCTION 
 The aviation sector plays a critical role in enabling 

economic development and global connectivity, yet it is 
also a significant contributor to climate change [1]. While 
aviation accounts for approximately 2.5% of global car-
bon dioxide emissions, its contribution to total radiative 
forcing is estimated to be closer to 4% due to the altitude 
at which emissions are released [2]. Decarbonizing avia-
tion is therefore both urgent and particularly challenging, 
given the sector’s reliance on high-energy-density liquid 
fuels, stringent fuel specifications, and long aircraft life-
times. 

Sustainable Aviation Fuel (SAF) is widely recognized 
as the most viable near- to mid-term solution for reduc-
ing aviation emissions. SAFs are drop-in fuels with 

physicochemical properties similar to conventional jet 
fuel, allowing the use of existing aircraft fleets and fuel 
infrastructure. In contrast, non-drop-in alternatives such 
as hydrogen would require entirely new aircraft designs 
and energy supply chains [3]. Despite this, large-scale 
SAF deployment  
remains constrained by high production costs, significant 
fossil energy consumption, and limitations associated 
with feedstock availability and logistics. 

Current SAF studies are typically focused on fuel 
yield and product quality, while energy and utility sys-
tems are often neglected. As a result, SAF pathways of-
ten exhibit high demands for steam, electricity, and hy-
drogen, frequently supplied by fossil-based utilities, un-
dermining both economic competitiveness and environ-
mental performance.  
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 Among the available SAF pathways, Hydropro-
cessing of Esters and Fatty Acids (HEFA) is the most ma-
ture and commercially deployed technology, accounting 
for more than 99% of current global SAF production from 
lipid-based biomass [4]. In the HEFA process, acylglyc-
erols and free fatty acids are upgraded into drop-in hy-
drocarbons suitable for jet fuel applications. Triglycer-
ides, which constitute the dominant fraction of lipid-
based feedstocks, require extensive upgrading involving 
deoxygenation and saturation reactions. Oxygen removal 
proceeds through hydrodeoxygenation, decarbonylation, 
and decarboxylation pathways, yielding linear hydrocar-
bons typically in the C8–C18 carbon range [5]. Subse-
quent hydrocracking and isomerization steps are re-
quired to meet jet fuel cold-flow specifications, followed 
by product separation into jet fuel and co-products such 
as diesel, naphtha, and propane. 

Hydrogen availability is a critical determinant of 
both the yield and carbon efficiency of the HEFA process. 
Higher hydrogen addition promotes hydrodeoxygenation 
and improves carbon retention by reducing CO and CO₂ 
formation, but it also substantially increases hydrogen 
demand. Consequently, the environmental benefits of 
HEFA-based SAF are strongly dependent on the hydro-
gen source. The use of fossil-derived hydrogen signifi-
cantly limits achievable greenhouse gas reductions, par-
ticularly given the scale of hydrogen consumption re-
quired for jet fuel production. While on-site hydrogen 
production via water electrolysis is a potential solution, it 
is associated with high capital costs and challenges re-
lated to the intermittency of renewable electricity supply. 
An alternative approach involves producing hydrogen 
from biomass-derived intermediates, such as glycerol 
generated during triglyceride hydrolysis, enabling partial 
internal hydrogen supply and improved process integra-
tion [6–7]. 

Waste cooking oil (WCO) and animal fats are often 
considered preferred HEFA feedstocks due to their low 
associated life-cycle emissions and classification as 
waste-derived resources. However, large-scale deploy-
ment is constrained by limited and geographically dis-
persed supply, collection logistics, and variability in feed-
stock quality. As a result, waste-derived lipids alone are 
insufficient to meet projected SAF demand, particularly in 
Europe. To ensure stable and continuous SAF production, 
vegetable oils can therefore serve as complementary 
feedstocks when waste lipid supply is insufficient, as the 
generic triglyceride to jetfuel conversion pathway re-
mains applicable with comparatively less feedstock pre-
treatment requirements. 

Rapeseed is the most widely cultivated oilseed crop 
in Europe, driven primarily by demand for rapeseed oil 
[8], and benefits from an established agricultural and 
processing infrastructure. Rapeseed oil extraction also 
generates rapeseed meal as a major co-product [9]. Due 

to the presence of anti-nutritional compounds, rapeseed 
meal is currently utilized primarily as animal feed and is 
not suitable for direct human consumption [8, 10]. While 
this co-product is traditionally treated as a low-value out-
put in fuel-oriented system assessments, it represents a 
significant source of biogenic carbon and energy.  

Integrating rapeseed oil extraction with downstream 
HEFA upgrading enables a biorefinery configuration in 
which both the primary product and co-products are 
considered explicitly within a unified energy and material 
system. Such integration creates additional degrees of 
freedom for process and utility optimization that are not 
accessible in stand-alone fuel conversion pathways. In 
particular, coupling feedstock processing, fuel upgrad-
ing, and internal hydrogen generation allows systematic 
assessment of co-product utilization and waste heat re-
covery within a single modeling framework. 

Accordingly, this study develops detailed ASPEN 
Plus process models for both HEFA-based SAF produc-
tion and rapeseed oil extraction to enable consistent 
evaluation of mass and energy flows, utility requirements, 
and integration opportunities across the full value chain. 
The integrated modeling framework provides the basis 
for systematic analysis of heat integration, hydrogen 
sourcing strategies, and co-product valorization path-
ways, with the objective of improving overall energy effi-
ciency, reducing dependence on fossil-based utilities, 
and enhancing carbon utilization within SAF production 
systems. 

METHODOLOGY 
This study adopts a system-level approach to eval-

uate an integrated biorefinery configuration for sustaina-
ble aviation fuel (SAF) production. The methodology is 
structured to first describe the individual process models 
and subsequently assess their integration at the energy 
and material level within a unified biorefinery framework. 

Jet fuel production process model 
An ASPEN Plus process model of the HEFA-based 

jet fuel production pathway was developed to evaluate 
mass and energy flows, hydrogen demand, and product 
yields. The model includes triglyceride hydrolysis, hydro-
gen production via glycerol steam reforming, hydrotreat-
ing, hydrocracking and isomerization, and final product 
separation. 

Triglyceride hydrolysis was modeled to produce 
free fatty acids and glycerol. Reaction parameters were 
adapted from Iliuta et al. [11]. Figure 1 illustrates the AS-
PEN Plus flowsheet of the triglyceride hydrolysis section, 
including pressure reduction, power recovery, and phase 
separation into free fatty acids and glycerol. The hydrol-
ysis product stream was expanded from 50 bar to 20 bar 
and subsequently to 1 bar. Power recovery from flashed 



 

Baibhav et al. / LAPSE:2026.0227 Syst Control Trans 5:205-214 (2026) 207  

water vapor at 20 bar was modeled using a two-stage 
turbine. Gravity-based separation of free fatty acids and 
glycerol was represented using decanter units, following 
an approach similar to biodiesel process models in Bai-
bhav et al. [12]. 

The separated glycerol stream was sent to steam 
reforming for hydrogen production. Glycerol steam re-
forming was modeled using kinetic parameters obtained 
from Cheng et al. [13]. Figure 2 presents the ASPEN Plus 
model of the glycerol steam reforming section and the 
gas separation units. Downstream gas separation units 
were included to produce high-purity hydrogen suitable 
for use in subsequent upgrading reactions. The hydrogen 
produced via this pathway was supplied internally to the 
HEFA upgrading section. 

 Hydrotreating reactions were modeled considering 
the simultaneous occurrence of hydrodeoxygenation, 
decarbonylation, and decarboxylation pathways. These 
reactions convert saturated fatty acids into alkanes while 
producing water, carbon monoxide, or carbon dioxide, 
depending on the dominant pathway. The coexistence of 
these reactions reflects realistic operating conditions and 
catalyst behavior. 
 Hydrocracking and isomerization were modeled us-
ing RStoic reactors operating at 250 °C and 30 bar, with 
conversion levels and product yields adopted from Elias 
et al. [14]. Final product separation was performed using 
distillation columns, yielding propane, naphtha, diesel, 
and jet fuel fractions. The resulting jet fuel stream, along 
with co-products, was assessed in terms of mass and 

 
Figure 1. Process flowsheet of the triglyceride hydrolysis section, illustrating the production of free fatty acids and 
glycerol, pressure reduction stages, power recovery from flashed water vapor, and gravity-based phase 
separation. 

 
Figure 2. Process flowsheet of the glycerol steam reforming and downstream gas separation units used to produce hydrogen 
for deoxygenation, ismoerization and cracking steps. 
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energy balances, providing the basis for subsequent pro-
cess integration and system-level evaluation. 

Rapeseed oil production process model 
Rapeseed oil production was modeled as an upstream 
unit operation to supply the lipid feedstock to the HEFA-
based jetfuel production process. Unlike soybean oil ex-
traction, which relies exclusively on solvent extraction, 
rapeseed oil production combines mechanical pressing 
and solvent-based extraction due to the higher oil con-
tent of rapeseed (approximately 40% w/w, compared to 
~20% w/w for soybeans). A soybean crushing and oil ex-
traction process previously developed in ASPEN Plus by 
Granjo et al. [15] was adapted in this study using rape-
seed-specific operating conditions and parameters 

reported by Carré Patrick [16]. 
 Figure 3a shows the process flow diagram of the 
rapeseed oil production system modeled in ASPEN Plus 
in this study. Rapeseeds are first cleaned to remove im-
purities and are then preheated to approximately 60 °C 
prior to flaking. The flaked seeds are subsequently con-
ditioned at around 100 °C to reduce moisture content and 
improve oil release and are then fed to a mechanical 
press for primary oil extraction. Approximately 70% of the 
total oil content is recovered at this stage, while the re-
maining solid fraction (press cake) is directed to a solvent 
extraction unit for further oil recovery. 
 Hexane, the most widely used industrial solvent for 
oil extraction [9], is employed in this model to extract the 
remaining oil from the press cake. The solvent flow rate 

 
Figure 3. Process flow diagrams of the rapeseed preparation and oil extraction process. (a) Rapeseed preparation, 
crushing, and extraction process along with meal desolventization steps. 
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corresponds to approximately 55% (w/w) of the incoming 
seed flow. In the extractor, hexane recovers the remain-
ing 30% of the oil content and exits the unit via three out-
let streams: extracted rapeseed cake, miscella (hexane–
oil mixture), and exhaust air. In addition to miscella distil-
lation, hexane is also recovered from the solid cake and 
exhaust air streams and recycled within the system. 
Overall, more than 99.9% of the added hexane is recov-
ered [16-17], resulting in negligible solvent losses and 
limited contribution to operating costs and emissions. 

Figure 3b presents the miscella distillation and hex-
ane recovery section of the process. The miscella is 
treated through a two-stage evaporation system fol-
lowed by a stripper, where direct steam injection is used 
to remove residual hexane. The crude oil is subsequently 
dried to remove moisture introduced during the stripping 
step and is sent for the refining process. The exhaust air 

from the extraction process is treated via a mineral oil ab-
sorption system to ensure hexane emissions remain be-
low environmental regulatory limits [18]. Efficient absorp-
tion requires cooling the gas stream to approximately 20 
°C, which is represented in the model by a refrigeration 
cycle producing chilled water. Absorbed hexane is recov-
ered by direct steam injection into the heated mineral oil 
and recycled back to the extraction unit. 

The solid press cake leaving the extractor, which is 
saturated with hexane, is sent to the desolventization–
toasting–drying–cooling (DTDC) section to produce hex-
ane-free rapeseed meal suitable for animal feed. The 
desolventization and toasting steps involve heating the 
meal to approximately 100 °C with direct steam injection, 
resulting in a DT exhaust stream containing hexane and 
water vapor. This exhaust is combined with extractor ex-
haust vapors and routed to the hexane recovery system. 

 
Figure 3 Continued. Process flow diagrams of the rapeseed preparation and oil extraction process. (b) Miscella 
distillation and hexane condensation along with mineral oil absorption steps. 
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Due to steam injection, the meal exiting the DT unit has a 
high moisture content. It therefore undergoes drying us-
ing hot air at approximately 105 °C, followed by cooling 
to around 40 °C using ambient air. 

All recovered hexane streams were condensed and 
sent to a gravity–based hexane–water separation unit, 
with the recycled solvent returned to the extractor and 
the separated water directed to wastewater treatment. 
The extracted rapeseed oil undergoes subsequent refin-
ing, while rapeseed meal, produced as a major co-

product, was explicitly considered within the integrated 
biorefinery framework for further valorization. 

Process integration and biorefinery 
The mass and heat streams obtained from the AS-

PEN Plus process models were exported to OSMOSE, a 
system-level optimization platform developed at IPESE, 
EPFL [19–20], to evaluate energy integration and utility 
system design. Heat integration was first performed sep-
arately for the HEFA-based jet fuel production process 

 
Figure 4. Grand composite curves of the jetfuel production and oil extraction process. (a, top) HEFA-based jet fuel 
production process (1 t h⁻¹ capacity) with glycerol reforming for hydrogen production. Process pinch point 
temperature of 389 °C shows waste heat recovery potential. (b, bottom) Rapeseed oil extraction process (7.5 t h⁻¹ 
crushing capacity) with a low-temperature pinch point at 50 °C. 
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and the rapeseed oil extraction process, and subse-
quently for the c ombined biorefinery configuration to as-
sess potential symbiotic benefits. 

The integration framework includes energy conver-
sion technologies such as boilers, cooling water systems, 
refrigeration cycles, and heat pumps. A mixed-integer 
linear programming (MILP) formulation was implemented 
to determine the optimal utility configuration and operat-
ing strategy that minimizes total annualized system cost, 
accounting for both capital and operational expenditures 
while satisfying process integration constraints. Environ-
mental constraints were incorporated to evaluate decar-
bonization pathways, including Scope 1 emissions asso-
ciated with biogenic CO₂ release and natural gas con-
sumption for process heating, as well as Scope 2 emis-
sions linked to electricity use. In addition to heat integra-
tion, material integration between subsystems was eval-
uated, with emphasis on internally generated hydrogen 
and the valorization of rapeseed meal. Hydrogen pro-
duced via glycerol steam reforming was directly supplied 
to the HEFA upgrading section, reducing external hydro-
gen requirements. Rapeseed meal was assessed as an 
alternative energy and carbon carrier through steam gas-
ification, and its use for syngas production was compared 
against its conventional use as animal feed. 

The gasification process was modeled in ASPEN 
Plus as a sequence of drying, pyrolysis, reduction, and 
combustion reactions, following the methodology re-
ported by Florez et al. [21]. The proximate composition of 

rapeseed meal was assumed to be 5.7% moisture, 13.5% 
fixed carbon, 74% volatile matter, and 6.8% ash, con-
sistent with literature values [22–23]. Mass yields in the 
pyrolysis step and the resulting syngas composition were 
calculated using empirical correlations derived from the 
referenced model [21], providing the basis for integration 
within the overall biorefinery configuration. The resulting 
optimization framework enables a systematic assess-
ment of cost–emission trade-offs while simultaneously 
evaluating heat and material integration options, allowing 
identification of biorefinery configurations that enhance 
energy efficiency, reduce external resource dependence, 
and improve carbon utilization within the SAF production 
system. 

RESULTS AND DISCUSSION 
The described modeling framework was applied to 

evaluate the energetic performance of the rapeseed-
based HEFA biorefinery. The analysis assumes a produc-
tion capacity of 1 ton per hour of jet fuel and a rapeseed 
crushing capacity of 7.5 tons per hour for oil extraction. 
Results are presented sequentially, beginning with the in-
dividual subsystems, followed by their integration. 

Stand-alone process energy analysis 
The grand composite curves (GCC) of the HEFA and 

rapeseed oil extraction processes are shown in Figure 4. 
The HEFA process (Figure 4a) has minimum heating 

 
Figure 5. Integrated composite curve of the combined HEFA and rapeseed oil extraction processes. Thermal 
coupling between subsystems results in approximately 89% reduction in external heating requirement compared 
to stand-alone production.  
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requirements of 677 kWh for 1 ton of jetfuel production. 
Glycerol steam reforming, operating at 827 °C, supplies 
the hydrogen required for deoxygenation, isomerization, 
and hydrocracking. Recycling the diesel fraction from the 
distillation column back to the hydrocracking reactor in-
creases overall jet fuel yield to 73%, corresponding to ap-
proximately 1.37 t h⁻¹ of biomass feedstock conversion. 
The pinch point temperature of 389 °C reflects the exter-
nal heating requirements at elevated temperature levels 
with significant thermal demand primarily driven by re-
forming reactions and the distillation columns.  

In contrast, the rapeseed oil extraction process 
shows a pinch point at 50 °C (Figure 4b). At a crushing 
capacity of 7.5 t h⁻¹, the process exhibits the same mini-
mum heating requirement of 677 kW as the HEFA sub-
system. This operation yields 2.2 t h⁻¹ of press oil, 0.9 t 
h⁻¹ of hexane-extracted oil, and 4 t h⁻¹ of rapeseed meal 
as a co-product. The dominant heat duties arise from 
seed conditioning, hexane recovery, and steam genera-
tion at 120 °C for direct injection. 

The observed temperature-level mismatch between 
the two subsystems suggests strong potential for ther-
mal symbiosis, with high-temperature waste heat from 
the HEFA process potentially satisfying heating require-
ments of the extraction section. 

Heat Integration of the Combined Biorefinery 
Figure 5 shows the integrated composite curve of 

the combined jetfuel and oil extraction process. In this 

configuration, a natural gas furnace and cooling tower 
satisfy the residual external heating and cooling demands 
after internal heat recovery. A chilled-water-based re-
frigeration cycle is required to meet sub-ambient cooling 
demands associated with the mineral oil absorption pro-
cess in the extraction section. The optimized furnace ca-
pacity is 746 kW, corresponding to an approximately 89% 
reduction in external heating demand compared to 
stand-alone operation of the rapeseed oil extraction pro-
cess. The reduction in fossil-based heating demand di-
rectly lowers operational energy requirements and con-
tributes to improved economic and environmental perfor-
mance of the integrated HEFA biorefinery. 

To further reduce external utility demand, integra-
tion with rapeseed meal gasification was evaluated. Fig-
ure 6 shows the integrated composite curve with the 
gasification subsystem included in the biorefinery config-
uration. The results indicate that only 6.2% of the availa-
ble rapeseed meal must be converted to syngas to fully 
satisfy the remaining process heating demand. A two-
stage heat pump upgrades low-temperature heat and 
generates steam at 120 °C required for the gasification 
process. Under this configuration, the biorefinery 
achieves full thermal self-sufficiency while preserving 
the majority of rapeseed meal for its conventional market 
application as animal feed. The combined heat and ma-
terial integration strategy, therefore, eliminates fossil-
based heating requirements and significantly improves 
the overall energy autonomy of the HEFA-based jet fuel 

 
Figure 6. Integrated composite curve of the biorefinery configuration including HEFA production, rapeseed oil 
extraction, and rapeseed meal gasification. Conversion of 6.2% of the available rapeseed meal to syngas enables 
full thermal self-sufficiency of the integrated system.  
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production system. Such system-level integration is 
therefore critical for enhancing the competitiveness of 
sustainable aviation fuel production pathways. 

Outlook and Extended Integration 
Opportunities 

Beyond the discussed configurations, additional 
valorization pathways may further enhance system cir-
cularity and resource efficiency. Rapeseed straw, be-
cause of its relatively high calorific value [17], could be 
considered for direct combustion or co-combustion with 
other biomass resources to provide supplementary ther-
mal energy. In addition, ash produced from the rapeseed 
meal gasification process, which is rich in phosphorus 
and contains significant quantities of potassium, calcium, 
and magnesium [23], presents potential for agricultural 
reuse as fertilizer. The application of biochar and nutri-
ent-rich ash to rapeseed cultivation could strengthen the 
circular-economy framework of the HEFA-based jet fuel 
production system.  

Since only a small fraction of rapeseed meal is re-
quired to achieve thermal self-sufficiency, the remaining 
high-temperature heat from syngas combustion could be 
further utilized for power generation through a Rankine 
cycle, potentially covering a significant share of the 
plant’s electricity demand. Future work may also explore 
the integration of Power-to-Liquid (PtL) pathways for the 
utilization of biogenic CO₂ streams originating from the 
HEFA decarboxylation process. Potential strategies in-
clude seasonal or underground CO₂ storage in salt cav-
erns [24], coupled with electrolysis-based hydrogen pro-
duction during periods of excess renewable electricity. 
Such extensions could further enhance carbon efficiency 
and address the current limitations in the broader adop-
tion of sustainable aviation fuels.  

CONCLUSION 
This study presented a system-level evaluation of 

an integrated rapeseed-based biorefinery for sustainable 
aviation fuel production via the HEFA pathway. Stand-
alone analysis of the individual subsystems revealed 
complementary thermal characteristics, with the HEFA 
process exhibiting a high pinch point temperature and the 
rapeseed oil extraction process showing a low-tempera-
ture pinch. This facilitated substantial cross-process heat 
recovery when the systems were integrated. Coupling 
the HEFA and oil extraction processes reduced external 
heating demand by up to 89% compared to operating the 
processes independently. Further integration through 
rapeseed meal gasification demonstrated that only a 
small fraction of the available biomass byproduct needs 
to be valorized to achieve thermal self-sufficiency of the 
combined biorefinery. Also, internally generated hydro-
gen from glycerol steam reforming reduced reliance on 

external hydrogen supply, enhancing overall resource ef-
ficiency. 

These findings underscore the importance of simul-
taneously evaluating heat and material integration within 
a unified optimization framework. By leveraging inter-
process symbiosis and flexible biomass allocation, the 
proposed configuration substantially lowers fossil utility 
dependence while maintaining co-product valorization 
pathways. System-level integration strategies of this 
kind are essential for improving the economic and envi-
ronmental performance of sustainable aviation fuel pro-
duction and for enabling its broader, large-scale deploy-
ment. 
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