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Abstract 

The biojet fuel production has been considered a promising strategy to partially satisfy the aviation 

fuel demand. Recently, the biojet fuel obtained from the alcohol-to-jet (ATJ) process has been 

certified by the American Society of Testing Materials (ASTM). In this work, the modelling and 

simulation of the ATJ conventional process is presented, considering as raw material bioethanol 

produced from lignocellulosic wastes. To reduce the energy requirements and the environmental 

impact, process intensification tools are applied on the separation zone, followed by the energy 

integration of the whole process. The ATJ conventional and intensified-integrated processes are 

assessed by the total annual cost (TAC) and the CO2 emissions. According to the results, the 

intensification on the separation zone allows reducing energy requirements by 5.31% in contrast to 

the conventional sequence; moreover, the energy integration of the intensified process reduces by 

34.75% and 30.32% the heating and cooling requirements, respectively; as consequence, TAC and 

CO2 emissions are decreased by 4.83% and 4.99%, respectively, when compared to the conventional 
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process. Nevertheless, the electricity generated by the turbines completely satisfies the electrical 

energy requirement of the process. 

Keywords: renewable aviation fuel, alcohol-to-jet, process intensification, energy integration. 
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1. Introduction 

Worldwide, the energy demand is a priority theme. According to BP [1], the estimated energy 

requirement for 2040 will be 25% more than the amount required in 2019.  

With this trend the estimated increase of CO2 emissions can reach an alarming 10% increase by the 

same year. Considering that most of the energy is produced from non-renewable sources, it is 

necessary to increase the production of sustainable energy, in order to reduce the environmental 

impacts.  In particular, the transport sector is one the major player in  the energetic transition since it 

consumes 21% of world energy demand, and the forecast indicates an increase up to 130% by 2050 

[1]. Among the means of transport, the aviation industry has the major growth rate; it is estimated 

that it will duplicate its jet fuel consumption in the next 20 years, increasing correspondingly its CO2 

emissions [2]. Martínez-Hernández et al. [3], estimated that in 2050 the CO2 emissions from aviation 

sector will increase 300-700%, compared to 2005, if no changes on the current technologies and the 

flight patterns occur. Nevertheless, the actual world pandemic caused by COVID-19 has changed all 

economic sectors; in the aviation industry the losses are estimated in 16 billion dollars for 2021 [4]. 

Also, the International Air Transport Association (IATA) indicates that the new social distancing 

measures caused a reduction of the load factor to 62%. [5]. Thereby, compared to 2019, the air fares 

of airlines increased between 43% and 54%, depending on the region of the world. More than ever, 

it is necessary to focus on the sustainable recovery of the aviation sector, with novel strategies to 

mitigate the crisis; keeping at the same time ambitious objectives such as 50% reduction in CO2 

emissions by 2050, compared to 2005 levels [6, 7]. To achieve these goals, a four-pillar strategy has 

been proposed, including: 1) technological improvements in engines and aircrafts, 2) operational 

improvements by optimization of flight paths, 3) market-based actions, and 4) development of 

alternative fuels [6]. In particular, the development of alternative fuels has been identified as the most 

promising strategy to reduce the environmental impact in the short and medium-term reaching also a 

partial independence from non-renewable sources [6, 8]. The renewable aviation fuel, also called 
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biojet fuel or synthetic paraffinic kerosene (SPK), is a mixture of renewable hydrocarbons in the 

boiling range of fossil jet fuel. Its chemical composition and properties are similar to that of fossil jet 

fuel, being the main difference the content of aromatic compounds [6, 8-9]. The absence of such 

compounds can cause sealing issues in certain types of engines [10]; because of that, it is used in 

mixtures with a maximum of biojet fuel of 50% in volume [11]. This alternative fuel can be produced 

from triglyceride, lignocellulosic, sugars and starchy biomasses, which can be edible, non-edible and 

wastes [12]. Depending on the selected feedstock, there are six conversion routes to produce biojet 

fuel certified by ASTM: Fischer-Tropsch (FT-SPK), Hydroprocessed Esters and Fatty Acids (HEFA-

SKP), Direct Sugars to Hydrocarbons (DSC), Fisher-Tropsch with Aromatics (FT-SPK/A), Alcohol 

to Jet (ATJ-SPK) and Co-processing of renewable lipids with crude oil-derived middle distillates 

[12]. HEFA and DSC are in commercialization stage, while FT-SPK, FT-SPK/A and ATJ-SPK are 

in demonstration levels. However, the biojet fuel produced by any of these processes is not 

economically competitive [13]; it is important to apply strategies to reduce the energy requirements 

and the size of the equipment on the production processes, to achieve the economic and environmental 

sustainability of biojet fuel.  

Among all the production processes, one of the most recent is ATJ, which obtained the certification 

of American Society of Testing Materials (ASTM) in 2016 [13]. The ATJ process uses as raw material 

bio-alcohols, such as methanol, ethanol, butanol and long chain fatty alcohols, priorly produced from 

starch, sugars, and lignocellulosic feedstocks [14]. This process involves three reactive stages: 

dehydration of alcohol, oligomerization and hydrogenation, along with the separation stage to purify 

naphtha, biojet fuel and green diesel (Figure 1). The biojet fuel produced by the ATJ process can be 

used in mixtures with fossil jet fuel with up to 50 vol% of bio-jet fuel, according to the ASTM D7566 

standard [15, 16]. The main advantage of this process is that each stage has been commercially 

demonstrated, as part from other processes, minimizing the risk of scaling-up of the whole ATJ 

process [14]. On the other hand, due to the low yield and conversion associated with the alcohol 
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production from biomass, the raw material price of ATJ process could increase. Thus, it is necessary 

to increase the bio-alcohols production efficiency in order to improve the economic and 

environmental sustainability of the ATJ process. However, it is important to remark that, even if the 

alcohol production is a critical stage, it is out of the ATJ processing. A compilation of reports about 

each conversion stage involved in the ATJ process is focused mainly on the proposal of novel 

catalysts to improve the yield and conversion of each reactive system [2, 14]. Among them, few works 

have reported the modelling and analysis of the complete ATJ process. In 2015, Atsonios et al. [17] 

studied the production of biojet fuel through three simultaneous processes to convert the 

lignocellulosic biomass into alcohol: gasification, Fischer-Tropsch and biochemical pathways; in 

addition, they made an economic comparison between all the processes, which were modelled in 

Aspen Plus. The conversion of n-butanol and isobutanol into biojet fuel was realized through the ATJ 

process. According to the results, the minimum selling price is obtained with the FT process.  Later, 

the techno-economic analysis of ATJ process was presented, using bioethanol from corn grain and 

corn stover concluding that biojet fuel could be economically competitive if the yield of sugar to 

ethanol is increased [18]. In 2018, Neuling and Kaltschmith [19] presented a comparison between 

four different production processes to obtain biojet fuel from lignocellulosic materials and grains, 

including the ATJ process. Their results exhibited that the ATJ process using wheat grain as feedstock 

is the best option, in economic and environmental terms.  Recently, a report about the integration of 

pulp mill operation with ATJ process was presented, analyzing the feasibility of a biorefinery scheme 

[20]. According to the results, the integration of ATJ process into pulp mill operation could reduce 

the processing cost of biojet fuel. It is important to mention that all reports described before present 

the ATJ process in the conventional form (Figure 1), proving its technical efficiency regarding to 

other biojet fuel processes; however, the application of strategies to reduce its energy consumption, 

that allows to achieve the economic competitiveness of biojet fuel, represents an area of opportunity 

which has not been explored in detail.  
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Process intensification and energy integration are two important tools that have proved to reduce the 

energy consumption of the processes. There are some reports focused on the use of  intensification 

techniques with energy integration applied on distillation columns; as a result, novel configurations 

are proposed such as heat-pump distillation, heat-integrated distillation, dividing wall column, vapor 

recompression column, among others [21]. Gao et al. [22] reported a configuration of reactive 

distillation with heat-integrated to synthetize tert-amyl methyl ether (TAME); this configuration was 

compared with a conventional reactive column, demonstrating economic and energetic savings. Cong 

et al. [23] proposed a multi-tube heat integrated distillation column to separate binary mixtures; they 

found that this design improves the operational flexibility from the system, allowing important energy 

and economic savings. Regarding the operational flexibility, Cong et al. [24] reported a novel middle 

vapor recompression distillation column, based on a heat-integrated distillation column to increase 

both the energy savings and the profit. According to their analysis, this configuration allows a wide 

range of applications due to its operational flexibility, regarding to the basic heat-integrated 

distillation column and the vapor recompression column. Thus, to increase the recovery of waste heat, 

a Rankine cycle was integrated with an economizer in the operation of an extractive distillate system, 

to separate the azeotropic mixture n-heptane/isobutanol [25]. The results indicated that the use of this 

novel system allows saving up to 30.30% of TAC, and 45% of hot utility consumption. On the other 

hand, the application of intensified distillation sequences to separate biojet fuel has been reported in 

a few works. In 2015, Gutiérrez-Antonio et al. [26] proposed the intensification of a hydrotreating 

process to produce biojet fuel using thermally coupled distillation sequences, which include direct 

and indirect conventional distillation columns, the Petlyuk column and the dividing wall column. All 

the proposed sequences were optimized by a multi-objective genetic algorithm coupled to Aspen Plus. 

Based on the results, the direct thermally coupled sequence reached the major energy savings. In 

2016, the application of energy integration and process intensification tools for the hydrotreating 

process to produce biojet fuel using Jatropha curcas oil was proposed [8]. The intensification was 

applied on the separation zone, analyzing two conventional sequences and two thermally coupled 
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schemes; both were optimized by a multiobjective genetic algorithm with constraints handling. The 

results of the economic and environmental assessment show that the process including the direct 

conventional distillation sequence with energy-integration had the major savings. Regarding the use 

of reactive distillation schemes, in 2018 the use of a reactive distillation column to produce biojet fuel 

was reported [27]. The results indicated that the use of reactive distillation allows decreasing the 

operation pressure, increasing the yield of biojet fuel and improving the environmental impact. The 

use of conventional and intensified distillation sequences for the hydroprocessing of microalgae oil 

has also been reported [28]. The conclusions of the study show that the implementation of the 

intensified distillation sequences allowed a decrease of 34 % of the CO2 emissions and the 

improvement of the biojet fuel price. A brief review of intensification strategies applied to the 

production of renewable jet fuel is presented by Gutiérrez-Antonio et al. [29]. In addition, an 

intensified three-step reaction-separation process to produce aviation fuel from a mixture of 

triglycerides and petro-diesel was proposed in 2019 [30], through an hydrolysis section and a reactive 

hydrodesulphurization and hydrodeoxygenation reactive distillation column (HDS-HDO); this study 

determined that optimal operating conditions to produce the biojet fuel are 553 K for hydrolysis, with 

14 stages and 30 atm of pressure for the HDS-HDO reactive column.  

On the other hand, the energy integration tool has been applied on the complete hydrotreating process 

adding the intensification on separation stage [6], as well as in two processes to produce renewable 

fuels into a biorefinery scheme [31]. In each one of these reports, the energy consumption has been 

reduced, and the CO2 emissions related to these processes are lower than those for conventional 

processes. Thus, in this work the modelling and simulation of the ATJ process is presented, using 

bioethanol produced from lignocellulosic wastes as raw material; moreover, process intensification 

tools are applied on the separation zone of ATJ. Later, the ATJ process with the intensified sequence 

of minor energy consumption is improved through the application of the energy integration. Both 

ATJ processes, conventional and intensified-integrated, are evaluated using the total annual cost and 
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the CO2 emissions, as main performance indicators. It is important to remark that the bioethanol 

production process is not considered in this study.   

 

Figure 1. Block diagram of conventional ATJ process. 

 

2. Modelling of ATJ process 

The feedstock of the ATJ process is the effluent from the co-fermentation reactor, reported by Conde-

Mejía et al [32], which is part of the bioethanol production process with lignocellulosic wastes as raw 

material. This effluent is formed by 257,673 kg/h of bioethanol, with traces of glycerol, water, and 

ammonia. The ATJ process involves three reactive stages: dehydration, oligomerization and 

hydrogenation, and a separation zone. In the first reactive stage, the bioethanol is dehydrated at 450 

°C and 11.4 bar, adding saturated steam to reach 99.5% of ethylene conversion. The operating 

conditions and the conversion data (see Table 1) were extracted from the work of Lundin [33]. In 

Aspen Plus, this reactive stage is modelled by the RStoic module, using the reactions presented in 

Table 1. The obtained ethylene from this reactive stage is fed to a turbine, diminishing the stream 

pressure until 3 bar. This pressure condition is necessary to separate the ethylene in a distillation 
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column, represented by a RadFrac module, with partial vapor-liquid condenser, designed to recover 

99% of ethylene. 

 

Table 1. Dehydration reactions and conversion data. Extracted from [33]. 

Reactions Conversion Reference reactive 

𝐶ଶ𝐻଺𝑂 → 𝐶ଶ𝐻ସ + 𝐻ଶ𝑂 0.988  

Ethanol 2 𝐶ଶ𝐻଺𝑂 → (𝐶ଶ𝐻ହ)ଶ𝑂 +  𝐻ଶ𝑂 0.00052 

𝐶ଶ𝐻଺𝑂 →  (𝐶ଶ𝐻ସ𝑂) + 𝐻ଶ 0.002 

 

The recovered ethylene is fed to the second reactive stage, i.e. oligomerization; this stage operates at 

120 °C and 35 bar. In Aspen Plus, this reactor is modelled with the RStoic module, using the reactions 

set shown in Table 2, with the conversion data reported by Heveling et al. [34]. The oligomerized 

products are fed to the third reactive stage, which is operated at 100 °C and 15 bar of hydrogen [35], 

achieving until 99% of conversion to paraffins. In Aspen Plus, this reactive stage is modelled by 

RStoic module, using the reactions presented in Table 3. 

Table 2. Oligomerization reactions and conversion data. Extracted from [34]. 

Reactions Conversion Reference 

reactant 

2𝐶ଶ𝐻ସ → 𝐶ସ𝐻଼ 0.32  

 

 

 

 

 

2.5𝐶ଶ𝐻ସ → 𝐶ହ𝐻ଵ଴ 0.0015 

3𝐶ଶ𝐻ସ → 𝐶଺𝐻ଵଶ 0.24 

3.5𝐶ଶ𝐻ସ → 𝐶଻𝐻ଵସ 0.0015 

4𝐶ଶ𝐻ସ → 𝐶଼𝐻ଵ଺ 0.18 

4.5𝐶ଶ𝐻ସ → 𝐶ଽ𝐻ଵ଼ 0.0015 
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5𝐶ଶ𝐻ସ → 𝐶ଵ଴𝐻ଶ଴ 0.043  

Ethylene 5.5𝐶ଶ𝐻ସ → 𝐶ଵଵ𝐻ଶଶ 0.0015 

6𝐶ଶ𝐻ସ → 𝐶ଵଶ𝐻ଶସ 0.043 

7𝐶ଶ𝐻ସ → 𝐶ଵସ𝐻ଶ଼ 0.043 

7.5𝐶ଶ𝐻ସ → 𝐶ଵହ𝐻ଷ଴ 0.0015 

8𝐶ଶ𝐻ସ → 𝐶ଵ଺𝐻ଷଶ 0.043 

8.5𝐶ଶ𝐻ସ → 𝐶ଵ଻𝐻ଷସ 0.0015 

9𝐶ଶ𝐻ସ → 𝐶ଵ଼𝐻ଷ଺ 0.043 

9.5𝐶ଶ𝐻ସ → 𝐶ଵଽ𝐻ଷ଼ 0.0015 

10𝐶ଶ𝐻ସ → 𝐶ଶ଴𝐻ସ଴ 0.043 

 

Table 3. Hydrogenation reactions and conversion data [35]. 

Reactions Conversion Reference 

reactant 

𝐶ସ𝐻଼ + 𝐻ଶ → 𝐶ସ𝐻ଵ଴  

 

 

 

 

 

 

0.99 

n-Butene 

𝐶ହ𝐻ଵ଴ + 𝐻ଶ → 𝐶ହ𝐻ଵଶ n-Pentene 

𝐶଺𝐻ଵଶ + 𝐻ଶ → 𝐶଺𝐻ଵସ n-Hexene 

𝐶଻𝐻ଵସ + 𝐻ଶ → 𝐶଻𝐻ଵ଺ n-Heptene 

𝐶଼𝐻ଵ଺ + 𝐻ଶ → 𝐶଼𝐻ଵ଼ n-Octene 

𝐶ଽ𝐻ଵ଼ + 𝐻ଶ → 𝐶ଽ𝐻ଶ଴ n-Nonene 

𝐶ଵ଴𝐻ଶ଴ + 𝐻ଶ → 𝐶ଵ଴𝐻ଶଶ n-Decene 

𝐶ଵଵ𝐻ଶଶ + 𝐻ଶ → 𝐶ଵଵ𝐻ଶସ n-Undecene 

𝐶ଵଶ𝐻ଶସ + 𝐻ଶ → 𝐶ଵଶ𝐻ଶ଺ n-Dodecene 

𝐶ଵସ𝐻ଶ଼ + 𝐻ଶ → 𝐶ଵସ𝐻ଷ଴ n-Tetradecene 

𝐶ଵହ𝐻ଷ଴ + 𝐻ଶ → 𝐶ଵହ𝐻ଷଶ n-Pentadecene 

𝐶ଵ଺𝐻ଷଶ + 𝐻ଶ → 𝐶ଵ଺𝐻ଷସ n-Hexadecene 
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𝐶ଵ଻𝐻ଷସ + 𝐻ଶ → 𝐶ଵ଻𝐻ଷ଺ n-Heptadecene 

𝐶ଵ଼𝐻ଷ଺ + 𝐻ଶ → 𝐶ଵ଼𝐻ଷ଼ n-Octadecene 

𝐶ଵଽ𝐻ଷ଼ + 𝐻ଶ → 𝐶ଵଽ𝐻ସ଴ n-Nonadecene 

𝐶ଶ଴𝐻ସ଴ + 𝐻ଶ → 𝐶ଶ଴𝐻ସଶ n-Eicosene 

 

The renewable hydrocarbons from the last reactive stage enter to a turbine to decrease its pressure 

until 1 bar, before its fed to the separation zone. In Table 4 the component distribution of renewable 

hydrocarbons is showed.  

Table 4. Product distribution from the third reactive stage. 

Compounds 

distribution  

kg/h Products 

n-Butene 482.59  

Light gases (A) n-Butane 49492.8 

n-Pentene 2.28  

 

Naphtha (B) 

n-Pentane 232.35 

n-Hexane 36175.4 

n-Hexene 356.86 

n-Heptene 2.28 

n-Heptane 230.50 

n-Octene 272.94  

 

 

 

 

 

 

n-Octane 27506.9 

n-Nonene 2.28 

n-Nonane 229.47 

n-Decane 6473.38 

n-Undecane 228.81 

n-Decene 64.46 
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n-Dodecene 64.46 Biojet fuel (C) 

n-Dodecane 6458.10 

n-Undecene 2.28 

n-Tetradecene 64.46 

n-Tetradecane 6447.18 

n-Pentadecane 228.03 

n-Hexadecene 64.30 

n-Pentadecene 2.28 

n-Hexadecane 6374.60 

n-Heptadecane 2.28  

 

 

Green diesel (D) 

n-Octadecene 0.0021 

n-Octadecane 0.18 

n-Nonadecane 0.0062 

n-Eicosane 0.18 

n-Nonadecene 6.36E-05 

n-Eicosene 0.0018 

 

As it can be seen, there are four pseudo-components to separate; thus, a distillation train with three 

columns is designed in Aspen Plus using short cut methods (DSTWU module), and later this design 

is rigorously simulated through RadFrac module [26]. The first distillation column has a partial-vapor 

condenser to separate the light gases at the top, using the 314-A refrigerant as cooling medium; the 

bottom of this column is the feed stream to the second one, wherein the naphtha cut is separated at 

the top while its bottom stream enters to a third distillation column. This last column separates biojet 

fuel at the top, whilst green diesel is obtained at the bottom. The number of stages in each column are 

16, 33 and 87, respectively; this design is called direct conventional. In Figure 2 the ATJ process 

described before is shown. The thermodynamic model used to simulate this process was Peng-
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Robinson, except the distillation train, whose phase equilibrium was modelled using the BK10 model 

[36]. 

 

 

Figure 2. Flowsheet of ATJ conventional process. 

 

3. Process intensification: separation zone 

Based on the product distribution and the direct conventional design, other distillation sequences with 

lower energetic consumption can be proposed using process intensification tools. In this work, the 

intensified sequences will be designed using the methodology proposed by Rong and Errico [37]. 

This methodology is schematically represented by the next steps: 

Step 1. Create the subspace of simple column configurations (SC). 
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Step 2. Select the simple column configuration with less energy consumption, from the previous 

subspace. 

Step 3. Generate the original thermally coupled configurations, replacing systematically reboilers or 

condensers (OTC), and select the OTC with less energy consumption. 

Step 4. Generate the thermodynamically equivalent structures (TES) from OTC´s, using the sections 

re-arrangement methodology. 

Step 5. Identify the TES´s that contain columns with a unique lateral transport section, keeping the 

structure of simple columns; then, the TES with less energy consumption is selected. 

Step 6. Generate the intensified configurations (ISC) by eliminating the lateral transport section in 

the identified TES. 

Step 7. If you do not select the structure with less energy consumption in steps 2 to 6, repeat these 

steps until all simple column configurations have been examined. 

Step 8. Summarize all the ISC configurations. 

It is important to mention that the light gases must be separated in the first distillation column, due to 

their low boiling point. Thus, in this work all generated sequences will have a fixed distillation column 

with partial-vapor condenser for the separation of light gases using the 314-A refrigerant, while the 

methodology described before is applied for the other distillation columns of the train. Likewise, in 

each step of this methodology the sequences will be evaluated, selecting the train with less energy 

consumption in each case. At the end, the sequence with the lowest energetic requirements will be 

selected as the distillation train from ATJ process. 

 

4. Energy integration 
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According to the modelling of reactive stages and considering the distillation sequence with the 

lowest energy requirements obtained by following the methodology presented in Section 3, the ATJ 

process can be energetically integrated. The simulation in Aspen Plus allows knowing the data from 

energy and material balances for the complete process. This information is used to minimize the 

external utilities, integrating the available energy from the whole process through the Pinch point 

methodology. This methodology is well-known to reach various objectives, mainly the heat recovery, 

minimization of saturated steam and fresh water and minimization of the heat exchangers used [38]. 

The steps for the pinch point methodology are: 

Step 1. Summarize temperatures, flowrates, and enthalpies of all process streams. This data can be 

obtained from Aspen Plus. The streams are classified as hot or cold streams. 

Step 2. Definition of minimum difference of temperature. The streams are adjusted with the minimum 

difference: Hot steams – ΔT, and Cold streams without change. 

Step 3. Definition of temperature intervals, considering the adjusted streams from Step 2. In each 

defined interval the energy balance is applied. 

Step 4. Construction of the heat cascade based on the energy balances from Step 3. The cascade 

allows obtaining the pinch point.  

Step 5. Construction of the heat exchanger network, taking account of the minimum number of heat 

exchangers, which are obtained above and below of pinch point. The minimum number of heat 

exchangers are calculated as: 

#heat exchangers: # hot streams + # cold streams + utilities -1 (1) 

The heat cascade allows determining the heating and cooling utilities that cannot be fulfilled into the 

process. Thus, these energy requirements must be externally provided by steam or cooling water.  

 



 16

5. Economic and environmental assessment: parametric evaluation 

The ATJ processes, conventional and the intensified-energetically integrated, are evaluated 

considering economic and environmental indicators. The economic evaluation is carried out by the 

calculation of total annual cost (TAC), defined as: 

 𝑇𝐴𝐶 (𝑈𝑆𝐷/𝑦𝑒𝑎𝑟) =
𝐶𝐶

𝑛
+ 𝑂𝐶 

           (2) 

Where CC is the capital cost, which is associated with total equipment cost, estimated by Aspen 

Economics tool, n is the payback period, assumed as 5 years [39-41]. It has been assumed that the 

process operates 8,500 hours per year [8].   In accordance to Guthrie´s method, 18% is added to the 

cost obtained from Aspen Plus to include contingencies and other fees (regarding to installation cost). 

Similarly, 61% is added regarding to costs related with machinery, equipment and maintenance [39]. 

On the other hand, the operating cost (OC) is assumed as the sum of steam cost, cooling water, 

refrigerant (314-A), bioethanol, hydrogen, and electricity; all of them are required by the process and 

computed by the simulation software. In Table 5 are summarized the unitary cost of all utilities and 

reactants mentioned before. 

Table 5. Summarized prices for operating cost. 

Item Price Reference 

Steam 1 USD/GJ [42] 

Cooling water 14.8 USD/1000 m3 [39] 

Refrigerant (R314A) 7.76 USD/kg [43] 

Ethanol 0.92 USD/L [44] 

Hydrogen 1.80 USD/kg [45] 

Electricity 1.4721 MX/kWh [46] 
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Regarding the environmental evaluation, the estimation of CO2 emissions considers those derived 

from the generation of steam and electricity, as external utilities, required by the process. The CO2 

emissions by steam generation are calculated through the methodology presented in [8], which takes 

into account the mass of burned fuel (gas natural) to fulfill the steam requirement, along with an 

emission factor due to combustion. In the case of CO2 emissions due to the electricity generation, the 

emissions factor provided by the national electric system (Mexico) is used, which has a value of 0.582 

ton of CO2 per MWh [47]. It is important to mention that the emissions related with the 314-A 

refrigerant are not considered in this study. 

According to Curzons et al. [48], different ratios between mass and energy from a process can be 

defined as indicators; they allow to measure its sustainability degree, analyzing the opportunity areas 

to minimize its energy consumption, improve the process efficiency, and minimize the released 

emissions. The comparison between processes using such defined indicators can be a tool for 

decision-making. In this work two indicators have been defined to analyze and compare both ATJ 

processes. The proposed indicators are presented next: 

Indicator 1: Energetic indicator (IE).  

The energetic indicator is defined as the ratio between the invested (required) energy for heating, 

regarding to the energy provided by the products, Eq. 3. The invested energy for heating is the total 

required energy for heating inside the process, whilst the provided energy is the sum of calorific value 

of each product multiplied by its production volume.  

𝐼𝐸 =
𝐼𝑛𝑣𝑒𝑠𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝑃𝑟𝑜𝑣𝑖𝑑𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑏𝑦 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
 

(3) 

 

Indicator 2: CO2 emissions indicator (IACO2).  



 18

The CO2 emissions indicator is defined as the relation between the total CO2 equivalent emissions 

(provided by steam and electricity), regarding to total mass of the products. The total CO2 emissions 

are obtained in the environmental evaluation mentioned before. This indicator is calculated through 

Eq. 4. 

𝐼𝐴𝐶𝑂2 =
𝑇𝑜𝑡𝑎𝑙 𝐶𝑂ଶ 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
 

(4) 

  

6. Analysis of results 

In this section, the results obtained in this work are presented and discussed. According to the 

modelling and simulation of the ATJ process, 21% biojet fuel yield was obtained at the end of the 

reactive stages; this value is better than that reported by Tao et al. [18], wherein 16.90% and 10.70% 

of biojet fuel yield is obtained, respectively. It is important to mention that in Tao et al.  [18], the 

biojet fuel yield was estimated taking into account the corn grain and corn stover as feedstocks. On 

the other hand, the hydrocarbon stream contains light gases (A, 49,782.8 kg/h), naphtha (B, 37,249.5 

kg/h), biojet fuel (C, 54,429 kg/h) and green diesel (D, 13,511.1 kg/h), and their compounds 

distribution is presented in Table 4.  Thus, only two simple distillation schemes can be designed: 

direct and combined. Also, it is important to remind that for all trains, at the top of the first distillation 

column the light gases are obtained using a partial-vapor condenser. These simple columns are 

designed using RadFrac modules in Aspen Plus (see the end of Section 2). The simple column 

configurations are presented in Figure 3, whilst its results from Aspen Plus are showed in Table 6. As 

it can be seen, the indirect scheme has 69 more stages than direct one; likewise, the combined 

configuration has 3.16% and 15.73% more cooling and heating requirements at condenser and 

reboiler, respectively. Thus, the direct scheme is chosen as basis to design the OTC´s sequences. 
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Figure 3. Simple column configurations: a) direct, b) combined. 

 

Table 6. Results of direct and combined simple column configurations. 

Direct simple column configuration 

 Column 1 Column 2 Column 3 TOTAL 

Number of stages 16 33 87 136 

Feed stage number 8 17 44  

Condenser duty (kW) 5,491.42 6,719.47 9,650.87 22,311.76 

Reboiler duty (kW) 8,511.91 8,507.72 10,603.50 27,623.17 

Combined simple column configuration 

 Column 1 Column 2 Column 3 TOTAL 

Number of stages 16 155 34 205 

Feed stage number 8 78 17  

Condenser duty (kW) 5,491.42 12,012.95 5,534.5 23,038.87 

Reboiler duty (kW) 8,511.91 16,165.20 8,100.63 32,777.74 
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Based on the direct simple column configuration, three OTC´s sequences are designed (Figure 4); in 

each sequence, the reboilers are replaced by interconnecting flows. In Aspen Plus, these designs were 

simulated using Radfrac module, taking as basis the results presented in Table 6. The design variables 

of the resulting OTC´s are presented in Table 7. 

 

 Figure 4. OTC´s configurations: a) OTC-1, b) OTC-2, c) OTC-3. 

 

Table 7. Design variables of the OTC´s configurations. 

OTC-1 

 Column 1 Column 2 Column 3 TOTAL 

Number of stages 16 33 87 136 

Feed stage number 8 17 44  
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Condenser duty (kW) 4,741.45 6,693.07 9,650.92 21,085.43 

Reboiler duty (kW) 0 15.871.98 10,526.62 26,398.61 

FV (kg/h) 75,803.3 FL (kg/h) 180,993 

OTC-2 

 Column 1 Column 2 Column 3 TOTAL 

Number of stages 16 33 87 136 

Feed stage number 8 17 44  

Condenser duty (kW) 5,491.42 9,112.79 9,650.88 24,705.09 

Reboiler duty (kW) 8,511.91 0 21,506.50 30,018.41 

FV (kg/h) 87,111,7 FL (kg/h) 155,052 

OTC-3 

 Column 1 Column 2 Column 3 TOTAL 

Number of stages 16 33 87 136 

Feed stage number 8 17 44  

Condenser duty (kW) 5,889.79 4,888.64 10,064.52 20,842.95 

Reboiler Duty (kW) 0 0 26,156.65 26,156.65 

FV-1 (kg/h) 89,808 FL-1 (kg/h) 194,998 

FV-2 (kg/h) 12,000 FL-2 (kg/h) 187,940 

 

From Table 7 it can be observed that the OTC-3 is the best sequence regarding to energy consumption, 

since its condenser duty is 1.15% and 15.63% less than OTC-1 and OTC-2, respectively. Likewise, 

the reboiler duty is 0.91% and 12.86% less than OTC-1 and OTC-2, respectively. Therefore, OTC-3 

is chosen as basis to design the TES´s.  

The TES´s are designed through the section re-arrangement methodology. In Figure 5, the three TES´s 

designed are shown, while in Table 8 its main results from Aspen Plus are presented. 
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Figure 5. TES´s configurations: a) TES-1, b) TES-2, c) TES-3. 

 

Table 7. Results of TES´s configurations. 

TES-1 

 Column 1 Lateral section Column 3 TOTAL 

Number of stages 32 17 87 136 

Condenser duty (kW) 9,433.53 6,749.74 12,532.70 28,715.98 

Reboiler Duty (kW) 0 0 34,000.64 34,000.64 

TES-2 
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 Column 1 Lateral section Column 3 TOTAL 

Number of stages 16 76 44 136 

Condenser duty (kW) 5,834.71 6,678.71 14,175.54 26,688.96 

Reboiler Duty (kW) 0 32,000.79 0 32,002.79 

TES-3 

 Column 1 Lateral section Column 3 TOTAL 

Number of stages 75 17 44 136 

Condenser duty (kW) 9,249.81 6,819.14 12,039.61 30,108.56 

Reboiler Duty (kW) 35,393.92 0 0 35,393.92 

 

Based on the results presented in Table 7, the sequence with lower energy consumption is TES-2, 

regarding TES-1 (condenser duty, 7.06% less, reboiler duty, 5.88% less) and TES-3 (condenser duty, 

11.36% less, reboiler duty, 9.58% less). The ISC´s designs must be constructed based on the TES-3 

structure. However, this distillation train does not have lateral transport sections; thus, ISC´s trains 

cannot be constructed, and the methodology ends with TES´s. Therefore, it is important to note that 

the energy requirements for OTC-3 are less than for TES-2: condenser duty, 21.9% less; reboiler 

duty, 18.3%; thereby, the OTC-3 is the train with the lowest energy consumption. Thus, the energy 

integration network is constructed for the process with the OTC-3 sequence. It is important to remark 

that all distillations sequences presented in this work have been designed to reach 99% of recovery 

regarding to key compounds. Likewise, a sensibility analysis was applied on each design with the 

objective of minimizing the reboiler duty; for this, the number of stages, the location of feed stage 

along with the interconnection flow rates are manipulated. 

To apply the pinch point methodology, 10 streams were considered: 6 hot streams and 4 cold streams 

of the ATJ process with the OTC-3 sequence, whose data is presented in Table 8. The minimum 
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difference of temperature was chosen as 10 °C. The identification of the streams was presented in 

Figure 2, from section 2. The selected distillation train is shown in Figure 4. 

 

Table 8. Streams data for pinch point methodology. 

ID stream Equipment T in (°C) T out (°C) WCp (kW/°C) 

H1 B1 28 21.277 231.46 

C1 EX-1 21.49 360 333.12 

H2 B4-CONDENSER 37.20 -218.43 2,185.23 

C2 REBOILER-B4 94.91 133.99 5,953.04 

H3 EX-2 148.81 120 89.10 

C3 EX-3 -228.267 100 164.72 

H4 COL1-CONDENSER 0.28 -0.94 4,823.76 

H5 COL2-CONDENSER 69.55 67.01 1,922.39 

H6 COL3-CONDENSER 212.99 141.51 140.79 

C4 COL3-REBOILER 350.21 354.20 6,555.55 

*H= hot stream; C= cold stream. 

 

The application of the pinch point methodology allows to determine the cold and hot pinch point 

temperatures as 27.20°C and 37.20°C, respectively. Likewise, the calculated minimum heating and 

cooling external requirements are 364,146.38 kW and 522,072.31 kW, respectively. If these energetic 

requirements are compared with those required from the ATJ conventional process (Figure 2), 

34.75% and 30.32% of savings are obtained for heating and cooling, respectively. 

In Figure 6, the energy integration network is showed, using the nomenclature for hot and cold 

streams. This network was constructed considering the minimum number of heat exchangers (see 

Section 3), which are 7 above and 5 below the pinch point. In Figure 7, the flowsheet of the ATJ 
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process resulting from the application of the intensification and the energy integration strategies is 

presented. 

 

Figure 6. Energy integration network. 

The results of the economic evaluation (TAC) of ATJ processes, conventional and intensified-

integrated, are presented in Table 9. As it can be observed, the ATJ conventional process has the 

major TAC, which is 4.84% more than the intensified process. If the conventional ATJ process is 

compared with that reported by Tao et al. [18], the computed operating costs are 1.56 USD and 1.23 

USD per each kg of biojet fuel obtained, respectively. As result of the application of process 

intensification and energy integration tools elevated economic savings are obtained; the steam and 

cooling water costs are 66.90% and 51.74% less, respectively, in comparison with the proposed 

conventional process. In the intensified process, note that the electricity cost is negative due to the 
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use of electrical energy provided by the turbines of the process. In the case of conventional process, 

the use of electricity from the turbines is not integrated; thus, external electricity must be provided. 

On the other hand, the equipment cost is higher in the intensified process, 3.15% more than 

conventional process; this is due to the need of additional heat exchangers in the energy integration 

network. 

 

 

Figure 7. Flowsheet of ATJ intensified process. 
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Table 9. TAC for conventional and intensified ATJ process. 

Costs (USD/year) ATJ  

Conventional process 

ATJ 

Intensified-integrated process 

Equipment  10,821,331.67 11,162,469.87 

Raw material 695,637,942.00 695,637,942.00 

Steam 17,077,425.38 5,652,577.26 

Cooling water 132,338.43 63,865.24 

Electricity 10,320,078.11 - 13,960,955.38 

Refrigerant 118,236.45 108,777.53 

TAC 734,107,352.04 698,664,676.52 

 

The results from the estimation of CO2 emissions, derived from steam and electricity requirements, 

for both ATJ processes are presented in Table 10. According to results, the CO2 emissions due to 

steam are 4.98% higher for conventional process, regarding the intensified process. Also, the use of 

generated electricity by turbines in the intensified process allows to save roughly 30,900 Ton CO2 per 

year. Thereby, the use of intensified tools has a positive environmental effect. 

 

Table 10. Estimation of CO2 emissions for conventional and intensified ATJ processes. 

CO2 emissions 

(ton/year) 

ATJ  

Conventional process 

ATJ 

Intensified-integrated process 

Steam  1,125,962.97 1,069,852.90 

Electricity  22,841.77 -30,900.25 

Total 1,125,985,812.36 1,069,822,002.93 
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Finally, Table 11 shows the results of the proposed indicators for intensified and conventional ATJ 

process. In the case of IE for conventional process, 6.60 kW are invested inside the process per kW 

released by the products. This value is high compared with the value of 4.30 for intensified process; 

this means that the use of intensification tools improves the energetic efficiency of the process. On 

the other hand, in the case of IACO2 the effect of intensified tools is notable again. This indicator 

means that 0.85 and 0.81 ton CO2 are released to the atmosphere per kg of obtained products for 

conventional and intensified processes, respectively. Thus, the reduction of heating utilities by the 

intensification in the separation zone, and the use of minimum external heating services provided by 

the energy integration network have a significant reduction in CO2 emissions. Likewise, the use of 

generated electricity provided by turbines to cover the power requirements reduced CO2 emissions.  

 
Table 11. Proposed indicators for conventional and intensified ATJ process. 

 ATJ  

Conventional process 

ATJ 

Intensified-integrated process 

IE (kW/kW) 6.60 4.30 

IACO2 (Ton CO2/ kg) 0.85 0.81 

 

For the intensified ATJ process, the estimation of biojet fuel minimum selling price is 0.59 USD/kg, 

according to the methodology proposed by [42, 49]; on the other hand, the fossil jet fuel price in the 

market is 0.34 USD/kg [50]. This means that the biojet fuel minimum selling price is 41.7% higher 

than fossil jet fuel in the market. Therefore, in order to decrease the price of biojet fuel prize it is 

necessary to reduce of bioethanol cost (improvement its production process), recycling the hydrogen 

stream, and the incorporation of the intensified ATJ process into a biorefinery scheme. 

 

7. Conclusions 
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The modelling and simulation of the ATJ process to produce biojet fuel have been presented. Also, 

the tools of process intensification and energy integration have been applied to improve the energetic 

efficiency of the process, reducing the TAC and the released CO2 emissions. The comparison between 

the assessment of ATJ processes, conventional and intensified-integrated, has been done through 

indicators. Based on the results, 21% biojet fuel yield was reached at the end of the process. Also, the 

use of OTC-3 allows saving 5.31% of energy at the reboiler zone, regarding the direct conventional 

sequence. Likewise, with the application of energy integration, 34.75% and 30.32% of heating and 

cooling savings are reached. Regarding the TAC evaluation, the intensified-integrated ATJ process 

is 4.83% less than the ATJ conventional process. In relation to CO2 emissions, the effect of applying 

intensified tools is notable; the intensified-integrated process has a reduction of 4.98% for the CO2 

emissions, in comparison with the conventional process. Finally, the proposed indicators reveal that 

the use of process intensification and energy integration tools improve the TAC, the CO2 emissions 

released, and the energetic efficiency of the process, which would enhance the economic and 

environmental feasibility of biojet fuel. 
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