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RESUMEN 

La integración económica, tecnológica, política, social y cultural a nivel mundial incide 

directamente en la demanda energética, la dependencia de los combustibles fósiles y el cambio 

climático. En este sentido, la industria de transporte aéreo es una piedra angular de la 

globalización, proyectando duplicar sus operaciones antes de 2040. Por lo tanto, la investigación 

en fuentes de energía sostenible es imperativa. Se espera que el combustible biojet desempeñe un 

papel importante en la transición energética hacia un futuro con bajas emisiones de carbono. Éste 

ha demostrado su idoneidad para ser mezclado con el combustible de aviación derivado del 

petróleo. Sin embargo, estudios recientes han apuntado al combustible biojet a partir de alcohol 

celulósico y aceite vegetal residual como un sustituto potencial del Jet A1 debido a la 

disponibilidad de materia prima, su renovabilidad, las tecnologías de procesamiento y su 

composición físico-química. 

Esta tesis evalúa exhaustivamente la eficiencia de los modelos de biorrefinería para la producción 

de combustible biojet como componente de mezcla Jet A1 a través de las rutas termoquímicas de 

Alcohol-a-Jet (ATJ) y Ésteres Hidroprocesados y Ácidos Grasos (HEFA). La materia prima 

seleccionada para el estudio ha sido la biomasa lignocelulósica de residuos de cultivos 

oleaginosos. El proceso ATJ implica la obtención del etanol celulósico y su posterior procesado 

a combustible biojet mediante deshidratación, oligomerización e hidrotratamiento. Además, se 

utilizó isobutanol derivado de celulosa para producir triisobutano empleando el modelo cinético 

de oligomerización. Por otro lado, el proceso HEFA utilizó aceite vegetal de residuos como 

materia prima primaria y destilados de ácidos grasos mediante hidrólisis térmica, 

descarboxilación e hidrotratamiento. Los modelos fueron construidos con el software de 

simulación de procesos de ingeniería química AspenPlus® v.11 basado en metodologías 

experimentales y certificadas. 

Las rutas estudiadas fueron evaluadas mediante análisis tecnoeconómicos, exergéticos y 

termoeconómicos detallados con el objetivo de optimizar la cadena productiva. Asimismo, se 

realizó un análisis de sensibilidad para determinar la competitividad económica de los 

combustibles biojet obtenidos. Se realizaó el análisis de ciclo de vida con el software SimaPro® 

v.9.0. La evaluación resultó en emisiones de GEI inferiores a las de la producción de Jet A1 

derivado del petróleo. Finalmente, se calcularon las propiedades fisicoquímicas y termodinámicas 

del combustible biojet y se compararon con las especificaciones ASTM D7566 para garantizar la 

homogeneidad, la calidad de la combustión y el cumplimiento de los requisitos de seguridad. 

Además, se realizó un cálculo de carga útil frente a rango en vuelos de largo y medio alcance para 

evaluar el rendimiento del combustible biojet en condiciones de vuelo particulares sin condicionar 

la capacidad de pasajeros y carga o el rango de vuelo.  
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ABSTRACT 

The economic, technological, political, social, and cultural integration directly affects the energy 

demand, dependence on fossil fuels, and climate change. In this regard, the air transportation 

industry is a cornerstone in globalization, projecting to double its operations before 2040. Thus, 

sustainable energy sources research is imperative. Biojet fuel is expected to play a significant role 

in the energy transition for a low-carbon future. It has already proved its blending suitability with 

petroleum-derived aviation fuel. Nevertheless, recent studies have pointed to biojet fuel from 

cellulosic alcohol and residual vegetable oil as a potential surrogate due to feedstock availability, 

renewability, processing technologies, and physico-chemical composition. 

This thesis comprehensively assesses biorefinery models’ efficiency for biojet fuel production as 

Jet A1 blending component through the Alcohol-to-Jet (ATJ) and Hydroprocessed Esters and 

Fatty Acids (HEFA) thermochemical routes. The selected feedstock for the study was 

lignocellulosic biomass from oleaginous crops residues. The ATJ process involved cellulosic 

ethanol processing and its subsequent upgrade to biojet fuel by dehydration, oligomerization and 

hydroprocessing. Besides, cellulose-derived isobutanol was utilized to produce triisobutane 

employing the oligomerization kinetic’s model. On the other hand, the HEFA process used 

vegetable oil from residues as the primary feedstock and fatty acid distillates through thermal 

hydrolysis, decarboxylation and hydroprocessing. The models were built in AspenPlus® v.11 

chemical engineering process simulation software based on experimental and approved 

methodologies. 

The studied routes were evaluated through exhaustive techno-economic, exergetic and 

thermoeconomic analyses for the production chain optimizing. Also, a sensibility analysis was 

performed for the biojet fuels economic competitiveness determination. The life cycle assessment 

was carried out in SimaPro® v.9.0 modelling software. Current environmental policies supported 

the assessment resulting, in all cases, in GHG emissions under those from petroleum-derived Jet 

A1 production. Finally, biojet fuel physico-chemical and thermodynamical properties were 

calculated and compared with the ASTM D7566 specifications to ensure homogeneity, 

combustion quality and compliance with safety requirements. Furthermore, a payload vs range 

calculation for long and intermediate-range flights was performed to assess the biojet fuel 

performance under particular flight conditions without conditioning the passenger and cargo 

capacity or flight range. 
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1. INTRODUCTION 

 

1.1 THE NEED FOR ALTERNATIVE JET FUEL 

 

Based on the Intergovernmental Panel on Climate Change (IPCC) report, the entire transportation 

industry emits 6.7 Gt CO2 per year. The aviation industry share is 2%, growing by more than 6% 

over the past decade. Climate change mitigation and energy security are core elements in the 

current European policy. Air transport is a cornerstone in globalization, supporting the movement 

of more than 4.5 billion passengers and nearly 55 Mt of goods equivalent to €5.58 trillion in 2019, 

before the SARS-CoV-2 [1]. At a European level, 700 large commercial airports home to over 

4000 civil aircraft, managing a quarter of the passengers worldwide. On average, 27,400 daily 

flights pass over its airspace, accounting for around 28% of global air traffic [2].  

The most significant European low-cost airline recorded in 2018, 130 million passengers 

transported and GHG emissions of 9.9 Mt, 6.9% more than the average in 2017, and 49% more 

than in the last five years. According to the EU emissions trading register, this airline has become 

the first company not involved in coal combustion included in the top 10 carbon emitters in 

Europe. The economic outlook over the next 20 years anticipates the number of air passengers to 

double. Simultaneously, aviation fuel (Jet A1) consumption will rise accordingly, leading to 

increased greenhouse gas (GHG) emissions (976 Mt of CO2 in 2019). Petroleum-derived Jet A1 

affects the atmosphere due to NOx, CO2, sulphate, aerosols, and soot pollutants, contributing to 

global warming and depleting the ozone layer [3].  

In this regard, the aviation industry has committed to the third phase of the Carbon Offsetting and 

Reduction Scheme for International Aviation (CORSIA), which aims to cut net emissions in half 

by 2050 compared to 2005 levels while reducing reliance on conventional aviation fuels [4]. 

Besides, the climate and energy framework includes EU-wide targets and policy objectives from 

2021 to 2030 include [5,6]: 

1) At least 40% cuts in greenhouse gases (GHG) emissions below 1990 levels. For this, the 

European emissions trading system (EU ETS) sectors, including air transport (intra-

European and international flights), will have to cut emissions by 43% (compared to 

2005) 

2) At least 32% share for renewable energy 

3) 32.5% improvement in energy efficiency 
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Nevertheless, to meet those ambitious aims and promote a carbon-neutral expansion, various 

methods have been proposed. Better performance of modern engines and efficient air traffic 

control might reduce emissions by approximately 0.8% per year up to 2050, leading to a total 

reduction of around 15% from 2015. Still, these reductions are expected to be insufficient to 

compensate for the projected increase in the passenger number. Hence, a substantial reduction 

could be achieved from the synthesized paraffinic kerosene (SPK), also known as biojet fuel, 

because it does not contain sulphur or nitrogen since it is produced from renewable feedstocks, 

avoiding the formation of SO2 and H2SO4 during its combustion [7,8]. 

 

1.2 BIOJET FUEL FROM AGRICULTURAL WASTE 

 

Given the pressure on the environment's ecological integrity caused by the drastic increment in 

air transport operations, renewable resources are pivotal in producing synthetic fuels with high 

calorific content. The predicted 9 billion people world population by 2050 will undoubtedly 

increase food production demand, yielding a proportional increase in agricultural waste [9]. Over 

the last decade, residual agricultural resources represented around 50% of the fresh weight of 

harvested and gathered crops and accounted for a potential of 90 Million-tonne oil equivalent 

(MTOE), considerably more than any other residual streams such as wood chip production (57 

MTOE), municipal and various other wastes (42 MTOE) and tertiary woodland residues (32 

MTOE) [10]. The economic and environmental concerns associated with primary farming 

residues are correlated with local expertise (e.g., facilities, waste handling and processing and 

energy supply technologies, etc.) regarding animal feed or production. In regions dedicated to 

animal husbandry, immense quantities of manure residue are generated, resulting in intensive 

odour and pollution of bacteria, elevated greenhouse gases (GHG) emissions and high loads of 

organic matter and nutrients (e.g., nitrogen). Instead, there is a depletion of nutrients and organic 

matter in regions predominantly dedicated to producing vegetable crops (e.g., animal feed), 

resulting in a global disparity [11]. 

Agricultural waste and by-products are generally described as residues of plants or animals that 

are not further transformed into food or feed, commonly representing environmental and 

economic burdens in farming's primary processing sectors. The agriculture and agri-food industry 

generates large amounts of organic waste, with the EU28 countries producing up to 90 million 

tonnes per year in 2017. Therefore, encouraging a circular economy approach is essential to 

increase resource quality further and improve direct production waste management. Agricultural 

wastes/residues predominantly refer to lignocellulosic biomass, the most abundant renewable 
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energy source globally. Forest and industry sectors also provide lignocellulosic biomass; 

nonetheless, agri-wastes are the most significant and feasible because of their relatively low cost 

and ease of transportation/storage [12]. Lignocellulosic biomass comprises three biopolymers: 

aromatic (lignin) and polysaccharides (cellulose and hemicellulose). The inter-and intramolecular 

hydrogen bonds between cellulose molecules result in microfibrils with crystalline and highly 

organized regions further intertwined with hemicellulose and lignin polymers, developing a 

robust and complex architecture resilient to degradation [13,14]. Its chemical composition ranges 

between 40-50 wt% of cellulose, 25-35 wt% of hemicellulose, 15-25 wt% of lignin, and to a lesser 

extent, 3-7 wt% of extractives and inorganics (ash) [15]. 

With this in mind, oleaginous crops account for about 18% of the global cultivated area, producing 

210 Mt of vegetable oil in 2020, with an annual per capita consumption projected to reach 20 kg 

by 2026 [16,17]. The production of main vegetable oils includes coconut (3%), cottonseed (4%), 

olive (2%), palm (32%), palm kernel (4%), peanut (4%), rapeseed (14%), soybean (29%), and 

sunflower oil (8%). Throughout the extracting process of vegetable oil from the fresh fruit 

bunches (FFB), lignocellulosic biomass is obtained, such as empty fruit bunches (EFB) (23 wt%), 

oilseed kernel (7 wt%), mesocarp fibre (15 wt%), shell (7 wt%) and decanter cake (6 wt%). At 

the same time, the plantation area produces plant fronds (24%) and trunk residues (15%) during 

FFB harvesting [18]. Nonetheless, lignocellulosic biomass as a direct ignition power source is not 

technically or economically viable due to its high moisture content. Instead, biofuels can be 

processed through biochemical or thermochemical processes as intermediates for biojet fuel 

upgrade [19,20]. In this regard, lignocellulosic biomass from oleaginous crops contains a higher 

sugar fraction, releasing an increased glucose and xylose amount during biochemical conversion, 

achieving higher efficiencies [21]. 

 

1.2.1 AGRI-WASTE BIOCHEMICAL CONVERSION 

Lignocellulosic agricultural wastes/residues must be converted to intermediates through 

biochemical and biochemical conversions. Agri-wastes predominantly refer to lignocellulosic 

biomass, which is characterized by its production rate from different sources and biodegradability. 

Agri-waste can be transformed through biochemical and thermochemical conversions to generate 

potentially renewable energy and fertilizers materials and molecules. Its transformation is 

essential for decoupling economic development and human wellness from primary resources, 

avoiding pressure on land, and producing detrimental impacts on biodiversity and endangering 

global food security. 
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Biochemical conversion, also known as anaerobic digestion, fermentation, or composting, breaks 

down biomass using enzymes generated by bacteria or other microorganisms. Lignocellulose is a 

structural material of the plant cell wall, containing a heterogeneous mixture of cellulose, 

hemicellulose, and lignin. Cellulose is composed of β-1,4-linked homopolymers of glucose, while 

hemicellulose is a heteropolymer of pentoses (mainly arabinose and xylose) and hexoses 

(glucose). Contrary, lignin is a heterogeneous polymer of phenylpropanoid units. Bio-based 

alcohols production requires hydrolyzing cellulose and hemicellulose from lignocellulosic 

biomass before mixed sugars fermentation [22]. Hemicellulose is chemically degraded during 

lignocellulosic biomass pretreatment at ambient pressure by dilute acid or high temperature and 

high pressure by chemicals such as sulphuric acid. Pretreatment technologies for solubilizing 

hemicellulose and lignin content, increasing polymeric sugar release, and enhancing fermentation 

yield are classified in physical, chemical, physico-chemical, and biological [23]. In this context, 

lignin solubility will vary depending on the selected pretreatment method, considering the 

biorefinery's productive configuration given the high added value of lignin as a by-product. e.g., 

When a diluted acid-catalyzed steam explosion (DASE) mechanism is used, hemicellulose 

degradation achieves 90%, whereas lignin's solubility does not occur to any appreciable extent. 

In this regard, lignin remains an essential compound in the valorization of lignocellulosic biomass 

due to its suitability as an in-situ energy source to produce high-pressure steam and satisfy the 

biorefinery utility demand [24]. 

Even though cellulose fibre is enzymatically hydrolyzed to glucose, DASE pretreatment increases 

the contact surface between cellulose and hydrolysis enzymes (cellulases and cellobiases) by 

separating lignocellulose from the rigid matrix structure of lignin since carbohydrates tight 

linkage hinder the enzymatical attack. Lignocellulosic palm oil biomass's chemical composition 

contains a significantly higher amount of cellulose (40-50 wt%) and hemicellulose (25-35 wt%) 

than other sorts of lignocellulosic biomass. Lignocellulosic palm oil biomass's chemical 

composition contains a significantly higher amount of cellulose (40-50 wt%) and hemicellulose 

(25-35 wt%) than other sorts of lignocellulosic biomass. Hence, maximum productivity and 

product yield is achieved when mixed sugars derived from hemicellulose are utilized. The 

integrated configuration of simultaneous hydrolysis (saccharification) and fermentation (SSF) 

uses cellulosic fibre as a sole carbon source, removing glucose by fermentation and reducing 

feedback inhibition of cellulases and cellobiases. Nevertheless, to prevent glucose from remaining 

in the medium and achieving maximum efficiency, the microorganism utilization rate must be 

higher than the glucose production rate through enzymatic hydrolysis. 

On the other hand, glucose maximises cellulolytic activity by removing feedback inhibition in 

simultaneous saccharification and co-fermentation (SSCF) microbial use. During SSCF, pentose 

utilization and SSF of cellulose occur in a single reactor independently, without interferences 
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from each process. Simultaneously, pentose metabolism guarantees microorganism optimal 

cellular activity. Co-fermentation employs specific host strains engineered explicitly for 

simultaneous glucose and xylose consumption, enabling fermentation efficiency and greater 

productivity. Saccharomyces cerevisiae and Zymomonas mobilis have a long history as host 

strains for mixed sugar utilization to produce cellulosic ethanol from lignocellulosic biomass. 

Contrastingly, hydrothermal conversion involved the lignocellulosic biomass gasification in 

producing syngas, obtaining low carbon liquid biofuels as an intermediate compound. 

 

1.2.2 AGRI-WASTE THERMOCHEMICAL CONVERSION 

Pyrolysis 

Pyrolysis thermally decomposes the lignocellulosic biomass into the liquid (bio-oil), solid 

(biochar), and gas (non-condensable gas) phases. The reaction is categorized in torrefaction or 

mild pyrolysis, slow pyrolysis, intermediate pyrolysis and gasification, fast pyrolysis, and flash 

pyrolysis, depending on the heating temperature residence time [25]. Besides, hydropyrolysis is 

an additional classification, which transforms biomass in the presence of hydrogen, yielding bio-

oil enhanced in hydrocarbons [26]. The bio-oil is a potential feedstock for renewable energy. It is 

impregnated with numerous oxygenated aromatic and carbonyl compounds from lignocellulosic 

biomass depolymerization and can be separated into light and heavy fractions [27]. The light 

fraction stands for an aqueous condensate from the lignocellulosic biomass's moisture content, 

released volatile organic compounds, and evaporated water during pyrolysis. On the other hand, 

the heavy fraction comprises fragments stemming from lignin (pyrolytic lignin) [28]. 

Nevertheless, bio-oil production through fast pyrolysis requires a relatively high temperature (500 

°C -560 °C) for high organic yields, making it economically and environmentally less attractive 

[29]. 

Gasification 

Gasification is defined as the thermal conversion process of lignocellulosic biomass into raw 

synthetic gas (syngas), primarily composed of CO, H2, CO2, O2, CH4, and various other 

compounds, including tar residue and particulate matter [30]. After cleaning and conditioning 

stages, the effluent stream is composed in a greater extent of H2 and CO in an H2/CO molar ratio 

specified for each downstream enforcement, such as liquid fuels Fischer-Tropsch synthesis and 

chemicals [31]. Several variables associated with lignocellulosic biomass physico-chemical 

characteristics directly influence the gasification reaction yield, such as porosity, shape, density, 

composition (cellulose, hemicellulose, lignin, extractives, and ash). Apart from using 
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lignocellulosic biomass for gasification, the slurries from fast pyrolysis are commonly employed; 

their composition varies depending on the mixing of biomass and glycerol, biomass and water 

bio-oil and biochar [32,33]. 

Syngas cleaning stage is demanded to eliminate contaminants and impurities to reach the quality 

requirements for the gas synthesis of biofuels and biobased chemicals. Gas impurities are 

classified into particulate matter (biochar and ash), inorganic impurities (alkali metal halides, 

nitrogen, and sulfur), and organic contaminants (aromatic, organic sulfur compounds, and tar) 

[34]. The gas conditioning adjusts the specific H2/CO molar ratio through a Methane Steam 

Reforming, Water Gas Shift, or Methane CO2 reforming reaction. Lastly, the upgrade into biojet 

fuel es performed using the Ficher-Tropchs pathway [33]. 

 

1.3 BIOJET FUEL PRODUCTION PATHWAYS 

 

While primary biofuels used in gasoline blending are renewable sourced oxygenates produced 

through Biomass-to-Liquid (BtL) or Mixed-Alcohol synthesis (MAS) conversions, their 

suitability as jet fuel blending components is constrained by their lower volumetric energy 

density, increased volatility, corrosivity, and incompatibility with existing infrastructure [35]. 

Recent research has developed several pathways to biojet fuel production as a Jet A1 blending 

component with lower GHG emissions [7]. Certified routes by the American Society for Testing 

and Materials (ASTM) produce biojet fuels containing linear, branched, and cyclic hydrocarbons 

compatible with Jet A1 as 'drop-in' blending components, suiting aircraft engines' design and fuel 

distribution systems. Physico-chemical homogeneity between both fuels ensures the combustion 

quality and safety requirements for storage and transportation [36]. 

Approved technologies involve the conversion of (i) Alcohol-to-jet synthetic paraffinic kerosene 

(ATJ) from lignocellulosic-derived alcohols; (ii) Catalytic hydrothermolysis jet (CHJ-SPK) and 

co-processing jet from triglycerides and vegetable, waste, or algal oils [37–39]; (iii) Hydrogen, 

carbon monoxide, and dioxide carbon mixture (syngas) in a Fischer-Tropsch (FT-SPK) reactor 

into a wide range of hydrocarbons via power-to-liquid (PtL) process; (iv) Synthesized kerosene 

with increased aromatics content (FT-SPK/A) by alkylation of light aromatic compounds from 

renewable sources [40]; (v) Hydroprocessed esters and fatty acids (HEFA) by reacting 

triglycerides from fats and oils with hydrogen; (vi) and Synthesized iso-paraffin produced through 

hydroprocessed fermented sugars (SIP-HFS) employing farnesene as feedstock. According to the 

ASTM specifications, the biojet fuel must be blended with the petroleum-derived jet fuel, between 
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10 and 50 vol. %, depending on the selected conversion route [20]. A detailed scheme describing 

the ASTM routes is shown in Figure 1. 

Fossil jet fuel comprises approximately 20% paraffin, 40% isoparaffins, 20% naphthenes and 

20% aromatics, determining its physico-chemical properties (see Table 1). On the other hand, 

biojet fuel composition comprehends renewable hydrocarbons within the boiling range of fossil-

based jet fuel. At the same time, the aromatics content can vary depending on the selected ASTM 

route. If aromatic compounds are not present, particles released by burning biojet fuel are lower 

than those emitted by fossil jet fuel [41]. However, the absence of aromatics can cause leakage, 

wear and damages in specific engines types. As a result, the biojet fuel must be blended up to 50 

vol% with the traditional jet fuel to achieve the established specifications [42]. 

Table 1: Physico-chemical properties of conventional aviation fuel. 

Property Unit  
Kerosene type 

Jet-A Jet A1 

Aromatics content vol % Max 25 

Boiling range  °C  170-300 

Freezing temperature °C  -40 -47 

Flash temperature °C Min 38 

Density at 15 °C Kg/m3  775-840 

Viscosity at -20 °C mm2/s Max 8.0 

Lower heating value MJ/kg Min 42.8 

Smoke point mm Min 25 

 

 



29 

 

 

Figure 1: ASTM D7566 approved pathways for biojet fuel production. 
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1.3.1 ATJ ROUTE 

Lignocellulosic-based alcohols' suitability as drop-in jet fuel blending components is limited due 

to low energy density, high water absorption, corrosivity, elastomer decomposition propensity, 

high volatility, and reduced flash point. Oxygenated compounds, such as ethanol, methanol, 

butanol (C4), and long-chain fatty alcohols (C4+), are upgraded to a higher heating value biofuel 

through the ATJ pathway, so-called alcohol oligomerization. The ATJ process involves a three-

step process, including alcohol dehydration, oligomerization, and hydroprocessing. Oxygen is 

removed in the form of H2O during alcohol dehydration, forming a double bond between the 

carbons associated with the removed OH and H under high pressure at a temperature above 250 

°C over Amberlyst acidic resins and ZSM-5 zeolites, as Reaction 1 shows. 

𝐶𝑛𝐻𝑚𝑂𝐻 → 𝐶𝑛𝐻𝑚−1 + 𝐻2𝑂 (R1) 

After dehydration, α-olefins oligomerization increases the carbon atoms chain length. 

𝑖𝐶𝑛𝐻𝑚 → 𝐶𝑛𝑖𝐻𝑚𝑖; 𝑖 = 2,3,4 (R2) 

The reaction occurs in the liquid phase within stirred reactors, combining the unsaturated 

molecules (alkenes), producing their corresponding oligomers (dimmers, trimers and even, 

tetramers). In addition, the presence of specific catalysts enhances oligomers formation compared 

to cracking, dehydrogenation, and polymerization reactions. The transformation of alkenes into 

paraffin by adding hydrogen is needed to create an organic mixture treated as jet fuel blending. 

In the presence of Pd or Pt catalysts at relatively high pressure (>2 MPa), at 200-350 °C, multiple 

studies have documented oligomers hydrogenation achievement [43]. 

𝐶𝑛𝐻2𝑛 + 𝐻2 → 𝐶2𝑛𝐻2𝑛+2, 𝑛 = 8, 12, 16 (R3) 

 

1.3.2 CHJ-SPK ROUTE 

Catalytic hydrothermolysis (CH), also called hydrothermal liquefaction, is a unique method 

developed and patented by Applied Research Associates, Inc. to produce aromatic and drop-in 

biojet fuel (ReadiJet), as well as hydrocarbons in the diesel range (ReadiDiesel) from biomass-

derived waste oil. The hydrothermal stage includes a series of reactions, consisting of cracking, 

hydrolysis, decarboxylation, isomerization, and cyclization, transforming triglycerides into a 

cyclic chain, branched, and straight hydrocarbons blend [44]. The CH reaction is catalytically 

performed (or without catalyst) in the presence of water at 450 °C to 475 °C and at 21 MPa 

pressure. The product, including unsaturated molecules and carboxylic acids, is subsequently sent 

to decarboxylation and hydro-treating processes for oxygen removal and saturation, respectively. 
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The treated hydrocarbons mixture (C6-C28) contains a significant number of n-alkanes, iso-

alkanes, cycloalkanes, and a lesser extent of aromatics (military purposes require an increased 

aromatics content) that must be fractionated and separated to diesel, jet fuel, and naphtha. The 

produced biojet fuel from the CH pathway satisfies the ASTM and military requirements due to 

its exceptional cold fluidity characteristics, stability, and combustion quality [45]. 

 

1.3.3 FT-SPK ROUTE 

The Fischer Tropsch (FT) biojet fuel is a sulfur-free mixture with relatively low aromatics content 

relative to gasoline and diesel, resulting in lower emissions when used in jet engines. Biomass 

feedstocks are first dried to reduce particle sizes throughout pretreatment [46]. There are several 

gasification technologies to transform biomass into syngas. Dried biomass is pressurized in a 

high-temperature gasification process and converted into raw synthetic gas at a temperature 

ranging from 880 C to 1300 C, in the presence of high purity oxygen and steam [39]. After syngas 

is further conditioned in a fluid catalytic cracker, it is polished with activated carbon and zinc 

oxide. Finally, the syngas is processed by FT synthesis to obtain liquid hydrocarbons. 

FT synthesis involves a set of catalytic reactions for transforming syngas into liquid fuels. Two 

well-known FT operating modes are available; low temperature and high temperature [35]. The 

low-temperature process runs between 200 °C and 240 °C in the presence of iron or cobalt 

catalysts, producing linear high-molecular-mass waxes. The high temperature, on the other hand, 

operates with iron-based catalysts at 300-350 °C. In this process are generated gasoline and linear 

olefins due to their lower molecular mass primarily. Linear waxes produced at low-temperature 

processes have a higher molecular mass than those generated at the high-temperature process—

the FT process product ranges from methane to long-chain hydrocarbons. However, oxygenated 

compounds such as alcohols, aldehydes, and carboxylic acids are likewise formed in addition to 

alkanes and alkenes. In the high-temperature process, aromatics and ketones are also generated. 

The FT process is very exothermic; thus, the reaction heat must be removed rapidly to avoid 

catalyst overheating and subsequent deactivation and undesired methane production. The FT 

synthesis product is upgraded to high-quality, low-aromatic, and almost zero-sulfur-content fuels 

through conventional refinery processes, such as hydrocracking, fractionation, isomerization, and 

hydrogenation [47]. 

Instead of catalytic upgrading, the FT uses syngas from the gasification stage to conduct a mixed 

alcohol synthesis (MAS) based on a power-to-liquid conversion. The clean syngas is separated 

from CO2 through the acid gas removal method Rectisol®, removing 95% CO2 with high partial 

pressure. As a result, the MAS reactor and the separation unit produce, to a large extent, higher 
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alcohols with a minor amount of unconverted syngas, light hydrocarbons, and CO2. The MAS is 

catalytically performed at a pressure above 4 MPa and temperature ranging from 250 °C to 320 

°C, favouring the alcohol synthesis. The mechanism is described in Reaction 4. 

𝑛𝐶𝑂 + 2𝑛𝐻2 → 𝐶𝑛𝐻2𝑛+1𝑂𝐻 + (𝑛 − 1) 𝐻2𝑂 (R4) 

Ethanol is the MAS reactor's primary alcohol product in the presence of a modified FT catalyst, 

even considering that the formed methanol is reinjected in the reactor for higher alcohol 

formation. Ethanol condensation for butanol synthesis is the first phase of fuel upgrading. 

2𝐶2𝐻5𝑂𝐻 → 𝐶4𝐻9𝑂𝐻 + 𝐻2𝑂 (R5) 

The reinjected methanol successively reacts with the ethanol and propanol, resulting in 

isobutanol. 

𝐶𝐻3𝑂𝐻 + 𝐶2𝐻5𝑂𝐻 → 𝐶3𝐻7𝑂𝐻 + 𝐻2𝑂 (R6) 

𝐶𝐻3𝑂𝐻 + 𝐶3𝐻7𝑂𝐻 → 𝐶4𝐻9𝑂𝐻 + 𝐻2𝑂 (R7) 

Finally, the condensed product is upgraded via the Alcohol-to-Jet process to obtain a branched 

paraffinic mixture. 

 

1.3.4 FT-SPK/A ROUTE 

The process involves transforming the lignocellulosic biomass into biojet fuel and diesel fuel 

range hydrocarbons, including the directional production of C8-C15 aromatics through catalytic 

depolymerization and deoxygenation of lignin to low carbon monomers (C6-C8) with the 

alkylation of aromatics and directional production of cycloparaffins (C8-C15) by hydrogenation of 

aromatics [48]. High C8-C15 aromatics selectivity (94%) is accomplished through the lignin-

derived monomers alkylation, ionic liquid catalyst, and the gaseous mixture of light olefins (C2-

C4) as the alkylating agent under mild reaction conditions. The standard specifications for FT-

SPK/A resemble FT-SPK and HEFA-SPK, excepting the aromatic content and slightly different 

density requirements given the FT-SPK/A composition containing less than 20 wt% of aromatics. 

The relevance of including an appropriate quantity of aromatics compounds right into n-paraffins 

was determined through a comprehensive kerosene kinetic model to estimate its shooting 

tendency and molecular growth accurately [49]. 
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1.3.5 HEFA-SPK ROUTE 

HEFA conversion technology is at a relatively advanced maturity level; its commercial 

production is feasible and used in commercial and military flights. In contrast to petroleum-

derived Jet A1, the HEFA fuel has advantages in its physico-chemical and combustion properties 

attributed to higher cetane numbers, lower aromatic content, lower sulfur content, and 

theoretically lower GHG emissions. The hydrogenation process fully saturates the double bonds 

of the renewable fats and oils depending on their degree of unsaturation. Catalytic hydrogenation 

transforms unsaturated fatty acids or glycerides into saturated ones in the liquid phase, followed 

by propane cleaving to produce three FFA moles. By incorporating hydrogen, the glycerol part 

of the triglyceride molecule is converted into propane. On the other hand, thermal hydrolysis is 

the alternative route for converting glycerides to FFA. By treating the oils and fats with three 

moles of water, its primary triglyceride content is transformed into three moles of FFA and one 

glycerol mole. 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 + 3𝐻2𝑂 ↔ 𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 + 3𝐹𝐹𝐴 (R8) 

On the glycerol backbone, the hydrogen atom from water is attached, forming one mole of 

glycerol. Simultaneously, the hydroxyl group from water is added to the ester group, and three 

moles of FFAs are formed. For water to dissolve in the oil process, a high temperature (250-260 

°C) is needed. Besides a high flash point, the HEFA biojet fuel must have good cold flow 

characteristics to meet the ASTM standard specification for alternative jet fuel. Hence, straight-

chain alkanes yielded during deoxygenation must be either parallel or sequentially hydro-

isomerized and hydrocracked to produce isoparaffins with carbon chains primary varying from 

C9 to C15. The branched-chain mixture from isomerization has a reduced freezing point compared 

to normal alkane hydrocarbons. Subsequent hydrocracking reactions are exothermic and result in 

lighter liquids and gas products being formed. These reactions are relatively slow, and much of 

the hydrocracking occurs in the last portion of the reactor, including paraffin saturation. Low 

yields of jet-fuel-range alkanes and high light species products ranging from C1 to C4 and naphtha 

from C5 to C8 would result from overcracking. A fractionation distillation complemented the 

hydro-isomerization and hydrocracking stages to separate the mixtures of biojet fuel, paraffinic 

diesel, naphtha, and light gases. 

 

1.3.6 SIP-HFS ROUTE 

Synthesized iso-paraffin from hydroprocessed biomass fermentation product (farnesene) was 

approved in 2015 as a Jet A1 blending component to less than 10 vol%. Farnesene is a branched 
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alkene with a chemical composition of C15H24 obtained by fermentation of lignocellulosic and 

sugarcane biomass in the presence of microorganisms or biocatalysts. Analogous to the HEFA 

pathway, the farnesene obtained must be further hydrogenated. The standard requirements for SIP 

are significantly different from those for FT SPK, HEFA, and FT SPK/A attributed to its peculiar 

chemical and carbon chain structure (a minimum of 97 wt% farnesane containing the hydrocarbon 

chain of C15). Due to high viscosity and low combustion efficiency caused by the relatively long 

carbon chains, only up to 10 vol% of SIP fuel can be mixed with fossil jet fuels. However, efficient 

engineering of Saccharomyces cerevisiae has been accomplished to produce farnesene. 

Compared to the FT-SPK technique, the extraction of synthetic paraffin from sugar represents a 

comparatively low-cost pathway for biojet fuel production that usually involves high investment 

costs. 

 

1.4 BIOJET FUEL PRODUCTION FROM ETHANOL 

 

Bioethanol is the most common intermediate and one of the most relevant liquid biofuels 

produced from various lignocellulosic biomass. According to an estimation, it will reduce 

greenhouse gas emissions by around 30–85% relative to gasoline [19]. Byogy Renewables Inc. 

technology can effectively process ethanol, propanol or butanol via catalytic synthesis to obtain 

alternative jet fuels [43,50]. Figure 2 shows the schematic process for oxygenates processing 

through the ATJ route. Among cellulosic alcohols, ethanol is a versatile platform molecule to 

form long-chain hydrocarbons [39]. Furthermore, ethanol processing is a well-understood 

industrial-scale technology, environmentally sustainable and cost-effective, with production 

capacity reaching near-theoretical thermodynamic yields [51,52]. 

Ethanol is the most prevalent liquid fuel produced from biomass presently. One way to meet the 

growing demand for middle and heavier distillate fuels (jet fuel and diesel) is to derive these from 

ethanol [53]. Ethanol is dehydrated during the ATJ route to produce ethylene, which is 

subsequently oligomerized over a solid acid catalyst in a single or double processing phase to 

obtain linear α-olefins. An alternative approach involves a single-stage oligomerization; however, 

up to 40% of undesirable selectivity to C1–C4 light hydrocarbons have been reported [54,55]. 

Efficient conversion of ethylene to heavier hydrocarbons (C8+) has been observed through a two-

step oligomerization process, minimizing the formation of aromatics and naphtha-like compounds 

by shorter chain product recycling [56]. In this regard, products distribution is determined by the 

water content in the feed, reaction conditions, and the catalysts’ surface acidity regulated by 

zeolites additives and Si/Al ratio [57]. 
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Figure 2: Alcohol-to-Jet pathway. 

 

1.5 BIOJET FUEL PRODUCTION FROM BIOMASS-DERIVED VEGETABLE 

OIL 

 

Vegetable oil is considered among the primary food and feedstock components to develop 

alternative fuels. The variety of oilseeds is categorized into edible and non-edible. Using edible 

oils as fuel has entailed numerous conflicts in the literature: the primary ethical issue regarding 



36 

 

"food vs fuel". The expanding fuel consumption risks decreasing food accessibility and enhancing 

crop price, particularly in developing countries. The non-edible segment involves residual oils as 

possible sources for processing oleochemicals by-products such as biojet fuel. Based on its fatty 

acid composition, the most representative sorts of vegetable oil and their annual production are 

described in Table 2. 

Table 2: Composition of main vegetable oils. 

Type 

Annual 

production 

in 2019 

(Mt) 

Saturated 

fatty 

acids 

(wt%) 

Monounsaturated 

fatty acids 

Polyunsaturated 

fatty acids 

Ref 
Oleic acid 

(ω-9) 

α-

linoleic 

acid 

Linoleic 

acid 

(ω -6) 

Coconut 2.8 83 6 - - [58] 

Corn 4.1 13 27 1 58 [59] 

Cottonseed 4.9 26 19 1 54 [60] 

Grapeseed 
0.4 11 14 - 75 

[61] 

[62] 

Palm 75.5 49 40 <1 9 [63] 

Palm kernel oil 8.8 83 15 <1 2 [58] 

Sesame 0.9 14 39 <1 41 [64] 

Soybean 57.9 16 23 7 51 [65] 

Sunflower 

(<60% linoleic) 
20.0 10 45 <1 40 [66] 

 

The vegetable oil from lignocellulosic biomass waste suits better as biojet fuel feedstock than 

virgin oils due to its economic feasibility, sustainability, greater net energy ratio, and waste 

management enhancement [67]. The biomass-derived vegetable oil primarily comprises 

triglycerides, diglycerides, monoglycerides, free fatty acids, and aldehydes. Among the non-

edible vegetable oils, jatropha and palm kernel oil-derivates are potential candidates for biojet 

fuel production because of their composition dominated by lauric fatty acid (C12:0) and linoleic 

fatty acid (C18:2), respectively [67]. Besides, they have a more straightforward structure than 

oleaginous crop lignocellulosic biomass; thus, it has a higher hydrogen-carbon ratio ideal for 

high-calorific fuel upgrades. 

As an alternative source to nonrenewable resources for fuels production, biomass-derived 

vegetable oil represents an ingenious method for waste valorization and circular economy 

promotion. It is obtained from lignocellulosic biomass with high oil content after harvesting and 
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extracting processes. The global production of vegetable oils has seen continuous growth over the 

last few years. Annual vegetable oil production has increased by an average of 5% since 2007 but 

slowed down in 2012/2013. Around 186 Mt of olive, palm kernel, palm, coconut, cottonseed, 

peanut, soybean, rapeseed, and sunflower seed oils were produced worldwide between 2018 and 

2019, an 8.28% increase from the previous period. 

Fatty acid distillates (FAD), on the other hand, are generated during alkali refining of vegetable 

oil at the separation and deodorization last stages (5-10 wt%). The FAD is a complex blend 

composed of FFA, sterol esters, tocopherols, sterols, aldehydes, hydrocarbons, ketones, 

breakdown products of fatty acids, and acyl glycerol [68,69]. Depending on the refining process's 

raw material and operating conditions, FFA content comprises 25-75% of the extract. FFA 

separation from the FAD blend is achieved through molecular distillation due to the differences 

between vapour pressures and molecular weights of FFA (lighter) and the significant compounds 

[70]. 

The HEFA route employs thermal hydrolysis, decarboxylation, hydrocracking, and isomerization 

to treat triglycerides from vegetable oil (see Figure 3) [71,72]. It is currently the most well-known 

and fully commercialized on an extensive industrial-scale process [7,71]. Many companies opt to 

implement biorefineries using the HEFA technology because much lower capital is required than 

lignocellulose-based technologies [73]. For example, Neste® operates two refineries in Finland 

and two others in the Netherlands and Singapore, target to increase waste and residues share from 

the current 83% to 100% of renewable raw material inputs by 2025 [74]. In this regard, plant 

kernel is a valuable residue from vegetable oil processing due to its oil content ranging between 

5-12 wt%, depending on the type and cultivation conditions [75]. Furthermore, fatty acid 

distillates (FAD) recovered from the stripping and deodorisation stages (5-10 wt%) during 

vegetable oil alkali refining contain unsaturated and saturated free fatty acids (C12 to C30) for 

increasing decarboxylation reactor yield [76]. Both feedstocks have received significant interest 

owing to their potential to produce biojet fuel with a higher cetane number and lower aromatic 

content. 
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Figure 3: Hydroprocessed Esters and Fatty Acids pathway. 

 

1.6 TRIISOBUTANE AS BIOJET FUEL 

 

Feedstock for ATJ includes fossil resources, such as coal, natural gas, and shale oil, or biomass, 

in the form of lignocellulosic material, lipids, alcohols, and simple carbohydrates. More and more 

companies are producing and distributing biojet fuel made from biomass-derived alcohols. 

Ethanol is widely used worldwide as a component of gasoline blending. However, its high water 

absorption, high volatility, corrosivity, tendency to decompose elastomers, and low flash point, 
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limit its suitability as a drop-in jet fuel component. [77]. Byogy Reneawbles Inc. provides an AJF 

from biochemically derived ethanol [78]. After dehydration, ethanol is first converted into 

ethylene and subsequently in long-chain hydrocarbons through catalytic synthesis that is 

continuously fractionated into jet fuel and gasoline. Even though ethylene is one of the most 

usable light olefins to oligomerize and polymerize, its suitability is significantly reduced due to 

its tendency to form C2-C8 oligomers instead of C10+ [35]. In addition to ethanol, Byogy's 

technology can effectively upgrade butanol or propanol obtained from the microbial fermentation 

of sugar or starch [79,80]. The produced biojet fuel can be used directly as a petroleum-derived 

Jet A1 surrogate or be utilized at any blend ratio with traditional jet fuel [81,82]. 

Last but not least, Gevo conducts a biomass fermentation to produce isobutanol, an isomer of n-

butanol, and attractive and novelty feedstock to the ATJ pathway [79]. Despite the fact of having 

similar physico-chemical properties to n-butanol, it has a higher-octane number and can be used 

directly as an oxygenated blend component for gasoline. Compared to ethanol, isobutanol does 

not attract water or corrode fuel lines and has a 30% higher energy density. The isobutanol 

upgrade product is a blendstock for jet fuel with C8, C12, and C16 hydrocarbons. Jet A1 surrogate 

formulations have incorporated iC8 or iC16 to emulate combustion properties [83]. Both iso-octane 

(2,2,4-Trimethylpentane, iC8) and iso-cetane (2,2,4,4,6,8,8-Heptamethylnonane, iC16) are 

considered reference fuels for octane number (gasoline) rating [84,85] and cetane number (diesel) 

rating [86], respectively. Both reference fuels have a characteristic average molecular weight 

within the distillation range, respectively embraced by gasoline and diesel. However, the use of 

these compounds as a biojet fuel blend component is sharply limited to the average molecular 

weight-dependent combustion properties of the jet fuel, such as sooting tendency [87], diffusion 

flame extinction [88], or the volatility of the mixture and liquid phase density [89]. Therefore, an 

isoalkane of a similar boiling specific range with a near-average molecular weight for Jet A1 

would be better suited to a jet blend component. Triisobutane (2,2,4,6,6-Pentamethylheptane, 

iC12) can be used as a biojet fuel blending component to represent branched alkane functionality 

and permit better emulation of molecular weight variability and properties dependent on the 

molecular weight of Jet A1 [90]. Triisobutane has already received some interest as a fuel 

substitute for jet fuel and diesel [91,92] and a model fuel for endothermic fuel research [93]. 

Therefore, new estimate data and the characterization of triisobutane combustion behaviour are 

necessary to develop substitute formulation approaches that combine physico-chemical kinetic 

property emulations of real jet fuels. Triisobutante production is described in Figure 4. 
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Figure 4: Triisobutane production through the ATJ pathway. 
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2. OBJECTIVES AND SCOPE 

 

One of the most significant challenges today is to satisfy the rapid increase in energy consumption 

per capita and supply the air transport industry with renewable feedstocks. Biojet fuel has emerged 

as an ideal alternative to meet the criteria sustainably. The main objective of this thesis is to 

investigate alternative feedstocks for biojet fuel processing, evaluating their properties in terms 

of technical and economic basis (See Figure 5). The final purpose is to produce a sustainable 

biojet fuel, reduce the air transportation sector's reliance on fossil fuels, and mitigate related 

environmental impacts. Specific emphasis will be placed on lignocellulose to jet fuel and 

vegetable oil to jet fuel processes. Three primary categories of agri-waste from oleaginous crop 

have been considered as raw materials for biojet fuel processing: 1) Lignocellulosic biomass for 

oxygenated intermediates production; 2) Vegetable oil from lignocellulosic residues due to its 

physicochemical characteristics and; 3) Fatty acids distillates discarded from crude vegetable oil 

refining as by-products. The produced biojet fuel mainly comprises linear alkanes and branched 

iso-paraffins ranging from C9 to C12 due to feedstocks chemical composition (except the 

triisobutane purely composed of iC12). The properties of the biojet fuel have been estimated based 

on the molecular structure and distribution, assessing their quality and blending suitability with 

Jet A1. 

 

Figure 5: Objectives of the thesis. 
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The specific objectives are: 

1. Characterization of biojet fuel feedstocks 

Some physico-chemical properties of biojet fuel depend directly on the feedstock composition 

used for its production. In this regard, the characterization of biojet fuel feedstocks is instrumental 

in assessing the potential of new biojet fuel sources. Furthermore, lignocellulosic biomass-based 

biojet fuel characteristics differ from those of vegetable oil-based. Therefore, the objective is to 

provide a concise overview of agricultural waste and its potential use for biojet fuel production. 

Besides, finding the relation between its composition and the biojet fuel physico-chemical 

properties. 

2. Biojet fuel processing simulation 

A reliable dynamic model to describe biorefinery systems is necessary for sustainable resource 

management and climate change mitigation. Thus, the objective is to model the selected 

thermochemical routes for biojet fuel production, employing experimentally obtained data and 

approved methodologies. Besides, to develop innovative holistic methods supporting eco-

efficient conversion routes and integral management and optimization strategies for renewable 

biojet fuel. 

3. Techno-economic analysis for biojet fuel 

The techno-economic analysis is the first step in developing viable business models to guide 

research and development (R&D) and investment decisions. For example, Atsonios et al. (2015) 

determined that biochemical alcohol fermentation with subsequent upgrading is more 

economically feasible than the production via mixed-alcohol synthesis [35]. In comparison, 

Tanzil et al. (2021) found that vegetable oil-based is the most competitive biojet fuel on the 

market today. Its costs are relatively low and have a high fuel yield than lignocellulosic biomass-

based technology, notwithstanding triglycerides are several times the price of lignocellulosic 

inputs [94]. Thus, the objective is to quantify the biorefinery economic requirements for biojet 

fuel production, assessing its implementation feasibility in Spain. Also, estimating the achieved 

minimum selling price through the studied pathways determines competitiveness concerning 

conventional Jet A1. 

4. Thermoeconomic analyses for biojet fuel process 

While the studied feedstocks are entirely characterized, detailed information on their composition 

and availability exists, there is a general lack of understanding of their effect on hydrocarbon 

yield, particularly biojet fuel blend yield and overall process thermoeconomics. Therefore, new 

detailed information is required to approach a substantial improvement in developing a 
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sustainable Jet A1 surrogate, using thermodynamics's first and second laws for system evaluation. 

Furthermore, to carry out an exergoeconomic and economic analysis during biojet fuel 

processing, highlighting the biojet fuel production chain's improvement opportunities due to the 

irreversibilities. 

5. Life cycle assessment for the biojet fuel production 

Notwithstanding progress has been made in the decarbonization of ground transportation, the air 

transportation sector remains one of the most challenging hurdles to mitigating climate change 

with current technologies. In this sense, there is still a compelling need to produce renewable 

replacements for Jet A1 with similar characteristics in the near term. Thus, the objective is to 

quantify the GHG footprint generated during biojet fuel processing, contrasting the decreased 

emissions with its petroleum-derived counterpart. Furthermore, to compare the economics of 

production, the cost of GHG mitigation relative to conventional aviation fuel, and recommend 

potential improvements given the state of technology. 

6. Flight performance analysis for the produced biojet fuel 

Renewable biojet fuel contains straight-chain and branched alkanes (C8-C16) and cycloparaffins 

for lending higher energy density, better fluidity and combustion performance. Physico-chemical 

characteristics homogeneity is essential for determining blending suitability between biojet fuel 

and Jet A1, ensuring biojet fuel suits aircraft engines' design and fuel distribution systems and 

compliance with safety requirements. Therefore, the objective is to calculate the biojet fuel 

physico-chemical and thermodynamic properties specified in the ASTM D7566 standard for 

synthesized paraffinic kerosene. Besides, to carry out a payload vs range calculation for long and 

intermediate-range flights, assessing the biojet fuel performance under particular flight conditions 

without conditioning the passenger and cargo capacity or flight range. 
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3. MATERIALS AND METHODS 

 

3.1 BIOJET FUEL PRODUCTION FROM OLEAGINOUS CROP RESIDUES: 

THERMOECONOMIC, LIFE CYCLE AND FLIGHT PERFORMANCE 

ANALYSIS 

 

3.1.1 PROCESS DESIGN AND BASIC ASSUMPTIONS 

The ATJ and HEFA routes were modelled and simulated in the chemical engineering software 

AspenPlus® v.11 (Aspen Technology Inc., USA) based on experimentally obtained data and 

approved methodologies. The NRTL (non-random two liquid) property method was selected for 

the vapour-liquid equilibrium calculations and thermodynamic and transport properties 

estimation. The simulation models were used to evaluate optimal operating conditions and 

perform precise mass and energy balances. The biorefineries were designed to produce 132,000 t 

of biojet fuel per year from lignocellulosic biomass, kernel oil, and FAD. Furthermore, based on 

the conversion rate and carbon selectivity in each stage, unreacted reagents were recirculated 

employing the AspenPlus Design Specs® tool. 

The waste extraction after FFB harvesting included sterilization, stripping, digestion and pressing 

stages. Then the crude vegetable oil is separated, and the EFB, palm bone (kernel), mesocarp 

fibre, and shells are recovered from the press cake. Finally, the kernel oil is extracted from the 

palm bone after a second pressing. In comparison, the FAD are obtained from residues of crude 

vegetable oil refining [95]. The ATJ process transformed that lignocellulosic biomass, whereas 

the HEFA process converted those vegetable oil-based materials. Lignocellulosic biomass was 

previously cleaned, minced, crushed, and milled on preparation units. The feed rate of ash-free 

lignocellulose was fixed to 77 t/h with a moisture content of 50 wt% and an ash fraction of 3.70 

wt% [78]. Oleaginous crops lignocellulosic composition corresponds to generic lignocellulose 

based on its experimentally characterized solid waste [96], as listed in Table 3. 

The lignocellulosic biomass was obtained assuming a plantation with an equilateral triangular 

spacing with a hexagonal pattern to accommodate up to 143 oil plants and yield 19 tFFB/ha (see 

Figure 6) [97]. Hemicellulose, for most hardwoods and agricultural residues, is composed mainly 

of xylans (β-1,4-linked xylose) with side branches of (methylated) glucuronic acid (α-glucuronic), 

acetate, and arabinose (α-arabinofuranose) [13]. 
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On the other hand, the HEFA process's feed rate was fixed to 4.68 t/h of kernel oil and 1.46 t/h of 

FAD. The feed rate was calculated considering 5.4 t/ha of produced vegetable oil, generating 15% 

and 5% kernel oil and FAD, respectively [98]. On average, palm oil production is nearly ten times 

more than sunflower, rapeseed, and soybean; thus, palm kernel oil composition was the reference 

for this study. The palm kernel oil is a promising feedstock for biojet fuel production given its 

dominant lauric acid (C12H24O2) content, achieving an upper 90% conversion yield for Jet A1 

range hydrocarbons and selectivity C10-C12 alkanes of approximately 58% [99]. Moreover, the 

FAD contain 93 wt% of free fatty acids (FFA), mainly composed of 45.6% palmitic acid 

(C16H32O2), 33.3% oleic acid (C18H34O2), 7.7% linoleic acid (C18H32O2), 3.8% stearic acid 

(C18H36O2), and 1.0% myristic acid (C14H28O2). The remaining components involve triglycerides, 

glycerids, and unsaponifiable matters (vitamin E) [100]. The block diagram of both processes is 

shown in Figure 7. 

Table 3: Chemical composition of the dry lignocellulose. 

Component Content (wt %) 

Cellulose 41.24 

Lignin 25.50 

Xylan 20.00 

Arabinan 1.70 

Mannan 0.20 

Galactan 0.80 

Extract 7.50 

Ash 3.06 

 

 

Figure 6. Plantation with an equilateral triangular spacing with a hexagonal pattern. 
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Figure 7: Simplified block diagram of the lignocellulosic biomass to jet fuel processes: (a) ATJ 

process and (b) HEFA process. 
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3.1.2 ATJ PROCESS 

 

Lignocellulosic biomass pretreatment 

The ATJ process involved the biochemical processing of cellulose-derived ethanol. 

Lignocellulosic biomass pretreatment involved breaking the crystalline structure of cellulose, 

depolymerising it and solubilising the lignin and hemicellulose. As a result, the production rate 

increases because a higher amount of polymeric sugars is released. Furthermore, the contact area 

between cellulolytic enzymes and cellulose increases, enhancing fermentation yield [101]. The 

employed physico-chemical procedure consisted of a diluted acid-catalyzed (H2SO4) steam 

explosion at 0.6 MPa and 190 °C with maximum cellulose to glucose conversion up to 92%, 

hemicellulose depolymerization of 90%, and lignin solubilization of <2% [23,102]. The assumed 

reaction time was 0.25 h to volatilize low molar mass components [103]. In addition, the 

recovered solution from pretreatment was neutralized and detoxified with calcium hydroxide with 

a molarity of 0.12 M. 

Cellulosic ethanol production 

Following pretreatment, extracted oligomeric sugars (mainly gluco-oligomers and xylo-

oligomers) must be broken down into monomeric sugars. The conversion of gluco-oligomer (C6) 

to glucose and fructose and xylo-oligomer (C5) to xylose is achieved via enzymatic hydrolysis 

(saccharification). Due to the enzyme's activity, efficiencies approach the theoretical maximum 

(89%), which is in excellent agreement with processes using lignocellulosic biomass pretreated 

with dilute acid, organosolv solution, liquid hot water, and acid-catalyzed steam explosion 

technologies [102]. The hydrolyzed slurry is inoculated with glucose-xylose co-fermenting 

microorganism Zymomonas mobilis. The transformation of xylose, glucose and fructose to middle 

distillate fuel was carried out through anaerobic fermentation, assuming 92% glucose yield and 

85% xylose yield [101,102]. Minor sugars (arabinose, galactose, and mannose) were considered 

non-fermentable. The reactions were modelled following simultaneous saccharification and co-

fermentation (SSCF) configuration to reduce production costs and improve process efficiency. 

Operating conditions were 0.1 MPa and 40 °C in RStoic reactors. The assumed residence time for 

enzymatic hydrolysis and fermentation reactions is 168 h and a pH 4 environment [28]. The 

outgoing streams from the SSCF involved ethanol, carbon dioxide, water, and minor amounts of 

non-converted reactants. 

Upon completing the SSCF, the ethanol was separated and purified through a distillation stage 

due to its lower boiling temperature than the other fermentation broth components. An extractive 

distillation was modelled to obtain a solution containing near 87 wt% of ethanol. Once this purity 
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is reached, the liquid and vapour have the same composition, and no further separation occurs due 

to minimum boiling ethanol-water azeotrope [104]. Therefore, an azeotropic distillation column 

was designed and simulated to obtain 99.8 wt% ethanol. The extractive column employed nine 

stages with a distillate to feed mole ratio of 0.8 and a reflux ratio of 3.5, removing approximately 

90% of the water. 

On the other hand, the azeotropic column was designed using the DSWTU AspenPlus® tool. 

Several entrainers can be used for this specific process: benzene, cyclohexane, isooctane, heptane, 

hexane, pentane, acetone, and diethyl ether are all options as the mixture. Of these, benzene and 

cyclohexane have been used the most often utilized. Nonetheless, the total energy consumption 

of azeotropic distillation using cyclohexane (13.39×106 kJ/h) is considerably higher than benzene 

(8.99×106 kJ/h) [105]. Therefore, benzene was selected as a solvent for azeotropic distillation, as 

shown in the ternary diagram contained in Figure 8. Design specifications for the RadFrac 

included an azeotropic convergence, nine stages with a distillate rate of 21.32 t/h and an actual 

reflux ratio of 1.4, implementing an atmospheric pressure total condenser. 

 

Figure 8: Ternary diagram for Benzene/Ethanol/Water azeotrope. 
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Ethanol to biojet fuel 

Finally, the anhydrous ethanol is dehydrated to ethylene in a parallel reaction pathway with a 

residence time within 0.005–2.2 s [106]. The hydroxyl functional group was removed in an 

isothermal fixed bed reactor (RSoic) operating in the presence of mesoporous silica at 0.1 MPa 

and 350 °C, with ethylene selectivity and ethanol conversion of 99.9% and 100%, respectively 

[107]. Ethylene is subsequently oligomerized to produce longer chain α-olefins in a two-reactor 

setup. The first oligomerization occurs in an RStoic reactor at 2.2 MPa and 55 °C, assuming Ni-

based catalyst in n-heptane solvent to obtain a stable conversion and highly selective for C4 

(butylene) and minor amounts of C6 and C8 olefins [108]. The second oligomerization employed 

using a crystalline molecular sieve catalyst to react to the feed containing C4 (70 wt%), C6 (27 

wt%) and C8 (3 wt%) olefins with an olefinic recycling stream rich in C9- hydrocarbons in an 

RYield reactor at 7 MPa and 235 °C. The conversion yield of C4 olefin ranges from 88 wt% to 99 

wt% (see Appendix A) [109]. The oligomerized effluent stream was separated in a RadFrac 

distillation column into a hydrocarbon product stream primarily composed of C9+ and the 

mentioned olefinic recycle stream. The distribution of the product stream corresponded to 85/15 

vol.% jet fuel and diesel, respectively. The olefin recycling rate was 45 wt% (relative to feed) to 

control the oligomerization reaction's exothermicity. Simultaneously, the recycling composition 

allows heavier oligomers formation, generating a distillate product with a higher molecular 

weight and density [110]. 

After completing the oligomerization stage, the straight-chain olefinic molecules are 

hydrogenated and further processed with either cracking or isomerization. The isomerization step 

improves biojet fuel's freezing point and cold flow characteristics. At the same time, the cracking 

process converts the molecule into the required carbon chain (C8–C16) [111]. Hydrogenation is a 

very exothermic reaction, whereas isomerization requires significant energy to transform linear 

alkanes. The operating conditions in the RStoic reactors during the hydrogenation and 

cracking/isomerization were 3.45 MPa at 185 °C and 6 MPa at 280 °C, respectively, assuming a 

metal catalyst (Pt/Al2O3) [112]. Hydroprocessing yields for the cracking and isomerization reactor 

are detailed in Appendix A. The stage design included a hydrogen recovery unit for recirculation, 

ensuring efficient response control. 

3.1.3 HEFA PROCESS 

Hydrolysis 

Hydrolysis of kernel oil was simulated in an RStoic reactor, assuming a 2:1 water-oil ratio to 

achieve 99.7% of the Colgate-Emery process's theoretical yield [113]. The conversion mechanism 

is described as three consecutive reversible reaction steps [114]. 



50 

 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 + 𝐻2𝑂 ↔ 𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 + 𝐹𝐹𝐴 (R9) 

𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 + 𝐻2𝑂 ↔ 𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 + 𝐹𝐹𝐴 (R10) 

𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 + 𝐻2𝑂 ↔ 𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 + 𝐹𝐹𝐴 (R11) 

Produced FFA were separated from the glycerol and water through a flash distillation in a Flash 

unit at atmospheric pressure and 125 °C. As a result, the stream containing the FFA mixture also 

had minor moisture, insoluble, and unsaponifiable (MIU), whereas the glycerol stream included 

MIU and much of the excess water (sweetwater). 

While triglyceride hydrolysis is a well-understood field from the biofuels industry perspective, 

further optimization could be achieved by the process's thermodynamical understanding [115]. 

Thus, the reaction was assessed at different states. The equilibrium constants were determined 

based on the critical properties and acentric factor of triglycerides, FFA and glycerol and 

estimated through group contribution methods [116,117]. State 1 occurred at 25 °C and 0.1 MPa 

(T1, P1), and state 2 at 250 °C and 5 MPa (T2, P2) to determine both states' feasibility based on 

Gibbs free energy (∆G), as defined in Equation 1. 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 Equation 1 

Where ∆H is the reaction enthalpy, ∆S is the entropy, and T is temperature. Enthalpy (H) of a real 

fluid is described in Equation 2. 

𝐻 = 𝐻𝑖𝑔 + 𝐻𝑑 Equation 2 

Where Hig corresponds to the ideal gas enthalpy and Hd is the departure enthalpy. Based on 

Equation 2, reaction enthalpy at state 1 is stated in Equation 3. 

∆𝐻1 = ∑ 𝐻{𝑝𝑟𝑜𝑑𝑢𝑐𝑡}  − ∑ 𝐻{𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡} 
Equation 3 

This approach can be extended to entropy as well. Reaction enthalpy for state 2 is calculated from 

Equation 4. 

∆𝐻2 = 𝐻𝑑(𝑇2, 𝑃2) − 𝐻𝑑(𝑇1, 𝑃1) + ∫ 𝐶𝑝
0(𝑇) 𝑑𝑇

𝑇2

𝑇1

 Equation 4 

Where 𝐶𝑝
0 is ideal gas specific heat (J/mol K) at T temperature. Whereas entropy is defined as 

shown in Equation 5. 

∆𝑆2 = 𝑆𝑑(𝑇2, 𝑃2) − 𝑆𝑑(𝑇1, 𝑃1) + (∫
𝐶𝑝

0

𝑇
 𝑑𝑇 − 𝑅 ln

𝑃2

𝑃1

𝑇2

𝑇1

) Equation 5 

Equations 4 and 5 explain the enthalpy derivations between an ideal gas and a real fluid. The 

Peng-Robinson equation of state was employed to model the property changes due to its 

suitability for multi-component systems at liquid phase densities [118]. Departure enthalpy and 

entropy are described in Equations 6 and 7, respectively. 
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𝐻𝑑 = 𝑅𝑇𝑐 [𝑇𝑟(𝑧 − 1) − 2.078 (1 + 𝑘)√𝛼𝑙𝑛 (
𝑧 + 2.414 𝐵

𝑧 − 0.414 𝐵
)] Equation 6 

𝑆𝑑 = 𝑅 [𝑙𝑛(𝑧 − 𝐵) − 2.078𝑘 (
1 + 𝑘

√𝑇𝑟

− 𝑘) 𝑙𝑛 (
𝑧 + 2.414 𝐵

𝑧 − 0.414 𝐵
)] Equation 7 

Tc and Tr are critical and reduced temperatures, R and z correspond to the gas constant and 

compressibility factor, and α is a modified function to improve the vapour pressure prediction. 

Detailed information describing the calculation of both equations is contained in the Appendix B. 

Specific thermodynamic parameters are rarely detailed because of triglycerides and FFA complex 

geometrical structure; hence, the assessment was simplified to triolein hydrolysis producing oleic 

acid. 

Decarboxylation and reforming 

Once all the glycerides from kernel oil are converted to FFA, catalytic decarboxylation is required 

to obtain mainly C11-C17 straight-chain n-alkanes by removing the carboxyl group on the FFA 

while releasing carbon dioxide [113]. The reaction was conducted in an RStoic reactor in the 

presence of hydrogen to saturate the double bonds on the unsaturated FFA at 2 MPa, and 280 °C 

with an H2/feed volume ratio (v/v) of 750 and a liquid hourly space velocity (LHSV) of 2 h-1 on 

a Pd/C catalyst [119]. The stage achieved a 95% theoretical yield. The gaseous effluent contains 

CO2 and hydrogen surplus. It was recovered through a two-step cooling process while maintaining 

the high-pressure environment to condensate CO2 (dry ice) and recycling the hydrogen to the 

decarboxylation reactor by employing the AspenPlus DesignSpec® tool [72]. 

After the decarboxylation stage, selective cracking and isomerization of the n-alkanes product 

were performed by adding hydrogen. The reaction took place in an RStoic reactor at 6 MPa, and 

280 °C in the presence of a Pt/Al2O3 catalyst and LHSV of 1h-1 and H2/feed volume ratio 750 

[120]. The reaction path net of hydrocracking and the jet fuel paraffinic mixture's isomerization 

was a cascade reaction from the n-alkane to single-branched isomers with multi-branched isomers 

not occurring to any appreciable extent. The liquid hydrocarbon mass yield from the 

cracked/isomerized was 92% (see Appendix A) [121,122]. 

 

3.1.4 TECHNO-ECONOMIC ANALYSIS 

The techno-economic analysis (TEA) compares the investigated biojet fuel processes based on 

their economic feasibility and relative potential in the marketplace. The TEA was developed by 

combining technical data, the AspenPlus Economic Evaluator® package, and a complete mass and 

energy balance from the simulated biorefineries. The economic analysis integrated the operating 

and capital costs, materials, biojet fuel production cost, processes energy, and direct emissions to 
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calculate the minimum biojet fuel selling price (MBSP) through a cash flow assessment with a 

net present value (NPV) equal to zero at an acceptable internal rate of return (IRR). The economic 

assumptions are described in Table 4. 

Equipment sizing and purchasing price, operating costs, and capital investment have been 

estimated using the material and energy balance data. Equipment costing has been assigned 

employing economic assumptions, exponential scaling, and the Chemical Engineering Plant Cost 

Index (CEPCI) adjustment [123], as shown in Equation 8. 

𝑁𝑒𝑤 𝑐𝑜𝑠𝑡 = 𝐵𝑎𝑠𝑒 𝑐𝑜𝑠𝑡 × (𝑆𝑖𝑧𝑒)𝑒𝑥𝑝 × (
𝐶𝐸𝑃𝐶𝐼 𝑖𝑛 𝑛𝑒𝑤 𝑦𝑒𝑎𝑟

𝐶𝐸𝑃𝐶𝐼 𝑖𝑛 𝑏𝑎𝑠𝑒 𝑦𝑒𝑎𝑟
) Equation 8 

Table 4: Economic assumptions 

Description Assumed value 

Base year 2020 

Plant financing debt/equity 60% / 40% of total capital investment  

Construction period a 8% 1st year, 60% 2nd year, 32% 3rd year 

Start-up time 0.5 years  

Plant life 25 years 

Income tax rate  35% 

CEPCI 1987/2019 b 323.8 / 607.5 USD 

Lang factor 4.8 

Work capital c 5% 

Minimum acceptable internal rate d 9% 

The interest rate for debt financing 9% annually  

On-stream factor 97% (8400 operating hours per year) 

The term for debt financing  10 years 

US dollar exchange rate 1.25 $ꞏ€-1 

a The percentage of the cost of the project cost throughout each year of construction. 

b Based on (https://www.chemengonline.com/2019-chemical-engineering-plant-cost-index-

annual-average/). 

c Of the fixed cost investment. 

d Consistent with the NREL research [124]. 

 

The installation costs included complementary equipment costs, installation labour, engineering 

costs, and contingencies costs [125,126]. The total capital investment (TCI) and the fixed capital 

investment (FCI) have been calculated after completing the overall purchasing and installation 

charges, as Table 5 describes. 

https://www.chemengonline.com/2019-chemical-engineering-plant-cost-index-annual-average/
https://www.chemengonline.com/2019-chemical-engineering-plant-cost-index-annual-average/
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Production cost involves variable operating costs (feedstock and waste disposal costs, by-product 

benefits, and recurring expenses) and fixed operating costs (staff payroll, labour burden, tax 

insurance, and facilities maintenance) [124]. The feedstock logistics and agriculture have not been 

considered within the analysis. The variable operating costs are detailed in Table 6. 

Table 5: TCI and FCI calculation assumptions. 

Parameter Description Installed Cost (IC) 

Direct cost Equipment cost (EC) Σ EC 

Installation Installed cost (IC) Lang factor × Σ EC 

Additional Direct costs 10% of the total IC 0.1 × Σ IC 

Total Direct Cost (TDC) 1.1 × Σ IC 

Construction fee 20% of TDC 0.2 × TDC 

Project contingency 10% of TDC 0.1 × TDC 

Prorated expenses 10% of TDC 0.1 × TDC 

Field expenses 10% of TDC 0.1 × TDC 

Other 10% of TDC 0.1 × TDC 

Total Indirect Cost (TIC) 0.6×TDC (or 0.66×Σ IC) 

Fixed Capital Investment (FCI) TDC + TIC 1.76 × ΣIC 

Land  Land cost 

Working capital 10% of FCI 0.1 × FCI 

Total Capital Investment (TCI) 1.936×Σ IC+land cost 
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Table 6: Primary variable operating costs involved in the processes. 

Parameter 
Process 

Source 
ATJ HEFA 

Feedstocks    

Lignocellulose 95 (€/t) - [127] 

Benzene 855 (€/t) - [128] 

Sulfuric acid 345.67 (€/t) - [124] 

Enzymes 577.17 (€/t) - [129] 

Kernel oil - 735 (€/t) a 

FAD - 271 (€/t) [130] 

Water 1.87 (€/m3) [131] 

Hydrogen 1196.05 (€/t) [43] 

Natural gas 434.63 (€/t) [131] 

Electricity 0.083 (€/kWh) [43] 

By-products    

CO2 emission cost 26 (€/t CO2) [43] 

Green diesel selling price 1.09 (€/L) - b 

Dry lignin selling price 270 (€/t) - [43] 

Glycerol selling price - 160 (€/t) [132] 

a Based on the reported selling price of palm kernel oil in 2020 

(https://www.indexmundi.com/commodities/?commodity=palm-

oil&months=60&currency=eur&commodity=palm-kernel-oil). 

b Corresponding to the diesel fuel price (https://geoportalgasolineras.es/#/Inicio). 

 

3.1.5 THERMOECONOMIC ANALYSIS 

Thermoeconomic modelling combines the exergetic and economics of the pathways (systems) to 

comprehensively evaluate the efficiency and renewability of the biojet fuel processing, 

identifying irreversibilities, discerning their causes, and rigorously quantifying them. The 

systematic assessment involves developing a macro in Visual Basic Application (VBA) to 

perform the exergy, and thermoeconomy algorithm/calculations of the biojet fuel production 

simulated models [133]. The required thermodynamic data for the application, such as enthalpy, 

entropy and mass flow from the streams of matter, work and heat, have been collected from 

AspenPlus® models. Figure 9 shows the logical connections between the performed analyzes 

starting from the exergy calculations. 

https://www.indexmundi.com/commodities/?commodity=palm-oil&months=60&currency=eur&commodity=palm-kernel-oil
https://www.indexmundi.com/commodities/?commodity=palm-oil&months=60&currency=eur&commodity=palm-kernel-oil
https://geoportalgasolineras.es/#/Inicio
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Figure 9: Thermoeconomic 3D hexagon costs. 

 

Exergy 

Exergy (X) is the amount of entropy-free energy available to be used when the system is brought 

into thermodynamic equilibrium with its environment. The assessment starts with the exergy 

calculations of each equipment streams. The specific exergy can be described as the stream's 

internal exergy by adding the physical and chemical exergies [134], as shown in Equation 9. 

𝑋 = 𝑋𝑝ℎ𝑦𝑠 + �̃�𝑐ℎ𝑒𝑚 Equation 9 

Kinetic and potential exergies were disregarded in the calculations. Instead, both processes were 

evaluated as open systems in thermodynamic equilibrium. Internal exergy calculations are 

described in Table 7. The streams enthalpy and entropy at operating conditions have been 

estimated in the models' simulation. Their respective values at the stable reference state (25 °C, 

0.1 MPa) were obtained using a heat exchanger, fed by a stream with the same composition as 

the evaluated stream [133]. Simultaneously, chemical exergy was calculated considering the 

stream composition and the pure substance elements exergy listed in Table 8. 

 



56 

 

Table 7: Exergy calculations for matter and energy streams. 

Exergy Equation Ref 

Physical 𝑋𝑝ℎ𝑦𝑠 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) [135] 

Chemicala �̃�𝑐ℎ𝑒𝑚 = ∑ 𝑦𝑖�̃�𝑐ℎ𝑒𝑚,𝑖 + �̃�𝑇0 ∑ 𝑦𝑖 ln 𝑦𝑖  
[136] 

Pure compoundsb 

�̃�𝑐ℎ𝑒𝑚(𝑚) = ∑ 𝑛𝑖�̃�𝑐ℎ𝑒𝑚,𝑖
(𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠) + ∆𝐺𝑓

0̌ (𝑚)

𝑖

 
[137] 

Heat 
𝑋𝑞 = (1 −

𝑇0

𝑇
) × �̇� - 

a Where yi is the molar composition of the i compound. 

b Where ni is the number of atoms. 

 

Table 8: Normal chemical exergy of elements. 

Element �̃�𝑐ℎ𝑒𝑚 (kJ/mol)a 

Carbon C 410.26 

Hydrogen H2 236.1 

Oxygen O2 3.97 

Nitrogen N2 0.72 

 

Work is considered pure exergy; thus, the simulation's values were used directly, allocating 

positive or negative signs if the piece of equipment requires it (+) or produces it (-). The same 

criteria were applied for heat stream allocation for endothermal (+) and exothermal (-) equipment 

pieces. 

Process and economics structure 

Graph Theory and Linear Algebra provided a mathematical render of the system's structure 

through an incidence matrix (A) composed of m equipment connected by n streams. Then, the 

exergy balance execution was performed by matrix algebra to obtain the exergy destruction on 

each piece of equipment by multiplying the incidence matrix and the internal exergy (X), as 

defined in Equation 10. 

𝐴(𝑚×𝑛) × 𝑋(𝑛×1) = 𝑋𝑑 (𝑚×1) Equation 10 

Irreversibilities leading to exergy destruction include processes associated with a chemical 

reaction such as reactant and product mixing, the pressure drop across the system, and heat loss 

to the environment [138]. The economic structure, on the other hand, classified the streams as 
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resources (R), products (P), or losses (I) depending on the equipment characteristics, 

configuration and utility, to calculate the exergetic costs [139]. The R/P/I classification was fed 

into three different matrixes (R, P, and I matrix) with a similar structure to the incidence matrix 

to perform the thermoeconomic analysis [133]. 

Exergetic costs 

The exergetic cost of a stream is equivalent to the required or consumed exergy to produce it; 

hence, each piece of equipment's outgoing streams is equal to the cost of all the incoming streams. 

The exergetic cost balance provided m equations to determine n=m+1 exergetic costs; for this 

reason, more equations were required based on the productive structure from the R/P/I 

classification [140]. The incidence matrix was complemented with an economic structure matrix 

(α) to build the cost square matrix (An×n) [141]. The exergetic costs were calculated using Equation 

11. 

𝑋(𝑛×1)
∗ = 𝐴(𝑛×𝑛)

′−1 × 𝛺(𝑛×1) Equation 11 

The values of the 𝛺(𝑛×1) vector corresponded to zero to the first m elements, followed by 

appropriate terms corresponding to the additional equations, as shown in Figure 10 [133]. 

 

Figure 10: Exergetic costs matrix. 
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Thermoeconomic costs 

The thermoeconomic costs (Π) were calculated through the allocated thermoeconomic costs (Φ), 

comprising the assigned fixed cost flow (Z) to each piece of equipment from the total fixed costs 

based on the economic assumptions and its corresponding (IC/ΣIC) ratio (see Equation 12). 

Secondly, the provided thermoeconomic costs (-Φ) for the resources and by-products are defined 

in the complementary economic matrix, considering its variable cost (specified in Table 6) and 

the mass flow. Waste/losses and bifurcations were considered zero [142,143]. 

𝛱(𝑛×1) = −𝐴(𝑛×𝑛)
−1 × Φ(𝑛×1) Equation 12 

Further information about the schematic assessment is fully described in Appendix C. 

 

3.1.6 LIFE CYCLE ASSESSMENT 

LCA methodology was performed to evaluate and compare different environmental burdens, 

biosphere impacts, and resource consumption associated with the studied thermochemical routes. 

LCA identified the environmental hotspots by compiling a thorough inventory of the inputs 

(feedstocks, fuels, and water) and quantifying the outputs (products, by-products, and emissions) 

[144]. An energy basis (1 MJ of biojet fuel produced) was employed as a functional unit in the 

LCA calculations. The LCA determined the life cycle GHG footprint and water consumption on 

each stage through the SimaPro® LCA v.9.0 modelling software. The system boundary is shown 

in Figure 2. The environmental effects were quantified employing the mass and energy balance 

and the environmental impact categories "global warming potential" with a time scope of 100 

years (GWP100) and "cumulative energy demand". The produced GHG emissions were 

monetarized and taken into account in the variable operating costs in the TEA. Measured 

emissions affecting the global climate behaviour were homologated in equivalent CO2 emissions 

(CO2eq). The LCA models were complemented with the Ecoinvent v.3.3 database for process and 

materials previously developed. The model assumed an average three-stage in-situ wastewater 

treatment. The environmental burden allocation was partitioned between products and by-

products streams based on guidelines from ISO 14044:2006 guidelines and mass (flow)-, energy 

(LHV)-, and market (€)-based methods [145]. In the ATJ and HEFA processes, the product was 

identified as a biojet fuel; nevertheless, some intermediate sub-systems generated by-products as 

green diesel and lignin (ATJ) and glycerol (HEFA). Biojet fuel combustion was disregard in the 

analysis. Finally, the environmental effects were interpreted and compared between them and 

other ASTM biojet fuel approved routes, including conventional petroleum-derived Jet A-1 fuel 

with net GHG emissions of 94 gCO2eq/MJ [146]. 
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3.1.7 PHYSICO-CHEMICAL PROPERTIES ESTIMATION 

The ASTM D7566 standard specification defines physico-chemical and thermodynamic 

parameters to describe traditional aviation turbine fuel quality and synthetic blending 

hydrocarbons. Seven properties were estimated for both types of biojet fuel derived from ATJ and 

HEFA pathways. A list of the bibliographic resources and group contribution methods employed 

in the estimations are detailed in Table 9. 

Table 9: Biojet fuel properties estimation. 

Parameter 
Estimation methods 

Pure compounds Ref Mixturea Ref 

Flash 

pointb 
Catoire-Naudet [147] 

𝐹𝑃 = 1.477 × 𝑇𝑏,𝑚𝑖𝑥
0.79686 × ∆𝐻𝑣𝑎𝑝,𝑚𝑖𝑥

0.16845

× 𝑛𝐶,𝑚𝑖𝑥
−0.05948 

[147] 

Density 
Rackett's 

equation 
[148] 

1

𝜌
= ∑

𝑋𝑖

𝜌
𝑖𝑖

 [149] 

Kinematic 

viscosity 
Joback and Reidc [150] ln 𝑣 = 1.17 ∑ 𝑥𝑖  ln 𝑣𝑖 − 0.22 [58] 

Freezing 

point 

Constantinou and 

Gani 
[151] 𝑇𝑓 = ∑ 𝑥𝑖

𝑖

𝑇𝑓,𝑖 [152] 

Lower 

heating 

value 

- 
[153] 

[154] 

𝐿𝐻𝑉 = ∑ 𝑥𝑖

𝑖

𝐿𝐻𝑉𝑖 [155] 

Smoke 

pointd 
- 

[156] 

[157] 

𝑀𝑊𝑚𝑖𝑥

𝑆𝑃𝑚𝑖𝑥

= ∑
𝑥𝑖𝑀𝑊𝑖

𝑆𝑃𝑖

 [158] 

a Where 𝑥𝑖 corresponds to the molar fraction. 

b Where Tb is the boiling temperature (K) of the mixture at atmospheric pressure, nC,mix is average 

carbon number, and ∆Hvap,mix is the mixture's vaporization enthalpy (kJ mol-1). 

c Dynamic viscosity is converted into kinematic viscosity considering the biojet fuel density at -

20 °C. 

d MW is the molecular weight. 

 

The flash point (FP) is a volatility indicator. It was used to estimate the lowest temperature at 

which a spark or a flame may ignite the air-vapour mixture in equilibrium with the biojet fuel at 

atmospheric pressure. Biojet fuel density (𝜌) and viscosity (𝑣) have an impact on combustion 

performance and emissions by primarily affecting atomization. The 𝜌 influences the mean drop 
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size, influencing the evaporation time, and hence, the reaction rates. On the other hand, the 𝑣 is 

closely related to pumpability and nozzle spray pattern; with the increase of 𝑣, more massive 

drops, a smaller cone angle and reduced nozzle flow rates are expected [159]. Additionally, 𝜌 is 

useful in empirical assessments of fuel metering (heating value) and aircraft flight range.  

The freezing point (Tf) was calculated as a fluidity at a low-temperature indicator to preclude 

interference with biojet fuel distribution through the aircraft. The lower heating value (LHV) is 

the heat of combustion, crucial to efficient fuel consumption by quantifying the total amount of 

energy released from the biojet fuel to perform useful work. The smoke point (SP) was estimated 

as the flame height achieved during fuel burn before smoke-producing, where combustion 

efficiency is maximum [160]. Finally, a distillation curve was modelled in AspenPlus® by 

employing a RadFrac unit to ascertain the volatile substances content and easy vaporization at 

different temperatures and specific distilled volume (T10, T30, T50, T70, and T90), as shown in Figure 

11 [161]. 

 

Figure 11: RadFrac unit for distillation curve modelling. 

 

3.1.8 FLIGHT PERFORMANCE ANALYSIS 

The payload vs range (Pv.R) analysis was carried out to determine the surrogate fuel's 

performance under specific flight conditions without conditioning the passenger and cargo 

capacity nor flight range. The aircraft operability performance depends on the biojet fuel energy 
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density (MJ/L); the lower the amount of energy contained, the greater the fuel consumption, 

consequently lesser the range. A high LHV and high-density increase the maximum power 

released during the combustion from a specific fuel tank volume. Because of the rapid expansion 

of airline operations worldwide, this study modelled a Boeing 737-800®, a short-haul commercial 

aircraft used by the most representative low-cost air company in Europe, for range calculations 

employing Equation 12. 

𝑅𝑎𝑛𝑔𝑒 =  
𝑉 (𝐿 𝐷⁄ )

𝑔 × 𝑠𝑓𝑐𝐴𝐽𝐹
ln (

𝑊𝑖

𝑊𝑓
)   Equation 12 

Where L/D is the lift-drag ratio at cruise (16.3), V is the flight speed (237 m/s), g is the 

gravitational constant (9.8 m/s2), and Wf and Wi are the final and initial aircraft weight during the 

cruise stage [43]. The maximum take-off, landing, and payload weights were 79 t, 66 t, and 21 t, 

respectively. Distribution weight depends on the expected payload and fuel required for the flight 

range. Empty aircraft weight is 41 t, and fuel tank capacity is 26 m3. The specific fuel consumption 

(sfcBiojet fuel) was defined as Equation 13 shows. 

𝑠𝑓𝑐𝐴𝐽𝐹  =  𝑠𝑓𝑐𝐽𝑒𝑡 𝐴1

𝐿𝐻𝑉𝐽𝑒𝑡𝐴1

𝐿𝐻𝑉𝐵𝑖𝑜𝑗𝑒𝑡 𝑓𝑢𝑒𝑙
 Equation 13 

Where sfcJetA1 value corresponds to 10.76 mg/(Nꞏs), fuel consumption during engine warm-up, 

take-off, and the climb is 4.5%. Figure 12 below details the elements and parameters to be 

considered in the Pv.R calculation. 

 

Figure 12. Pv.R calculation elements. 
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3.2 TECHNO-ECONOMIC AND LIFE CYCLE ASSESSMENT OF 

TRIISOBUTANE PRODUCTION AND ITS SUITABILITY AS BIOJET FUEL 

 

3.2.1 PROCESS DESIGN AND BASIC ASSUMPTIONS 

The process modelling and simulation were performed with AspenPlus® v.11 (Aspen Technology 

Inc., USA) based on data extracted from our experimental studies and approved methodology 

[37,79,162]. The model of a large scale biorefinery plant with a production of 91,000 tonnes of 

triisobutane per year was developed, enabling an accurate calculation of the mass and energy 

balances in each stage and the overall process. The selection of a suitable properties calculation 

method is essential for the thermodynamic and transport properties estimation of pure components 

and mixtures. The NRTL (non-random two liquid) property method was selected considering the 

phase and composition of the streams to achieve a proper vapour-liquid equilibrium and an 

efficient separation of the produced hydrocarbons during the isobutanol upgrading [50]. 

Useful data were obtained from the carbon selectivity and the conversion rate of each stage to 

model re-circulation streams with the AspenPlus Design Specs® tool. The process stages are 

characterized by heating and cooling; thus, Pinch Analysis, aided by Aspen Energy Analyzer®, 

was employed in the process integration to assess and improve energy efficiency and reduce 

operational costs [163]. It is an optimizing methodology discovered initially and further 

developed by Huang & Elshout [164], Linoff et al. [165], and Umeda et al. [166]. It is used to 

reach more utility savings by maximizing heat recovery [167]. The Pinch technique determines 

the possible energy recovery of the heat exchanged between the streams and defines the process's 

maximum energy recovery or minimum energy requirement [168]. 

The cellulosic isobutanol production design, overall process economics, and LCA were based on 

a plant with a capacity of a 2000-dry tonne of corn stover per day [79], where the feedstock is 

first acid-pretreated and then enzymatically hydrolyzed (saccharification) to convert the 

remaining cellulose, and hemicellulose, into sugars. Pretreated hydrolysate is conditioned with 

ammonia, ion exchange columns were added to remove inhibitors (including salts, acetates, and 

several organic acids) to improve product yield. Via an anaerobic fermentation using improved 

E. Coli strains, isobutanol was obtained. The assumed residence time for enzymatic hydrolysis 

and fermentation reactions was 3.5 and 3 days, respectively. Hydrolysis residence time is similar 

to those used for wheat straws [169]. 

On the other hand, compared to ethanol fermentation, isobutanol has an optimistic residence time. 

Most glucose and xylose are fermented in solvent products and in the growth of microorganisms 
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in a residence time ranging from 2 to 6 days [170,171]. The sugar to isobutanol conversion yield 

was 85%, with the rest of the sugar converted to cell mass and another by-product. The 

purification process employed a simultaneous vacuum stripping technique during the 

fermentation and isobutanol removal, whereas two distillation columns and one decanter were 

needed to obtain 170,344 m3 of high purity isobutanol per year. The reactions produced during 

the process are shown in Figure 13. 

 

Figure 13: Chemical reaction of hemicellulose biomass conversion into isobutanol. 

 

Isobutanol upgrade consists of three main reactions; dehydration, oligomerization, and 

hydrogenation. A thermodynamic equilibrium was performed using the AspenPlus RGibbs® 

reactors and the Peng-Robinson physical property model to assess the impact of temperature on 

the isobutene oligomerization and the effect of space-time (τ') on triisobutene production. 

Dehydration 

Isobutanol is dehydrated over a commercial ɣ-alumina catalyst into isobutene, a molecule that 

can be synthesized into chemical products and a wide range of renewable fuels [172]. The 

dehydration reaction was simulated based on published data in an RYield reactor (yield 

specifications are in Appendix A), with selectivities to isobutene of 95%, 1-butene 1.6%, trans-
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2-butene 0.5%, and cis-2-butene 1.9% at 325 °C, 0.62 MPa, and a Weight Hourly Space Velocity 

(WHSV) of 5 h-1 [173]. During the isobutanol dehydration, oxygen is removed in the form of 

water, as shown in Figure 14. 

 

Figure 14: Mechanism for isobutanol dehydration to mixed butenes. 

 

A distillation column was designed through the DSTWU AspenPlus® tool to separate the water 

from the C4 stream. The obtained design specifications were: number of stages 5, feed stage 3, 

reflux ratio 3.52, distillate to feed mole ratio 0.49. The condenser and reboiler pressure were set 

at 0.10 MPa. 

Oligomerization 

In this stage, the upgrade of isobutene to light olefins, suited as fuel additives, is carried out, 

increasing the chain of carbon atoms that combines unsaturated molecules to obtain dimers, 

trimers, and even tetramers [174]. The oligomerization occurs in a kinetic reactor based on the 

evolution of the concentration of reactant and products with the space-time τ' in an n-step series-

parallel reaction mechanism [175], as Figure 15 shows. 

 

Figure 15: Parallel oligomerization mechanism. 
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The obtained mixture from the liquid product is mainly composed of the trimer because the third 

and all succeeding reactions do not occur to any considerable extent (see Appendix A) [175]. The 

implemented kinetic model schematically describes the first and second step of the reaction 

mechanism [176,177]. Isobutene dimerization is first-order in isobutene [178] and all subsequent 

reactions. 

−𝑟′
𝐶4𝐻8

= 𝑘1
′ [𝐶4𝐻8] (R12) 

+𝑟′
𝐶8𝐻16

= 𝑘1
′ [𝐶4𝐻8] − 𝑘2

′ [𝐶8𝐻16] (R13) 

+𝑟′
𝐶12𝐻24

= 𝑘2
′ [𝐶8𝐻16] (R14) 

Where: 

r′ is the reaction rate in mol/g h. 

𝑘1
′  and 𝑘2

′  are the rate constants of the reaction, 

[𝐶4𝐻8]: isobutene concentration (reactive). 

[𝐶8𝐻16]: diisobutene concentration (by-product). 

[𝐶12𝐻24]: triisobutene concentration (main product). 

 

The following expressions were applied to calculate the final concentration of C8H16 and C12H24, 

assuming an initial concentration of oligomers is zero and taking into account the stoichiometry 

of the reactions: 

C₈H₁₆

2[C₄H₈]₀
=

𝑘1
′

𝑘1
′ − 𝑘2

′ [(
C₈H₁₆

[C₄H₈]₀
)

𝑘2
′ /𝑘1

′

−  
[C₄H₈]

[C₄H₈]₀
] 

(R15) 

C₁₂H₂₄

3[C₄H₈]₀
=

𝑘1
′ 𝑘2

′

𝑘2
′ − 𝑘1

′ [
exp(−𝑘2

′ τ′)

𝑘2
′ −  

exp(−𝑘1
′ τ′)

𝑘1
′ ] + 1 

 

(R16) 

Where 𝑘1
′ = 0.8792 L/gꞏh and 𝑘2

′ =0.6357 L/gꞏh [175]. 

 

Besides, the real gases equation of Van der Waals was used to calculate the amount of unreacted 

isobutene, as shown in Equation 14. 

(𝑃 + 𝑎𝑛2 𝑉2)(𝑉 − 𝑛𝑏) = 𝑛𝑅𝑇⁄  Equation 34 

 

Where a=13 atm L2/mol2 and b=0.1 L/mol [175]. 
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The optimum pressure and temperature conditions for trimers to obtain a stable conversion and 

high selectivity were 0.20 MPa and 100 °C, respectively. The reaction was modelled, assuming 

using an Amberlyst®-15 cationic ion-exchange resin as a catalyst in the gas-liquid phase. A macro 

was created in Visual Basic (VBA) and linked to a plug-flow reactor (PFR) in the simulated model 

using a Fortran code. ASPEN Plus® required the reactor’s operating specifications and inlet flows 

conditions to calculate the concentration of the output product. 

Hydrogenation 

The final stage consisted of saturating the olefins mixture from the oligomerization with gaseous 

hydrogen. It converted the trimers and dimers into iso-paraffines since its olefinic character, and 

foreseeable low oxidation stability would hinder their direct use as a biojet fuel blending 

component [44]. The hydrogenation reaction is shown in Figure 16. 

 

Figure 16: Triisobutane and diisobutene hydrogenation reaction. 

 

As a method of controlling olefin content, the bromine number was measured before 

hydrogenation. Following the ASTM D1159 specification, ideal for hydrocarbons mixtures 

substantially free of lighter compounds than the isobutane. The saturation reaction occurs in two 

stages, as shown below: 

5𝐵𝑟− + 𝐵𝑟𝑂3
− + 6𝐻+ → 3𝐵𝑟2 + 3𝐻2𝑂 

(R17) 

𝐵𝑟2 + 𝑅 − 𝐶 = 𝐶 − 𝑅 → 𝑅 − 𝐶𝐵𝑟 − 𝐶𝐵𝑟 − 𝑅 (R18) 

Stage 1 (R17) of the reaction involves the dissolution of the bromide and potassium bromate in 

the titration solvent and the subsequent formation of molecular bromine, while stage 2 (R18) 

consists of saturating the double bonds contained in the tested sample using the bromine from the 

first stage. Finally, the reaction ends when all double bonds have disappeared, and the olefin 

content is zero [179]. 

The hydrogenation was simulated using an RStoic reactor. The operation conditions were mild 

and had relatively low operating pressure and temperature (2.03 MPa and 150 °C) and modest 

WHSV requirements [180], compared to other hydrogenation reactions in conversion routes for 

the production of biojet fuel [181]. This step consists of an exothermic reaction over a metal 
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catalyst (Pt/Al2O3) with hydrogen consumption in the process, so recycle and purge details were 

included in the reactor design to ensure adequate response control. 

 

3.2.2 TECHNO-ECONOMIC ANALYSIS 

The techno-economic analysis of the process was conducted based on rigorous mass and energy 

balances from the simulated process model. The sizing and costing of equipment were performed 

using the AspenPlus Economic Evaluator® package and technical data sources. Equation 8 was 

applied to calculate the new cost of the equipment considering its sizing [123], and the value for 

the scaling factor (exp) was determined from literature sources [182–184].The equipment costing 

was done using several sources based on different years. The Chemical Engineering Plant Cost 

Index (CEPCI) updated the assessment year and adjusted the capital cost. The equipment 

installation costs were determined as the product of the installation factor (including installation 

labour costs, auxiliary equipment costs, contingencies costs, and engineering costs) and the 

purchased equipment cost [125,126]. The total capital investment (TCI) and the fixed capital 

investment (FCI) were calculated from the overall installation costs. The FCI was defined as the 

total indirect cost (60% of total direct costs) and direct costs. The total direct cost was calculated 

by adding up the installation and direct costs (10% total installation costs). Subsequently, by 

summing the land cost, the working capital (10% of the FCI), and the FCI, the TCI was calculated 

[124]. 

The production costs included fixed operating costs (labour burden, maintenance, and employee 

salaries) and variable operating costs (including raw materials, by-product credits, waste disposal 

costs, and recurring costs). Feedstock logistics, as well as farming, have not been included in the 

assessment. The assumptions for the primary variable operating costs are shown in Table 10. The 

isobutanol price is also included based on the previous study of its production from cellulosic 

biomass. Total fixed operating costs include supervision and labour costs, plus a 90% labour 

burden (i.e., social security and benefits by law). Additional fixed operating costs were obtained 

based on the FCI, assuming 3% and 0.7% of the FCI for maintenance and property and tax 

insurance, respectively [124]. Finally, the cash flow assessment examines or interprets the 

different cash inflows and outflows related to the company during the period considered for the 

investment, operational, and financial activities. The economic assumptions are detailed in Table 

11. 
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Table 10: Primary variable operating cost assumptions. 

Price of feedstocks, by-products, and CO2 emission cost Source 

Feedstock 

Isobutanol 815.21 (€/t) [79] 

Hydrogen 1,196.05 (€/t) a 

Natural gas 434.63 (€/t) [185] 

Electricity 0.083 (€/kWh) b 

ɣ-Alumina 2,333.33 (€/t) [186] 

Amberlyst®-15  175,000 (€/t) c 

Platinum on alumina (Pt/Al2O3) 1,555.83 (€/t) [186] 

By-product price 

Diisobutane 2,167.65 (€/t) d 

Lignin (dry) 270 (€/t) [187] 

CO2 emission 

CO2 cost emission 25.64 (€/t CO2) 
e 

a Hydrogen CAS 1333-74-0 (https://www.sigmaaldrich.com/spain.html). 

b Based on in-house information. 

c Amberlyst®-15 CAS 39389-20-3 (https://www.sigmaaldrich.com/spain.html). 

d Corresponding to the high-octane fuel price in Spain (https://geoportalgasolineras.es/#/Inicio). 

e CO2 emission trading market  

(https://markets.businessinsider.com/commodities/co2-european-emission-allowances). 

 

The minimum triisobutane selling price (MTSP) is the required value for a net present value 

(NPV) of zero at an acceptable minimum internal rate of return (IRR). At the same time, the 

MTSP helps determine the economic viability of the investigated process compared to market jet 

fuel prices. Finally, a double-factor sensitivity analysis was carried out to assess the uncertainty 

surrounding the estimates of conceptual costs on the MTSP returns. These values are best used in 

relative comparison against changing economic parameters, technological variations, or 

procedure improvements. 

  

https://www.sigmaaldrich.com/spain.html
https://www.sigmaaldrich.com/spain.html
https://geoportalgasolineras.es/#/Inicio
https://markets.businessinsider.com/commodities/co2-european-emission-allowances
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Table 11: Economic assumptions. 

Description Assumed value 

Base year 2019 

Plant financing debt/equity 60%/40% of total capital investment  

Construction period 3 years (8% 1st year, 60% 2nd year, 32% 3rd year)a 

Start-up time 0.25 years  

Plant life 25 years 

Income tax rate  35% 

Work capital 5% b 

Minimum acceptable internal rate 9% 

The interest rate for debt financing 9% annually  

On-stream factor 97% (8400 operating hours per year) 

The term for debt financing  10 years 

Plant salvage value No value 

a The percentage of the cost of the project cost throughout each year of construction. 

b Of the fixed cost investment. 

 

3.2.3 LIFE CYCLE ASSESSMENT 

Besides the techno-economic analysis, an LCA was conducted to determine the net GHG 

emissions produced throughout the isobutanol upgrading. The assessment included the life-cycle 

GHG footprint and water consumption of the overall process based on the mass and energy 

balance. Also, the cost of these GHG emissions was considered in the sensitivity analysis to obtain 

the MTSP and the corresponding additional charge on the minimum selling prices of Jet A1. In 

both cases, an energy basis was used (1 MJ of fuel). 

During the environmental assessment in the SimaPro® LCA v.9.0 modelling software, the "global 

warming potential" impact category (2013) with a 100-year time scope (GWP100) was applied 

to evaluate GHG emissions including CO2, N2O, and CH4. Therefore, the values defined by the 

IPCC were used. All emissions with an effect on global climate behaviour were homologated in 

equivalent CO2 emissions (CO2eq). The Ecoinvent v.3.3 databases were also employed for 

materials and processes already developed, including pre-chains data of the process. Wastewater 

was treated assuming an average three-stage in-situ process. The distribution of the environmental 

burden between the main product and the by-product (diisobutene) was calculated by considering 

the energy content of each compound. 
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On the other hand, the output stream containing the cis/trans-2-butene and the 1-butene was 

classified as waste. Finally, the possible environmental effects based on the applied impact 

categories are interpreted and discussed. The obtained results were compared with other ASTM 

biojet fuel approved pathways and conventional jet fuel with net GHG emissions of 89 gCO2eq/MJ 

[129]. This comparison gave some insights into the potential of the triisobutane in reducing 

emissions compared to petroleum-derived aviation fuels. 

 

3.2.4 PHYSICO-CHEMICAL PROPERTIES ESTIMATION 

Physico-chemical and thermodynamic properties estimation were performed to analyze the effect 

of the hydrogenation on the triisobutene and predict its suitability as a Jet A1 blend component 

considering the ASTM D7566 standards specification for aviation turbine fuels containing 

synthesized hydrocarbons. The properties estimation included bibliographic resources and group 

contribution methods based on the structure of the molecules. 

The established parameters in the ASTM specification include the initial boiling (Tb) and freezing 

(Tm) points, both liquid state change temperatures. These parameters were calculated using the 

Constantinou and Gani method [151], which identifies two types of groups: simple functional 

groups (first-order groups) and functional groups using the first-order groups as building blocks 

(second-order groups). In this method, the role of the second-order group is to provide additional 

information about the distribution of the molecular structure when the first-order group 

description is insufficient to distinguish among isomers. The flash point (FP) is a descriptive 

characteristic defined as the lowest temperature at which an air-vapour (of the fuel) mixture will 

ignite in a closed space when given an ignition source; therefore, the prediction of the FP is 

considered an important safety parameter. The FP was estimated using an empirical equation 

correlating the standard boiling point, the enthalpy of vaporization, and the number of carbon 

atoms of the compound [188]. The dynamic viscosity (ƞ𝐿) at -20 °C was obtained through Joback 

and Reid’s group contribution method [150] and converted into kinematic viscosity considering 

its liquid density value at -20 °C. The smoke point (SP), or the maximum flame height achieved 

during the jet fuel combustion without smoking, was obtained based on the triisobutane threshold 

soot index (TSI), which was estimated using the structural orientation lumping (SOL) group 

contribution method [158]. 

Because of the absence of aromatic elements, the biojet fuel often exceeds the 45 mm upper limit 

capability of the standard ASTM D1322 method; thereby, an alternative way to estimate the SP 

is required. The TSI indicates the sooting propensity of fuel, which can be determined by 

characterizing structural features of the AJF with the same structural components (or 
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hydrocarbons mixtures) through the 22 building blocks of the SOL method. The lower heating 

value (LHV), known as well as net heat of combustion, is the total energy released in the fuel 

combustion and was obtained based on the combustion/thermodynamic approach [153]. Finally, 

liquid density (𝜌) at 15 °C was estimated using Rackett’s equation of state for saturated liquids 

[148]. In Table 12, equations used to obtain the required parameters are compiled. Specifications, 

values, and calculations are detailed in Appendix D. 

 

3.2.5 FLIGHT PERFORMANCE ANALYSIS 

The aircraft operations performance is strictly related to the energy density of jet fuel (in this 

instance, as heat) and the convertibility of heat into mechanical power. The low heat energy 

released during combustion is translated into increased fuel consumption and, ultimately, higher 

operating expenses. The ρ and LHV are vital characteristics associated with the aircraft's range 

capacity and the chemical composition of the fuel, as Equation 15 [189] shows. 

𝐻𝑒𝑎𝑡 𝐸𝑛𝑒𝑟𝑔𝑦𝑡𝑜𝑡𝑎𝑙 = 𝜌𝑓 × 𝑉𝑓 × 𝐿𝐻𝑉 Equation 15 

Where 𝜌𝑓 is the fuel density at 15 °C in kg/m3, 𝑉𝑓 is the fuel tank volume in m3, and 𝐿𝐻𝑉 is the 

lower heating value in MJ/kg. At a given fuel tank size, more heat energy can be obtained from 

AJF with a higher ρ and LHV, as well, and consequently, more extended flight range or/and more 

substantial payload mass are allowed for aircraft operations [190]. The Payload vs Range (Pv.R) 

was calculated to evaluate how changes in the properties of biojet fuel would affect the 

performance of the aircraft’s range. 

The Pv.R calculations were carried out using the Breguet range equation [191] (see Equation 16) 

for a Boeing 747-200B-RB211-S24D4®, assuming the straight aircraft position and a permanent 

altitude for the whole flight and without turbulences: 

𝑅𝑎𝑛𝑔𝑒 =  
𝑉 (𝐿 𝐷⁄ )

𝑔 · 𝑠𝑓𝑐
𝑙𝑛 (

𝑊𝑖

𝑊𝑓
) Equation 16 

Where V is the flight speed (300 m/s), (L/D) is the lift/drag ratio (17.5), g is the gravitational 

constant (9.81 m/s2), sfc is the specific fuel consumption (mg/Nꞏs), Wi (We+Wp+Wf) and Wf 

(We+Wp) are the initial and final weight of the aircraft at the beginning and end of the cruise stage, 

respectively. The Breguet equation is the simplest flight model and assumes that the fuels burn as 

efficiently as Jet A1 and that no structural changes to the plane are necessary to accommodate the 

AJF. 
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Table 12: Equations used in the estimation of properties. 

Parameter Equation Ref 

Boiling point (K) exp(𝑇𝑏 204.359⁄ ) = ∑𝑖𝑁𝑖𝑡𝑏1𝑖 + ∑𝑗𝑀𝑗𝑡𝑏2𝑗 
[151] 

Freezing point (K) exp(𝑇𝑚 102.425 ⁄ ) = ∑𝑖𝑁𝑖𝑡m1𝑖 + ∑𝑗𝑀𝑗𝑡𝑚2𝑗 

Flash pointa (K) 𝐹𝑃 = 1.477 × 𝑇𝑏
0.79686 × ∆𝐻𝑣𝑎𝑝

0.16845 × 𝑛−0.05948 [188] 

Viscosityb (N·s/m2) ƞ𝐿 = 𝑀𝑊 × 𝑒𝑥𝑝{[∑(ƞ𝐴) − 597.82] 𝑇⁄ + ∑(ƞ𝐵) − 11.202} [150] 

Smoke point (mm) 

a) TSI by the SOL method 

TSI = 𝑎(∑(𝑁𝑘𝑠𝑝𝑘))

𝑘

−1

+ 𝑏 + 𝑐(∑(𝑁𝑘𝑠𝑝𝑘))

𝑘

+ 𝑑(∑(𝑁𝑘𝑠𝑝𝑘))

𝑘

2

+ 𝑒(∑(𝑁𝑘𝑠𝑝𝑘))

𝑘

3

+ 𝑓(∑(𝑁𝑘𝑠𝑝𝑘))

𝑘

4

 

[158] 

[192] 

b) Smoke pointc 

𝑇𝑆𝐼 = 𝑎 (𝑀𝑊 𝑆𝑃⁄ ) + 𝑏 

[156] 

[157] 

Lower heating valued 

(MJ/kg) 
𝐿𝐻𝑉 =

[𝑚 × ∆𝐻𝑓𝐶𝑂2(𝑔) + 𝑝/2 × ∆𝐻𝑓𝐻2𝑂(𝑔) − (∆𝐻𝑓𝐶12𝐻26(𝑔) − ∆𝐻𝑣𝑎𝑝𝐶12𝐻26
)]

𝑀𝑊
 

[153] 

[154] 

Densitye (kg/m3) 
1

𝜌𝑠
= (𝑅𝑇𝑐 𝑃𝑐⁄ )𝑍𝑐

[1+(1−𝑇𝑟)2 7⁄ ]
 [148] 

a n corresponds to the number of carbon atoms of the compound. 

b ƞ𝐴 and ƞ𝐵 corresponds to the contribution of the functional groups in Joback’s method for dynamic viscosity. 

c Where a=4.07 and b=-4.8 are constants based on experimental measurements by the ASTM D1322 method to nC12 mixtures [157,193]. 

d Where m and p correspond to the number of carbon and hydrogen atoms, respectively. MW is the molecular weight of the compound. 

e R is the gas constant, Tc, Pc, and Zc corresponds to the critical temperature, pressure, and compressibility factor, respectively, and Tr is the reduced temperature. 
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The assumed maximum take-off and structural payload weight were 371,900 and 62,817 kg, 

respectively. Besides, the maximum landing weight was 285,700 kg, including 30% of the 

remaining fuel for safety reasons [194]. The flight section weight historical ratios define 4.5% of 

fuel consumption during the warm-up, take-off, and climb [195]. 

The sfc can be calculated from Equation 17 considering a Jet A1 sfc of 17.46 mg/Nꞏs: 

𝑠𝑓𝑐𝑏𝑖𝑜𝑗𝑒𝑡 𝑓𝑢𝑒𝑙  =  𝑠𝑓𝑐𝐽𝑒𝑡 𝐴1

𝐿𝐻𝑉𝐽𝑒𝑡𝐴1

𝐿𝐻𝑉𝑏𝑖𝑜𝑗𝑒𝑡 𝑓𝑢𝑒𝑙
 Equation 17 

The LHV of the biojet fuel blend was calculated using Equation 18. Where Xi is the mass fraction 

of each blended fuel: 

𝐿𝐻𝑉 = ∑ 𝐿𝐻𝑉𝑖 × 𝑋𝑖

𝑖

 Equation 18 

The Pv.R was calculated up to the maximum volumetric capacity of 206 m3 of the fuel tanks. The 

mixture ρ is calculated as Equation 19 shows, employing the triisobutane and Jet A1 ρ, where Xi 

is the mass fraction of each component: 

1

𝜌
= ∑

𝑋𝑖

𝜌𝑖
𝑖

 Equation 19 

The Breguet equation shows the effect of changing fuel on the limits to the range payload 

performance. Nonetheless, an accurate depiction of the range in an operating aircraft was 

calculated. 
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4. RESULTS AND DISCUSSION 

 

4.1 BIOJET FUEL PRODUCTION FROM OLEAGINOUS CROP RESIDUES: 

THERMOECONOMIC, LIFE CYCLE AND FLIGHT PERFORMANCE 

ANALYSIS 

 

4.1.1 PROCESS DESIGN 

Simulation description 

The feedstock streamflows (S1ATJ and S2ATJ) of the ATJ sequentially go through hydrolysis, 

SSCF, dehydration, oligomerization, and hydroprocessing. The HEFA feedstock (S1HEFA, 

S26HEFA and S10HEFA) are transformed through hydrolysis, decarboxylation and hydroprocessing 

reactions, as shown in Figure 17. The physico-chemical properties of all flow streams from the 

simulated biorefinery are summarized in Appendix E. The mass and energy balances and the 

primary process results are described in Table 13. 

The results indicate a higher specific biojet fuel mass ratio in the HEFA process since kernel oil 

and FAD have a more straightforward chemical structure and a higher effective hydrogen-carbon 

rate than the ATJ's lignocellulosic biomass [99]. Hence, the upgrading process was much direct; 

also, the FAD were entered directly in the decarboxylation stage. Nonetheless, the ATJ achieved 

a higher jet-to-fuel mass ratio (0.72 kgbiojet fuel/kgtotal fuels) attributed to high purity ethanol 

production as an intermediate molecule and high C9-C12 hydrocarbons selectivity throughout 

oligomerization stages [110]. The azeotropic distillation reached around a 30% improvement in 

ethanol production rate compared to a conventional ethanol-water separation process employing 

scrubber and rectification columns [39]. 

In comparison, the dominant lauric acid content in the kernel oil facilitates Jet A1 range alkanes 

selectivity of around 58%, increasing biojet fuel production rate, decreasing the formation of by-

products (diesel) compared to other biomass-based vegetable oils [196,197]. Overall thermal 

efficiency or jet fuel-to-feed energy ratio estimated the remaining feedstock heat input at the biojet 

fuel product. The difference between processes is attributed to the complexity of the ATJ; the 

more elaborate the design, the greater the probability of energy loss. 
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Figure 17: Biorefinery model simulation: (a) ATJ process and (b) HEFA process. 
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Table 13: Summary of results for investigated ASTM pathways. 

Parameter Item 
Process  

ATJ HEFA 

Feedstock (t/h) Lignocellulose 77.88 - 

Kernel oil - 4.68 

FAD - 1.46 

Energy (MW) Heating demand 117.98 4.22 

Cooling demand 123.63 6.31 

Electric power demand 30.58 1.85 

Product (t/h) Biojet fuel 10.99 4.74 

By-products (t/h) Green diesel 4.38 - 

Lignin 20.27 - 

Glycerol - 0.63 

Intermediate Ethanol - 

Specific biojet fuel production (kg/kgfeedstock) 0.14a / 0.48b 0.77 

Specific by-products production (kg/kgfeedstock) 0.32a / 0.17b 0.10 

Total fuel production (kg/kgfeedstock) 0.46a / 0.65b 0.87 

Thermal efficiency from LHV (%) 26 %a / 40 %b 65 % 

a The value refers to the production rate calculated assuming lignocellulosic biomass as feedstock. 

b The value ignores the ethanol production and assumes it as feedstock. 

 

Even though the ATJ energy demand is considerably higher than the HEFA, a significant amount 

of lignin suitable as heat and electricity feedstock is generated during ethanol production, 

projecting up to 45 MW of surplus electricity [39]. In contrast, the HEFA process needs 

combusting natural gas to attain electricity self-sufficiency. At the same time, specific hydrogen 

usage was 15.8 kg/tbiojetfuel and 52 kg/tbiojetfuel for ATJ and HEFA. Besides, a comparison of energy 

consumption (heating, cooling, and electricity) determines the ethanol production stage as the 

primary contributor in the ATJ, despite the fact a heat-exchangers net was implemented to 

optimize heat recovery. 

Hydrolysis reaction 

Calculated thermochemical properties for each condition are shown in Table 14. 
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Table 14: Thermochemical properties of the studied components of triolein thermal hydrolysis. 

Function Unit Compound Formula 
State 

(25°C, 0.1 MPa) (250°C, 5 MPa) 

Enthalpy ∆𝐻𝑓
0 (g)a kJꞏmol-1 Triolein C57H104O6 -1841.18 - 

Water H2O -241.83b - 

Oleic acid C18H34O2 -650 - 

Glycerol C3H8O3 -581.88 - 

Entropy 𝑆0 (g)c Jꞏmol-1 K-1 Triolein C57H104O6 2548.42 - 

Water H2O 188.81 - 

Oleic acid C18H34O2 0.8639 - 

Glycerol C3H8O3 400.93 - 

Departure enthalpy 

Hd 

kJꞏmol-1 Triolein C57H104O6 -398.8 -137.36 

Water H2O -45.92d -33.98d 

Oleic acid C18H34O2 -128.04 -92.84 

Glycerol C3H8O3 -77.32 -64.32 

Departure entropy 

Sd 

Jꞏmol-1 K-1 Triolein C57H104O6 -413.83 -253.35 

Water H2O -123.457d -94.41d 

Oleic acid C18H34O2 -217.92 -109.66 

Glycerol C3H8O3 -55.24 -81.36 

Heat capacity 

𝐶𝑝
0(𝑇)e 

Jꞏmol-1 K-1 Triolein C57H104O6 1315.31 2023.56 

Water H2O 417.58 646.15 

Oleic acid C18H34O2 113.17 165.07 

Glycerol C3H8O3 75.30 87.60 

Reaction enthalpy 

∆H 

kJꞏmol-1  
114.79 -178.67 

Reaction entropy 

∆S 

Jꞏmol-1 K-1  
68.77 47.64 

Free Gibbs energy 

∆G 

kJꞏmol-1  
94.29 -192.87 

a Ideal gas enthalpy of formation was estimated using the method of Constantinou and Gani [151]. 

b Entropy values obtained employing Benson's Group Method [198]. 

c Reference value from the National Institute of Standards and Technology (NIST) Chemistry 

WebBook (https://webbook.nist.gov/chemistry/name-ser/). 

d Values predicted in AspenPlus® by thermodynamics properties calculations. 

e Ideal gas heat capacity in function of T estimated through the Joback and Reid's group 

contribution method [150].  

https://webbook.nist.gov/chemistry/name-ser/
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Based on the Gibbs free energy, at state 1 (25°C, 0.1 MPa), hydrolysis is an unfeasible 

endothermal reaction [199]. On the contrary, state 2 (250°C, 5 MPa) overcame the activation 

energy barrier without catalyst, leading to water's higher solubility in the kernel oil phase [114]. 

Simultaneously, high pressure maintained the reactants in the liquid phase, yielding higher 

conversion rates [200]. The Gibbs free energy described the reaction as exothermic, becoming 

more attractive to its industrial scale-up. Thermodynamic results are in excellent agreement with 

experimentally obtained data [201]. 

 

4.1.2 ECONOMIC EVALUATION 

The economic analysis results for biojet fuel production through the investigated pathways were 

calculated based on fixed and variable facilities costs under an average investment return, capital 

depreciation, and an ordinary income tax. The results are summarized in Table 15. 

Table 15: Economic results summary. 

Parameter Units 
 Process 

ATJ HEFA 

Biojet fuel production  (ML/year)  129.22 53.48 

By-product production  (ML/year) Green diesel 43.26 - 

(t/year) Lignin 170.25 - 

(ML/year) Glycerol - 4.24 

Variable Operating Costs (M€/year) Feedstock 133.03 25.30 

(M€/year) By-product 

credits 

47.20 0.85 

Fixed Operation Costs  (M€/year)  8.10 2.70 

TIC (M€)  14.57 1.62 

ΣIC (M€)  22.07 2.46 

FCI (M€)  25.64 3.53 

TCI (M€)  42.73 4.78 

MBSP (€/kgbiojet fuel)  1.18 0.72 

 

During the ATJ route, two types of by-products are generated. Firstly, lignin from the 

lignocellulosic biomass pretreatment. Lignin is an attractive alternative source of on-site energy 

with any electrical surplus assigned as a by-product credit of 0.08 €/kWh. However, heat from 

reconditioned lignin combustion is expensive than fossil fuels [162]. Therefore, the economic 
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evaluation assumed its sale as a high-value-added by-product considering the market value of 270 

€/t corresponding to a type II lignin, directly reducing cost in biojet fuel processing [202]. 

Secondly, the unsaturated diesel fraction produced during ethylene oligomerization with a 

referential selling price of 1.09 €/L, based on the 2020 regular bunker's buying readiness price. 

On the other hand, throughout the HEFA route, glycerol resulting from hydrolysis is catalogued 

as a by-product after its treatment with a 0.16 €/kg selling price. The capital costs of both 

processes are not directly comparable due to the production ladder. This study comprehensively 

addresses the residues of an oleaginous crop. The ATJ is an industrial-scale biorefinery fed with 

lignocellulosic biomass. While the HEFA hydroprocessed the vegetable oil extracted from that 

lignocellulosic biomass and the FAD produced during crude vegetable oil refining for biojet fuel 

production maximizing. Figure 18 illustrates the capital costs distribution based on the installed 

equipment costs and the contribution process stages. 

 

 

Figure 18: Cost of installed equipment by stages. 
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As demonstrated in Figure 18, the main installed equipment costs for the ATJ process are 

determined as ethanol purification stage (30%) and oligomerization stage (20%). The 

lignocellulose to ethanol stages is demonstrated as more capital expenditure (CAPEX) intensive 

for the ATJ process, accounting for over 50%. The ATJ process also has a higher FCI due to more 

elaborate and sophisticated technology, such as azeotropic distillation and two-step ethylene 

oligomerization for biojet fuel upgrading [43]. On the other hand, the decarboxylation stage (45%) 

and hydrolysis stage (40%) are the primary installed equipment costs for the HEFA process. 

Notwithstanding, it is worth stressing that the facilities proposed and assessed may be challenged 

by higher contingency costs, as FOAK plants. 

The ATJ converted 1800 t/day of dry lignocellulose into 294 ML/year of ethanol as an 

intermediate, producing 129 ML/year of biojet fuel as the final product. As a result, the calculated 

MBSP is 1.43 €/kgbiojet fuel or 1.03 €/L, significantly higher compared to the market jet fuel price 

(0.76 €/kg or 0.62 €/L in 2019). In this regard, ethanol bioconversion represents 49% of the MBSP 

(0.70 €/kgethanol). Nevertheless, it is similar to n-butanol and isobutanol minimum selling prices 

[79]. In contrast, the HEFA hydroprocessed 148 t/day of vegetable oil and FAD, producing 54 

ML/year of biojet fuel. However, its MBSP (1.01 €/kg or 0.75 €/L) is relatively lower because 

the process requires a minimum amount of catalyst. At the same time, no enzymatic reactions 

were performed, reaching considerable savings compared to the ATJ [39]. Also, the decreasing 

kernel oil prices over the last decade and the thermodynamic improvements has contributed to 

efficient operating conditions. 

The atmospheric pollutants released during biojet fuel refining were monetized based on the 

European Union emissions trading system (EU ETS). The EU ETS prices the CO2 emissions at 

52 €/t, respectively increasing 0.14 €/kgbiojet fuel and 0.03 €/kgbiojet fuel the MBSP of the ATJ and 

HEFA processes. Simultaneously, the Jet A1 selling price increases to 0.96 €/kg, approaching the 

MBSP of the HEFA process. Nevertheless, if only the emissions generated during the upgrade 

from ethanol to biojet are considered, the increase in the MBSP of the ATJ of 0.02 €/kg is worth 

noting. Furthermore, based on the current CO2 emission cost, the techno-economic analysis 

concluded at least quadruple the emissions cost is necessary to balance the MBSP of the ATJ and 

the selling price of the Jet A1. 

Regarding conventional Jet A1 selling price, biojet fuel prices are expected to increase by 1.05 

€/L and 0.37 €/L for the ATJ and HEFA routes [44]. Therefore, the produced biojet fuels bridge 

the gap in 61% and 75%, respectively. Although the determined MBSP for the ATJ is similar to 

other alcohol-derived jet fuels, technological and biochemical improvements are required to lower 

production costs; otherwise, a competitive selling price will not be possible [43]. Nonetheless, if 
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the additional fee corresponding to implementing the produced biojet fuel in a regular 1000 km 

flight is allocated among passengers, the ticket fare will rise between 1.20 € to 4.30 € [2]. 

 

4.1.3 EXERGETIC ANALYSIS 

The exergy analyses employed an appropriate level of aggregation. The ATJ and HEFA 

biorefineries were respectively divided into 6 and 3 functionally logical sub-systems to calculate 

different indexes (see Figure 5) separately. Nevertheless, the complete data of each piece of 

equipment and stream calculations for both systems is detailed in Appendix F. The exergetic 

results are summarized in Table 16. 

Table 16: Exergy results for the analyzed sub-systems. 

System Sub-system 

Index 

XR 

(MW) 

XP 

(MW) 

XI 

(MW) 

Xd 

(MW) 

dr 

(%) 
Xd/XR Eff 

ATJ Feedstock 

pretreatment 
2489 2341 143 5.90 0.02 0.002 0.94 

SSCF 2325 2247 4 74.11 0.62 0.032 0.97 

Ethanol 

purification 
648 484 138 27.07 0.23 0.042 0.75 

Dehydration 429 427 0 2.77 0.02 0.006 0.97 

Oligomerization 1034 1021 0 12.14 0.10 0.012 0.97 

Hydro-

processing 
369 367 0 1.47 0.01 0.004 0.98 

HEFA Hydrolysis 199 198 0 0.21 0.22 0.001 0.97 

Decarboxylation 315 314 0.23 0.37 0.38 0.001 0.97 

Hydro-

processing 
124 124 0 0.37 0.39 0.003 0.95 

 

The exergy destruction (Xd) rate quantified the generated irreversibility (entropy) in each piece of 

the sub-systems' equipment. Irreversibilities in the ATJ system achieved 123.46 MW, which is 

the theoretical maximum thermodynamic saving possible. The greater exergy destruction rate (74 

MW) took place in the SSCF sub-system, mainly attributed to the saccharification reactor (B9) 

with an exergetic efficiency (eff) of 82%. Irreversibilities were generated because of the relatively 

lower conversion efficiency of gluco-oligomer (C6) to glucose and fructose and xylo-oligomer 
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(C5) to xylose, evidencing the necessity of an enzymatic improvement to detect potential hosts 

[203]. Consequently, fermentation yield was also impaired. Biochemical conversions yield are 

directly related to irreversibility generation—the lower the conversion yield, the more significant 

exergy destruction [204]. In addition, hemicellulose degradation and lignin solubility throughout 

lignocellulosic biomass pretreatment directly affecting the SSCF efficiency [102]. The 

neutralization reaction after the acid hydrolysis generated 62% of the irreversibilities in the 

pretreatment sub-system. Ethanol purification also contributed to an appreciable amount of 

exergy destruction due to high energy consumption. 

Nevertheless, the exergy destruction in both distillation columns compared to the exergy of the 

resources consumed (Xd/XR) is barely 4%. A relatively low exergy destruction ratio is expected 

throughout the systems, considering an oleaginous crop residue transformation into biojet fuel 

[205]. In contrast, ethanol dehydration and ethylene oligomerization were exergetically more 

efficient, achieving 97% by implementing a heat exchanger net to reduce losses regarding harsh 

operating conditions. The developed ATJ biorefinery's calculated efficiency was 89%, 

significantly improved than 66% of other biomass-based biorefineries [206,207]. 

On the other hand, the HEFA system irreversibility was 990 kW with an exergetic efficiency of 

71%. Relative exergy destruction (dr) was similar in decarboxylation and hydro-processing sub-

systems (⁓40%), the high-power consumption (heat and work) attended by an inefficient 

hydrogen recovery unit and reactors losses. The triglycerides hydrolysis exergetic efficiency and 

the exergy destruction ratio at the operating conditions previously evaluated in section 2.3.1 vary 

from 28%/78% in (T1, P1) to 85%/11% (T2, P2), improving 19% and 10%, respectively, compared 

to enzymatic hydrolysis of lignocellulose biomass [208]. 

 

4.1.4 THERMOECONOMIC ANALYSIS 

The thermo-economic analysis results evaluated the effect of Z on the exergetic results of each 

piece of equipment for the optimization of both systems and costs minimization. The calculated 

indexes are summarized in Table 17. The thermoeconomic cost of the products (ΠP) varied from 

the resources thermoeconomic cost (ΠR) proportionately to the Z costs. In the ATJ instance, the 

elevated Z is attributed to the ethanol purification and oligomerization sub-systems. 
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Table 17: Thermoeconomic results for the processes equipment (Total cost). 

System Sub-system 

Index 

Z 

(€/s) 

ΠR 

(€/s) 

ΠP 

(€/s) 
CR (€/MWh) CP (€/MWh) CRꞏXP (€/s) CRꞏXI (€/s) CRꞏXd (€/s) (CP-CR)ꞏXP (€/s) (CP-CR)/CR f 

ATJ Feedstock 

pretreatment 
0.10 21.73 21.83 31.42 33.57 20.43 1.25 0.05 1.40 0.07 0.49 

SSCF 0.12 29.75 29.87 46.06 47.86 28.75 0.05 0.95 1.12 0.04 0.06 

Ethanol purification 0.42 11.87 12.29 65.91 91.49 8.86 2.52 0.50 3.44 0.39 0.30 

Dehydration 0.07 14.73 14.81 123.52 124.91 14.64 0.00 0.09 0.17 0.01 0.27 

Oligomerization 0.41 37.70 38.11 131.32 134.31 37.26 0.00 0.44 0.85 0.02 0.31 

Hydro-processing 0.13 35.41 35.48 345.60 347.69 35.27 0.00 0.14 0.21 0.01 0.32 

HEFA Hydrolysis 0.01 10.02 10.02 181.58 181.93 10.00 0.00 0.01 0.02 0.00 0.44 

Decarboxylation 0.01 22.37 22.38 255.95 256.55 22.33 0.02 0.03 0.05 0.00 0.19 

Hydro-processing 0.00 11.74 11.74 339.66 340.76 11.70 0.00 0.04 0.04 0.00 0.07 
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The ethanol preconcentration and azeotropic distillation columns (C1 and C2, respectively) are 

complex and large equipment, requiring high temperatures because of low-pressure conditions to 

operate [209]. Similarly, the C3 fractionating column bottom streams require a high temperature 

due to the oligomerized reaction product's high molecular weight, demanding more complicated 

and expensive fired heaters. Furthermore, a much larger oligomerization reactor (B2) and 

distillation column (C3) were required to handle the increased volumetric flow because of the 

high rate of recycling using more separation/fractionation energy, and hence more associated 

conservation elements [110]. There were no substantial variations concerning the HEFA process; 

however, the decarboxylation stage contributes the most because of the implementation of 

gaseous and effluents recovery and energy conservation units. 

In addition to the unit exergoeconomic cost (Cj=Πj/Xj) of the resources (CR), the unit 

exergoeconomic costs of the products (CP) added the Z values and the losses/waste and exergy 

destruction costs of the equipment. These added values of thermodynamic character are defined 

as the relative overcost ((CP-CR)/CR), which calculates the increase rate between products and 

resources [205]. Interestingly, despite the fact that the SSCF accumulate more irreversibilities, 

the ethanol purification achieved a higher relative overcost due to energy losses and wastewater 

generation from the dehydration and azeotropic distillation columns. However, energy efficiency 

(60%) could significantly improve by replacing the traditional adiabatic column with a non-

adiabatic distillation column [210]. Compared to the TEA results, it does not surprise the elevated 

production cost of ethanol. In contrast, the products' thermoeconomic cost (CRꞏXP) was calculated, 

assuming the exergy destruction, losses, and fixed costs are zero. The difference between (CRꞏXP) 

and (ΠP) resulted in the absolute overcost (CP-XR)ꞏXP, where the thermodynamic contribution is 

decompounded in the thermoeconomic costs of the exergy losses (CRꞏXI) and the thermoeconomic 

costs of the exergy destruction (CRꞏXd) [133]. 

Finally, the exergoeconomic factor (f) of the equipment was calculated to determine the influence 

of the economic contributions (Z) on the total overcost (Z+CRꞏXI +CRꞏXd). If the achieved f is low, 

a cost improvement in the system could be reached through an increment in thermodynamic 

efficiency. But if the calculated f is high, a simplification in the equipment design would be 

required, even though this implies greater exergy destruction [136]. The sub-systems achieved an 

f value below 0.5, evidencing the mild impact of Z on the total costs; thus, variable costs are far 

more critical. However, with further precision, the ATJ sub-systems require an equipment 

simplification based on the thermodynamic improvements; i.e., if the exergetic efficiency is low 

with a high exergy destruction rate without contributing to costs minimization, then the equipment 

should be eliminated. In the HEFA system, the hydrolysis f value is slightly higher because of 

elevated exergy destruction in the preconditioning equipment P1 and H1. As mention before, at 
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250 °C and 5 MPa, the reaction becomes very exothermic, losing energy proportionately, 

increasing operating costs despite the exergetic efficiency, and lower Z. 

 

4.1.5 LIFE CYCLE ASSESSMENT 

The resulting life cycle GHG emissions for the ATJ and HEFA routes were 75 gCO2eq and 18 

gCO2eq for each MJ of biojet fuel produced, respectively. At the same time, the life cycle fuel 

consumption was 47.5 MJ/kgbiojet fuel and 5 MJ/kgbiojet fuel for each route. In this regard, the ATJ 

emissions compare well with sugarcane-derived ethanol and n-butanol ATJ routes. Contrastingly, 

the HEFA shows an improvement relative to palm oil and jatropha oil, as shown in Figure 19. 

 

Figure 19: Comparison of net GHG emissions between studied and similar process varying the 

feedstock. 
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The emissions related to cultivation (11 gCO2eq/MJbiojet fuel) were not considered in the biojet fuel 

LCA. Furthermore, based on the EU directive on promoting energy use from renewable sources, 

the environmental burdens of the feedstocks are zero because they are waste [4]. Besides, it was 

considered 100 km of distance between the vegetable oil processing plant and the biorefinery 

regarding transportation. Transport from one place to another was carried out by train and truck, 

in a proportion of 85% and 15% respectively. The GHG emissions generated in the lignocellulose-

to-ethanol biochemical conversion constitute 88% of the overall process caused by considerable 

energy consumption (natural gas) at the SSCF stage and the double distillation step to purify high-

grade ethanol. However, the dehydration and azeotropic columns' total heat duty (9 MJ/kgethanol) 

is approximately 15% higher than a combined double column and molecular sieve adsorption unit 

[79]. Instead, most of the emissions (7.2 gCO2eq/MJbiojet fuel) occurred in the dehydration and 

oligomerisation stages attributed to energy consumption and operating conditions during ethanol 

upgrade. 

Life cycle GHG emissions and fossil fuel consumption through the ATJ route are elevated. 

Nevertheless, GHG savings were estimated applying the EU Renewable Energy Directive II 

(RED II) methodology for by-product displacement credits. Otherwise, the process would breach 

the mandatory GHG emissions target reduction of 65%, compared to petroleum-derived Jet A1(94 

gCO2eq/MJ) for facilities starting operation after January 2021 [4]. The ATJ model corresponds 

to a 2G biorefinery employing residual biomass. The ethanol production stage was designed 

following a specific standard configuration, comprising steam explosion pretreatment, an internal 

heat provision by lignin combustion, and C5-C6 co-fermentation to meet the minimum GHG 

saving requirements of 2021 [211]. 

The remaining lignin from the SSCF stage is an essential component in valorising lignocellulosic 

biomass. Lignin versatility as a by-product, based on its high LHV (24.07 MJ/kg), ideal for 

efficient heat and electricity conversions. While the TEA assumes the sale of lignin as a value-

added by-product, it could be used as an in-situ energy source. For example, high-pressure steam 

could be obtained through a fluidised bed combustor, supplying the demand for the pretreatment 

reactor and distillation columns. Furthermore, converting excess into electricity to encounter 

biorefinery's utility requirements, avoiding a significant amount of emissions and natural gas 

consumption [24]. 

The electricity surplus displaced an equivalent amount of the marginal grid electricity (1:1 kWh), 

generating a net GHG emissions reduction of 110 gCO2eq/MJbiojet fuel, as defined by the Ecoinvent 

database. The marginal electricity mix played an important role, considering the elevated coal-

fired electricity import share [211,212]. Besides, the RED II grants GHG emissions credits when 
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petroleum-derived CO2 is replaced, i.e., one kg of green diesel produced at the oligomerization 

stage displaced 1 kg of petroleum-derived diesel equivalent to 4.09 kgCO2eq/kgdiesel [79]. 

On the other hand, the GHG footprint of the HEFA process is significantly influenced by the 

hydrogen source and its consumption during the decarboxylation and hydroprocessing stages. 

Lower net GHG emissions can be achieved by replacing the steam methane reforming of natural 

gas with its biomass-derived counterpart (off-gas) to produce in-situ hydrogen. Accordingly, the 

gasification process leads to a carbon footprint reduction in the entire chain of 65%, mainly due 

to the absorption of CO2 during biomass growing (total CO2 capture of 29.8 kg CO2eq/kghydrogen 

was assumed in this context) [213,214]. Compared to the fossil reference, the GHG reduction is 

over the RED II threshold, which agrees with the other biojet fuels from the ASTM D7566 

[44,215]. Regarding the energy consumption, the HEFA achieved a highly efficient process 

attributed to the heat exchanger net implemented on each stage. 

 

4.1.6 PHYSICO-CHEMICAL PROPERTIES ESTIMATION 

The calculated physico-chemical properties of both biojet fuels and the D7566 ASTM standard 

specifications are listed in Table 18. The FP of the HEFA is acceptable, while the ATJ is slightly 

lower than the specification since the lower volatility component primarily dictates the FP 

indicator. However, a considerable improvement in volatility content is expected when Jet A1 

blending occurs. In both cases, the 𝜌 parameter is inside the requirement; nevertheless, none of 

them could be considered a Jet A1 surrogate on its own. The density of a biojet fuel is crucial to 

obtain a stable blend since the lower the difference between them, the smaller the chance of 

separation. Both fuels' kinematic viscosity is within the acceptable range, even though the ATJ is 

much lower, leading to better atomization and combustion and pumping ease. The Tf of both biojet 

fuels overpasses the ASTM reference and the experimental Jet A1 value due to its composition 

based on straight and branched carbon chains and its low level of polyunsaturates. The Tf must be 

low enough to ensure the fuel fluency at high-altitude reached temperatures during a flight. In 

both cases, the LHV measure is similar and is above the specification, which is in excellent 

agreement with the Jet A1 reference. As mention before, both biojet fuels are composed of a 

significant amount of iso-alkanes (⁓80%); for that reason, the achieved virtual SP is higher than 

the specification and the Jet A1. Iso-alkanes have a relatively high SP due to their low sooting 

tendency. The flame height difference between biojet fuels is ascribed to its primary C12 and C11 

isoalkane composition; the shorter the carbon chain, the higher the smoke point. 
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Table 18: Standard physico-chemical requirements. 

Property Unit ASTM D7566a 
Jet fuel 

ATJ HEFA Jet A1c 

Flash point °C min 38 32 62 42 

Density at 15 °C kg/m3 
730 to 770/ 

775 to 840b 
730.8 741.8 798.0 

Kinematic viscosity 

at -20 °C 
mm2/s max 8 2.63 5.27 4.63 

Freezing point °C 
max -40/ 

max -47b 
-76 -54 -52 

Lower heating value MJ/kg min 42.8 44.33 44.21 43.52 

Smoke point mm min 25 65.8 75.4 24.0 

Distillation     d 

T10 °C max 205 146 181 179 

T50 °C report 180 217 204 

T90 °C report 209 275 238 

Final boiling point °C max 300 250 287 254 

T90-T10 °C 
min 22/ 

min 40b 
63 94 59 

a Requirements for the ATJ and HEFA biojet fuels are described in Annex 2 and Annex 5, 

respectively. 

b Specification to biojet fuel / Jet A1. 

c Physico-chemical properties of an average Jet A1 [216] 

d Experimental data obtained through the ASTM D86 methodology for atmospheric distillation 

curve [217]. 

The volatility of both biojet fuels determines their combustion properties. As was expected from 

the FP calculation, the distillation curve of the ATJ evidences an overly volatile compound 

compared to the HEFA (see Figure 20). High flammable fuel is prone to evaporative losses at 

high altitude, so low volatility might not ignite readily during combustion [216]. Thus, in both 

cases, the combustion efficiency is reduced, and the emissions increased. Notwithstanding, the 

biojet fuels met all the ASTM specifications and can be blended up to a 50:50 ratio with Jet A1. 
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Figure 20: Biojet fuel distillation curves. 

 

4.1.7 FLIGHT PERFORMANCE ANALYSIS 

The ATJ and HEFA fuels' energy density was 32.4 MJ/L and 32.8 MJ/L, while the Jet A1 reached 

34.7 MJ/L. Hence, to maximize range when the biojet fuels are implemented, the aircraft's 

payload capacity will be conditioned by the fuel tanks' size and not exceed the maximum 

structural load. Besides, the Pv.R calculations considered at least 20% fuel remaining at the end 

of the flight to meet safety requirements. The results diagram is plotted in Figure 21. 
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Figure 21: Payload vs Range diagram performance of the produced biojet fuels in a Boeing 737-

800®. 

 

During a flight with the maximum payload capacity, the biojet fuel reached a range improvement 

of approximately 3% compared to traditional Jet A1; however, it required 6% more fuel tank 

capacity. On the other hand, an optimal weight breakeven is achieved when the fuel tank is filled 

with biojet fuel, enabling a higher payload capacity of 1.7 t upper than Jet A1, but 1000 km of 

autonomy is lesser. In contrast, the closer the payload approaches zero, the more significant the 

difference in long-range achieved by Jet A1 owing to its high energy density. 

The global crisis regarding the SARS-CoV-2 has had a significant impact on the air transport 

sector, reducing nearly 25% of the operations during 2020 compared to 2019. As a result, 

countless layoffs and bankrupted companies are expected throughout the world. In addition to the 

sparse demand for flights, the extra costs that the pandemic implies must be added; the airlines 

must invest more in cleaning and disinfection, which means spending more time on the ground 



91 

 

than flying. Hence, the air industry can implement sustainable initiatives that contribute 

economically to overcome the pothole being left by the health emergency. 

The biojet fuel Pv.R performance is on par with its petroleum-derived counterpart; nevertheless, 

the optimal weight balance to improve range occurs in short-haul distance flights with a payload 

and fuel tank capacity just under the maximum limit (15% and 5%, respectively), implying a 

reduction in operating costs and physical distancing between passengers preventing contagion 

inside the aircraft. For instance, running the 10,800 flights per year route (round trip) between 

Madrid and London involves travelling 1246 km per flight (see Figure 22). The ATJ and HEFA 

fuel consumption to complete the journeys are 3% more efficient than Jet A1, respectively 

accomplishing another 335 and 283 additional flights. The extra flights are equivalent to 

approximately 0.7 M€/year from fuel savings, compensating for reducing payload due to current 

biosafety regulations. Further savings are expected concerning refuelling associated costs. 

 

Figure 22: Payload comparison between biojet fuel and Jet A1. 
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4.2 TECHNO-ECONOMIC AND LIFE CYCLE ASSESSMENT OF 

TRIISOBUTANE PRODUCTION AND ITS SUITABILITY AS BIOJET FUEL 

 

4.2.1 SIMULATION DESCRIPTION 

The simulated triisobutane production model is shown in Figure 23, where the isobutanol (S1 

streamflow) sequentially goes through the reactions of dehydration, oligomerization, and 

hydrogenation. 

 

Figure 23: Simulation of isobutanol dehydration, oligomerization, and hydrogenation processes. 
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The flow rate, temperature, pressure, and composition of the most relevant streams from the 

simulated biorefinery are listed in Table 19. An extended table, including all the flow streams, is 

described in Appendix E. 

The obtained data for the Pinch analysis are represented in a set of energy flows as a function of 

heat required against temperature to optimize heat recovery systems, energy supply methods, and 

process operating conditions. It can be inferred that the isobutanol feedstock stream must be 

conditioned, pressurized, and heated, to be fed into the first reactor, which operates at 325 °C and 

0.62 MPa. Next, the isobutene stream that leaves the dehydration reactor has the same conditions; 

thus, its pressure and temperature must be decreased to diminish the operation pressure of the 

distillation column, favouring the separation and avoiding hazardous conditions. Therefore, a 

turbine and a heat exchanger were implemented to decrease the pressure and temperature of the 

isobutylene stream; these units allowed the flow to reach 100 °C and atmospheric pressure, 

respectively. As a result, an indirect heat integration system was proposed, using the released 

energy by the isobutene stream to pre-heat the isobutanol feedstock stream (compositive curves 

are shown in Appendix G). Also, the unreacted hydrogen from the hydrogenation reactor was 

conditioned (purged) before being recycled. 

The main results of the production analysis are summarized in Table 20. Apart from the specific 

production index, the thermal efficiency ƞth was measured to evaluate the amount of the initial 

cellulosic isobutanol feedstock heat input that remains at the final product and is defined as shown 

in Equation 20. 

𝜂𝑡ℎ =
𝑚𝑇𝑟𝑖𝑖𝑠𝑜𝑏𝑢𝑡𝑎𝑛𝑒 × 𝐿𝐻𝑉𝑇𝑟𝑖𝑖𝑠𝑜𝑏𝑢𝑡𝑎𝑛𝑒

𝑚𝑖𝑠𝑜𝑏𝑢𝑡𝑎𝑛𝑜𝑙 × 𝐿𝐻𝑉𝑖𝑠𝑜𝑏𝑢𝑡𝑎𝑛𝑜𝑙
 Equation 20 

The main results reveal a high performance in the isobutanol-to-triisobutane conversion through 

the assessed thermochemical route. During the dehydration (99.1%) and oligomerization 

reactions, the high conversion yield achieved an elevated amount of isobutene and high selectivity 

of triisobutene, respectively. 

The bromine number of triisobutene was 79.51 gBr2/100g, representing a high aliphatic 

unsaturation degree, exceeding the limit of the ASTM D1159 specification of 57.5 gBr2/100g 

[218] (a summary containing the measured results is detailed in Appendix G). The obtained result 

causes the need for a hydrogenation stage with a hydrogen consumption ratio of 0.03 

kg/kgtriisobutane. 
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Table 19: Stream results of the ATJ biorefinery process. 

Stream 

Mass 

flow 

rate 

(kg/s) 

T (°C) 
p 

(MPa) 

Molar composition 
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S1 4.52 25 0.10 1           

S5 4.52 325 0.52 0.005 0.48 0.0080 0.0025 0.0095 0.4977      

S7 3.34 -6.9 0.10 2.42E-07 0.96 0.0161 0.0049 0.0185 1.89E-05      

S8 1.18 90.1 0.10 0.009 0.01 0.0002 0.0002 0.0010 0.9759      

S10 3.20 -6.9 0.10  1          

S12 3.23 100 0.20  1          

S13 3.23 100 0.20  0.02     0.1147 0.863    

S17 3.20 150 2.03             0.1173 0.883       

S21 3.35 143.8 2.03       0.0308 0.232 0.738   

S22 3.35 150 2.03       0.0004 0.003 0.645 0.041 0.310 

S25 0.27 25 0.10          1  

S28 2.98 25 0.10           1 
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Table 20: Production rates for triisobutane and diisobutane. 

Fuel synthesis route ATJ 

Specific triisobutane production (kg/kgIsobutanol) 0.659 

Specific diisobutane production (kg/kgIsobutanol) 0.059 

Specific total triisobutane production (kg/kgIsobutanol) 0.718 

ƞth (based on the LHV) 87.58% 

 

The effect of temperature and space-time τ’ conditions on the isobutene conversion and oligomer 

distribution (%, w/w) is fundamental to generate a higher concentration of triisobutene. Space-

time (τ’) is defined as 𝑊 𝑉0⁄ , where W is the weight of catalyst (g), and V0 is the volumetric flow 

of isobutene (LNh-1). Isobutene conversion is defined as: 

𝑋𝑖−𝑅 =
(𝑛𝑖−𝐶4

)0 − (𝑛𝑖−𝐶4
)𝑒𝑥𝑖𝑡

(𝑛𝑖−𝐶4
)0

× 100 Equation 21 

Where (𝑛𝑖−𝐶4
)0 are the moles of reactant in the feed and (𝑛𝑖−𝐶4

)𝑒𝑥𝑖𝑡 are the moles of the reactant 

at the reactor outlet stream. 

Temperature effect during the oligomerization 

The reaction temperature has been studied in a range of 50-110 °C. since it is a very exothermic 

reversible reaction [175] as illustrated below: 

2𝐶4𝐻8(𝑔) → 𝐶8𝐻16 (𝑙);  ∆𝐻0 = −107.2 𝑘𝐽/𝑚𝑜𝑙 (R19) 

3𝐶4𝐻8(𝑔) → 𝐶12𝐻24 (𝑙);  ∆𝐻0 = −154.4 𝑘𝐽/𝑚𝑜𝑙 (R20) 

4𝐶4𝐻8(𝑔) → 𝐶16𝐻32 (𝑙);  ∆𝐻0 = −231.9 𝑘𝐽/𝑚𝑜𝑙 (R21) 

Therefore, as the temperature increases, the conversion of isobutene is expected to decrease [219]. 

On the other hand, at temperatures above 100-110 °C, the side reaction of oligomer separation 

increases considerably, and the catalyst used becomes unstable, resulting in a meagre conversion 

yield of isobutene. Besides, considering that triisobutene is the desired compound, it has been 

demonstrated that up to 100 °C, triisobutene formation surpasses diisobutene formation [220]. 

The oligomers are in the liquid state at atmospheric pressure and up to 100 °C; this accelerates 

the trimerization, favouring the isobutene solubility in the reaction mixed-phase. Above 

diisobutene boiling point at approximately 110 °C, this effect is reversed, and the formation of 

triisobutene starts to decline, as the thermodynamic equilibrium shows in Figure 24. At 100 °C, 

the main product is triisobutene (approximately 90%, w/w), with minor amounts of diisobutene 

(about 10%, w/w) in the mixture of liquid products achieving a weight ratio of C12/C8≈ 9.0. 

Because the formation of tetramers is quantitively low, it was not considered. 
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Figure 24: Thermodynamic equilibrium of isobutene oligomerization (%, conversion) and 

product distribution (%, w/w) vs temperature at 0.20 MPa. 

 

Space-time τ’ effect during the oligomerization 

The space-time τ’ was adjusted in the kinetic reaction model to maximize the formation of 

triisobutene by efficient use of the catalyst during the reaction. The model could not be fitted for 

prolonged residence time values greater than 7.5 g h/L because the experimental data concluded 

that reversibility should be taken into account [175]. The results obtained from the distribution of 

oligomers and the conversion of isobutene vs space-time τ’ are shown in Figure 25. Selectivity 

for triisobutene increases as diisobutene yield decreases. A higher conversion of isobutene is 

obtained at space-time τ’ values ranging from 4.5 to 6.0 g h/L with a considerably lower 

conversion for values beyond this range. 
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Figure 25: Isobutene conversion (%) and product distribution (w/w) vs space-time τ’ for isobutene 

oligomerization on Amberlyst®-15 at 100 °C and 0.20 MPa. 

 

A space-time of 5.5 g h/L was selected to achieve a 90% conversion of isobutene. The liquid 

mixture obtained is triisobutene (approximately 92%) with small amounts of diisobutene (<10%) 

and a C12/C8 weight ratio of ≈ 9.0. 

 

4.2.2 TECHNO-ECONOMIC ANALYSIS 

The total process cost of triisobutane production comprehends fixed (labour supplies and 

overheads) and variable (feedstock, by-product credits, and utility) costs, an average return on 

investment, capital depreciation, and an ordinary income tax. The results are summarized in Table 

21. The investment costs per process unit are: dehydration 3,591,414 €; oligomerization 918,300 

€; and hydrogenation 1,816,608 €. 

During the studied thermochemical route, two types of hydrocarbons are produced. The 

triisobutane is the end-product. The diisobutane, on the other hand, is considered a by-product 

with an assumed selling price of 1.47 €/L, based on its buying availability with the 2019 regular 

fuel price in Spain. 
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Table 21: Process production economics results summary. 

Parameter Value 

Triisobutane production (Mgal per year) 31.78 

Diisobutane production (Mgal per year) 3.12 

Variable Operating Costs (M€ per year) Raw materials  164.30 

By-product credits 44.37 

Fixed Operation Costs (M€ per year) 4.94 

TIC (M€) 4.18 

FCI (M€) 7.35 

TCI (M€) 12.65 

MTSP (€ per kg of triisobutane) 1.34 

 

For the 390 isobutanol tonne-per-day biorefinery, the triisobutane yield is 31.78 million gallons 

per year. The calculated MTSP is 1.34 €/kg or 1.00 €/L, almost double compared to the minimum 

selling price of Jet A1 of 0.76 €/kg [221]. The technological viability for the production of 

triisobutane has been demonstrated [35,52]; however, the sustainability of raw materials, cost 

reduction, and increased availability remain essential parameters for a successful and adequate 

commercial implementation. 

The process overprice caused in the first instance by the feedstock costs due to the isobutanol 

price represents approximately 68% of the variable operating costs, implying a pay equal to 0.91€ 

per kg of triisobutane. Secondly, the drop-in AJF must meet several aviation requirements, 

including standard ASTM specifications, which require more sophisticated and worked-out 

technological methods than those implemented for other transport sectors. On the other hand, the 

current production of AJF compared to Jet A1 is much lower, which increases input costs [222]. 

While triisobutane is 0.58 €/kg more expensive than traditional jet fuel, it represents an 

improvement related to the estimated increment between 0.42 €/L and 1.20 €/L for other ASTM 

routes to produce biojet fuels. Besides, in the context of charging the further fee, including the 

biojet fuel mixture on a typical flight to the EU passenger fares and considering the low mixture 

rate for the triisobutane-ATJ (up to 30 vol %), the cost becomes affordable. If the estimated 

additional cost for the biojet fuels (0.42-1.20 €/L) is distributed across all domestic and intra-EU-

27 flights in 2020, this would add between €1.20 and €4.30 to the ticket's price per passenger of 

a regular 1,000 km flight [2,222]. 

Finally, the sensitivity analysis consisted of comparing optimal and non-optimal scenarios based 

on the variation of the economic parameters to calculate the minimum selling price. The double-
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point sensitivity analysis was adjusted through the uncertainty range, considering only those 

parameters that suppose a variation of 10% or more in the MTSP. The first parameter is the 

minimum selling price of lignin. It represents an alternative energy source and has become an 

attractive by-product of chemical processes that use lignocellulosic feedstock. This analysis 

assumed the selling of re-conditioned lignin produced during isobutanol production and re-used 

for on-site energy generation, reducing natural gas consumption. The additional demand for 

natural gas to replace the energy provided from lignin has been calculated based on the lignin and 

natural gas lower heating value. Based on its market value, the minimum selling price ranged 

between 165 to 680 €/t for low and high purity lignin, respectively [187]. 

Second, the cost of isobutanol by improving its glucose and xylose conversion yield. As 

mentioned before, the elevated price of isobutanol directly affects the MTSP. Therefore, 45 and 

95 percent of the stoichiometric theoretical yield were assumed as the lower and upper scenario 

limits. The improvement derives from the detection of potential hosts utilizing metabolic 

engineering techniques. As a result, the cost of isobutanol was 1.53 and 0.64 €/kg for each limit 

[79].  

While any parameter on its own would not reduce the MTSP under the minimum selling price of 

the Jet A1, a considerable decrease occurs when high-purity lignin is sold. Also, if the emissions 

produced during jet fuel refining (either fossil or cellulosic derived) were considered, both 

minimum selling prices would proportionally increase. The EU ETS is essential in climate change 

policy and represents a valuable tool to effectively address and cost-effectively reduce GHG 

emissions and encourage renewable energy. The European price of CO2eq emissions is 

approximately 25 € per tonne [223], corresponding to an additional charge of 0.10 and 0.06 €/kg 

of Jet A1 and triisobutane. The economic feasibility of the process increases significantly when 

the optimal variation in the sale of re-conditioned lignin and the costs of CO2eq emissions are 

combined, achieving a competitive MTSP of 0.85 €/kg compared to the obtained minimum selling 

price of Jet A1 of 0.87 €/kg, as shown in Figure 26. 
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Figure 26: Economic sensitivity analysis of the investigated process. 

 

4.2.3 LIFE CYCLE ASSESSMENT 

The net GHG emissions from the isobutanol upgrade to triisobutane were 6.60 gCO2eq/MJtriisobutane. 

91.30% of those emissions occurred in the combustion of natural gas (the process requires 5.62 

MJ/kgtriisobutane of natural gas), mainly during the dehydration of isobutanol, and the remaining 

8.40% is emitted during the production of hydrogen necessary for hydrogenation.  

Besides, the life-cycle GHG footprint of 57.96 gCO2eq/MJtriisobutane [79] produced in the isobutanol 

conversion was considered to calculate the overall process emissions. The combined emissions 

are 64.54 gCO2eq/MJtriisobutane; this result is compared with other ATJ and HEFA biojet fuel 

production routes from two different types of biomass feedstock for each case (see Figure 27). 

The HEFA process was selected because it is the only ASTM route certified for commercial use 

operating in a full industrial-scale application [215]. The reference cases considered are ATJ with 

wheat straw (WS) and wheat grain (WG), and HEFA with jatropha oil (JO) and palm oil (PO). 
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Figure 27: Comparison of CO2eq emissions between ASTM certified biojet fuel pathways. 

 

A total reduction of 28% compared to the traditional Jet A1 is achieved. To meet the established 

goals for the reduction of GHG emissions is essential to improve the efficiency of the production 

of isobutanol, which represents 90.24% of direct CO2eq emissions with a fossil fuel consumption 

of 17.14 MJ/kgisobutanol, 70% more compared to the 5.08 MJ/kgtriisobutane required on its upgrading 

[79]. The most emit stages are producing, harvesting, and pretreatment of raw material and 

cellulose conversion into simple sugars via strong acids, ionic liquids, or enzymatic reaction. The 

development of new catalysts is crucial in this process's efficiency [224–227]. 

Significant credits for the displacement of by-product (not just from electricity but also from 

diisobutane) and the use of renewable sources are necessary [228]. Otherwise, GHG emissions 

and fossil energy input for the overall process would breach the Renewable Energy Directive 

2018/2001/EU - Recast to 2030 (REDII). The GHG emissions of AJF must be lower than those 

of conventional jet fuel. REDII considers a 50% reduction of GHG emissions for production 

facilities before October 2015, a mandatory 60% reduction for production facilities after that date, 

and 65% for sustainable aviation fuels (SAF) produced in facilities that begin operations after 
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January 2021 and January 2026 [4]. Stringent emissions rules are considered for biofuels because 

biofuels are now used in road transport, where electric cars are a promising option. However, as 

said before, alternative options in aviation are more complicated, and, with not electric choice 

yet, sustainable biofuels should be encouraged. 

On the other hand, the direct consumption of water during the isobutanol production process is 

11.40 L/kgisobutanol [79]. In contrast, no water is consumed; 0.44 L/kgtriisobutane is produced due to 

the dehydration of isobutanol. It is catalogued as wastewater because it contains minor impurities; 

however, through a physico-chemical treatment, it could be recycled to the biomass pretreatment 

stage in the conversion of the isobutanol process. 

 

4.2.4 PHYSICO-CHEMICAL PROPERTIES ESTIMATION 

The results from the physico-chemical properties estimation are listed in Table 22. Also, the 

ASTM standard specification is shown. 

Table 22: Physico-chemical properties estimated compared with experimental values and the 

standard limits. 

Parameter Triisobutane 
Experimental 

reference 
ASTM D7566 

Initial boiling point (°C) 179.29 179.85 a max 205b 

Freezing point (°C) -56.67 -63.85 a max -40b 

Flash Point (°C) 47.31 47.05 [91] [229] min 38b 

Viscosity at -20 °C (mm2/s) 4.81 3.25 [91] max 8.0 

Smoke point (mm) 32.33 35.20 [90] [157] min 25 

Lower heating value (MJ/kg) 44.05 44.10 [230] min 42.8 

Density at 15 °C (kg/m3)  750.70 748.80 [91] 730 to 770b 

a Reference value registered in the National Institute of Standards and Technology (NIST) 

Chemistry WebBook (http://webbook.nist.gov). 

b Standard requirements detailed in the ASTM D7566, Annex 5 for jet fuel produced through the 

ATJ pathway [20]. 

 

http://webbook.nist.gov/
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The Tb and Tm become acceptable compared with the reference values, and both are inside the 

limits. The Tm is a significant parameter and must be sufficiently low to preclude interference with 

fuel flow through filter screens to the engine at reached temperatures at high altitudes. The FP is 

also adequate, indicating no severe fire or explosion hazard for the triisobutane biojet fuel 

shipment, handling, and storage [231]. The triisobutane kinematic viscosity is closely related to 

the pumping capacity over the temperature range and the consistency of the spray patterns of the 

nozzle. As a result, the estimated value is within the acceptable range. 

Iso-alkanes have a relatively low sooting tendency. Consequently, the estimated TSI value for the 

triisobutane was 16.6, which compares very well with the direct measurement of 15.4 [90]. The 

SP is inversely proportional to the TSI, at a lower SP height, greater smoke-producing tendency. 

Therefore, a 32.33 mm was obtained, which overpasses the minimum height of 25 mm from the 

specification and is very close to the experimentally obtained value. On the other hand, as 

mentioned before, because of the triisobutene olefinic content, considerably lower SP and higher 

TSI values were expected. Based on the same group contribution method and SP parameters, the 

SP/TSI of triisobutene was estimated, resulting in 19.9 mm / 29.7 TSI units, demonstrating the 

hydrogenation improvement on the molecule. 

The LHV and 𝜌 measurement met the Annex 5 ATJ-SPK specification requirements, which is in 

excellent agreement with experimentally obtained values. A low 𝜌 indicates a low heating value 

per unit volume and would mean a reduced flight range for a given quantity of fuel [232]. The 

triisobutane 𝜌 is insufficient on its own to meet the ASTM D7566 specification range (770-840 

kg/m3), however, when blended at a volume composition of 30/70 vol. % (ATJ/Jet A1), it 

accomplishes a 𝜌 of 784.64 kg/m3. The 𝜌 parameter is crucial when mixing occurs to obtain a 

stable blend since the higher the difference between them, the greater the chance of separation. 

Additionally, the energy density (by volume) was calculated from the estimated results and 

compared with other ASTM approved pathways, as shown in Table 23. 

Table 23: Triisobutane and ASTM approved biojet fuels properties comparison. 

Process 
Lower heating value 

(MJ/kg) 

Density 

(kg/m3) 

Energy density 

(MJ/L) 

FT-SPKa 44.10 760 33.52 

HEFAb 44.30 749 33.18 

Jet A1c 43.30 798 34.55 

Triisobutane 44.05 751 33.07 

a Reference values from the production of biojet fuel from woody biomass [233]. 

b Corresponding to jatropha oil feedstock [234]. 

c UK average jet fuel [235]. 
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4.2.5 FLIGHT PERFORMANCE ANALYSIS 

The payload capacity of AJF with a lower energy density compared to the Jet A1 is conditioned 

by the volume of the fuel tanks. As the density of the AJF increases, the range can be extended, 

considering the payload and fuel weight balance to reach the maximum structural load of the 

aircraft. Figure 28 shows the triisobutane Pv.R diagram. 

 

Figure 28: Payload vs Range performance due to alterations on fuel composition used for flight 

in a Boeing 747-200B-RB211-S24D4®. 

 

At the maximum structural payload capacity, triisobutane and the biojet fuel improved by 1.85% 

and 0.53% km, respectively, in range performance compared to Jet A1. Although triisobutane and 

the biojet fuel blend seem to perform less well than the conventional Jet A1, if the range allows, 

they represent a viable alternative without sacrificing the payload, as Table 24 shows. The Pv.R 

performance reaches an optimal balance when the fuel tank is full. 
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Table 24: Changes in the range performance of Boeing 747-200B-RB211-S24D4® due to payload 

and fuel tank capacity alterations. 

 
Triisobutane Biojet fuel Jet A1 

Maximum payload 

Range (km) 8,063 7,959 7,916 

Fuel tank full 

Payload (kg) 44,553 37,242 34,108 

Range (km) 10,627 11,018 11,292 

Payload zero 

Range (km) 12,232 12,452 12,544 

 

The Pv.R calculation assumes an aircraft full of fuel up to the maximum weight limit. However, 

only enough fuel will be loaded to cover the required range for commercial aircraft that operate 

with a specific destination. In Table 25, changes in fuel volume and weight requirements for a 

particular flight plan are calculated. These estimates demonstrate that changes in fuel properties 

will also affect the mass of fuel required and the energy consumed during a flight. The results 

show a better performance for triisobutane and the biojet fuel blend, which are lighter and have a 

higher LHV than the traditional Jet A1. The two cases are inside the ATJ limits from the ASTM 

specification. 
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Table 25: Comparison of fuel consumption for Boeing 747-200B-RB211-S24D4® flying 8,000 km with maximum payload. 

Fuel LHV (MJ/kg) 
Density 

(kg/m3) 
Fuel required (kg) 

Fuel tank usage 

(m3/m3) 

Fuel tank usage 

(kg/kg) 

Fuel reduction 

(kg/kg) 

Energy 

reduction 

(MJ/MJ) 

Jet A1a 43.40 800 123,614 75.74% 75.74% N/A N/A 

Triisobutane 44.10 748.80 121,373 74.37% 79.46% 1.81% 6.61% 

Biojet fuel blend 43.54 784.64 123,195 75.49% 76.96% -1.50% 1.94% 

ATJ-SPK specificationb 
43.20 730 123,129 75.45% 82.68% 0.05% 9.53% 

43.20 770 123,993 75.98% 78.94% -0.70% 3.90% 

a UK Jet A1 average values [190]. 

b Minimum and maximum density requirement. 
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5. CONCLUSIONS 

 

This thesis involved comprehensive assessments of biojet fuel processing from lignocellulosic 

biomass-derived sources. The investigated ASTM routes were modelled and simulated in 

AspenPlus® as large-scale biorefineries. The results discussed take a quantitative and qualitative 

approach to biojet fuel production from ethanol and isobutanol, and vegetable oil, pinpointing 

innovations needed to make the process technically, economically, and environmentally feasible. 

Based on the results, the following conclusions were drawn. 

Characterization of biojet fuel feedstocks 

The feedstock physico-chemical characterization is essential for determining the metabolic 

pathway or thermochemical operating conditions of lignocellulosic biomass conversion in the 

intermediate. Furthermore, it determines the ASTM route is best for upgrading the intermediate 

into biojet fuel. Lignocellulosic biomass from oleaginous crops is a renewable source for 

producing an economically competitive synthetic jet fuel, ensuring energy security and a low 

carbon transition. The alcohol-to-jet (ATJ) route bioconverted lignocellulosic biomass into high 

purity ethanol due to its oligomerization versatility. On the other hand, the primary component of 

the kernel oil (palmitic acid) suited for maximizing the jet fuel range paraffins production through 

the hydroprocessed esters and fatty acids (HEFA) route. Finally, the fatty acid distillates (FAD) 

increased the route-specific production yield. 

Biojet fuel models simulation 

The simulated biorefineries for biojet fuel production in the chemical engineering software 

AspenPlus® v.11 reached a highly efficient production rate. The ATJ process involved the 

biochemical lignocellulosic biomass conversion to ethanol and its subsequent upgrade to biojet 

fuel. An azeotropic distillation was required to separate the water and ethanol azeotrope, 

achieving 99.8% purity. Besides, a double-step oligomerization was implemented for leading to 

the formation of longer chain alkenes. In contrast, isobutene was oligomerized in a single process, 

yielding triisobutene and, to a lesser extent, diisobutene. The HEFA route processed triglycerides 

from biomass-derived vegetable oil and fatty acid distillates from crude vegetal oil refining to 

produce a C9-C12 range biojet fuel. 

On the other hand, processes that use vegetable oils must be intensified to reduce operating and 

capital costs. The NRTL property method achieved an appropriate vapour-liquid equilibrium and 

thermodynamic and transport properties estimation throughout the biorefining processes. Robust 
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models were simulated considering experimental reports and approved methodologies, enabling 

operating conditions assessment. Nevertheless, research efforts must be carried out in all 

processing routes to have different processing alternatives for the available biomass in each 

country; thus, the biojet production process will be entirely sustainable. The obtained data from 

the models allowed accurate mass and energy balances. The PFR reactor is a piece of 

sophisticated equipment that calculates the catalyst amount required in the chemical reaction 

employing the kinetic model. At the same time, the RStoic and the RYield used the stoichiometric 

and yield of the reactions, respectively. The DesignSpec® tool plays a significant role in the mass 

balance during streams recirculation. The DSWTU is a precise design specifications instrument, 

which considers the streams' composition, state phases and the distillation column feed stream 

physico-chemical characteristics. 

Techno-economic analysis 

Lignocellulosic biomass is a renewable and low-cost feedstock for the production of biojet fuel. 

Nonetheless, the calculated minimum selling price for biojet fuels significantly exceeds the 

traditional jet fuel price. Before biojet fuel becomes economically competitive, there is a long 

way to go. Through the partnership of experts in the aviation sector, biofuel firms, agricultural 

organizations, governments and the educational systems, development is being made towards an 

efficient process employing renewable raw materials and amenable with existing facilities. Not 

only does renewable biojet fuel represent environmental benefits for aviation, but it also aims to 

enhance an ever-expanding market. The ATJ pathway faces tremendous challenges to increase 

alcohol production, which is the main barrier to developing this technology. Biochemical 

conversion to produce ethanol is costly, especially during the purification stage. Thermal 

purification of ethanol is a complex stage, making the overall process more expensive. The 

conversion of lignocellulosic biomass to ethanol represents approximately 60% of the variable 

costs. Regarding ethanol upgrade, the oligomerization stage is the most costly because the 

distillation column (C3) handles the increased volumetric flow since the high recycling rate uses 

more separation/fractionation energy, hence more associated conservation elements. 

On the other hand, the HEFA route achieved a lower minimum selling price than those obtained 

in the ATJ processes. Nonetheless, there is a significant overlap between the minimum selling 

price of the HEFA biojet fuel and triisobutane. In particular, there are two primary reasons why 

the HEFA process is more cost-effective: first, the technology has been intensified to reduce 

operating and capital costs. Secondly, vegetable oils have a more straightforward chemical 

structure and a higher effective hydrogen-carbon rate than ATJ's lignocellulosic biomass. Finally, 

the economic sensitivity analysis determined lignin selling price significantly influences the biojet 
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fuel minimum selling price, reaching a competitive price when high-purity lignin is sold, and 

GHG emission cost is assumed. 

Thermoeconomic analysis 

The total exergy was obtained by calculating each stream's chemical and physical exergies in the 

systems, using the simulation results. The exergetic analysis quantified the destruction of the 

resources and irreversibility in all the equipment on the established systems. The ethanol 

bioconversion of the ATJ process generates the most exergy destruction attributed mainly to the 

energy requirement/loss of the purification step. At the same time, the oligomerization and 

subsequent fractionation stage produced the highest amount of entropy during the upgrade to 

biojet fuel. As for the HEFA process, exergetic efficiencies approached the theoretical maximum 

in the thermal hydrolysis reactor based on the thermodynamic analysis. 

On the other hand, the exergy destruction generated throughout the biojet fuel processing was 

identified and economically quantified in each piece of equipment. Therefore, the 

thermoeconomic analysis systematically improved biorefinery's thermodynamically yield. The 

azeotropic distillation column and the SSCF reactor are the most expensive to operate in terms of 

losses, directly affecting the minimum selling price of cellulosic alcohol required in the ATJ 

process. 

Life cycle assessment 

The life cycle assessment evaluated the environmental burdens, biosphere impacts, and resources 

demand from the residual lignocellulosic biomass-based biojet fuel processing. The LCA 

identified the hotspots of both routes through the inventory of feedstocks and resources and the 

outputs quantification. Biorefineries emissions are at least 50% lesser than their petroleum-

derived counterparts, meeting the CORSIA requirement for new facilities starting operating after 

2020. The life cycle GHG footprint calculated for the ATJ route s considerably higher than the 

HEFA route. The natural gas demand for the purification stage during the lignocellulosic biomass 

conversion emitted most of the GHGs. 

Nevertheless, hydrogen processing through conventional methane reforming generates significant 

emissions, directly affecting hydroprocessing stages in the upgrading routes. The potential of 

lignin as a by-product has the most significant impact on reducing the GHG footprint when its 

conditioned and used as an in-situ power source. As long as policies and design improvements in 

ethanol and isobutanol processing were implemented, the entire process's GHG footprint 

decreased. 
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Flight performance analysis 

The produced biojet fuel meets the physico-chemical and thermodynamic ASTM D7566 

specifications for synthesized paraffinic kerosene, suiting as Jet A1 blending component. The 

biojet fuel paraffinic composition depends on the feedstock chemical composition. The flash point 

and volatility are correlated to the paraffinic content and define the combustion behaviour; the 

more volatile, the greater the light paraffin content. On the other hand, kinematic viscosity ensures 

ease of flow through existing aircraft engines and fuel distribution system. Furthermore, their 

performance under specific flight conditions does not constrain the passenger and cargo capacity 

or flight range since biojet fuel energy density is slightly lower than Jet A1. Compared to 

conventional Jet A1, biojet fuel maximum range is achieved when the aircraft fuel tank is full. 

Nonetheless, for long distances, the fossil-based kerosene performs better. It is worth to mention 

triisobutane is an exceptional and feasible jet fuel surrogate; its combustion behaviour is 

comparable to that of Jet A1 before the blend. 
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6. FUTURE PERSPECTIVES OF BIOJET FUEL PRODUCTION 

 

Feedstock challenge 

The feedstock source for biojet fuel processing is a primary challenge, even when biomass is an 

inexhaustible resource. Non-food feedstock for second-generation biofuel and biojet fuel 

processing competes with crops for land. In developing countries, where most land is used for 

cultivation, the land issue would worsen. Biojet fuel processing on an industrial scale would 

replace fibre, forage and food, increasing local prices. Nonetheless, the non-cropland 

enhancement of energy crops is a viable way to prevent this crisis, considering the local economy 

and local policies. Because of biomass highly scattered nature, logistics is also a problem for 

biofuel production. Biomass collection, packaging, and transportation from fields to central 

processing plants may be highly energy-intensive. Transportation costs and emissions will 

increase due to the unequal feedstock distribution through districts and countries. Besides, storing 

a significant amount of biomass feedstock will affect the economy, increasing bioenergy 

production costs. On an energy-equivalent basis, second-generation biofuels are expected to 

double or triple fossil fuels prices. A complete techno-economic and logistics analysis of the 

conversion techniques must determine the cost-effective biofuel processing methods. Also, a 

solution such as dispersed biomass production in-field will be feasible for reducing transportation 

and feedstock storage costs. 

The technical challenge in biochemical and thermochemical conversion of biomass 

The characteristics of biomass composition, such as high moisture content, low energy content, 

and high oxygen content, cause the most technical challenges in biofuel (intermediates) 

processing. Since most thermochemical conversion processes require low moisture content in the 

biomass, drying is typically needed before biofuel output. The hydrothermal system seems to be 

ideal for coping with elevated moisture levels in biomass without drying it. The process's high 

pressure and water vaporization, on the other hand, are much more energy-intensive. As a result, 

both bio-oil and biogas need additional catalytic upgrades to meet traditional fuel requirements 

in terms of fuels. Although catalysts contribute to a higher selectivity when directly contacting 

biomass, they are rapidly deactivated during the reactions. 

Furthermore, the most effective catalysts designed for reforming are noble metals-based, 

expensive and seldom used in large-scale biorefineries. Several studies are currently being done 

to effectively improve the primary biofuel while maintaining a long catalyst life. On an industrial 
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scale, a significant concern is the large number of mineral acids produced throughout the biomass 

thermochemical conversion, particularly at higher temperate (gasification, pyrolysis, and 

combustion), resulting in severe corrosion and erosion of pipelines and reactors within the system. 

As a result, heat transfer inside the reactor is considerably hampered. In practice, after many 

cycles, the reaction mechanism for thermochemical biomass conversion must be washed. On the 

other hand, biochemical conversion requires improvements related to the microorganism 

metabolic route, implementing genetic bioengineering techniques to make this technology 

economically and environmentally sustainable. Before large-scale intermediates processing, the 

above issues must be appropriately resolved. 

Future perspectives of thermochemical conversion for biojet fuel production 

From the preceding thesis, it can be inferred that biojet fuel can fulfil air transportation needs 

while also promoting petroleum-derived jet fuel independence and greener development. Biomass 

selection and properties are essential for optimal biojet fuel processing. Biomass selection is 

determined by its availability, required technology for pretreatment, the intermediate desired for 

biojet fuel upgrading, and economics. Exploring different biomass sources and enhancing the 

biomass collection and handling systems will contribute to increasing biomass supply. 

Techniques that can enrich the biomass structure, whether chemical, physical, or microbial, are 

highly desirable. Reactor design, operating conditions, and other engineering aspects are all 

helping to optimize the biofuel development process. Another significant field of focus is the 

adaptation and improvement of engine systems for biojet fuel use and developing newer ones. 

Biotechnological methods such as genetic engineering and recombinant DNA technology may 

solve biochemical conversion and microbial metabolic route bottlenecks. 
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GLOSSARY 

∆G: Gibbs free energy [kJꞏmol-1] 

∆H: Enthalpy [kJꞏmol-1] 

∆S: Entropy [Jꞏmol-1K-1] 

∆𝐺𝑓
0̃: free Gibbs energy of formation [kJ mol-1] 

RS: reference state at [T0, p0] 

T0: temperature of the AER [25 °C] 

p0: the pressure of the AER [0.1 MPa] 

ℎ: specific enthalpy [kJ kg-1] 

ℎ0: specific enthalpy at T0, p0 [kJ kg-1] 

𝑠: specific entropy [kJ kg-1 K-1] 

𝑠0: specific entropy at T0, p0 [kJ kg-1 K-1] 

�̃�𝑐ℎ𝑒𝑚: specific chemical exergy [kJ mol-1] 

𝑋𝑅: exergy of the resources [MW] 

𝑋𝑃: exergy of the products [MW] 

𝑋𝐼: exergy of the losses [MW] 

𝑋𝑑: exergy destruction [MW] 

𝑑𝑟: relative exergy destruction 

𝑋𝑑/𝑋𝑅: exergy destruction ratio 

Eff: exergetic efficiency 

𝑋𝑞: heat flow exergy [kW] 

𝑋∗: exergetic cost [kW] 

�̇�: heat flow [kW] 

X(n×1): exergy vector [kW] 

Xd (n×1): diagnostic vector 
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𝛺(𝑛×1): allocated exergetic cost vector [kW] 

Φ(𝑛×1): allocated thermoeconomic cost vector [€ s-1] 

𝛱(𝑛×1): thermoeconomic cost vector [€ s-1] 

𝛱𝑅: thermoeconomic cost of the resources [€ s-1] 

𝛱𝑃: thermoeconomic cost of the products [€ s-1] 

CR: unit exergoeconomic cost of the resources [€ MWh-1] 

CP: unit exergoeconomic cost of the products [€ MWh-1] 

CRXP: Thermoeconomic cost of the products when exergy destruction, losses, and fixed cost are 

0 

CRXI: thermoeconomic cost of the exergy losses [€ s-1] 

CRXd: thermoeconomic cost of the exergy destruction [€ s-1] 

(CP-CR) XP: absolute overcost [€ s-1] 

(CP-CR)/CR: relative overcost 

f: exergoeconomic factor 

Z: Equipment fixed cost flow [€ s-1] 

ASTM: American Society for Testing and Materials 

ATJ: Alcohol-to-Jet 

AJF: Alternative jet fuel 

ASTM: American Society of Testing Materials 

ATJ-IB: Alcohol to Jet-Isobutanol 

ATJ-WG: Alcohol to Jet-Wheat grain 

ATJ-WS: Alcohol to Jet-Wheat straw 

BtL: Biomass to liquid 

CAPEX: Capital expenditure 

CE: Cost of equipment 

CEPCI: Chemical engineering plant cost index 
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CO2eq: Equivalent CO2 emissions 

EFB: Empty fruit bunches 

EU ETS: European Union emissions trading system 

FAD: Fatty acid distillates 

FCI: Fixed capital investment 

FFA: Free fatty acids 

FFB: Fresh fruit bunches 

FP: Flash point 

GHG: greenhouse gases 

HEFA: Hydroprocessed ester and fatty acids 

IC: Installed costs 

LCA: Life cycle assessment 

LHSV: Liquid hourly space velocity 

LHV: Lower heating value 

MAS: Mixed alcohol synthesis 

MBSP: Minimum biojet fuel selling price 

Pv.R: Payload vs range 

RED II: EU Renewable Energy Directive II 

SI: supplementary information 

SPK: synthesized paraffinic kerosene 

SSCF: Simultaneous saccharification and co-fermentation 

SP: Smoke point 

T: Temperature 

Tf: Freezing point 

TEA: Techno-economic analysis 

TCI: Total capital investment 
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ρ: Density 

𝑣: Viscosity 

∆𝐻𝑓: Standard enthalpy of formation 

∆𝐻𝑣𝑎𝑝: Enthalpy of vaporization 

𝜌: Liquid density 

ƞ𝐿: Dynamic viscosity 

ƞth: Thermal efficiency 

τ': Space-time 

EU ETS: European emissions trading system 

FCI: Fixed capital investment 

FP: Flash point 

FT-SPK: Fischer Tropsch- Synthetic paraffin kerosene 

GHG: Greenhouse gases 

HEFA-SPK: Hydroprocessed esters fatty acids-Synthetic paraffin kerosene 

HEFA-JO: Hydroprocessed esters fatty acids- Jatropha oil 

HEFA-PO: Hydroprocessed esters fatty acids- Palm oil 

IPCC: Intergovernmental panel on climate change 

IRR: Internal return rate 

LCA: Life cycle assessment 

LHV: Lower heating value 

MSP: Minimum selling price 

MTSP: Minimum triisobutane selling price 

NPV: Net present value 

sfc: Specific fuel consumption 

SOL: Structural orientation lumping 

SP: Smoke point 
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Tb: Initial boiling point 

TCI: Total capital investment 

TIC: Total indirect costs 

Tm: Freezing point 

TSI: Threshold sooting index 

We: Operating empty weight of the aircraft 

Wf: Fuel weight 

Wp: Payload weight 

WHSV: Weight hourly space velocity 
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Appendix A. Conversion yields 

 

The yields for the oligomerization processes mentioned in section 3.1.2 are included in this 

appendix. This is not a complete yield set but rather a supplement to the section 3.1.2 discussion. 

Proposed ethylene oligomerization conversion yields 

Table 26 shows the yields for ethylene's conversion to light olefins [109]. 

Table 26: Conversion yields for ethylene (first oligomerization). 

Component Yield (wt%) 

C2H4 0.0222 

C4H8 0.8135 

C6H12 0.1604 

C8H16 0.0039 

 

Table 27 shows the product yields of light olefin oligomerization with recycling [110]. 

Table 27: Product of the second oligomerization reactor with recycling. 

Reactor product Product yield 

C2H4 0.00 

C3H6 0.00 

C4H8 7.50 

C5H10 2.10 

C6H12 1.40 

C7H14 5.20 

C8H16 23.80 

C9H18 16.30 

C10H20 6.40 

C11H22 7.15 

C12H24 11.40 

C13H26 5.80 

C14H28 3.45 

C15H30 3.85 

C16H32 2.65 

C17H34 1.25 
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Continuation of Table 27 

C18H36 0.85 

C19H38 0.55 

C20H40 0.35 

 

Proposed hydroprocessing conversion yields 

Employed cracking and isomerization reactor yields during the ATJ process are listed in Table 

28 [122]. 

Table 28: Cracking and isomerization of hydrocarbons. 

Alkane composition 
Product yield for maximum biojet fuel production 

n-alkanes wt% iso-alkane wt%  

C4H10 0.74 1.63 

C5H12 1.38 4.68 

C6H14 1.90 6.95 

C7H16 2.20 9.52 

C8H18 2.17 11.90 

C9H20 1.92 12.44 

C10H22 2.02 12.73 

C11H24 0.99 10.15 

C12H26 0.63 7.34 

C13H28 0.33 4.31 

C14H30 0.12 2.01 

C15H32 0.04 0.56 

C16H34 0.01 0.29 

C17H36 0.02 0.41 

C18H38 0.01 0.18 

C19H40 0 0.02 

C20H42 0 0.02 

C21H44 0 0.02 

C22H46 0 0.02 

C23H48 0 0.01 
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Proposed isobutanol dehydration conversion yields 

The yields for the isobutanol dehydration mentioned in section 3.2.1 are included in this appendix. 

This is not a complete yield set but rather a supplement to the section 3.2.1 discussion. 

Table 29: Dehydration components yield. 

Component Basis Basis Yield 

Isobutanol Mole 1.21×10-4 

Isobutene Mole 1.28×10-2 

1-butene Mole 2.16×10-4 

Trans-2-butene Mole 6.75×10-5 

Cis-2-butene Mole 2.56×10-4 

Water  Mole 1.34×10-2 

Based on [9]. 

Isobutene oligomerization mass spectra 

Selected samples of liquid products were analyzed using a GC-MS system VG Auto-spec. The 

GC was equipped with a capillary column CPWAX 52 CB (50 m × 0.32 mm × 0.3 µm). Mass 

spectra were recorded under electron impact, mass range m/z 30-800, and resolution 1000. The 

main diisobutene, triisobutene, and tetraisobutene isomers found in the liquid samples by GC-MS 

are listed in Table 30. 
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Table 30: Main components of oligomers of isobutene by GC-MS analysis. 

Oligomers Boiling 

range 

(°C) 

Main components m/z 

Diisobutene 100-110 CH2=C(CH3)-CH2-C(CH3)3 

2,4,4-trimethyl-1-pentene 

112(M+, 16%), 97(27%), 

69(12%), 57(base peak), 

55(44%), 41(40%) 

(CH3)2C=CH-C(CH3)3 

2,4,4-trimethyl-2-pentene 

112(M+, 31%), 97(90%), 

69(26%), 57(24%), 55(base 

peak), 41(40%) 

Triisobutene 175-183 (CH3)3C-CH2-C(=CH2)-CH2-

C(CH3)3 

2-neopentyl-4,4-dimethyl-1-

pentene 

168(M+, 8%), 112(12%), 

97(22%), 83(11%), 69(13%), 

57(base peak), 55(12%), 

41(28%) 

(CH3)3C-CH2-C(CH3)=CH-

C(CH3)3 

2,2,4,6,6-pentamethyl-3-

heptene 

168(M+, 8%), 97(base peak), 

83(10%), 57(84%), 55(31%), 

41(27%) 

Tetraisobutene 230-235 (CH3)3C-CH2-C(CH3)=CH-

C(CH3)2-CH2-C(CH3)3 

2,2,4,6,6,8,8-heptamethyl-4-

nonene 

224(M+, 3%), 168(6%), 

153(2%), 124(4%), 112(24%), 

97(23%), 83(12%), 69(10%), 

57(base peak), 55(10%), 

41(20%) 

Based on [175]. 
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Appendix B. HEFA process 

 

Hydrolysis thermodynamic properties estimation 

Critical (Tc) and reduced (Tr) temperatures were obtained from Equation 22. 

𝑇𝑟 =
𝑇

𝑇𝑐
 Equation 22 

The compressibility factor (Z) and the k were determined using the Peng-Robinson equation, as 

shown in Equation 23 and 24 [118]. 

𝑍3 − (1 − 𝐵)𝑍2 + (𝐴 − 3𝐵2 − 2𝐵)𝑍 − (𝐴𝐵 − 𝐵2 − 𝐵3) = 0 Equation 23 

𝑘 = 0.37464 + 1.54226𝜔 − 0.26992𝜔2 Equation 24 

Where ω is the acentric factor, calculated through Equation 25. 

𝑒𝑥𝑝 (
𝜔

𝑎
)

𝑏

− 𝑐 = ∑ 𝑁𝑖𝜔1𝑖

𝑖

+ 𝐴 ∑ 𝑀𝑗𝜔2𝑗

𝑗

 Equation 25 

Where the values of a, b, and c are 0.4085, 0.5050 and 1.1507, respectively [117]. The α value 

was obtained from Equation 26 [236]. 

𝛼 = [1 + 0.48508 + 1.55171𝜔 − 0.17613𝜔2)(1 − 𝑇𝑟
0.5)]

2
 Equation 26 

The boiling and critical temperatures and the critical pressure were estimated through the 

Constantinou and Gani method [151]. Finally, the ideal gas heat capacity was calculated using 

the Joback and Reid group contribution method [150]. Calculated values are listed in Table 31. 

Table 31: Parameters results. 

Parameter 
Compound 

Triolein Oleic acid Glycerol Water 

True boiling point (K) 692.2500 624.1146 544.7454 273.1500 

Critical temperare (K) 943.2299 795.1696 702.6460 647.0960 

Critical pressure (bar) 5.1000 12.7000 75.0000 220.6400 

Tr 0.1818 0.3640 0.3508 0.4608 

Z 0.0848 0.0174 0.0030 0.0007 

k 2.2101 1.8277 1.0910 0.8732 

α 6.2198 3.3339 2.2554 1.7439 

B 0.0839 0.0168 0.0030 0.0008 
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Besides, an exhaustive physico-chemical estimation was performed considering several 

contribution methods, as shown in Table 32. 

Table 32: Hydrolysis compounds functional groups. 

Groups 

contribution 

method 

Functional group 

Compound: Triolein Oleic acid Glycerol Water 

C 57 18 3 - 

H 104 34 8 - 

O 6 2 3 - 

Joback and Reid 

CH3 3 1 0  

CH2 44 14 2  

>CH- 1 0 1  

=CH- 6 2 0  

-COO- 3 0 0  

-COOH 0 1 0  

-OH (alcohol) 0 0 3  

-O- (non ring) 0 0 0  

>C=O (non ring) 0 0 0  

Constantinou & 

Gani 

First-Order 

CH3 3 1 0  

CH2 41 14 2  

CH 1 0 1  

CH=CH 3 1 0  

CH2COO 3 0 0  

COOH 0 1 0  

OH 0 0 3  

Second -Order  

CH2-CHm=CHn 6 2 0  

CHm(OH)CHn(OH) 0 0 2  

CHOH 0 0 1  

Ambrose  

Aliphatic carbons 54 17 3  

>CH- 1 0 1  

double bonds (nonaromatic) 3 1 0  

-CO-O 3 0 0  

-COOH 0 1 0  

-CHO 0 0 2  

Molecular weight (kg/mol) 885.45 282.46 92.09  
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Critical properties 

Table 33: Critical properties. 
P
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Triolein Oleic acid Glycerol Water 
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A
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A
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Tb  

(K) 

C&Ga 822.49 

896.80 

624.11 

633.00 

544.75 

561.00 373.15 
Anikeevb 696.00 632.00 562.00 

Jobackc 1690.46 761.11 544.34 

S&Bd 1119.18 658.79 547.64 

NISTe 692.24 633 563.15 373.15 

Tm 

(K) 

C&G 404.12 
278.15 

331.44 
291.33 

272.30 
286.53 173.15 

Joback 828.90 448.14 291.03 

NIST - 289.45 290±4 173.15 

Tc 

(K) 

C&G 943.23 

935.30 

795.17 

781.00 

702.65 

850.00 647.10 
Joback (Tb Ref) 1646.11 773.35 703.47 

Ambrosef (Tb C&G) 765.19 786.79 837.46 

Lyderseng 1614.12 774.36 701.81 

[114] 1640 819 850 - 

Pc 

(bar) 

C&G 3.22 

2.00 

12.16 

13.90 

49.73 

75.00 220.64 
Ambrose 4.68 13.55 66.03 

Joback 2.36 12.71 66.97 

Lydersen 5.87 14.26 65.69 

[114] 5.1 12.7 75 - 

Vc 

(cm3/mol) 

C&G 3251.02 
5680 

1054.24 
1000 

255.78 
264 55.94 

Joback 3239.5 1047.5 254.5 
a Constantinou and Gani contribution method for pure compounds [151]. 

b Anikeev, et al. [237]. 

c Joback and Reid’s contribution method for pure components [150]. 

d Stein & Brown contribution method for the boiling temperature [238]. 

e Reference value registered in the National Institute of Standards and Technology (NIST) 

Chemistry WebBook (http://webbook.nist.gov). 

f [239]. 

g [116]. 
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Thermodynamical properties 

Table 34: Thermodynamical properties. 
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∆𝐻𝑓
0 

(kJ/mol) 

C&G -1841.18 
-1844 

-649.15 
-710.20 

-581.88 
-577.90 -241 

Joback -1825.27 -647.9 -567.22 

NIST - -710.2 -577.9±1.1 - 

HSCa - -610.03 -582.8 -241.83 

Liquid 

Aspen -2041.81 -750.38 -654.96 -285.83 

NIST -2193.7 -764.8 -669.6 ± 0.6 - 

∆G 

(kJ/mol) 

C&G -272.27 
-291.80 

-162.77 
-227.80 

-453.45 
-447.10 -228.57 

Joback -263.83 -163.01 -438.52 

NIST - - - - 

∆𝐻𝑣𝑎𝑝 

(kJ/mol) 

C&G 285.77 

85.68 

125.72 

70.08 

83.77 

66.41 40.70 
Riedelb 

(at Tb) 
197 94.17 124.22 

Joback 164.18 72.78 71.92 

NIST - - 85.8-91.7±0.9 43.97 

∆𝑆𝑣𝑎𝑝 

(J/mol K) 
Zhaoc 159.96 147.89 131.10 128.92 121.03 122.34 100.14 

Enthalpy of  

fusion 

(kJ/mol) 

Joback 153.58 95.58 52.72 42.99 12.27 18.28 6.00 
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Vapour pressure 

The vapour pressure of the active compounds was estimated using a new corresponding-state 

group contribution method for polar compounds based on the Riedel equation, as shown in 

Equation 27 [240] [241]. 

𝑙𝑛 𝑃𝑟 = 𝐴 −
𝐵

𝑇𝑟
+ 𝐶 ln 𝑇𝑟 + 𝐷𝑇𝑟

6 Equation 27 

 

Table 35: Calculated vapour pressure. 

 
Triolein Oleic acid Glycerol Water 

Vapour pressure E
st
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Tr=0.7 0.000 0.001 0.013 0.005 0.004 0.030 0.048 

Tbr 0.170 0.500 0.070 0.072 0.015 0.013 0.005 

T1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

T2 0.000 0.000 0.004 0.002 0.008 0.005 0.190 

Constants 

Ψb 0.038 -  0.46 -  0.527 -  -  

H 14.651 -  9.116 -  13.477 -  -  

K 0.084 -  0.108 -  -0.031 -  -  

αc 17.25 -  9.745 -  17.322 -  -  

Q -1.131 -  -0.646 -  0.425 -  -  

A+ 39.573 -  22.608 -  -14.867 -  -  

B+ 40.703 -  23.254 -  -15.292 -  -  

C+ -30.237 -  -17.385 -  35.163 -  -  

D+ 1.131 -  0.646 -  -0.425 -  -  
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Specific heat capacity 

Joback and Reid’s contribution method calculated the specific heat capacity, as shown in 

Equation 28 [150]. 

𝐶𝑝 = 𝐴 + 𝐵 × 𝑇 + 𝐶 × 𝑇2 + 𝐷 × 𝑇3 Equation 28 

 

Table 36: Calculated specific heat capacity. 

 
Triolein Oleic acid Glycerol 

A -16.926 -23.056 14.352 

B 5.320 1.784 0.396 

C -0.003 -0.001 -0.000 

D 6.38E-07 2.78E-07 5.01E-08 

T1 (298.15 K) 1315.305 417.575 113.172 

T2 (523.15 K) 2023.556 646.144 165.071 

∫ 708.250 228.569 51.898 

Cp 1532.322 520.262 168.456 
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Appendix C. Exergy and thermoeconomic calculations 

 

Exergy 

Chemical exergy calculations. 

Table 37: Chemical exergy for the ATJ involved compounds. 

Component Formula 

Molar Enthalpy of 

formation 

(kJ/kmol) 

Xchem 

(kJ/mol) 

Dextrose C6H12O6 -928958.46 2928.80 

Glutaric-acid C5H8O4 -741719.80 2261.92 

Xylose C5H10O5 -733421.51 2508.30 

Glutaric-acid C5H8O4 -741719.80 2261.92 

Arabinose C5H10O5 -743187.31 2498.54 

Dextrose C6H12O6 -928958.46 2928.80 

Dextrose C6H12O6 -928958.46 2928.80 

Water H2O -236774.99 0.90 

Dextrose C6H12O6 -928958.46 2961.11 

Vanillin C8H8O3 -281968.71 3950.47 

Sulfuric-acid H2SO4 -1031609.98 163.40 

Calcium-hydroxide CA(OH)2 -1744324.86 53.70 

Ethanol C2H6O -173884.48 1356.92 

Carbon-dioxide CO2 -393729.49 19.87 

Ethylene C2H4 68328.85 1361.05 

1-butene C4H8 70295.64 2655.74 

1-hexene C6H12 83300.98 3961.46 

1-octene C8H16 96145.11 5267.03 

1-pentene C5H10 77799.81 3309.60 

1-heptene C7H14 88228.28 4612.75 

1-nonene C9H18 99993.62 5917.23 

1-decene C10H20 107572.14 6571.17 

1-undecene C11H22 110379.94 7220.34 

1-dodecene C12H24 115262.36 7871.58 

1-tridecene C13H26 123404.23 8526.08 
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Continuation of Table 37 

1-tetradecene C14H28 128247.08 9177.29 

1-pentadecene C15H30 129598.10 9825.00 

1-hexadecene C16H32 135459.18 10477.22 

1-octadecene C18H36 147729.61 11782.21 

1-heptadecene C17H34 142277.20 11130.40 

1-nonadecene C19H38 152548.20 12433.39 

1-eicosene C20H40 157956.49 13085.16 

n-butane C4H10 -16672.90 2804.87 

n-pentane C5H12 -9771.22 3458.13 

n-hexane C6H14 -4049.31 4110.21 

n-heptane C7H16 1183.45 4761.80 

n-octane C8H18 6094.56 5413.07 

n-nonane C9H20 12162.90 6065.50 

n-decane C10H22 17466.08 6717.17 

n-undecane C11H24 22512.91 7368.57 

n-dodecane C12H26 28338.46 8020.76 

n-tridecane C13H28 33393.58 8672.17 

n-tetradecane C14H30 38898.41 9324.04 

n-pentadecane C15H32 44562.94 9976.06 

n-hexadecane C16H34 49513.36 10627.37 

n-heptadecane C17H36 55423.38 11279.64 

n-octadecane C18H38 61126.70 11931.71 

n-nonadecane C19H40 66321.21 12583.26 

n-eicosane C20H42 71698.85 13235.00 

Isobutane C4H10 -21405.18 2800.13 

2-methyl-butane C5H12 -14273.84 3453.63 

2-methyl-pentane C6H14 -8499.29 4105.76 

2-methylheptane C8H18 2743.78 5409.72 

2-methyloctane C9H20 10081.36 6063.42 

2-methylnonane C10H22 13515.74 6713.22 

2-methyldecane C11H24 19682.85 7365.74 

2-methylundecane C12H26 19283.53 8011.70 

2-methyldodecane C13H28 31877.80 8670.66 

2-methyltridecane C14H30 36752.26 9321.89 
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Continuation of Table 37 

2-methyltetradecane C15H32 42903.03 9974.40 

2-methylpentadecane C16H34 47392.58 10625.25 

15-methylhexadecane C17H36 52158.29 11276.38 

16-methylheptadecane C18H38 60514.81 11931.09 

17-methyloctadecane C19H40 62625.24 12579.57 

18-methylnonadecane C20H42 69985.22 13233.29 

Hydrogen H2 0.00 236.10 

2-methylhexane C7H16 -2591.67 4758.03 

Benzene C6H6 124238.11 3294.10 

Cellulose C6H10O5 0.00 3651.99 

Galactan C6H10O5 0.00 3651.99 

Mannan C6H10O5 0.00 3651.99 

 

Table 38: ATJ process mass streams exergy. 

Stream 
ho  

(kcal/kg) 

so 

(kcal/kgꞏK-

1) 

Xphysic 

(kcal/kg) 

Xphysic 

(kW) 

Xchem 

(kJ/kmol) 

Xchem 

(kW) 

Xtotal 

(kW) 

S28 149.85 -0.77 2.41 18.17 3294098.11 76024.20 76042.37 

S23 -2135.62 0.02 0.13 4.87 19870.00 3980.98 3985.85 

S30 -1434.52 -1.79 3.42 102.13 1359865.32 210461.02 210563.15 

S62 0.00 0.00 1035.72 192.08 236100.00 5196.27 5388.35 

S1 -3761.17 -2.14 0.00 0.00 1307.27 387.64 387.64 

S68 -503.87 -1.77 -4.69 -59.90 7511611.26 156027.26 155967.36 

S2 -1293.62 -4.34 -878.57 -79447.96 3423648.98 483846.19 404398.24 

S11 -761.31 -2.33 -395.99 -9318.93 3855987.64 142365.25 133046.32 

S42 -9.66 -1.01 70.20 1271.83 2733434.00 204995.45 206267.28 

S21 -2712.38 -1.50 0.42 64.14 219474.52 299395.05 299459.19 

S44 -9.66 -1.01 22.42 736.64 2733434.00 307612.16 308348.79 

S15 -1964.83 -1.86 -75.44 -4951.72 1143161.92 226746.45 221794.72 

S32 -1434.52 -1.79 48.58 1449.40 1359865.32 210461.02 211910.42 

S37 -3789.13 -2.16 163.09 1897.48 900.00 139.05 2036.53 

S24 -3572.84 -2.09 -0.68 -43.73 33809.02 26122.77 26079.04 

S38 447.06 -0.45 55.86 1012.00 1361048.85 210282.00 211294.00 

S45 -273.56 -1.53 38.11 1252.32 5674274.79 368215.71 369468.03 
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Continuation of Table 38 

S19 -2661.55 -1.80 2.62 403.13 300133.97 320761.94 321165.07 

S51 -310.22 -1.59 20.56 268.02 7374904.00 158770.89 159038.91 

S52 -310.22 -1.59 21.38 278.72 7374904.00 158770.89 159049.61 

S53 -310.22 -1.59 27.02 352.23 7374904.00 158770.89 159123.12 

S46 -273.56 -1.53 29.62 973.23 5674274.79 368215.71 369188.94 

S54 -497.54 -1.76 30.64 410.18 7008353.49 291228.73 291638.91 

S22 -2077.80 -1.88 0.59 31.23 693774.27 271360.74 271391.97 

S65 0.00 0.00 1146.07 401.30 236100.00 9811.02 10212.32 

S25 -1862.68 -1.84 6.90 324.74 867515.36 271453.84 271778.58 

S35 -1438.77 -1.80 84.84 2524.04 1356920.52 209644.18 212168.21 

S36 -1202.34 -1.10 80.56 2396.81 679256.14 209890.10 212286.91 

S57 -503.37 -1.77 68.07 911.16 7004519.66 291069.42 291980.58 

S56 -497.54 -1.76 68.02 910.38 7008353.49 291228.73 292139.12 

S66 -503.37 -1.77 18.46 235.76 7004519.66 145494.22 145729.98 

S10 -1734.05 -3.10 -429.56 -48685.44 1212211.04 486187.35 437501.92 

S6 -1728.25 -3.10 -425.62 -48111.11 1213831.74 486314.42 438203.32 

S7 -3250.20 -2.92 -252.88 -2229.65 93213.16 8441.18 6211.53 

S3 -1893.00 -3.83 -672.47 -81943.40 930966.82 491929.36 409985.96 

S4 -1893.00 -3.83 -652.98 -79567.74 930966.82 491929.36 412361.61 

S16 -2538.85 -3.52 -496.01 -4834.57 400804.32 27622.06 22787.48 

S13 -1932.48 -4.17 -712.57 -46770.65 1036051.15 276037.19 229266.55 

S17 -1864.72 -1.57 -2.10 -117.15 1539252.47 199231.12 199113.97 

S12 -1826.73 -4.29 -738.61 -41280.41 1257798.83 248434.70 207154.29 

S55 -497.54 -1.76 62.95 842.53 7008353.49 291228.73 292071.27 

S39 447.06 -0.45 2.49 45.16 1361048.85 210282.00 210327.16 

S41 -9.66 -1.01 47.89 867.69 2733434.00 204995.45 205863.14 

S58 -503.37 -1.77 34.67 464.10 7004519.66 291069.42 291533.52 

S34 -1438.77 -1.80 48.66 1447.84 1356920.52 209644.18 211092.02 

S33 93.94 -0.78 27.80 2.30 3087859.49 821.70 824.00 

S5 -1838.38 -3.09 -403.95 -49222.40 1007033.99 494656.93 445434.53 

S18 -2256.28 -1.68 54.70 1855.29 575319.48 95870.56 97725.85 

S8 -3236.36 -1.06 -0.22 -0.07 36345.69 45.84 45.77 

S40 -9.66 -1.01 12.81 232.01 2733434.00 204995.45 205227.46 

S26 -3789.04 -2.16 14.45 85.15 919.62 71.94 157.09 
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Continuation of Table 38 

S29 -1764.47 -1.60 0.74 18.23 756597.32 137112.37 137130.60 

S31 -3789.13 -2.16 9.04 105.15 900.00 139.05 244.20 

S47 -232.14 -1.49 2.79 41.06 4510533.85 169331.28 169372.34 

S49 -351.33 -1.64 45.07 229.07 10938410.44 63686.56 63915.63 

S59 -16.51 -0.05 396.97 244.04 239489.79 4977.33 5221.36 

S27 149.85 -0.77 0.00 0.00 3294098.11 76024.20 76024.20 

S60 -321.89 -1.04 54.45 24.51 400246.27 495.84 520.34 

S61 0.00 0.00 1321.39 217.63 236100.00 4614.75 4832.38 

S63 0.00 0.00 1067.38 373.75 236100.00 9811.02 10184.77 

S64 0.00 0.00 1275.08 446.48 236100.00 9811.02 10257.50 

S9 -3236.36 -1.06 -0.22 -0.07 36345.69 45.84 45.77 

S14 -1932.48 -4.17 -737.09 -48380.43 1036051.15 276037.19 227656.76 

S20 -2661.55 -1.80 -3.87 -595.55 300133.97 320761.94 320166.38 

S43 -9.66 -1.01 -7.19 -236.19 2733434.00 307612.10 307375.91 

S48 -273.56 -1.49 44.41 654.62 4510533.85 169331.28 169985.90 

S50 -351.33 -1.64 6.09 30.98 10938410.44 63686.56 63717.53 

S67 -503.87 -1.77 -4.66 -59.57 7004519.66 145494.22 145434.65 
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Table 39: Chemical exergy for the HEFA active compounds. 

Component name Formula 
Molar Enthalpy of formation 

(kJ/kmol) 
Xchem (kJ/mol) 

Triolein C57H104O6 -297200 35276.60 

Water H2O -228572 0.90 

Oleic-acid C18H34O2 -227800 11124.19 

Glycerol C3H8O3 -447100 1701.25 

Tricaprylin C27H50O6 -806200 16121.55 

Trilaurin C39H74O6 -665100 23998.75 

Glycerol-tristearate C57H110O6 -383200 35893.30 

Trilinolein C57H98O6 -50690 34809.67 

Tripalmitin C51H98O6 -476700 31926.78 

Trimyristin C45H86O6 -575100 27957.55 

Tricaprin C33H62O6 -757900 20037.60 

n-octanoic-acid C8H16O2 -325000 4822.26 

n-dodecanoic-acid C12H24O2 -293000 7430.26 

Stearic-acid C18H36O2 -244000 11344.99 

Linoleic-acid C18H32O2 -117200 10999.64 

n-hexadecanoic-acid C16H32O2 -260000 10040.30 

n-tetradecanoic-acid C14H28O2 -278000 8733.67 

n-decanoic-acid C10H20O2 -305000 6130.51 

Hydrogen H2 0 236.10 

Carbon-dioxide CO2 -394370 19.85 

n-pentadecane C15H32 74260 9977.27 

n-tridecane C13H28 57710 8673.09 

n-heptadecane C17H36 90830 11281.30 

n-undecane C11H24 41160 7369.53 

n-heptane C7H16 8165 4761.89 

n-nonane C9H20 24980 6065.75 

2-methylhexane C7H16 3470 4758.10 

2-methyloctane C9H20 22100 6063.54 

2-methyldecane C11H24 37290 7365.95 

2-methyldodecane C13H28 54810 8670.06 

2-methyltetradecane C15H32 72980 9979.15 

2-methylhexadecane C17H36 89820 11283.58 
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Table 40: HEFA process mass streams exergy. 

Stream 
ho 

(kcal/kg) 

so 

(kcal/kgꞏK-1) 

Xphysic 

(kcal/kg) 

Xphysic 

(kW) 

Xchem 

(kJ/kmol) 

Xchem 

(kW) 

Xtotal 

(kW) 

S1 -489.57 -1.76 0.00 0.00 8558546.76 61916.66 61916.66 

S14 -812.71 -1.59 24.64 168.09 8572811.71 62019.86 62187.94 

S15 -812.71 -1.59 25.25 172.25 8572811.71 62019.86 62192.11 

S16 -812.71 -1.59 36.05 245.89 8572811.71 62019.86 62265.75 

S12 -841.28 -1.60 36.40 186.74 8044552.97 46141.10 46327.83 

S7 -968.35 -1.59 36.53 215.46 6111672.60 49379.27 49594.73 

S35 -2120.86 0.04 64.14 85.96 47400.05 395.01 480.97 

S13 -1730.91 -1.59 35.32 26.00 1701253.83 3252.62 3278.62 

S30 0.00 0.00 876.00 13.01 236100.00 416.06 429.07 

S26 -3789.13 -2.16 0.00 0.00 900.00 5.55 5.55 

S22 -489.57 -1.76 49.50 272.45 8558546.76 61916.66 62189.11 

S17 -809.75 -1.42 56.03 383.50 4001609.17 62297.17 62680.67 

S18 -490.61 -1.77 50.30 276.83 8560226.94 61928.81 62205.64 

S19 -490.61 -1.77 48.60 267.48 8560226.94 61928.81 62196.29 

S20 -490.61 -1.77 45.93 252.80 8560226.94 61928.81 62181.61 

S21 -490.61 -1.77 31.76 174.81 8560226.94 61928.81 62103.62 

S1 -681.28 -1.47 0.00 0.00 25879942.74 49479.81 49479.81 

S2 -681.28 -1.47 -0.03 -0.18 25879942.74 49479.81 49479.64 

S10 -726.28 -1.58 0.82 1.38 10597625.17 15883.60 15884.97 

S11 -726.28 -1.58 1.02 1.72 10597625.17 15883.60 15885.32 

S3 -925.99 -1.52 -0.12 -0.72 6123447.33 49474.40 49473.68 

S5 -925.99 -1.52 0.02 0.13 6123447.33 49474.40 49474.54 

S6 -925.99 -1.52 33.07 195.04 6123447.33 49474.40 49669.45 

S4 0.00 0.00 885.73 13.15 236100.00 416.06 429.21 

S27 -3789.13 -2.16 8.57 3.98 900.00 5.55 9.53 

S9 -3789.13 -2.16 38.37 1.25 900.00 0.39 1.64 

S28 -3789.13 -2.16 9.04 0.29 900.00 0.39 0.68 

S29 -3789.13 -2.16 0.20 0.01 900.00 0.39 0.40 

S8 -3789.13 -2.16 84.78 2.76 900.00 0.39 3.15 

S31 0.00 0.00 944.27 22.33 236100.00 662.60 684.93 

S32 0.00 0.00 1121.16 26.51 236100.00 662.60 689.11 

S33 0.00 0.00 1121.16 9.86 236100.00 246.54 256.40 

S34 -2134.88 0.02 57.16 76.10 21366.57 155.75 231.85 
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Thermoeconomic structure 

Incidence matrix: 

The elements of this matrix are {0} if the stream has no relation with the piece of equipment, {-

1} if the stream is an output, and {+1} if the stream is an input. 

The applied R/P/I matrixes are shown and stored in a separate sheet and have a similar structure 

to the incidence matrix, where the values of: 

- +1 corresponded to exiting products, incoming resources, and exiting losses (because 

these are the usual directions for them), 

- −1 corresponded to incoming products, exiting resources, and; 

- 0 corresponded to all other cases, where the stream is not related to a piece of 

equipment and therefore is not a resource (R matrix), a product (P matrix) or a loss (I 

matrix). 
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ATJ process structure 

Incidence matrix 𝐴(𝑚×𝑛) 
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Calculated vectors 

Table 41: ATJ mass, energy and exergy vectors. 

Stream 
Mass vector 

(kg/s) 

Energy vector 

(kW) 

Exergy vector 

(kW) 

S28 1.80 1319.11 76042.37 

S23 8.82 -78688.99 3985.85 

S30 7.14 -41785.19 210563.15 

S62 0.02 0.00 2981.85 

S1 5.41 -85168.15 387.64 

S68 1.94 -4049.11 91345.74 

S2 21.63 -117171.60 483846.19 

S11 5.63 -16602.73 142653.58 

S42 4.33 1667.96 206267.28 

S21 36.78 -414174.82 299535.59 

S44 4.33 1602.82 206240.16 

S15 15.70 -128034.12 226637.44 

S32 7.14 -34136.81 211910.42 

S37 2.78 -35608.23 2036.53 

S24 15.30 -227653.41 26155.40 

S38 4.33 11051.97 211294.00 

S45 4.33 -2490.34 203717.53 

S19 36.78 -399292.98 321672.39 

S51 1.92 -1808.59 89735.94 

S52 1.92 -1784.34 89744.31 

S53 1.92 -1756.18 89754.24 

S46 4.33 -2490.34 203563.65 

S54 1.94 -3250.12 91780.23 

S22 12.67 -109389.99 271391.97 

S65 0.03 60.88 3212.25 

S25 11.26 -85124.24 271778.58 

S35 7.12 -31800.03 212168.21 

S36 7.12 -24556.26 212286.91 

S57 1.94 -2711.64 91986.67 

S56 1.94 -2645.80 92037.19 

S66 1.94 -4048.96 91561.70 
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Continuation of Table 41 

S10 27.11 -175188.10 491722.23 

S6 27.04 -174209.53 492420.90 

S7 2.11 -24266.01 9865.67 

S3 29.15 -226605.76 492344.13 

S4 29.15 -217147.88 495036.29 

S16 2.33 -24593.76 27630.20 

S13 15.70 -114983.37 278155.69 

S17 13.37 -103440.36 199113.97 

S12 13.37 -90389.62 251337.46 

S55 1.94 -2698.15 92010.91 

S39 4.33 8576.79 210327.16 

S41 4.33 1183.52 205863.14 

S58 1.94 -3263.61 91749.39 

S34 7.12 -34158.32 211092.02 

S33 0.02 21.50 824.00 

S5 29.15 -198484.32 502207.99 

S18 8.11 -68199.20 98155.18 

S8 0.07 -978.61 45.84 

S40 4.33 -1291.66 205227.46 

S26 1.41 -21769.24 157.09 

S29 5.92 -43317.05 137130.60 

S31 2.78 -43256.61 244.20 

S47 2.17 -2079.09 101758.54 

S49 0.25 -194.28 11769.02 

S59 0.00 0.16 223.97 

S27 1.80 1131.07 76024.20 

S60 0.00 -0.14 7.66 

S61 0.00 0.28 216.29 

S63 0.03 0.28 3171.39 

S64 0.03 45.88 3207.46 

S9 0.07 -978.57 45.84 

S14 15.70 -125914.30 276083.92 

S20 36.78 -407512.19 320675.50 

S43 0.00 24.25 24.25 
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Continuation of Table 41 

S48 0.00 484.43 484.43 

S50 0.00 45.60 45.60 

S67 0.00 0.01 0.01 

Q1 0.00 19980.12 7118.04 

Q2 0.00 2356.70 1229.12 

Q3 0.00 14.99 5.23 

Q4 0.00 28.14 9.83 

Q5 0.00 52.32 24.12 

Q6 0.00 8.78 3.13 

Q7 0.00 7238.93 3775.42 

Q9 0.00 18644.31 6642.15 

Q10 0.00 57309.65 13877.65 

Q11 0.00 16542.13 2484.87 

Q12 0.00 7693.76 3624.38 

Q13 0.00 187.92 29.32 

Q14 0.00 54814.81 10675.61 
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Resources matrix 𝐴(𝑚×𝑛) 
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Product matrix 𝐴(𝑚×𝑛) 
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Losses matrix 𝐴(𝑚×𝑛) 
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Cost matrix 𝐴(𝑚×𝑛) + 𝛼 = 𝐴(𝑛×𝑛) 
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HEFA process structure 

Incidence matrix 𝐴(𝑚×𝑛) 
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Calculated vectors 

Table 42: HEFA mass, energy and exergy vectors. 

Stream 
Mass vector 

(kg/s) 

Energy vector 

(kW) 

Exergy vector 

(kW) 

S1 1.32 -2699.00 61916.66 

S14 1.63 -4817.49 62187.94 

S15 1.63 -4806.65 62192.11 

S16 1.63 -4626.67 62265.75 

S12 1.23 -3620.70 46327.83 

S7 1.41 -4912.53 49594.73 

S35 0.32 -2760.75 480.97 

S13 0.18 -1178.35 3278.62 

S30 0.00 0.00 429.07 

S26 0.11 -1762.70 5.55 

S22 1.32 -1790.98 62189.11 

S17 1.64 -4481.64 62680.67 

S18 1.32 -1776.11 62205.64 

S19 1.32 -1776.11 62196.29 

S20 1.32 -1811.00 62181.61 

S21 1.32 -2002.70 62103.62 

S1 1.30 -3708.07 49479.81 

S2 1.30 -3704.68 49479.64 

S10 0.40 -1199.89 15884.97 

S11 0.40 -1196.79 15885.32 

S3 1.41 -5432.48 49473.68 

S5 1.41 -5400.09 49474.54 

S6 1.41 -4705.15 49669.45 

S4 0.00 2.19 429.21 

S27 0.11 -1727.80 9.53 

S9 0.01 -117.82 1.64 

S28 0.01 -120.93 0.68 

S29 0.01 -123.12 0.40 

S8 0.01 -114.43 3.15 

S31 0.01 9.96 684.93 

S32 0.01 20.88 689.11 
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Continuation of Table 42 

S33 0.00 7.77 256.40 

S34 0.32 -2768.52 231.85 

W1 0.00 32.40 32.40 

W2 0.00 10.85 10.85 

Q2 0.00 124.06 57.19 

Q3 0.00 211.56 97.53 

Q6 0.00 179.86 77.36 

Q7 0.00 10.91 5.03 

Q9 0.00 694.47 298.68 
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Resources matrix 𝐴(𝑚×𝑛) 
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Products matrix 𝐴(𝑚×𝑛) 
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Losses matrix 𝐴(𝑚×𝑛) 
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Cost matrix 𝐴(𝑚×𝑛) + 𝛼 = 𝐴(𝑛×𝑛) 
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Z costs 

ATJ HEFA 
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Appendix D. ASTM parameters estimation 

Table 43 details the functional groups identified on the triisobutane (2,2,4,6,6-

Pentamethylheptane) molecule, as well as its occurrence and their respective values. 

Table 43: Group contribution and assumed values for the properties estimation. 

Molecule: Triisobutane (2,2,4,6,6-Pentamethylheptane) Boiling point Freezing point  

Molecular weight: 170.334 (kg/kmol) tb0= 204.359 K tm0= 102.425 K 

Method 
Functional 

group 
Occurence  Value ∑iNitb1i Value ∑iNitb1i 

Constantinou 

& Gani 

First-Order 

CH3 7 0.8894 

9.2497 

6.2258 

49.0251 
CH2 2 0.9225 1.845 

CH 1 0.6033 0.6033 

C 2 0.2878 0.5756 

  Value ∑iMitb2j Value ∑iMitb2j 

Second-Order  (CH3)3C 2 -0.0489 -0.0978 -0.0978 -0.1956 

Liquid viscosity  

Joback   (ȠA) (ȠB) ∑(ȠA) ∑(ȠB) 

-CH3 7 548.290 -1.719 

2557.08 -6.63 
-CH2- 2 94.160 -0.199 

>CH- 1 -322.150 1.187 

>C< 2 -573.560 2.307 

Flash point 

Tb (°C)= 179,29 ∆vapH° (KJ/kg)= 48,84 

Smoke point  

TSI by the SOL method 

aliphatic carbon chain 2 0.023252 

branching on the carbon chain R 3 0.085269 

methyl groups on the carbon chain R 7 0.022664 

∑(Nkspk) 0.460959 

Coefficients for equations TSI eq. 

regression 

equation  

structural 

group model 
a b c d e f 

eq3 SOL -0.000033 2.6136 15.671 -68.986 293.11 -160.51 

Lower heating value 

∆HfCO2(g) (KJ/mol)=  

-393.55 

∆HfH2O(g) (KJ/mol)= 

-241.85 

∆HfC12H26(g) 

(KJ/mol)= 

-313.79 

∆HvapC12H26 

(KJ/mol)= 

48.84 

Density 

R (J/molK)= 8.314472 Zc=0.26 Tr= 0.46 Tc (K)= 624.89 Pc (bar)= 19.75 



169 

 

Appendix E. Physico-chemical properties of the simulation streams 

 

ATJ process 

Table 44: Summary streams for the ethanol-to-Jet process. 
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HEFA process 

Table 45: Summary streams for the HEFA process. 
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Triisobutane process 

Table 46: Triisobutane summary flow streams. 

a/a m (kg/s) T (°C) p (MPa) 

Molar composition 

Is
o
b

u
ta

n
o

l 
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o
b

u
te

n
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1
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te
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ii
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H
y
d

ro
g
en

 

D
ii

so
b

u
ta

n
e 

T
ri

is
o

b
u

ta

n
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S1 4.52 25 0.10 1                     

S2 4.52 25.31 0.52 1                     

S3 4.52 203.01 0.52 1                     

S4 4.52 325 0.52 1                     

S5 4.52 325 0.52 4.52E-03 0.4776 0.0080 0.0025 0.0095 0.4977           

S6 4.52 100 0.52 0.0045 0.4776 0.0080 0.0025 0.0095 0.4977           

S7 3.34 -6.87 0.10 2.42E-07 0.9604 0.0161 0.0049 0.0185 1.89E-05           

S8 1.18 90.08 0.10 0.0089 0.0138 0.0002 0.0002 0.0010 0.9759           

S9 0.13 -6.87 0.10 6.11E-06   0.4079 0.1247 0.4669 0.0005           

S10 3.20 -6.87 0.10   1                   

S11 3.20 100 0.20   1                   

S12 3.23 100 0.20   1                   

S13 3.23 100 0.20   0.0226         0.1147 0.8627       

S14 0.03 100 0.20   1                   
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Continuation of Table 46 

S15 3.20 100 0.20             0.1173 0.8827       

S16 3.20 102.29 2.03             0.1173 0.8827       

S17 3.20 150 2.03             0.1173 0.8827       

S18 0.04 59 3.04                 1     

S19 0.11 116.87 2.03                 1     

S20 0.11 150 2.03                 1     

S21 3.35 143.82 2.03             0.0308 0.2316 0.7376     

S22 3.35 150 2.03             0.0004 0.0031 0.6455 0.0412 0.3098 

S23 0.27 150 2.03                   1   

S24 0.27 149.67 0.10                   1   

S25 0.27 25 0.10                   1   

S26 2.98 150 2.03                     1 

S27 2.98 149.50 0.10                     1 

S28 2.98 25 0.10                     1 

S29 0.11 150 2.03             0.0006 0.0048 0.9945     

S30 0.03 150 2.03             0.0253 0.1902 0.7845     

S31 0.03 150 2.03             0.1173 0.8827       

S32 0.00 150 2.03                 1     

S33 0.07 150 2.03                 1     
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Appendix F. Exergy and thermo-economic results 

 

ATJ process 

Table 47: ATJ exergy results. 

Equipment 
Index 

XR (MW) XP (MW) XI (MW) Xd (MW) dr (%) Xd/XR Eff 

P1 494099.50 492344.13 0 1.76 0.01 0.004 0.96 

H1 7118.04 2692.15 0 4.43 0.01 0.622 0.38 

B5 501678.44 502207.99 0 -0.53 0.00 -0.001 0.97 

B6 502211.12 502286.57 0 -0.08 0.00 0.000 0.98 

B8 491722.23 349492.64 142653.58 -0.42 0.00 -0.001 0.71 

P2 45.85 45.84 0 0.00 0.00 0.000 1.00 

B7 492466.74 491722.23 0 0.74 0.01 0.002 1.00 

Feedstock 

pretreatment 
2489341.91 2340791.56 142653.58 5.90 0.02 0.002 0.94 

M2 323424.55 321672.39 0 1.75 0.01 0.005 0.86 

M3 278967.66 278155.69 0 0.81 0.01 0.003 0.98 

H8 278155.69 276083.92 0 2.07 0.02 0.007 0.95 

H9 321672.39 320675.50 0 1.00 0.01 0.003 0.97 

B9 276083.92 226637.44 0 49.45 0.41 0.179 0.82 

B11 226637.44 226744.17 0 -0.11 0.00 0.000 0.97 

B12 299535.59 297547.37 3985.85 -2.00 -0.02 -0.007 0.93 

B10 320675.50 299535.59 0 21.14 0.18 0.066 0.93 

SSCF 2325152.73 2247052.05 3985.85 74.11 0.62 0.032 0.97 

C1 295945.23 271778.58 157.09 24.01 0.20 0.081 0.92 

C2 350305.82 210563.15 137130.60 2.61 0.02 0.007 0.60 

H7 29.32 18.17 0 0.01 0.00 0.380 0.62 

HX1 -209873.89 -210563.15 244.20 0.45 0.00 -0.002 0.97 

B13 211910.42 211916.02 0 -0.01 0.00 0.000 0.97 

Ethanol purification 648316.91 483712.77 137531.89 27.07 0.23 0.042 0.75 

H2 1229.12 1076.19 0 0.15 0.00 0.124 0.88 

B3 215943.63 212286.91 0 3.66 0.03 0.017 0.98 

B15 212286.91 213330.53 0 -1.04 -0.01 -0.005 0.97 
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Continuation of Table 47 

Dehydration 429459.67 426693.63 0.00 2.77 0.02 0.006 0.97 

B16 210327.16 205227.46 0 5.10 0.04 0.024 0.98 

HX2 -635.68 -966.84 0 0.33 0.00 -0.521 0.97 

CO1 484.43 404.14 0 0.08 0.00 0.166 0.83 

H3 206267.28 206240.16 0 0.03 0.00 0.000 1.00 

B2 206240.16 203717.53 0 2.52 0.02 0.012 0.99 

V1 203717.53 203563.65 0 0.15 0.00 0.001 1.00 

C3 207188.03 203263.50 0 3.92 0.03 0.019 0.98 

Oligomerization 1033588.92 1021449.61 0.00 12.14 0.10 0.012 0.97 

P1 24.25 8.37 0 0.02 0.00 0.655 0.35 

H4 5.23 4.79 0 0.00 0.00 0.085 0.91 

H5 9.83 9.93 0 0.00 0.00 -0.010 1.01 

H6 24.12 26.28 0 0.00 0.00 -0.090 1.09 

B17 91561.70 91569.71 0 -0.01 0.00 0.000 1.00 

B14 223.97 216.29 7.66 0.00 0.00 0.000 0.97 

B1 89754.24 88567.98 0 1.19 0.01 0.013 0.99 

CO2 45.60 36.07 0 0.01 0.00 0.209 0.79 

M4 3198.14 3171.39 0 0.03 0.00 0.008 0.99 

B4 92037.19 91986.67 0 0.05 0.00 0.001 1.00 

HX3 237.28 230.68 0 0.01 0.00 0.028 0.97 

H11 91749.39 91561.70 0 0.19 0.00 0.002 1.00 

Hydro-processing 368870.95 367389.87 7.66 1.47 0.01 0.004 0.98 
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Table 48: ATJ thermo-economic results. 

Equipment 

Index 

Z 

(€/s) 

ΠR 

(€/s) 

ΠP 

(€/s) 

CR 

(€/MWh) 

CP 

(€/MWh) 

CRꞏXP 

(€/s) 

CRꞏXI 

(€/s) 

CRꞏXd 

(€/s) 

(CP-CR)ꞏXP  

(€/s) 
(CP-CR)/CR f 

P1 0.00 4.12 4.12 30.01 30.12 4.10 0.00 0.01 0.01 0.00 0.00 

H1 0.00 0.16 0.17 82.92 222.97 0.06 0.00 0.10 0.10 1.69 0.01 

B5 0.02 4.35 4.38 31.23 31.37 4.36 0.00 0.00 0.02 0.00 1.64 

B6 0.03 4.38 4.40 31.37 31.56 4.38 0.00 0.00 0.03 0.01 1.05 

B8 0.03 4.35 4.38 31.84 45.07 3.09 1.26 0.00 1.28 0.42 1.40 

P2 0.00 0.04 0.04 2984.78 3029.41 0.04 0.00 0.00 0.00 0.01 0.97 

B7 0.02 4.33 4.35 31.65 31.84 4.32 0.00 0.01 0.03 0.01 0.61 

Feedstock pretreatment 0.10 21.73 21.83 31.42 33.57 20.43 1.25 0.05 1.40 0.07 0.49 

M2 0.00 4.92 4.92 54.78 55.08 4.90 0.00 0.03 0.03 0.01 0.00 

M3 0.00 2.50 2.50 32.23 32.33 2.49 0.00 0.01 0.01 0.00 0.00 

H8 0.00 2.50 2.50 32.33 32.59 2.48 0.00 0.02 0.02 0.01 0.04 

H9 0.00 4.92 4.92 55.08 55.27 4.91 0.00 0.02 0.02 0.00 0.05 

B9 0.03 2.50 2.53 32.59 40.13 2.05 0.00 0.45 0.47 0.23 0.03 

B11 0.02 2.53 2.55 40.13 40.41 2.53 0.00 0.00 0.02 0.01 1.14 
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Continuation of Table 48 

B12 0.03 4.96 4.99 59.64 60.43 4.93 0.07 -0.03 0.07 0.01 -0.97 

B10 0.04 4.92 4.96 55.27 59.64 4.60 0.00 0.32 0.36 0.08 0.06 

SSCF 0.12 29.75 29.87 46.06 47.86 28.75 0.05 0.95 1.12 0.04 0.06 

C1 0.01 5.06 5.07 61.57 67.15 4.65 0.00 0.41 0.42 0.09 0.01 

C2 0.24 6.73 6.98 69.18 119.28 4.05 2.64 0.05 2.93 0.72 0.71 

H7 0.00 0.00 0.00 82.92 212.20 0.00 0.00 0.00 0.00 1.56 0.44 

HX1 0.14 -7.11 -6.98 122.03 119.28 -7.14 0.01 0.02 0.16 -0.02 0.82 

B13 0.03 7.19 7.22 122.13 122.69 7.19 0.00 0.00 0.03 0.00 1.01 

Ethanol purification 0.42 11.87 12.29 65.91 91.49 8.86 2.52 0.50 3.44 0.39 0.30 

H2 0.00 0.03 0.03 82.92 98.70 0.02 0.00 0.00 0.00 0.19 0.15 

B3 0.03 7.34 7.37 122.35 124.94 7.21 0.00 0.12 0.15 0.02 0.10 

B15 0.04 7.37 7.41 124.94 125.01 7.40 0.00 -0.04 0.00 0.00 -1.25 

Dehydration 0.07 14.73 14.81 123.52 124.91 14.64 0.00 0.09 0.17 0.01 0.27 

B16 0.02 7.41 7.43 126.82 130.39 7.23 0.00 0.18 0.20 0.03 0.06 

HX2 0.10 -0.02 0.08 130.39 -284.35 -0.04 0.00 0.01 0.11 -3.18 0.81 

CO1 0.06 0.02 0.08 169.67 751.70 0.02 0.00 0.00 0.07 3.43 0.89 

H3 0.00 7.54 7.54 131.60 131.63 7.54 0.00 0.00 0.00 0.00 0.13 
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Continuation of Table 48 

B2 0.02 7.54 7.56 131.63 133.67 7.45 0.00 0.09 0.12 0.02 0.11 

V1 0.00 7.56 7.56 133.67 133.77 7.56 0.00 0.01 0.01 0.00 0.00 

C3 0.20 7.65 7.85 132.88 138.97 7.50 0.00 0.14 0.34 0.05 0.41 

Oligomerization 0.41 37.70 38.11 131.32 134.31 37.26 0.00 0.44 0.85 0.02 0.31 

P1 0.01 0.00 0.01 169.67 4509.98 0.00 0.00 0.00 0.01 25.58 0.86 

H4 0.00 0.00 -0.06 82.92 250.00 0.00 0.00 0.00 0.00 5.40 0.91 

H5 0.00 0.00 0.00 82.92 182.77 0.00 0.00 0.00 0.00 1.20 1.02 

H6 0.00 0.00 0.00 82.92 178.41 0.00 0.00 0.00 0.00 1.15 1.15 

B17 0.02 8.85 8.87 347.86 348.57 8.85 0.00 0.00 0.02 0.00 1.09 

B14 0.02 0.02 0.04 348.57 632.96 0.02 0.00 0.00 0.02 0.82 1.00 

B1 0.02 8.77 8.79 351.77 357.15 8.65 0.00 0.12 0.13 0.02 0.07 

CO2 0.01 0.00 0.01 169.67 1099.33 0.00 0.00 0.00 0.01 5.48 0.91 

M4 0.00 0.05 0.05 54.93 55.39 0.05 0.00 0.00 0.00 0.01 0.00 

B4 0.02 8.85 8.87 346.17 347.12 8.85 0.00 0.00 0.02 0.00 0.67 

HX3 0.04 0.02 0.06 347.12 963.77 0.02 0.00 0.00 0.04 1.78 0.97 

H11 0.00 8.85 8.85 347.12 347.86 8.83 0.00 0.02 0.02 0.00 0.02 

Hydro-processing 0.13 35.41 35.48 345.60 347.69 35.27 0.00 0.14 0.21 0.01 0.32 
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HEFA process 

Table 49: HEFA exergy results. 

Equipment 
Index 

XR (MW) XP (MW) XI (MW) Xd (MW) dr (%) Xd/XR Eff 

M1 49489.17 49473.68 0.00 0.02 0.02 0.000 1.00 

P1 32.40 0.86 0.00 0.03 0.03 0.974 0.03 

H1 49773.22 49669.45 0.00 0.10 0.11 0.002 1.00 

B2 49669.45 49594.73 0.00 0.07 0.08 0.002 1.00 

B4 49594.73 49609.60 0.00 -0.01 -0.02 0.000 1.00 

HX1 1.51 -0.18 0.00 0.00 0.00 1.117 -0.12 

Hydrolysis 198560.47 198348.14 0.00 0.21 0.22 0.001 0.97 

HX2 0.95 0.34 0.00 0.00 0.00 0.643 0.36 

HX3 429.07 428.53 0.40 0.00 0.00 0.000 1.00 

M2 62213.15 62187.94 0.00 0.03 0.03 0.000 1.00 

M3 685.62 684.93 0.00 0.00 0.00 0.001 1.00 

H2 62269.46 62265.75 0.00 0.00 0.00 0.000 1.00 

H3 689.96 689.11 0.00 0.00 0.00 0.001 1.00 

B5 62680.67 62686.61 0.00 -0.01 -0.01 0.000 1.00 

B6 480.97 256.40 231.85 -0.01 -0.01 -0.015 0.53 

B1 63012.05 62680.67 0.00 0.33 0.35 0.005 0.99 

P2 10.85 4.16 0.00 0.01 0.01 0.616 0.38 

V1 62205.64 62196.29 0.00 0.01 0.01 0.000 1.00 

Decarboxylation 314678.39 314080.74 232.24 0.37 0.38 0.001 0.97 

H4 62189.11 61916.66 0.00 0.27 0.29 0.004 1.00 

H5 62181.61 62103.62 0.00 0.08 0.08 0.001 1.00 

B3 62201.15 62189.11 0.00 0.01 0.01 0.000 1.00 

HX4 62176.06 62186.76 0.00 0.01 0.01 0.000 1.00 

Hydro-processing 124395.81 124022.63 0.00 0.37 0.39 0.003 0.95 
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Table 50: HEFA thermo-economic results. 

Equipment 

Index 

Z 

(€/s) 

ΠR 

(€/s) 

ΠP 

(€/s) 

CR 

(€/MWh) 

CP 

(€/MWh) 

CRꞏXP 

(€/s) 

CRꞏXI 

(€/s) 

CRꞏXd 

(€/s) 

(CP-CR)ꞏXP 

(€/s) 
(CP-CR)/CR f 

M1 0.00 0.02 0.02 1.26 1.26 0.02 0.00 0.00 0.00 0.00 0.00 

P1 0.00 0.00 0.00 169.67 19129.81 0.00 0.00 0.00 0.11 0.00 0.67 

H1 0.00 3.33 3.33 240.94 241.45 3.32 0.00 0.01 0.00 0.01 0.02 

B2 0.00 3.33 3.33 241.45 241.99 3.33 0.00 0.01 0.00 0.01 0.33 

B4 0.00 3.33 3.34 241.99 242.12 3.33 0.00 0.00 0.00 0.00 1.57 

HX1 0.00 0.00 0.00 259.25 -2801.78 0.00 0.00 0.00 0.00 0.00 0.19 

Hydrolysis 0.01 10.02 10.02 181.58 181.93 10.00 0.00 0.01 0.00 0.02 0.44 

HX2 0.00 0.00 0.00 259.25 1319.43 0.00 0.00 0.00 4.09 0.00 0.56 

HX3 0.00 0.00 0.00 17.93 21.04 0.00 0.00 0.00 0.17 0.00 0.99 

M2 0.00 3.35 3.35 193.62 193.70 3.34 0.00 0.00 0.00 0.00 0.00 

M3 0.00 0.04 0.04 223.20 223.42 0.04 0.00 0.00 0.00 0.00 0.00 

H2 0.00 4.21 4.21 243.13 243.15 4.21 0.00 0.00 0.00 0.00 0.24 

H3 0.00 0.09 0.09 493.16 493.97 0.09 0.00 0.00 0.00 0.00 0.25 

B5 0.00 4.89 4.90 281.06 281.20 4.89 0.00 0.00 0.00 0.00 1.20 

B6 0.00 0.04 0.04 281.20 560.97 0.02 0.02 0.00 0.99 0.02 0.12 

B1 0.00 4.89 4.89 279.45 281.06 4.87 0.00 0.03 0.01 0.03 0.09 

P2 0.00 0.00 0.00 169.67 2059.85 0.00 0.00 0.00 11.14 0.00 0.86 
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Continuation of Table 50 

V1 0.00 4.86 4.86 281.20 281.24 4.86 0.00 0.00 0.00 0.00 0.00 

Decarboxylation 0.01 22.37 22.38 255.95 256.55 22.33 0.02 0.03 0.00 0.05 0.19 

H4 0.00 5.87 5.87 339.78 341.28 5.84 0.00 0.03 0.00 0.03 0.01 

H5 0.00 4.86 4.86 281.31 281.66 4.85 0.00 0.01 0.00 0.01 0.01 

B3 0.00 5.87 5.87 339.57 339.78 5.87 0.00 0.00 0.00 0.00 0.68 

HX4 0.00 -4.86 -4.86 281.33 281.28 -4.86 0.00 0.00 0.00 0.00 0.03 

Hydro-processing 0.00 11.74 11.74 339.66 340.76 11.70 0.00 0.04 0.00 0.04 0.07 
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Appendix G. Compositive curves of the system 

 

The heat requirements of the process were optimized using a pinch analysis, aided by Aspen 

Energy Analyzer®. The starting point to carry out the energy integration in the pinch analysis was 

calculating the minimum cooling and heating requirements for a heat exchange network. The first 

step in the heat exchange network was to identify heat sources (hot stream) and cold sources (cold 

streams) in the process. 

The pinch analysis provided a method to get the minimum energy consumption from the thermal 

data of the process. Composite curves consist of temperature-enthalpy (T-H) profiles of heat 

availability in the process (the "hot composite curve") and heat demands in the process (the "cold 

compound curve"). A minimum "temperature difference" (ΔT) was initially established to 

generate these curves, which allowed the heat exchange between the streams. In general, it goes 

from 5°C to 10°C, and its selection depends on the average heat capacities of the currents; the 

lower the heat capacities, the higher the minimum "temperature difference". Figure 27 shows the 

result of including a heat exchanger following the pinch method. 
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Figure 29: Triisobutane system compositive curves. 

a). Composite curves of the hot and cold stream before the AEA optimization. b). Composite 

curves of the hot and cold stream after the AEA optimization. 
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Appendix H. Bromine number 

 

Table 51: Triisobutene bromide-bromate measurement results. 

Test 1 Test 2 Test 3 

mL Result mL Result mL Result 

0 524.4 0 507.2 0 508.9 

0.2 520.1 0.2 513.5 0.2 512.2 

0.4 534.2 0.4 522.8 0.4 518.6 

0.6 548.9 0.6 539.2 0.6 538.9 

0.8 567.8 0.8 562.7 0.8 548.4 

1 581 1 572.8 1 567.9 

1.2 592.8 1.2 579.9 1.2 581.3 

1.4 716.5 1.4 712.9 1.4 712.3 

1.6 733.4 1.6 728.2 1.6 720.8 

2 748.2 2 741.2 2 740.9 

2.5 764.5 2.5 759.2 2.5 755.9 

3 779.5 3 775 3 773 

3.5 793.3 3.5 787.3 3.5 784.4 

4 801.1 4 797.2 4 794.4 

4.5 811.3 4.5 805.9 4.5 803.2 

5 818.8 5 815.2 5 809.7 
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Figure 30: Assessment curves. 

 

Table 52: Bromine number triisobutene. 

Test A (mL) B (mL) M1 (mol/L) W (g) 

Bromine 

number 

(gBr2/100g) 

1 1.58 0.1 0.25 0.07503 78.8031 

2 1.6 0.1 0.25 0.07503 79.8681 

3 1.6 0.1 0.25 0.07503 79.8681 

Average bromine number 79.5131 
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