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A B S T R A C T   

Jet biofuel (JBF) is identified as an essential solution to mitigate the carbon footprint of the aviation sector. Since 
aeroplanes rely solely on liquid fuels, the development of pathways that generates JBF as a major product has 
become crucial. Thus far, seven pathways to produce JBF have been developed and certified over the past 
decade. Each of these pathways accommodates a specific type of biomass. However, the availability, sustain
ability and feasibility of feedstocks to fulfil the growing demand on jet fuel remains an issue. As such, this study 
presents a holistic approach for the design of a state-of-the-art hybrid biorefinery that accommodates multiple 
biomass feedstocks across different categories including energy crops (i.e., Jatropha energy crop), dry biomass (i. 
e., municipal solid waste) and wet biomass (i.e., livestock manure). A Qatar-based industrial scale biorefinery 
was modelled in Aspen Plus® considering a pre-defined geospatial distribution of biomass and the optimal 
biorefinery site in the country. The hybrid system integrated advanced technologies such as hydroprocessing, 
Fischer-Tropsch, gasification, dry-reforming and hydrothermal liquefaction. While biomass optimal insertion 
streams were evaluated using a prediction model. Besides, intensive materials, heat, water and power in
tegrations were performed to maximise JBF production, mitigate its environmental impact and control its cost. 
The system generated 328, 94 and 44 million litres of JBF, gasoline and diesel, respectively. Produced JBF was 
characterised and found to comply with all international standards. The generated JBF can substitute 15.3 % of 
Qatar’s jet fuel needs, while it can power around one third of its fleet considering a maximum allowable jet 
biofuel blend of 50 %. The proposed model achieved a minimum selling price of JBF at 0.43 $/kg, which is 22 % 
lower than the market price of conventional Jet-A fuel (2019). In addition, the environmental analysis of the 
model indicated a 41 % mitigation in greenhouse gas emissions achieved by JBF throughout its lifecycle, relative 
to Jet-A fuel.   

1. Introduction 

Biomass-to-energy technologies occupy ~ 70 % of the gross global 
renewables [1], which is gradually increasing in parallel with the rise of 
demand on energy resources and fossil fuels’ price fluctuation due to 
global political and economic instability. 

Recent decades have witnessed a great development of technologies 
that accommodate different biomass types; including anaerobic diges
tion to process putrescibles, fermentation of sugar-based feedstocks, 
pyrolysis and gasification of dry solid biomass, hydrothermal liquefac
tion (HTL) to liquify wet biomass, and incineration for a direct con
version of biomass into energy [2]. While intermediate products of these 
processes including syngas, biomethane, bioethanol and biocrude have 
been upgraded into liquid transportation fuels through well-established 
technologies like the hydroprocess and the Fischer-Tropsch (FT) process. 
However, as far as the air transportation sector is concerned, the only 

viable alternative fuel to be currently considered shall be a drop-in 
liquid fuel with high quality and considerable energy density to avoid 
the costly modifications of turbine jet engines. 

In this context, the International Civil Aviation Organisation (ICAO) 
has launched an initiative called “Carbon Offsetting and Reduction 
Scheme for International Aviation (CORSIA)” in 2016, which targets 
offsetting all additional emissions above the 2019–2020 baseline [3]. 
Where jet biofuel (JBF) has been considered to be the key alternative to 
fulfil the ambitious plan of the international aviation industry. While 
growing carbon neutral energy crops is identified as the principal mean 
to achieve CORSIA goals. 

JBF (also called aviation bio-kerosene) is a group of paraffins that 
correspond to the kerosene boiling point range, fall within hydrocarbon 
lengths of (C8-C16) and comply to most of fossil jet fuel standard 
properties. It can be generated from wide range of renewable biomass 
including oil triglycerides, sugar, and lignocellulosic wastes [4]. 
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Meanwhile, seven production pathways at least have been certified 
for different types of feedstocks by the American Society for Testing and 
Materials (ASTM). These pathways include: hydroprocessing of esters 
and fatty acids (HEFA), Fischer-Tropsch synthetic paraffinic kerosene 
(FT-SPK), Fischer-Tropsch synthetic paraffinic kerosene with aromatics 
(FT-SPK/A), hydroprocessing of fermented sugars - synthetic iso
paraffinic kerosene (HFS-SIP), alcohol-to-jet synthetic paraffinic kero
sene (ATJ-SPK), catalytic hydrothermolysis to jet (CHJ), and synthetic 
paraffinic kerosene from hydrocarbon-hydroprocessed esters and fatty 
acids (HC-HEFA-SPK) using microalgae [5]. The permissible blending 
ratios of these fuels do not exceed 50 % as they mostly lack some 
essential components of conventional jet fuel such as aromatics or iso
paraffins. In addition, these pathways are capable to accommodate only 
a single category of feedstock (either lipid, sugar, alcohol or solid 
biomass), while the fuel price they offer is still beyond the competition 
with the existing conventional fuels [6]. As such, development of inte
grated pathways may overcome the drawbacks of individual pathways, 
and maximise yield and returns [7]. 

There are limited reports on the development of integrated tech
nologies that combines multiple processes to produce JBF from biomass. 
Sadhukhan and Sen [8] presented a pyrolysis-based integrated bio
refinery for jet biofuel production. The proposed system upgrades bio-oil 
into liquid transportation fuel via hydroprocessing, while steam 
reforming and pressure swing adsorption are employed to generate 
hydrogen, along with on-site power generation. Besides, Kumar et al. [9] 
suggested multiple products generation out of sugarcane; including JBF 
and ethanol. The former system attained a minimum selling price (MSP) 
of JBF at 0.6–1.4 $/kg for a refinery feed capacity of 1.6 Mtonnes/y. 
Likewise, Santos et al. [10], studied 81 integration scenarios of JBF 
production in a Brazilian sugarcane biorefinery, with the lowest MSP of 
1.69 $/kg achieved through sugar conversion via alcohol-to-jet 
pathway, and bagasse to JBF through fast pyrolysis and upgrading. 

Wang [11] made use of the Jatropha shells and seedcake to generate 
electricity and pyrolysis oil, along with the upgrading of Jatropha oil into 
JBF. The former system scored a 6 % reduction in JBF cost relative to 
valorising the fruit’s oil only. Similarly, Romero-Izquierdo et al. [12] 
evaluated the processing of castor bean fruit into multiple products 
including JBF, bio-oil and biochar. Whereas Tanzil et al. [13] evaluated 
multiple integrated scenarios based on existing sugarcane mill facilities, 
achieving MSP reduction of up to 53 % (at ~ 1.3 $/kg). Furthermore, 
Alherbawi et al. [14] proposed an integrated pathway to utilise whole 
Jatropha energy crop through the integration of HEFA and FT-SPK 
pathways, achieving a jet biofuel’s MSP of 0.45–0.99 $/kg. Besides, 
Julio et al. [15] proposed an integration of alcohol-to-jet process into 
existing palm oil biorefineries for the production of JBF from a second 
generation biomass, achieving an MSP of 0.58 $/kg. Nevertheless, 
Romero-Izquierdo et al. [16] proposed a biorefinery design based on 
simultaneous production of biodiesel and JBF using waste cooking oil 
via esterification and hydrotreatment processes, with an MSP of JBF at 
0.74 $/kg. Meanwhile, several studies have investigated the co- 
processing of renewable feeds in conventional refineries [17]. 

However, no JBF biorefinery design is reported, in which multiple 
feedstocks across different biomass categories are accommodated, 
which requires high level of integration and involvement of various 
technologies. Integrated biorefineries provides the chance for by- 
products conversion into higher value products, process’ waste valor
isation, and enhancement of the refinery economics [18]. The design of 
such hybrid biorefinery is challenging due to feedstock diversity, 
heterogenous nature and seasonal variation [19,20]. Budzianowski and 
Postawa [21] concluded that a robust integrated biorefinery design re
quires applying efficient conversion pathways, optimising the biomass 
supply chain, enlarging feedstock base and exchanging wastes and by- 
products with other systems. Whereas Özdenkçi et al. [22] stated that 
strategic decisions to define optimal supply chain for biorefineries may 
include selection and definition of biomass types, availability, supplying 
sites and their corresponding conversion technologies. 

Therefore, this study and its previously published parts present a 
holistic approach for the design of a novel hybrid biorefinery to utilise 
multiple biomass in the State of Qatar. Earlier, a databank on the geo
spatial distribution of biomass in Qatar has been created in ArcGIS, 
while the optimal site to establish the biorefinery was selected based on 
multiple criteria using the maximal coverage location algorithm to 
enhance the biomass supply chain [23]. Moreover, a regression pre
dictive model was then developed through intensive simulations to 
provide a mathematical formulation for the selection of optimal pro
cessing pathway for each biomass category, this predictive model 
enabled the selection of biomass insertion stream into the hybrid bio
refinery [24]. In this study, a hybrid biorefinery was developed in Aspen 
Plus to produce JBF as the key product using multiple feeds across 
different biomass categories (i.e., Jatropha energy crop, livestock ma
nures, and MSW). The model comprises key advanced processes 
including hydroprocessing, FT, reforming, gasification, and HTL. 
Intensive integration of streams was performed to maximise JBF, mini
mise solid and gaseous by-products, and recycle process’ wastes. In 
addition, the biorefinery economics was evaluated, while its environ
mental lifecycle performance was investigated from cradle to grave. 

2. Methodology 

2.1. Hybrid biorefinery design 

Aspen Plus (V.10) ® was employed to design the hybrid biorefinery 
for the production of JBF using multiple biomass sources in Qatar. The 
system mainly integrates two ASTM-certified JBF pathways: the 
hydroprocessing of triglycerides, and biomass gasification, followed by 
FT. Besides, a third route comprises HTL and upgrading was integrated 
with the system, while a dry-reforming stage (using CO2) was employed 
to enhance JBF yield and to reduce the refinery’s carbon footprint. The 
system was designed to accommodate almost all types of local biomass 
including Jatropha curcas whole-fruit, dry and wet solid wastes in a 
single biorefinery; while the process runs on jet-mode to maximise JBF 
yield. The biorefinery flowsheet is presented in Fig. 1. 

The system was modelled considering the assumptions of an 
isothermal system and steady-state reactions. The Redlich-Kwong-Soave 
(RK-SOAVE) and the non-random two-liquid model (NRTL) models were 
used for the estimation of the thermodynamic properties. Different 
integration and intensification techniques were employed within the 
system including heat, water and power integration, as well as waste 
valorisation, carbon capture and storage. The model offers a great extent 
of by-products utilisation within the system, to end up with green liquid 
fuels only at boosted quantities. In addition, the system was designed to 
be utility-self-sufficient, whereby power and water are produced on-site. 
The following subsections detail out the design of each sub-system. 

2.1.1. Upstream stage 
Three categories of biomass were selected to be utilised in the pro

posed system, including Jatropha curcas energy crop, municipal solid 
waste (MSW), and livestock manures. These feedstocks have been 
identified using a predictive model that was established earlier by the 
authors [24], whereby MSW was identified to be processed through the 
gasification pathway, while livestock manures were identified for HTL 
pathway. Jatropha was selected due to its high potential to grow in Qatar 
with minimal water and energy requirement, while MSW and livestock 
manure of different types were selected due to their wide availability in 
the country to represent low-moisture and high-moisture biomass, 
respectively. 

The quantity of Jatropha fruits was defined based on the delineated 
Jatropha-greenbelt in author’s earlier study [25]. It was assumed that 
the greenbelt is of 227 km length and 2 km width. 

Great differences in Jatropha seed productivity have been stated from 
as low as 0.1 up to 15 tonne/ha annually [26]. The variation is due to 
different growing conditions, as well as the different reported stage of 
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cultivation; where in early years, Jatropha yields minimal quantity, 
reaching the peak by the 3rd to 5th year [27]. However, when the whole 
fruit is considered, the biomass yield could reach to 20 tonne/ha 
considering a fruit shell composition of 30 wt% of the fruit [28]. 
Therefore, an average of 10 tonne/ha yield of mature crop was consid
ered in this study, which complies with published reports [29,30]. 

Initially, all solid feeds were defined in Aspen Plus as non- 
conventional components using their elemental and proximate charac
teristics presented in Table 1. While the Jatropha oil was assumed to be 
25 wt% of the Jatropha fruit (oil flow: 136,200 t/y), and defined based 
on its triglycerides composition listed in Table 1 [31]. The Jatropha fruits 
were first put through a machine-driven dehuller to separate the fruit 
shells, and the seeds were then processed in a pressor to obtain the oil. 
The resulting components were determined considering the given fruit 

composition, while the power needs for both machines were evaluated 
based on similar industrial machines [11]. 

Upon dehulling and pressing, three effluent streams were obtained; 
the oil was fed into the hydrotreatment unit, whereas the fruit shells and 
seedcake were dried along with selected local dry municipal solid wastes 
(MSW) and HTL’s hydrochar before being introduced into the gasifier. A 
rotary dryer was simulated using an “RYield” block and operated at 
110 ◦C. The products of the drying stage were determined considering 
the feeds proximate analysis, where the dried residues were re-defined 
with a zero-moisture content. The moisture effluent was condensed 
and collected in a water storage tank. 

2.1.2. Hydrothermal liquefaction 
The wet biomass feeds were initially introduced into a blending 

Fig. 1. Flowsheet of the developed hybrid biorefinery.  

Table 1 
Proximate and elemental analysis of solid biomass used in this study.  

Characteristics Wet waste Dry waste Energy crop 

Analysis a Camel manure  Dairy manure  Horse manure  Poultry manure  Sheep manure  MSW Seed-cake Fruit shells 

Flow (1000 tonne/year) 120 205.5 8.03 271.2 83.44 530  158.9  158.9 
Moisture (%)b 58 85 40 40 50 7.56  4.08  10.57 
Fixed carbon (%)c 22.7 10.1 12.1 13.3 15.6 24.21  19.06  17.64 
Volatile matter (%)c 60.5 57.2 77.8 63.6 57.3 57.99  73.70  71.52 
Ash (%)c 16.7 32.7 10.1 23.1 27.1 17.8  7.24  10.84 
Carbon (%)c 37.1 27.6 39.5 36.7 33.1 48.23  52.12  40.8 
Hydrogen (%)c 4.1 3.5 5.0 5.3 4.5 5.16  6.91  5.90 
Nitrogen (%)c 2.3 1.9 0.7 3.5 2.7 1.21  5.01  1.53 
Sulphur (%)c 0.2 0.4 0.5 0.7 0.4 0.29  0.70  0.43 
Oxygen (%)c 39.5 33.9 44.2 30.6 32.2 27.31  28.02  40.5 
Jatropha lipid profile (%)d: 

LLL: 5.03, OLL: 22.59, POL: 8.21, PLL: 25.47, OOL: 23.11, PPL: 1.54, 
OOO: 8.04, POP: 2.14, PPP: 2.91, SOO: 0.85, POS: 0.11 

a) Analysis are adapted from literature [31–38] b) evaluated on wet basis, c) normalised on dry basis. 
d) L: Linoleic acid, O: Oleic acid, P: palmitic acid, S: Stearic acid. 
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unit, where they were transformed using a Fortran code into conven
tional components depending on their proximate and elemental char
acteristics to achieve a mass balance of the conversion [39]. A hydrolysis 
reactor was then supplied with the blended stream and additive water to 
produce a slurry. A Fortran code was created to calculate the quantity of 
water needed to dilute the solids concentration in the slurry to 20 % 
based on Equation (1). The key HTL reactions were carried out at 100 
bar and 300 ◦C after the mixture was pumped to 100 bar using two 
successive high-pressure pumps. 

At this stage, the highest possible biocrude and the lowest possible 
hydrochar generation were regulated using a Fortran code considering 
correlations adapted from Zhong and Wei [40] and Demirbaş [41] as 
presented in Equations (2) and (3), respectively. Meanwhile, the 
composition of crude and char were adapted from Magdeldin et al. [42] 
and Lentz et al. [43], respectively. A second HTL unit was designed to 
evaluate the final yields and compositions of biocrude and syngas via the 
minimisation of Gibb’s free energy approach. 

Additivewater =

(
dryfeed

0.2

)

− wetfeed (1)  

Char Yield =
∑5

i=1

(
( (

0.0608*FC2
i

)
− (1.7057*FCi)

+ 21.7539
)
*

100 − moisti

10000
*FLOWi

)/

TotalSlurry (2)  

Biocrude Yield =
∑5

i=1

(
( (

0.03545*FC2
i

)
+ (0.99*FCi)

+ 24.65
)
*

100 − moisti

10000
*FLOWi

)/

TotalSlurry (3) 

Where, “i” represents different manure types. (1–5), FCi: fixed carbon 
of manure “i”, FLOWi: input stream of manure “i”. 

In order to recover heat, the HTL intermediate product stream was 
fed into a heat exchanger before proceeding to the next stage of the 
process. Solids were removed using a solid separator and sent to the 
gasification section, while the volatile stream was divided into gaseous, 
aqueous, and biocrude oil phases by a three-stage flash unit. The bio
crude was routed to the hydrotreatment unit, and the gas phase was 
handled in gas cleaning units. Finally, the aqueous phase was pumped to 
an on-site wastewater treatment unit. 

2.1.3. Steam gasification 
An entrained flow gasifier was applied in this study using steam as a 

gasifying agent [44]. The reactions were conducted at 1100 ◦C and a 
steam to feed ratio of 0.5 [45]. Decomposition was the first step in 
breaking down biomass to simpler components. To satisfy Equation (4), 
the process was simulated using two successive units. The first unit was 
represented by an “RYield” block, whereby unconventional components 
(i.e., hydrochar and dry biomass) were converted into conventional 
components including char, solid sulphur, hydrogen, nitrogen and ox
ygen. The conversion was conducted using a Fortran code to ensure an 
accurate mass balance [45]. The second unit using an “RGibbs” block 
was designed to convert volatile carbon into possible products (i.e., 
methane, carbon dioxide, carbon monoxide), while nitrogen and 
sulphur contents were transformed into ammonia and hydrogen sul
phide, respectively, due to the significant presence of hydrogen in the 
reaction medium. 

Oxidation processes occurred in the next stage due to the presence of 
oxygen as an intermediate product of the breakdown stage at a high 
operating temperature. Key reactions were simulated considering 
Equations 5–8 using an “REquil” unit. The last phase of the gasification 
reactions was modelled using a “RGibbs” block, which calculates phase 
and chemical equilibrium by minimising the Gibbs free energy. The 
resulting gases throughout these stages comprised H2, CO, CO2, H2O, 

CH4, NH3 and H2S as presented in Equations 9–13. However, almost all 
char content was anticipated to be volatilized by the end of the reaction, 
while ash is discharged as waste at the end of the process. The reactions 
in Equations 4–13 were assumed to be the only processes happening at 
the given conditions to ensure model simplicity.  

Pyrolysis: Biomass → Char + Tar + NH3 + H2S + H2 + CO + CO2     (4)  

Complete char combustion: C + O2 ⟷CO2                                        (5)  

Incomplete char combustion: C + ½ O2 ⟷CO                                   (6)  

Steam production: H2 + ½ O2 ⟷H2O                                               (7)  

CO oxidation: CO + ½ O2 ⟷⟷CO2                                               (8)  

Boudouard reaction: C + CO2 ⟷2CO                                               (9)  

Methanation: C + 2H2 ⟷CH4                                                       (10)  

Steam gasification: C + H2O ⟷CO + H2                                        (11)  

Methane reforming: CH4 + H2O ⟷CO + 3H2                                 (12)  

Water gas shift reaction: CO + H2O ⟷CO2 + H2                             (13) 

A two-phase flash separator was employed to dry the wet syngas. The 
optimal operating conditions of the flash unit were evaluated based on 
automated sensitivity analysis, where it was run at a high pressure of 40 
bar. Water was processed into an on-site wastewater treatment unit 
before collection in a water storage tank. Wax was condensed and 
transferred to hydrotreatment unit, while syngas was stripped of im
purities (mainly CO2, NH3 and H2S) using the methanol absorption 
system [14], where impurities were dissolved into chilled methanol at a 
high pressure. 

2.1.4. Fischer-Tropsch 
The FT reactions comprise two key phases: Initially the feed is broken 

down into simple monomers, then polymerisation takes place to form 
longer molecules [46]. A cobalt-based catalyst is often used to catalyse 
the process as it preserves high stability [47]. 

The slurry-phase reactor (SPR) was selected to conduct FT process, 
which was catalysed by Co/Al2O3 at a gas hourly space velocity of 2.38 
m3/hr.kg [48]. The FT simulation started with pumping the purified 
syngas into the FT reactor represented by “RYield” block. The process 
was conducted at 240 ◦C and 25 bar, where the possible products dis
tribution was calculated using a Fortran code considering the Anderson- 
Schulz-Flory (ASF) correlation [49]: 

Fn = n(1 − α)2α(n− 1) (14) 

Where; Fn: mass fraction of compounds of (n) carbons, n: length of 
the carbon chain, and ά: possibility of appearance (0 < ά < 1). 

In order to achieve highest possibility of kerosene-range compounds 
to occur, ά value was fixed at 0.85. CO conversion percentage of 80 % 
into paraffins, olefins, and alcohols was considered [50]. Therefore, 
nearly 50 chemical reactions equations were plugged in, accounting for 
the pathways leading to the occurrence of predicted hydrocarbons as 
illustrated in Table A1. Meanwhile, the FT operating conditions that 
corresponds to the ά value of 0.85 for cobalt-catalysed process were 
defined based on alpha correlation introduced by Song et al. [51]: 

αASF =

[

0.2332
xCO

xH2 + xCO
+ 0.663

]

[1 − 0.0039(T − 533)] (15) 

Where, XCO and XH2 are molar fractions of CO and H2 in the feed gas, 
respectively. T: is the operating temperature in kelvin. 

The FT effluent was then passed through a multi-stage flash drum, 
where condensed moisture was removed and processed into the on-site 
wastewater treatment unit. In addition, generated gases (i.e., methane, 
ethane and propane) were fed in a dry-reforming reactor, whereas 
higher hydrocarbons were fractionated in a distillation unit, where wax 
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was removed and sent to the hydrocracker and the simpler compounds 
are passed to the final distillation unit. 

2.1.5. Dry reforming 
The reforming process can be conducted using steam (wet reforming) 

or carbon dioxide (dry reforming) as reforming agents [52]. Wet 
reforming produces syngas with higher H2:CO ratio than dry reforming, 
however, dry reforming is seen to be more environmentally friendly 
[53]. In this model, the dry-reforming process was integrated within the 
biorefinery to boost fuel production and mitigate the produced carbon 
dioxide. The process was simulated at 800 ◦C, and CO2/CH4 ratio of 5 
using Ni/Al2O3 catalyst at a gas hourly space velocity of 327 L/hr.g. Dry 
reforming is an extremely endothermic process, requiring a high quan
tity of heat to drive the reaction forward. In contrast, FT is extremely 
exothermic. As such, based on initial energy analysis, the heat released 
by FT was roughly equal to the heat needed by the reforming unit, 
therefore, heat integration between the two units was performed to 
reduce overall energy requirement. An “RStoic” block was used to 
simulate the process, in which the possible following reactions were 
defined, with a fractional conversion of 95 % [53,54]:  

CnH(2n+2) + nCO2 ⟷2nCO + (n + 1)H2                                         (16)  

2.1.6. Hydrotreatment 
When the oil’s triglycerides were subjected to hydrotreatment, they 

break into propane and fatty acids as expressed by Equation (17). Pro
pane was fed into the reforming section, and fatty acids were then 
saturated during the process, while their oxygen content was omitted via 
deoxygenation [55]. As for biocrude and wax feed, the hydrotreatment 
is meant to eliminate their heteroatoms contents (O, N and S) and 
saturate the double bonds. Hydrotreatment was run at operating tem
perature range of (300–400 ◦C), while the vessel pressure is highly 
governed by the feed composition, whereby it varies from as low as 30 
bar for triglycerides, up to 120 bar for biocrude and bio-oil. As such, the 
hydrotreatment was conducted in two parallel reactors to accommodate 
both, the Jatropha oil and biocrude separately for a better control of the 
outputs. 

Two blocks were simulated to represent the two key stages of 
Jatropha oil hydrotreatment (hydrogenation and deoxygenation). Both 
stages were run at 300 ◦C and 45 bar and a hydrogen supply ratio of 
around 1 wt%. Nickel-based catalyst was employed at a liquid hourly 
space velocity of 2 kg/hr.kg [56]. To compute phase and chemical 
equilibrium, the hydrogenation reaction was simulated using a “RGibbs” 
block. Based on the hydrogenation reactions shown in Equations 18–20, 
probable products may include different fatty acids and propane. 
However, the “REquil” unit was used to simulate deoxygenation re
actions. Deoxygenation, decarboxylation, and decarbonylation were the 
key pathways for the omitting of oxygen, resulting in the release of H2O, 
CO2, and CO, respectively. The possible chemical pathways for this 
phase are shown in Equations 21–29. Given the operating conditions, 
marginal cracking occurred at this process [57,58]. The effluent of this 
process mainly included C15H32, C16H34, C17H36 and C18H38, in addition 
to minimal amounts of olefines and fatty acids. 

Propane cleavage:  

Triglyceride + 3 H2 → 3 Fatty acid + Propane                                  (17) 

Hydrogenation:  

C18H32O2 + H2 → C18H34O2                                                           (18)  

C18H32O2 + 2 H2 → C18H36O2                                                        (19)  

C18H34O2 + H2 → C18H36O2                                                           (20) 

Deoxygenation:  

C18H36O2 + 3 H2 → C18H38 + 2 H2O                                              (21)  

C16H32O2 + 3 H2 → C16H34 + 2 H2O                                              (22)  

C18H34O2 + 3 H2 → C18H36 + 2 H2O                                              (23) 

Decarboxylation:  

C18H36O2 → C17H36 + CO2                                                            (24)  

C16H32O2 →→C15H32 + CO2                                                          (25)  

C18H34O2 → C17H34 + CO2                                                            (26) 

Decarbonylation:  

C18H36O2 + H2 → C17H36 + CO + H2O                                          (27)  

C16H32O2 + H2 → C15H32 + CO + H2O                                          (28)  

C18H34O2 + H2 → C17H34 + CO + H2O                                          (29) 

For biocrude and wax stream, one unit of “RGibbs” was considered to 
simulate the hydrotreatment reactions using nickel-based catalyst at 2 
kg/hr.kg [56]. The process was conducted at 300 ◦C and 110 bar; while 
hydrogen was supplied at 0.03 kg/kg of feed. A limited hydrogen supply 
is meant to enhance aromatics preservation, which are an important 
component of jet fuel. Like the other hydrotreatment unit, the biocrude 
content of oxygen was removed through the formerly mentioned deox
ygenation pathways, releasing H2O, CO and CO2; whereas nitrogen and 
sulphur compositions are transformed into ammonia and hydrogen 
sulphide, respectively. The possible predicted refined components of 
biocrude were define based on previous work, as presented in Table A2. 

The effluent stream was then fed into a multi-stage flash drum to 
obtain three phases of upgraded fuels, gas and an aqueous phase. The 
upgraded oil was sent to the cracking unit, while the useful gas obtained 
from all hydrotreatment units (i.e., H2O, CO2, CO, H2, C2H6, and CH4) 
were cleaned along with the crude syngas, and further processed into FT 
and reforming units that are elaborated in the previous sections. 

2.1.7. Hydrocracking and isomerisation 
To maximise JBF selectivity, the obtained hydrocarbons must mostly 

be in the C8-C16 range. Therefore, waxes and long chain paraffins were 
subjected to cracking. Hydrocracking frequently necessitates higher 
pressures and temperatures than hydrotreatment [6], while JBF selec
tivity rises with increasing operating pressure [59]. In this model, the 
hydrocracking reactions were carried out at 350 ◦C and 80 bar, using 
zeolite catalyst at 1.84 kg/hr.kg [60,61]. Where the effluent streams of 
FT and hydrotreatment units were merged and pumped into the cracking 
reactor. Predicted cracked compounds were pre-defined comprising all 
straight and branched paraffins (C1-C20), as well as expected traces of 
oxygenated hydrocarbons. 

In addition, isomerisation of the product is needed to improve JBF 
quality [62], as branched paraffins exhibit lower freezing point and 
surface tension [63]. Therefore, isomerisation process was conducted 
separately to have a better control over the products characteristics. The 
products distributions of the process were defined based on an experi
mental study using platinum-alumina catalyst system as illustrated in 
Table A3 [64]. The process was conducted at 180 ◦C and 20 bar in 
“RStoic” block [65]. 

2.1.8. Downstream process 
A merged stream obtained from the multiple integrated pathways 

was pumped through subsequent down-streaming units to obtain 
various fuel categories. The stream was firstly processed into a multi- 
stage flash drum at 60 ◦C and 20 bar to ensure the removal of water 
and for initial gas–liquid separation. Higher hydrocarbons were then fed 
into a fractionation column with 18 stages, to collect different fuel cuts 
including JBF, gasoline and diesel. Whereas the collected fuel gas was 
utilised for power generation to run the biorefinery. 
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2.1.9. Power generation and heat integration 
Prior to the injection of reformed gas into the FT section, nearly 5 wt 

% of the gas was diverted to preserve the cycle at an appropriate pres
sure level. The diverted gas portion is processed along with distilled gas 
product at a gas-turbine to generate power. A General Electric (GE) 
power generator of 53 % efficiency was considered for an on-site elec
tricity generation. Based on the input gases, all the combustion path
ways were determined using an “RStoic” unit with sufficient air supply 
to guarantee a perfect combustion. The high-pressure effluent runs 
across the GE turbine to produce the needed electricity [39]. In addition, 
the heat produced through the different exothermic reactions (i.e., FT, 
cracking, etc.) was valorised in providing the required heat supply for 
the endothermic reactions such as reforming and liquefaction. While 
heat exchangers were plugged into the refinery to further valorise heat 
within the subsystems. 

2.1.10. Carbon capture and wastewater treatment units 
To further enhance the environmental performance of the developed 

biorefinery, a carbon capture and storage (CCS), and a wastewater 
treatment plant (WWTP) were added to the system. 

The flue gas exiting the gas turbine was collected and fed into a 
methanol-based carbon capture unit. A cool methanol solvent (-60 ◦C) 
was utilised to capture carbon dioxide, which occurred in different gas 
streams throughout the various processes. Methanol was passed at high 
pressure through an absorption column against the gas stream, where 
CO2 was dissolved in methanol and transferred to the scrubber unit, in 
which CO2 was scrubbed at low pressure and sent to a compressor unit 
along with CO2 captured in the syngas cleaning unit. Part of the carbon 
dioxide was utilised in the dry reforming, while the excess CO2 was 
compressed at 50 bar and stored in high-pressure gas vessels. Further
more, fractional distillation was employed to treat the process’ waste
water to a permissible level for use in industry or agriculture. Whereby, 
a “RadFrac” distillation column with a 16-stage process was used at a 
reflux ratio of 1. Treated water was evaluated in terms of chemical ox
ygen demand (COD) and collected in a water storage tank. 

2.1.11. Process integration and intensification 
Intensive integration of streams amongst the different sub-systems 

was performed to maximise the JBF yield at the expense of other fuel 

categories and to enhance the system’s economics and environmental 
performance, as follows: 

i. Hydrotreatment’s gases including carbon monoxide, carbon di
oxide, propane, and excess hydrogen were integrated with the 
crude syngas stream to enhance hydrogen to carbon ratio and to 
valorise these gases.  

ii. HTL’s gas phase was merged with the crude syngas stream to 
recover carbon dioxide and enhance the net clean syngas yield.  

iii. FT gas products were integrated into the dry reforming section to 
enhance syngas feed into FT reactor, and therefore boost the 
liquid fuels yield. 

iv. HTL’s hydrochar product stream is integrated with the gasifica
tion section to convert all solid products to volatile fuels.  

v. Gasification’s tar product was fed into the hydrotreatment and 
hydrocracking sections for upgrading purpose.  

vi. FT’s wax products were transferred to the hydrocracking section 
to break them down to shorter hydrocarbons that correspond to 
liquid transportation fuels.  

vii. Captured CO2 was supplied to the dry-reforming section as a 
reforming agent to increase the hydrocarbons yield and mitigate 
CO2. 

2.2. Economic assessment 

A comprehensive economic feasibility of a large-scale hybrid bio
refinery along with Jatropha curcas cultivation in Qatar was evaluated 
from “well to wheel”. The delineated Jatropha-Greenbelt (GB) presented 
earlier as part of this study was considered with 227 km length and 2 km 
width [25]. For management and cost estimation purposes, the green
belt was structured into 56 zones (zone area: 2x4 km), while each zone 
comprised 8 sections (section area: 1x1 km) and each section consisted 
of 25 Jatropha fields (field area: 4 ha) as illustrated in Fig. 2. Each zone 
was provided with one fruits’ storage, while each section contained a 
diesel-generator, key water storage tank and a pumping station, with a 
direct TSE supply from the source. In addition, each field was equipped 
with an independent water dripping system. Key data for Jatropha 
cultivation economics were adapted from previous experiences in 
Taiwan [66] and India [67], while considering local prices and land 

Fig. 2. Managerial division of the proposed Jatropha-greenbelt and key cultivation requirement.  
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status. As such, 25 % contingencies were considered for plantation and 
land setup stage due to the harsh structure of Qatar’s lands. A summary 
of cultivation capital expenses is presented in Table 2. 

The operational expenses for the cultivation project were mainly 
associated to fertilisation, irrigation, machineries, maintenance and la

bour costs. The fertilisers requirement for optimal growth and yield of 
Jatropha was adapted from Suriharn et al. [68], while the energy re
quirements for machineries were adapted from Neto et al. [69] and 
Tongpun et al. [66]. Besides, equipment maintenance was considered to 
be 2 % of the equipment cost on an annual basis. 

In addition, the preliminary irrigation requirement for Jatropha in 
the State of Qatar was calculated based on Equation 30 and 31 [78], 
considering the average reference evapotranspiration in Qatar that was 
earlier evaluated using the Penman method by Bazaraa [79] and the 
Jatropha crop factors reported by Garg et al. [80] and Lena et al. [81] for 
the different growing stages. In this project, treated sewage effluent 
(TSE) was considered to be purchased for irrigation [82]. The amount of 
diesel required to pump water for irrigation purpose was estimated with 
an average energy requirement of 0.2 kwh/m3 and an average pump 
efficiency of 75 % [83].  

ET(Jatropha) = ET(Qatar) × Kc                                                            (30)  

Where, ET(Jatropha): Evapotranspiration rate of Jatropha (mm/day). 
ETo(Qatar): Reference evapotranspiration over the State of Qatar. 
Kc: Crop factor of Jatropha  

IWR = ET(Jatropha) - R                                                                   (31)  

Where, R: Effective rainfall (mm/day). 

The irrigation water requirement (IWR) for Jatropha in Qatar was 
found to be 971, 1295 and 1457 mm/year for the first, second and third 
year, respectively, as illustrated in Fig. 3. The highest water requirement 
was witnessed in July with 274 mm/month for mature Jatropha trees, 
while the lowest water requirement was found to be in February with as 
little as 11 mm/month. 

Nevertheless, the labour requirements and costs are evaluated based 
on a previous report [66] and local survey of wages and salaries [84], as 
listed in Table A4. 

Moreover, the biorefinery economic assessment was established with 
the aid of Aspen Process Economic Analyser (APEA V.10), considering 
the set of parameters presented in Table 3. The optimal site for bio
refinery establishment was defined in a previous published part of this 
study at (25◦08′38′′N, 51◦21′03′′E) [23]. For capital expenses (CAPEX) 
evaluation, the key equipment costs were derived from high-level 
technical reports to establish a more reasonable economic study, as 
illustrated in Table 4. All equipment prices were scaled-up to the 
intended capacity and inflated to the base year of analysis (2019) using 
the Chemical Engineering Plant Cost Index (CEPCI) [85], as formulated 
in Equation (32) and Equation (33), respectively. 

Costdesign = Costbase*
(Capacitydesign

Capacitybase

)scalingfactor

(32)  

Costdesign,$2019 = Costdesign,$i •

(
CEPCI2019

CEPCIi

)

(33) 

The total CAPEX was estimated based on Equation (34), where the 
key components of CAPEX were priced in correlation to the inflated 
purchased equipment costs [99].   

In addition, the operating expenses (OPEX) is the summation of 
regular operating costs including raw materials, labour, operating 
charges, utilities, maintenance and insurance as presented in Equation 
(35) [99]: 

Operating expenses(OPEX) = Feedstock + Raw materials + Utilities

+ Labour + Operating charges

+ Maintenance + Overhead + Insurance
(35) 

Raw materials prices were quoted as per their average market values, 
while biomass transportation costs from the supplying source to bio
refinery were estimated in ArcGIS considering the biomass distribution 
in Qatar as presented in Fig. 4 [23]. Whereas labour requirements and 
charges are validated against a technical report on a biorefinery setup 
[44] and local salaries [84], as listed in Table A5. Besides, the remaining 
OPEX components were evaluated using Equations (36–39) [14]. 

Moreover, the minimum selling prices (MSP) of the different prod
ucts (i.e., JBF, gasoline and diesel) were evaluated based on the levelised 
cost of energy concept, considering the products’ yield, the plant life
span, the discount rate and the project CAPEX and OPEX as presented in 

Capitalexpenses(capex) = Purchasedequipments+Equipmentsetting+ Instrumentation+Piping+Buildings+Electrical+ Land + Sitedevelopment 
+Engineering&Supervision+Contractfees+Construction+Contingencies (34)   

Table 2 
Key capital expenses of cultivation project.  

Stage Item No of 
unites 

Price 
($/unit) 

Ref. 

Plantation & 
Setup 

Bulldozer (rental) 2 per 
section 

9,000 [66] 

Leveling machine 
(rental) 

1 per 
section 

4,486 [66] 

Excavator (rental) 1 per 
section 

3,240 [66] 

Diesel fuel (L) 2,550 L per 
section 

0.446 [70] 

Growing Generator (160 kW) 1 per 
section 

26,388 [71] 

Water storage tanks 
(50 m3) 

1 per 
section 

3,550 [72] 

10hp pumps 1 per 
section 

2,518 [73] 

TSE connections 1 per 
section 

4,110 [2] 

Water dripping 
system 

1 per field 1,360 [74] 

Water distribution 
tanks 

1 per field 92 [75] 

Irrigation pumps 1 per field 142 [76] 
Seedlings 2,222 per 

field 
0.3 [66] 

Maintenance & 
Harvest 

Tractor (140 hp) 2 per 
section 

49,850 [66] 

Transportation 
vehicle (1 t) 

4 per 
section 

6,979 [66] 

Harvest baskets 200 per 
section 

6.65 [66] 

Storage containers 
(20 t) 

1 per zone 2,000 [77]  
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Equation (40) [100]. Furthermore, to evaluate the overall feasibility of 
the project, the return on investment (ROI), net present value (NPV) and 
the payback period were estimated using Equations (41), (42) and (43), 
respectively. 

Operating charges = 25% of labor charges (36)  

Maintenance charges = 2% of purchased equipment (37)  

Plantoverhead = 50%oflabor charges (38)  

Tax&Insurance = 1.5% of total installed costs (39)     

Return on investment(ROI)(%/y) =
Netcashflow

Initialinvestment
(41)  

NetP resent Value (NVP)($)=
∑lifespan

y=1

Net cash flowy

(1+Discount Rate)y − Initial investment

(42)  

Payback period (years) =
Initial investment

Net cash flow
(43)  

2.3. Lifecycle assessment 

A comprehensive lifecycle assessment (LCA) of jet biofuel production 
in the hybrid biorefinery in Qatar was conducted from cradle to grave. 
Carbon, water, energy and land footprints were selected as the impact 
categories of the LCA, and were quantified in terms of gCO2-e, m3 of 
water, MJ of energy and cm2 of land per MJ (JBF), respectively. The 

carbon footprint was evaluated considering the 5th assessment report on 
climate change, which is issued and revised by the Intergovernmental 
Panel on Climate Change (IPCC) [101]. The scope of analysis comprised 
the Jatropha cultivation, biomass transportation, refinery construction, 
processing and fuel end-use. The different environmental footprints 
were allocated by energy over the different products and by-products 
according to their accumulative energy content. 

At the cultivation stage, energy and carbon footprints were evaluated 
based on the diesel consumed in cultivation activities, considering a 
heating value of 45 MJ/kg and an emission factor of 3.93 kgCO2-e/kg 
(diesel) [102]. While the amounts of emissions associated to fertilisers 
were adapted from Lokesh et al. [103]. Furthermore, water and land 

footprints were completely accounted for at the cultivation stage based 
on the allocated land for Jatropha cultivation, as well as the irrigation 
water requirement (IWR) estimated earlier. In addition, the carbon di
oxide absorbed by Jatropha plants through photosynthesis process was 
assessed to be 2.5 kg CO2/kg of fruits produced [104]. 

For the biorefinery setup stage, the construction area required for the 
plant was estimated based on the refinery siting workbook as a function 
of plant’s capacity [105]. Whereas the required energy, water and 
associated emissions (per m2) were adapted from literature [106,107]. 
While for the biomass transportation stage, the energy consumed and 
emissions released throughout this stage were adapted from literature as 
functions of distance travelled and weight transported [108], consid
ering the accumulative distance of all feed transportation estimated in 
the previous section using ArcGIS. 

At the production stage, key values of environmental footprints were 
obtained through Aspen Plus simulation, while the embodied environ
mental footprint of raw materials (i.e., hydrogen, methanol) were 
adapted from literature [109–111], however, it was assumed to be 
negligible for catalysts. Moreover, the greenhouse gas (GHG) emissions 
associated to the end-use (combustion) of different fuel products were 
estimated through process simulation using Aspen Plus [112]. 

levelized cost of fuel
(
$

kg

)

=
CAPEX +

∑lifespan
1 (OPEX(1 + DiscountRate)− y

)

∑lifespan
y=1 (producyield(1 + DiscountRate)− y

) (40)   

Fig. 3. Jatropha irrigation water requirement in Qatar through different growing stages.  
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Finally, the land, energy, water and emissions savings achieved in 
the process were deducted from the overall environmental footprints. 
These savings include the reduction in landfill area and the associated 
emissions through the utilisation of MSW [113,114], as well as emis
sions reduction due to the prevention of natural decomposition of live
stock manures [115]. In addition to the energy and water substitution 
through the excess utilities generated within the system. 

3. Results and discussion 

Along with the design of a hybrid biorefinery, its optimal location 
has been identified in Qatar using ArcGIS approach, while its candidate 
feedstocks have been selected through the developed predictive model. 
The following subsections detail the obtained results. 

3.1. Process’ outputs 

Due to the intensive integration of streams within the hybrid bio
refinery, liquid fuels yields were maximised, where neither char nor gas 
products were produced, but rather utilised within the system. As 
illustrated in Fig. 5, the system generated around 466 million litres of 
liquid fuels per year, with jet fuel occupying 72 %, followed by gasoline 
and diesel at 18 % and 10 %, respectively. Around 24 % of the biomass 
feed (dry and ash free) has been converted into jet fuel, which reflects an 

excellent efficiency of the system in jet fuel-mode operation. 
The generated jet biofuel can substitute 15.3 % of Qatar’s conven

tional Jet-A, while it can power around one third of its fleet considering 
a maximum allowable jet biofuel blend of 50 %. Moreover, the gener
ated bio-gasoline and green diesel can substitute 4 % and 5 % of con
ventional transportation fuels for the year 2016, respectively, as 
illustrated in Fig. 6. The year 2016 is selected to account for typical 
Qatar’s fuel consumption in pre-Gulf political crisis (2017) and COVID- 
19 period. Whereby, the aforementioned events have impacted the 
pattern of fuel consumption, especially for air travel. 

Furthermore, out of 1,341,321 tonnes of carbon dioxide produced in 
the system (operation and power generation), 98.6 % was captured by 
the carbon capture system. In addition, 41 % of the collected CO2 was 
utilised in the system for the dry reforming of methane, while 59 % were 
stored and sold, as presented in Fig. 7a. 

The on-site power station generated around 745 GW annually, 
whereby, 88.6 % was utilised to power the biorefinery, while 11.4 % was 
exported to the grid as illustrated in Fig. 7b. The heat integration in the 
system reduced the refinery’s energy requirement, whereby, 538,872 GJ 
was recovered, which saved over $ 2,500,000 a year. 

Nevertheless, the on-site wastewater treatment unit managed to 
collect the aqueous phase from different sub-units and treated it to a 
COD level of 193.54 mg/l, which is permissible to be used for industry 
and agriculture [116]. Only 56 % of treated wastewater was sufficient to 

fulfil the system water needs including reactions and cooling re
quirements, while the excess treated effluent was exported to the 
Jatropha field to substitute an equivalent quantity of the purchased TSE, 
as presented in Fig. 7c. 

3.2. Jet biofuel characteristics 

The generated JBF in the proposed hybrid biorefinery was charac
terised to ensure meeting international criteria (ASTM D7566). As 
revealed in Table 5, all chemical and physical criteria of generated JBF 
perfectly complied with Jet-A standards. As compared to the stand-alone 
Jatropha biorefinery which was presented in author’s earlier study [14], 
the inclusion of the HTL stream into the refinery provided the missing 
aromatics components to the fuel, which is important to prevent tank 
leakage (with maximum JBF aromatics of 25 vol%) [6]. As a result, the 
density of fuel has also been enhanced to fall within the accepted range. 
The fuel’s flash point was slightly high, but still complies with the 
standards. Fuels with higher flash points are safer to store and handle, 
especially in hot regions like Qatar. 

3.3. Economic performance 

A summary of the project’s economics is presented in Table 6. The 
total investment cost was at $ 1,332,038,426, which was estimated to be 

Table 4 
Costs of key biorefinery equipment.  

Equipment Base price (M$) Base capacity Design capacity Scaling factor Base Year Ref. 

Entrained flow Gasifier 43.25 2,000 t/d 2,081 0.60 2007 [44] 
Fischer-Tropsch slurry reactor  326.87 50,000 FT bbl/d 3,453 0.88 2006 [93] 
Plug flow reformer  10.71 33,360 kmol/d 64,656 0.60 2003 [94] 
Hydrotreater (1)  2.22 74 t/d 768 0.70 2011 [95] 
Hydrotreater (2)  2.22 74 t/d 225.12 0.70 2011 [95] 
Hydrocracker  9.30 100 t/d 692.4 0.55 2007 [96] 
Isomerisation unit  0.95 13 t/d 692.4 0.62 2007 [96] 
Combustion turbine generator  69.57 80 MW 93 0.70 2006 [93] 
Absorption system (1)  0.43 70 t/d 317 0.75 2007 [44] 
Absorption system (2)  0.43 70 t/d 3424 0.75 2007 [44] 
HTL reactors  80.00 2,000 t/d 1886.83 1 2007 [97] 
Rotary dryer  0.68 2,000 t/d 2,406 0.7 2010 [98] 
Grinding hammer mill  0.30 2,000 t/d 2,406 0.7 2010 [98]  

Table 3 
Key biorefinery economic parameters and assumptions.  

Assumption Value 

Currency United States Dollar (US $) 
Biorefinery location Qatar (coordinates defined in 

ArcGIS). 
Reference year 2019 (pre-COVID19) 
Refinery lifetime 30 years 
Input plant capacity Jatropha fruits: 454,000 tonne/ 

year 
MSW: 530,005 tonne/year 
Manures: 689,164 tonne/year 

Operating hours 8000 hr/year 
Engineering, procurement and construction (EPC) 

phase duration 
52 weeks 

Contingencies 10 % [62] 
Hydrogen gas price 0.7 ($/kg) [86] 
Methanol price 0.22 ($/kg) [87] 
Hydrotreating catalysts price 34.2 ($/kg) [88] 
Hydrocracking catalysts price 117 ($/kg) [61] 
Reforming catalyst price 34.2 ($/kg) [88] 
Isomerising catalyst price 398 ($/kg) [89] 
FT catalyst price 28 ($/kg) [90] 
CO2 gas price 0.15 ($/kg) [91] 
TSE price 0.068 $/m3[82] 
Average jet fuel price (2019) 0.55 ($/kg) [14] 
Average diesel price (2019) 1.2 ($/kg) [92] 
Average gasoline price (2019) 1.13 ($/kg) [92]  
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paid back in around 11 years, with 10.8 % return on investment (ROI). 
The sub-CAPEX required for the biorefinery establishment was higher 
than that of the Jatropha field, in contrast to OPEX, which was higher for 
the cultivation part of the project due to the manpower requirement. 
The total OPEX was estimated at $ 215,696,583 a year. 

A high start-up cost of $ 205,055,959 a year was assigned to cover all 

costs before the refinery starts operating. Whereby, the first two years of 
plantation, minimal Jatropha fruits are obtained, while the full yield is 
obtained starting from year 4. However, it was assumed that the accu
mulative quantity of fruits during year 1–3 together is equivalent to year 
4 yield and is utilised in year 3. The manpower requirement was 8,252 
employees, most of whom were assigned to Jatropha field maintenance, 
while 184 employees were hired to manage and operate the biorefinery. 

Capital Expenses (CAPEX): 
At the cultivation level, land costs were excluded, assuming the 

project is government-backed, and the lands used are all public. As such, 
the highest sub-CAPEX component was associated to key machineries 
including tractors and transportation vehicles (>50 %) as presented in 
Fig. 8. While the equipment items related to irrigation accounted for 
around 30 % of sub-CAPEX, which included tanks, pumps, generators, 
and water dripping systems. While the land preparation and set-up 
accounted for around 12 %. 

The breakdown of sub-CAPEX associated to biorefinery establish
ment is illustrated in Fig. 9. Whereby, the purchased equipment occupies 
around 40 %, followed by construction expenses, service facilities and 
engineering works, with around 8 % each. Nevertheless, the breakdown 
of purchased equipment costs is presented in Fig. 10. The combustion- 
turbine generator occupied quarter of total equipment costs, followed 
by HTL reactors (22 %), gasification unit (13 %), FT reactor (9 %), and 
hydrocracking reactor (8 %). The high cost of power generation unit is 
associated to its high capacity and efficiency, while the high cost of the 
HTL reactors is due to the use of multiple separate reactors, as large- 
scale reactors are still in the research and development phase due to 
complexity of handling large slurry streams at extremely high pressure. 

Operational Expenses (OPEX): 
The dominant component of sub-OPEX at cultivation stage was the 

labour costs, with around 56 %. Whereby a substantial number of 
manpower was required to handle the large Jatropha field (454 km2). 
Irrigation associated water and energy requirements occupied 17 % and 
6 % respectively, while fertilisers accounted for 16 % of sub-OPEX, as 
illustrated in Fig. 11. 

Furthermore, the costs associated to raw materials provision and 
transportation (including feedstocks) occupied around 62 % of the 
biorefinery’s sub-OPEX. The highest raw material cost was associated to 
hydrogen use, which could be generated on-site in future biorefinery 
designs to reduce costs and environmental impact. While insurance and 
labour costs accounted for 13 % and 9 % of sub-OPEX, respectively, as 

Fig. 5. Biorefinery fuel yields (M litres/y) and selectivity (%).  

Fig. 4. Biorefinery site and selected biomass’ geospatial distribution in Qatar.  
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presented in Fig. 12. 
NPVs and MSPs: 
The net present value (NPV) of the investment which accounts for the 

time value of the cash flow was evaluated using different discount rates 
as presented in Fig. 13. At an average discount rate of 8 %, the NPV was 
found at $ 289,014,873. The NPV of the investment was positive at 
discount rate of 10 %, which is commonly used as a reference (named: 
PV-10) for the oil industries [118]. However, the discount rate of 10.22 

% represented a breakeven point, beyond which the NPV of the project 
became negative. As such, the project is considered feasible as long as 
the estimated discount rate does not exceed 10.22 %. 

Nevertheless, the minimum selling prices (MSPs) of different fuels 

Table 6 
A summary of the project’s economics.  

Parameter Value Unit 

Total CAPEX 1,332,038,426 $ 
Sub-CAPEX (Jatropha field) 318,136,361 $ 
Sub-CAPEX (Biorefinery) 1,013,902,065 $ 
Total OPEX 215,696,583 $/y 
Sub-OPEX (Jatropha field) 124,683,849 $/y 
Sub-OPEX (Biorefinery) 91,012,733 $/y 
Start-up cost (2 years) 205,055,959 $ 
Total number of employees 8,252  
Number of employees (Jatropha field) 8,068  
Number of employees (Biorefinery) 184  
Total labour cost 77,379,600 $/y 
JBF minimum selling price (DR: 8 %) 0.430 $/kg 
Gasoline minimum selling price (DR: 8 %) 0.663 $/kg 
Diesel minimum selling price (DR: 8 %) 0.337 $/kg 
Annual sales 359,690,586 $/y 
Annual profit 143,994,004 $/y 
Return on investment 10.81 %/y 
Net present value (DR: 8 %) 289,014,873 $ 
Payback period 11.25 Years  

Fig. 6. Generated green fuels substitution of fossil fuels in Qatar for the year 2016.  

Fig. 7. Production, consumption and export of (a) CO2, (b) water, (c) power.  

Table 5 
Characteristics of generated JBF as compared to international standards.  

Parameter Unit Conventional Jet-A  
[117] 
(ASTM D7566) 

JBF of the Hybrid 
Biorefinery 
(This study) 

Net heating value MJ/ 
kg 

> 42.8 43.6 

Density @ 15 ◦C kg/m3 775–840 791.4 
Kinematic 

viscosity 
mm2/ 
s 

< 8 3.95 

Average boiling 
point 

◦C 170–300 236 

Flash point ◦C > 38 73 
Freeze point ◦C < − 40 − 53 
Olefins’ content wt.% < 1 % 0.87 % 
Sulfur content wt.% < 0.003 1 × 10-9 

Aromatics vol.% 8–25 9.6  
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were evaluated using different discount rates, as illustrated in Fig. 14. At 
an average discount rate of 8 %, the produced jet biofuel can be sold at a 
competitive minimum price of 0.43 $/kg, which is 22 % lower than 
conventional Jet-A market price. While bio-gasoline can be sold at 0.66 
$/kg, which is 41 % lower than conventional gasoline market price, and 
it is close to the local subsidised retail price of 0.62 $/kg [70]. Likewise, 
green diesel can be sold at as low as 0.33 $/kg. All three biofuels can still 
be sold below the market price of their corresponding conventional fuels 
while increasing the discount rate up to 10.48 %, at which the biofuels’ 
minimum selling prices are equal to the market prices of conventional 
fossil fuels. It can be concluded that the investment is feasible and the 
minimum selling prices of biofuels are competitive as long as the fore
casted discount rate is at a maximum of 10.22 %. 

3.4. Environmental performance 

A comprehensive lifecycle environmental assessment for JBF pro
duction was conducted from cradle to grave (well to wheel). A summary 
of the findings for energy, carbon, water and land footprints is presented 
through Tables 7, 8, 9 and 10, respectively. 

As for energy footprint, cultivation contributed to a higher energy 
consumption than production stage, with fertilisers being the dominant 
energy-consuming step at 31 % out of the net energy consumption and 

38 % out of the cultivation energy requirement, while irrigation-related 
energy consumption was estimated at 29 % out of the net energy foot
print. Power was completely generated on-site, and heat is circulated 
and utilised within the system, therefore, the embodied energy of raw 
materials was the largest energy-consuming component at production 
stage with a share of 13 % out of the net energy footprint. The net energy 
footprint of jet biofuel produced in this study was estimated at 0.13 MJ/ 
MJJBF, indicating a high energy efficiency of the hybrid system and an 
effective management and utilisation of heat and power products. 

Whereas for the carbon footprint, the fuel’s end-use was responsible 
for the biggest portion of emissions throughout its lifecycle, with around 
70 %. Exclusive of end-use stage, the key component of the carbon 
footprint was the raw materials at ~ 65 %, followed by the cultivation 
stage with 30 %. Obviously, the employment of carbon capture system 
has greatly contributed to emissions reduction at the processing level. 
Meanwhile, the utilisation of multiple biomass enhanced the fuel’s 
lifecycle through different carbon saving routes. Whereby, the use of 
manures prevented the release of emissions (i.e., methane) from its 
natural decomposition. 

Besides, the involvement of municipal solid wastes contributed to 
landfill diversion, which reduces multiple environmental harms. 
Nevertheless, energy crops such as Jatropha is considered the most 
effective biomass for CO2 abatement, whereby, the crop can uptake 

Fig. 8. Breakdown of sub-CAPEX for the cultivation part of the project.  

Fig. 9. Breakdown of sub-CAPEX for the biorefinery establishment part of the project.  
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almost an equivalent amount of CO2 through photosynthesis process to 
that released at end-use (carbon neutral). The net carbon footprint of 
JBF was estimated at 53 gCO2-e/ MJ (JBF), which indicated a 41 % 
mitigation in GHG emissions as compared to the Jet-A fuel [112]. 

As compared to the stand-alone Jatropha biorefinery [14], the hybrid 
system managed to further enhance the fuel’s lifecycle, through inten
sive integration of streams, as well as the involvement of carbon capture 
techniques. 

In addition, the water footprint of jet biofuel production was 
extremely dominated by the irrigation of Jatropha crop, with around 99 
% out of the net water consumption. Although treated sewage effluent is 
utilised instead of fresh water, it has been completely accounted for. 
Whereas annual rainwater is not considered in the calculations due to 
irregular and marginal precipitation levels in Qatar. At the production 
stage, no water is consumed as all aqueous phases are collected, treated 
and re-used within the system with a significant surcharge. However, 

Fig. 10. Breakdown of biorefinery’s purchased equipment.  

Fig. 11. Breakdown of cultivation sub-OPEX.  

Fig. 12. Breakdown of biorefinery’s sub-OPEX.  
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the embodied water from the raw materials production (mainly H2) was 
accounted for, whereby, hydrogen is often produced through steam 
reforming of natural gas (SMR), with around 15 L of water per each 1 kg 
of hydrogen produced. The net water footprint was evaluated at 0.023 
m3/ MJ (JBF). 

Finally, the land footprint was estimated at 0.001 m2 per MJ (JBF) 
throughout the lifespan of the project. Land was dominantly used for the 
cultivation of Jatropha. However, the selected lands are classified as non- 
arable [25], as such, the use of these lands to grow energy crops was not 
at the expense of food cultivation. In contrast, growing Jatropha in arid 

area may enhance its soil through aeration and the supply of organic 
matter by dropped leaves and fruit residues [26]. Nevertheless, landfill 
diversion was achieved through the utilisation of MSW, which contrib
utes to saving around 197,000 m2, assuming an average MSW specific 
weight of 6 tonne/m3 and a landfill depth of 15 m. 

Fig. 13. Net present value of the investment (million $) at different discount rates.  

Fig. 14. Minimum selling prices of fuel products as compared to market price (2019).  

Table 7 
Breakdown of jet biofuel’s lifecycle energy footprint.  

Stage Sub-stage Value (MJ/lifespan) 

Cultivation Land set-up 44.28 × 106 

Fertilisers 20,653 × 106 

Irrigation 19,305 × 106 

Machineries 14,170 × 106 

Production Transportation 3,102 × 106 

Refinery construction 25.4 × 106 

Raw materials 8,437 × 106 

Processing (saving) − 9,210 × 106 

Total (MJ/lifespan) 56,526 × 106 

Energy footprint 0.13 (MJ / MJ jet biofuel)  

Table 8 
Breakdown of jet biofuel’s lifecycle carbon footprint.  

Stage Sub-stage Value (tonne CO2-e/lifespan) 

Cultivation Land set-up 3.82 × 103 

Fertilisers 259.2 × 103 

Irrigation 1,665 × 103 

Machineries 1,222 × 103 

Jatropha emissions uptake − 1.44 × 107 

Production Transportation 8.9 × 103 

Refinery construction 16.9 × 103 

Raw materials 6.9 × 103 

Processing emissions 409 × 103 

Manure utilisation (saving) − 614 × 103 

Landfill diversion (saving) − 653 
Electricity substitution − 1,058 × 103 

End-use Fuel combustion 2.2 × 107 

Total (tonne CO2-e/lifespan) 16,675 × 103 

Carbon footprint 53 (gCO2-e/ MJ jet biofuel)  
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Nevertheless, the produced JBF was assessed against the CORSIA and 
the roundtable sustainable biomaterials (RSB) standards as illustrated in 
Table 11. The emissions reduction requirement by CORSIA (>10 %) was 
strictly met by the proposed JBF (41 %), however, it was still slightly 
below the RSB high standard of 50–60 % emissions reduction, which 
could be enhanced by the involvement of new low-emission feedstocks 
such as waste cooking oil. Whereas the proposed JBF has met all other 
CORSIA and RSB criteria including approved feedstock, low-carbon 
stock lands and adequate LCA calculation methods. 

4. Conclusion 

This study has proposed a novel design of a hybrid biorefinery to 
produce jet biofuel using multiple biomass resources available in the 
State of Qatar. The model was developed in Aspen Plus, which 
comprised key advanced and mostly well-established processes 
including hydroprocessing, Fischer-Tropsch, reforming, gasification and 
hydrothermal liquefaction. Intensive integration of streams was per
formed to maximise JBF production and minimise solid and gaseous by- 
products, while the system was equipped with a carbon capture, power 
generation and wastewater treatment units to enhance its environ
mental performance. The system generated 328, 94 and 44 million litres 
of JBF, gasoline and diesel, respectively, which can substitute 15.3 %, 4 
% and 6 % of the corresponding conventional fuels in Qatar. Produced 
JBF was characterised and found to comply with all international 
standards. It is believed that the fuel is suitable to be directly utilised as a 

drop-in fuel without the need for any additives, blending with other fuel, 
or modification to existing jet engines. 

The project capital investment cost was estimated at $ 
1,332,038,426, with an ROI of ~ 11 and ~ 11 years of payback period. 
The produced JBF achieved an MSP of 0.43 $/kg, which is 22 % lower 
than the market price of conventional jet fuel (2019). In addition, the 
environmental performance of JBF was evaluated from well to wheel. 
Whereby, an energy, water, land and carbon footprints of 0.13 MJ, 
0.023 m3, 10.4 cm2 and 53 gCO2-e per MJ (JBF) were achieved, 
respectively. Produced JBF is found to contribute to 41 % mitigation in 
GHG emissions as compared to the conventional Jet-A fuel. 
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