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Abstract: The environmental impact of traditional fuels and related greenhouse gas emissions
(GHGE) has promoted policies driven towards renewable fuels. This review deals with green
diesel, a biofuel obtained by catalytic deoxygenation of edible and non-edible biomasses. Green
diesel, biodiesel, and petrodiesel are compared, with green diesel being the best option in terms of
physical–chemical properties and reduction in GHGE. The deoxygenation process and the related
types of catalysts, feedstocks, and operating conditions are presented. Reactor configurations are also
discussed, summarizing the experimental studies. Several process simulations and environmental
economic analyses—up to larger scales—are gathered from the literature that analyze the potential of
green diesel as a substitute for petrodiesel. In addition, current industrial processes for green diesel
production are introduced. Future research and development efforts should concern catalysts and the
use of waste biomasses as feedstock, as well as the arrangement of national and international policies.

Keywords: green diesel; catalyst; deoxygenation; hydrodeoxygenation; decarbonylation; decarboxylation;
biomasses; environmental assessment; industrial production

1. Introduction
1.1. An Overview of Climate Change

The scientific evidence is widely accepted: greenhouse gas emissions (GHGE) must be
reduced rapidly to limit the global average temperature increase to less than +1.5 ◦C above
pre-industrial levels to avoid the adverse consequences of climate change [1]. GHGE are
predicted to rise to 43 billion metric tons of equivalent CO2 by 2040 [2].

The United Nations Intergovernmental Panel on Climate Change (IPCC) has pointed
out that global warming will increase dramatically in the next 30 years, and the average
global temperature is reported to have already increased by about 0.78 ◦C, more than half
of the +1.5 ◦C threshold [3,4].

National post-2020 mitigation pledges, inspired by the 2015 Paris climate conference,
are still too mild to meet the +1.5 ◦C temperature target, instead leading to a warming of
2.6–3 ◦C by 2100 [5]. Therefore, global ambition and action to reduce GHGE must urgently
increase [5].

Current policies to reduce or at least slow the growth of GHGE (e.g., the Paris Agree-
ment [6] and the following Conference of Parties of United Nations Framework Convention
on Climate Change [7]) should contribute to global warming containment. The chart in
Figure 1 illustrates future GHGE scenarios under some assumptions: (i) if no climate
policies are applied; (ii) if current policies are implemented; (iii) if all countries commit to
meeting their emission reduction targets; and (iv) if the actions needed to limit warming to
1.5 ◦C or 2 ◦C over the century take place [8].
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An IPCC Special Report on Global Warming (named “SR15”) predicts that global
GHGE must be reduced by at least 50% from 2010 levels by 2050 to ensure a 50–66%
probability of keeping global warming at +1.5 ◦C [4,9].

Thanks to the 2021 European Green Deal policy, the EU made its climate neutrality by
2050 (i.e., zero net emissions) a legally binding goal [10]. The EU also set an intermediate
target of a 55% emission reduction by 2030 compared with 1990 levels [11].

Global warming, driven by GHGE, threatens biodiversity and reduces speciation,
leads to the emergence of toxic cyanobacteria, raises sea levels, and causes major economic
and human health damages [12]. Although the earth has seen a sharp 5.8% drop in CO2
due to the COVID-19 pandemic, this number was predicted to increase by 4.8% in 2021
after the recovery of transportation and global trade [13]. For these reasons, prompt actions
to mitigate climate change and limitations on GHGE are needed.

1.2. Energy Crisis

As the population grows and economic development is accelerated, demand for
products, energy, and services increases: the doubling of energy demand is expected by
2030, with a consequent potential increase in GHGE [14].

Global liquid fuel demand is projected to increase by more than 20% between 2018 and
2050 [15]. In addition to limited availability and geopolitical dependency, the consumption
of fossil fuels has a severe environmental impact; many polluting compounds are generated
during their combustion, including polluting and greenhouse gases (GHGs)—such as CO2,
CO, nitrogen and sulfur oxides, and volatile organic compounds (VOCs)—and particulate
matter [16]. The combustion of fossil fuels releases most of the GHGE, the main consequence
of which is global warming [17]. A rapid transition to renewable energy (RE) is required to
stabilize the climate system within the Paris Agreement temperature targets [18]. For this
reason, the EU, through the Renewable Energy Directive (RED II [19]), has set a binding
target of 32% RE in the energy field by 2030; this action will lead to a significant reduction
in emissions from the power and transport sectors [20–22]. Currently, the transport sector is
a major consumer of non-RE and an important contributor to GHGE (28.6% of total GHGE
in 2019 in the USA, 26% in 2018 in the EU [23], and 20% of global emissions in 2017 [24]).
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Figure 2 shows the distribution of world energy consumption in 2021: most of the
energy sources are non-renewable, confirming the need to rapidly switch to renewable
energy sources (RESs).
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1.3. Renewable Energy Sources: Biomass and Biofuel

The term “renewable energy” refers to self-renewable energy, including solar (from
sunlight), eolic (from wind), hydroelectric (from running water), and geothermic (from
earth’s internal heat) [26]. Biomass is a RES too, investigated for achieving the goals outlined
by European and global policies [27–31]. The use of biomass for energy production has
benefits from an environmental and economic point of view [16], e.g., the decrease in
external energy dependence and the boost to the economy by providing new jobs [32].
Biomass is a potential carbon-neutral energy source, as it absorbs CO2 during its growth
by photosynthesis, and the same amount of CO2 is then released into the atmosphere by
biomass combustion, resulting in a net zero CO2 emission balance [33] if no other net CO2
emission occurs in the related life cycle. Moreover, biomass is a RES with high growth
potential, thanks to its wide availability around the world, since it can be obtained as a by-
product of many industrial and agricultural processes, as well as from organic waste [34].
About 181.5 billion tons of lignocellulosic biomass are produced annually worldwide,
of which only 8.2 billion tons have currently been used (7 billion tons are from forests,
agriculture, and grass; the remaining 1.2 billion tons are from agricultural residues) [35].

Biomass includes a wide range of feedstocks: grasses, agricultural by-products, forest
and food industry residues, energy crops, municipal solid wastes, and domestic wastes [36].
Biochar, firewood, biodiesel, alcohols (such as methanol, ethanol, and butanol), biomethane,
and biohydrogen are just some of the biofuels produced from biomass feedstocks [37].
Eurostat defined biofuels as “fuels derived directly or indirectly from biomass” [38]. Biofu-
els can be solid (e.g., fuelwood, wood residues, wood pellets, animal waste, and vegetal
materials), liquid (e.g., biogasoline, biodiesel, and bio-jet kerosene), and gaseous (biogas
from anaerobic fermentation and biosyngas from thermal processes) [38].
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Biofuels are classified into four generations based on feedstocks and production
methods [39]: first, second, third, and fourth generation.

First-generation biofuels are produced from edible biomass such as starch (e.g., pota-
toes, wheat, barley, corn, etc.) or sugars (e.g., sugar cane, sugar beet, etc.) [40]. These
biofuels raise ethical issues as they use edible crops as feedstocks and generate concerns
about their impact on cropland, biodiversity, and food supply. Most of the biodiesel,
bioethanol, and biogas currently on the market is first-generation biofuel [40]. For instance,
the EU’s 2018 production of biodiesel and bioethanol equaled about 50 billion liters per
year and about 8 Mtoe per year of biogas [41].

The feedstock for second-generation biofuels is non-edible biomass, e.g., agricultural
and municipal solid wastes, poplars, and woody materials [42,43]. The production of
second-generation biofuels focuses mainly on reducing the overall energy costs and the
amount of waste produced, resulting in biofuel with high added value, making the process
economically feasible [44].

Third-generation biofuels are derived from oleaginous microorganisms (such as mi-
croalgae, bacteria, yeast, and fungi) and have recently gained interest as a potential feed-
stock for energy fuel production [45]. Microalgal biomass has a higher growth rate and
biomass productivity than conventional biomass, as well as a great ability to accumu-
late a large amount of cellular lipids (in the range of 20–77% of dry weight) [46,47]. In
some species of microalgae, the oil makes up more than 80% of the dry weight of algal
biomass [48]. In addition, microalgae simply need light, CO2, and other inorganic nutrients
for their growth [49]. Biofuel production from microalgae contributes mainly to reducing
the level of CO2 in the environment, as the production of 1 kg of microalgae consumes
around 1.8 kg of CO2 [50]. Moreover, the annual productivity (calculated as the dry weight
of produced microalgae per year) and oil content of microalgae far exceed those of any oil
crop [45]. Microalgal biomass is used to produce mainly bioethanol and biodiesel, as well
as CH4 and H2, using different processes; these biofuels are compatible with current fuel
engines [40].

In fourth-generation biofuels, genetically modified microorganisms (e.g., yeast, fungi,
microalgae, and cyanobacteria) are exploited thanks to their ability to convert CO2 into
biofuel through photosynthesis and their increased oil-storing capability [51]. The general
purpose of these modifications is to improve the hydrocarbon yield and create artificial
carbon sinks to eliminate CO2 emissions [52]. Fourth-generation biofuels are primarily
aimed at having a lower environmental impact than other generations, although their study
is still under development [52].

2. Biodiesel and Green Diesel

Biodiesel and green diesel are known as the best alternatives to traditional petrodiesel
fuel and can be used in a conventional combustion diesel engine without major modifica-
tions [53]. Biodiesel is a biofuel consisting of methyl or ethyl esters of fatty acids (FAME
or FAEE) [54,55]. Biodiesel FAME and FAEE are chemically produced from edible oils,
inedible oils, waste cooking oils (WCOs), animal fats, and microalgal lipids by esterifi-
cation or transesterification reactions with short-chain alcohols (methanol for FAME or
ethanol for FAEE) in the presence of an appropriate catalyst (e.g., homogeneous NaOH or
KOH [56]) [57,58].

Using methanol and a catalyst (CAT), the overall reaction of transesterification trans-
forms one mole of triglyceride (TG) into three moles of FAME and one mole of glycerol
(C3H8O3) [59], as in Equation (1):

TG + 3CH3OH CAT→ 3R′CO2CH3 + C3H8O3 (1)

Regarding the choice between methanol and ethanol, the former is cheaper and more
reactive, and the FAMEs are more volatile than FAEEs [56]. On the other hand, methanol
is generally produced from non-renewable fossil sources, while ethanol is less toxic and
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widely produced from renewable sources by fermentation [56]. Heterogeneous catalysts
can also be used in transesterification; compared with homogeneous catalysts in liquid
phase, solid catalysts are more easily separable and confinable in the reaction environment
(e.g., by packed-bed reactors) [60–63].

The transesterification process is mainly influenced by temperature, time or space
velocity, pressure, alcohol-to-feedstock ratio, the concentration of TG, type of catalyst,
intensity of mixing, and type of feedstock [60].

The utilization of biodiesel is advantageous since it is a non-toxic, biodegradable, and
renewable biofuel that can contribute to GHGE reduction. Biodiesel is blended in different
concentrations with petrodiesel to improve certain fuel properties. The most common
blended diesel fuels are B5 (petrodiesel with 5% of biodiesel) and B20 (petrodiesel with
6% to 20% biodiesel) [64,65]. For example, the US Department of Energy reported that the
addition of 20% biodiesel to petrodiesel fuel leads to a reduction in air pollutant emissions
(e.g., CO decrease by more than 10%) [66].

Compared with petrodiesel, the most important constraints of biodiesel usage and
production include [66]: (i) excessive cost of the feedstock; (ii) lower stability during storage
due to oxidation; (iii) lower energy content; (iv) higher NOx emissions; and (v) limited
miscibility with conventional fossil fuels [66]. In addition, socioeconomic bioethical impacts,
food security, land use, regional sustainability, biomass pretreatment, and production
technology are the fundamental issues in the production of biodiesel at the commercial
scale [60].

“Green diesel”—also known as “renewable (bio-)diesel”—is an alternative to biodiesel,
produced through catalytic deoxygenation (DO) of oleaginous biomasses (i.e., based on
TG and fatty acids) [67]. DO is a thermal process that converts TG and fatty acids into
hydrocarbons (HCs), typically under a H2 atmosphere, in the presence of a heterogeneous
metal catalyst; the net effect of DO is the removal of oxygen from TG and fatty acids in
the form of by-products (e.g., H2O, CO, and CO2) [68]. The overall reactions of TG are
described in Equations (2)–(4). For further details about the reactions, see Section 3.

TG + aH2
CAT→ HC + 2H2O (2)

TG + bH2
CAT→ HC + H2O + CO (3)

TG + cH2
CAT→ HC + CO2 (4)

Green diesel has proven to be a good renewable fuel due to its higher calorific value,
energy density, cetane number (CN), and generally better quality in terms of physical prop-
erties (e.g., cloud point, flash point, viscosity, lubricity) than petrodiesel and biodiesel [69].
Moreover, it has higher stability and lower oxygen content than other biofuels [69].

Table 1 summarizes the main differences between green diesel, biodiesel, and petrodiesel.
Green diesel has a higher CN than biodiesel; the ignition delay in diesel engines

decreases as the CN increases, meaning that they can run with higher thermal efficiency
and lower fuel consumption [70].

The density of green diesel is lower than that of biodiesel and petrodiesel; therefore,
the volumetric heating value of green diesel is lower, thus involving higher volumetric
fuel consumption in the engine than biodiesel and petrodiesel [70]. On the other hand, the
lower heating value (LHV) on the mass basis of green diesel is higher than that of biodiesel
and petrodiesel, compensating to some extent the negative effect of the lower density [70].
Green diesel also shows higher stability than biodiesel in terms of oxidation and storage,
and when properly treated with a hydroisomerization reaction, it also has excellent cold
weather properties (e.g., cloud point) [16].
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Table 1. A comparison of the physical properties of petrodiesel, biodiesel, and green diesel; data
adapted from sources in the “Ref.” column.

Properties Petrodiesel Biodiesel Green Diesel Ref.

Carbon content (% wt) 86.8 76.2 84.9 [68]
Oxygen content (% wt) 0 11 0 [67]

Hydrogen content (% wt) 13.2 12.6 15.1 [70]
CN 44.5–67 50–65 70–90 [71]

Lower heating value (MJ/kg) 43 38 44 [72]
Density (g/mL) 0.84 0.88 0.78 [16]

Stability Good Marginal Good [67]
Cloud point (◦C) −5 −5, +15 −20, +20 [71]

The high chemical similarity of green diesel and petrodiesel (both HC chains) may
allow the future replacement of petrodiesel [69]. Although electric power is expected to
totally replace fossil fuels within a few years, this will not happen in the immediate future,
as commercial transportation and aviation will continue to use diesel engines [73]. In
addition, a forced and widespread adoption of battery electric vehicles will require major
actions (such as investments to change infrastructure and electricity generation), which
to date are still under development. For these reasons, the transition from fossil fuels to
biofuels is of paramount importance, and green diesel can play a pivotal role.

3. Green Diesel Production: DO Process

In general, DO is a thermal process that produces alkanes by the removal of hydrogen,
oxygen, and carbon atoms from the fatty biomass by releasing CO2, CO, and H2O [74]. The
typical process conditions include high pressure and high temperature (see Section 4) in
the presence of a metal-based catalyst [75]. The DO process is usually performed in the
presence of H2, but in some cases can be performed in an H2-free environment or at low
H2 partial pressure (see Section 4). Depending on the feedstock and reaction conditions,
the products of the overall reaction may differ. The DO process includes both primary
reactions, occurring in the liquid phase, and secondary reactions, in the gas phase [76].

3.1. Primary Reactions of the DO Process

Primary reactions occur in the liquid phase. Alkanes are produced by the conver-
sion of free fatty acids (FFAs, Cn H2nO2) in reactions named as: hydrodeoxygenation
(HDO, Equation (7)), decarbonylation (DCO, Equation (8)), and decarboxylation (DCO2,
Equation (9)) [77,78]. HDO, DCO, and DCO2 pathways can occur simultaneously under
DO process conditions [79]. In the case of biomass feedstock containing TGs, HDO, DCO,
and DCO2 are preceded by reactions such as hydrogenation (Equation (5), i.e., saturation of
fatty acid tails in TGs, with z depending on the number of unsaturations) and TG backbone
cleavage into saturated FFAs (Equation (6)).

Hydrogenation of TG-based feedstocks causes the saturation of fatty acid tails in TGs
once in the presence of H2 [80]. The main pathway of TG cleavage is β-elimination or
γ-hydrogen transfer [80,81]. For further details about the reaction mechanism of hydro-
genation and TG cleavage, see [80,82].

TG + zH2 → Saturated TG (5)

Saturated TG + 3H2 → 3Cn H2nO2(FFA) + C3H8 (6)

CnH2nO2 + 3H2 → CnH2n+2 + 2H2O ∆H < 0 (7)

Cn H2nO2 + H2 → Cn−1H2n + CO + H2O ∆H > 0 (8)

Cn H2nO2 → Cn−1H2n + CO2 ∆H > 0 (9)



Energies 2023, 16, 844 7 of 44

HDO (Equation (7)) is an exothermic reaction, while DCO and DCO2 (Equations (8)
and (9)) are endothermic [83]. Some enthalpies of reaction, depending on the type of FFA or
TG, can be found in Valencia et al. [84], while the main reactions of HDO, DCO, and DCO2
(from Equation (7) to Equation (9)) are more extensively described in [79,85]. In terms of H2
consumption, HDO is less desirable than DCO and DCO2, since more H2 is required, net of
TG saturation and cleavage (compare Equation (7) with Equations (8) and (9)), resulting
in higher costs for the overall process [86]. The DCO and DCO2 reactions, compared with
HDO, can be carried out under a lower H2 partial pressure or in an inert atmosphere to
improve the overall yield of the process [87]. In terms of the required H2 partial pressure,
the three reaction routes can be classified in this order: HDO > DCO > DCO2 [88].

In contrast, HDO is preferable from the point of view of atom economy (AE), as it
produces only H2O as a by-product [16], while DCO2 and DCO cause the loss of feedstock
carbon as CO2 and CO by-products (i.e., lower AE) [89], giving a product with fewer carbon
atoms than the feedstock [88]. Furthermore, CO2 and CO can affect catalyst activity and
are GHGE, a detrimental factor in the light of the goals discussed in the Introduction [89].

The ability of HDO to produce linear HC exactly in the range of diesel fuel (i.e., C15-
C18), depending on the FFA nature, can be an additional main advantage of the HDO route
over DCO2 and DCO [75]. HDO produces HC with the same number of carbons as the
reactant FFA; DCO and DCO2 produce HC with fewer carbons than the starting reactant
(as seen in Equations (7)–(9)). For example, if the starting FFA has 15 carbon atoms, the
produced HC has 14 carbon atoms and belongs to the jet fuel range (C8–C14).

Since most FFAs in TG-based biomasses have chains in the C16–C18 range, the removal
of carbon atoms due to DCO and DCO2 determines the production of C15 and C17 HCs.

The by-products of HDO, DCO, and DCO2 (H2O, CO and H2O, and CO2, respectively)
undergo further reactions in the gas phase [90].

Overall, HDO is considered the preferred route for the DO process of TG-based
biomasses. Efforts have emerged in the literature to make the reaction selective toward
HDO by investigating the operating and process conditions (e.g., type of catalysts, temper-
ature, type of feedstock, and pressure).

3.2. Secondary Reactions of DO

Secondary reactions mainly concern the gas phase. They bring in some undesirable
effects: (i) consumption of additional H2; (ii) production of other gaseous by-products
(such as CH4, CO, and CO2); (iii) catalyst deactivation; and (iv) coke deposition or catalyst
agglomeration.

At high temperatures (more than 380 ◦C), it is possible for cracking or other secondary
reactions to occur in addition to DO: in these reactions, alkanes and FFAs can undergo ther-
mal cleavage that produces short-chain compounds [16]. These reactions are undesirable
when a green diesel biofuel is the final product of interest, while they are accepted in the
case of jet fuel or short-chain biofuel production [80].

The cyclization reaction of alkanes followed by dehydrogenation is a further secondary
reaction path, which is generally undesirable since the resulting aromatic compounds
decrease the LHV of the obtained fuel and lead to the deactivation of the catalysts [80].

Methanation can also occur (Equations (10) and (11)): CO2 or CO react with H2 to
produce CH4 and H2O in the gas phase [78,91–93]:

CO2 + 4H2 → CH4 + 2H2O ∆H298 = −165
KJ
mol

(10)

CO + 3H2 → CH4 + H2O ∆H298 = −206
KJ
mol

(11)
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On a stoichiometric basis, DCO (Equation (8)) and DCO2 (Equation (9)) consume less
H2 than HDO (Equation (7)); nonetheless, the formation of CO and CO2 and subsequent
methanation can lead to an overall H2 consumption higher than that of HDO [94].

Water–gas shift (WGS) is a secondary gas-phase reaction that usually occurs in DO; it
reduces the amount of CO in the gaseous product, as CO and H2O react to form CO2 and
H2 (Equation (12)) [78]:

CO + H2O→ CO2 + H2 ∆H298 = −41
KJ
mol

(12)

WGS (Equation (12)) produces further H2, but also CO2, which is a GHG and can in
turn be converted into CH4 by methanation (Equation (10)) [16].

In addition to previous secondary reactions, any carbon on the surface of the catalyst
(e.g., due to coking) can react with CO2 to produce CO through the Boudouard reaction
(Equation (13)) [95].

C + CO2 → 2CO ∆H298 = 172
KJ
mol

(13)

The Boudouard reaction is undesirable as it produces CO, which is a GHG, a reactant in
methanation (Equation (11)) and a possible source of catalyst deactivation due to poisoning
by irreversible CO adsorption [96]. On the other hand, the reverse Boudouard reaction
causes the catalyst deactivation through the formation of carbon deposits (coking) [96].

Finally, the secondary reaction of hydroisomerization can be advantageous since the
linear alkanes are converted into the corresponding branched isomers, giving the final
product better cold properties, thermal stability, and viscosity [97,98].

3.3. Reaction Conditions

With regard to DO reaction requirements, HDO needs a high amount of H2 (Section 3.1,
Equation (7)), and DCO (Section 3.1, Equation (8)) needs high temperature and pressure
conditions as it involves high transition state energies [99].

The usual temperatures and partial pressure of H2 are between 280 ◦C and 450 ◦C
and 20 and 50 bar, respectively, depending on feedstock, catalysts, reactor type, and other
process conditions [83]. The reaction temperature has a significant effect on the products;
in fact, if the reaction temperature is too high, a hydrocracking reaction occurs, producing
several alkanes in the lower diesel range [78]. Furthermore, as the reaction temperature
increases above 350 ◦C, the endothermic DCO and DCO2 (Equations (8) and (9)) are
thermodynamically favored over exothermic HDO (Equation (7)) [100,101], determining
different distributions of HC products. On the other hand, lower temperatures favor HDO
(Equation (7)) but also promote methanation reactions (Equations (10) and (11)), WGS
(Equation (12)), and reverse Boudouard (reverse of Equation (13)).

Variations in H2 pressure greatly influence the contribution of the primary and sec-
ondary reactions [102]. The main reactive paths of DO involve H2 consumption (see
Sections 3.1 and 3.2, from Equation (4) to Equation (9)). The high demand for H2 re-
quires operating under high H2 partial pressures, which affects the green diesel production
cost [78]. An excess of H2 can hinder catalytic activity as competitive adsorption between
FFA and H2 can occur [90]. Atmospheres without H2 (e.g., N2, He, Ar, etc.) have also been
studied [90]. However, the absence of H2 in the DO process leads to lower HC conversion;
H2 dilution by inert gases (such as H2-Ar, H2-N2, H2-He, etc.) have been considered to
balance the drawbacks due to an abundance or absence of H2 [90,103–105].

With regard to batch processes, the reaction time (i.e., batch process duration) is a
crucial factor in the production of green diesel, with optimal values generally between
3 and 6 h [106]. The increase in the reaction time results in lighter products because of
cracking reactions [106].
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The amount of catalyst used for DO can significantly influence the reaction rate and
selectivity of the desired products; reaction rate and conversion have been shown to increase
linearly with the amount of catalyst used, in the range of 1–5% wt. of catalysts with respect
to the mass of reactant feedstock [107]. The use of low amounts of catalyst can lead to
polymerization and the formation of aromatics and other undesirable products [90].

The presence of a solvent also affects reaction performances. For example, supercritical
hexane allows high diffusivity, which can reduce the mass transfer resistances of reactants
by facilitating the contact of H2 and reactants with the catalyst [107,108]. In addition, the
solvent promotes the desorption of alkanes from catalyst surfaces thanks to their high
solubility, inhibiting the coupling reactions between alkyl intermediates adsorbed on the
active sites of catalysts to form macromolecules [107].

In continuous reactors, the liquid hourly space velocity (LHSV) is an important process
variable. LHSV is the ratio of the volumetric flow of the fed liquid (in m3/h) to the volume
of the catalyst inventory into the reactor [109]. This parameter is particularly important
as it regulates the effectiveness of the catalyst and its lifetime, determining how long the
feedstock stays in the reactor. In general, as LHSV is increased (i.e., reduction in retention
time), the oxygen removal capacity reduces, and the following parameters increase: the
selectivity to green diesel products; sulfur and nitrogen removal; and the isomerization of
hydrocarbons in the liquid product [110].

The hydrogen-to-oil ratio (H2/feed ratio) is defined as the ratio of H2 to liquid both
fed into the reactor; it particularly influences the efficiency of HDO, DCO, and cracking
reactions. The excessive increase in this ratio makes the conversion and selectivity of green
diesel production decrease, as it promotes cracking and hydrogenation reactions [110].

To conclude, both the reaction conditions and different feedstocks of the DO process
can greatly change the nature of the product [99].

3.4. Mass Transfer Limitation

Regarding mass transfer resistances, three mass transfers must be considered: (i) at the
gas–liquid interface; (ii) at the liquid–solid interface; and (iii) intraparticle diffusion [111].
Resistances at those stages are affected by variations in hydrodynamic parameters, such
as film thickness and velocity field distribution [111]. Gas–liquid–solid mass transfer
coefficients are usually estimated using the series resistance model or the film model [111].

Hachemi et al. [112] conducted a study to determine the effect of process parameters
on mass transfer for HDO of stearic acid in the presence of solid catalysts. They studied two
types of catalysts: sulfur-free Ni-based supported on H-Y zeolites, γ-Al2O3, and SiO2; and
Pd supported on active carbon. Their experiments were performed in a semi-batch reactor
at 300 ◦C under 30 bar of H2 for 6 h. The catalyst mean particle radius was 63 µm. They
carried out a preliminary study to determine the optimal stirring speed (in the range of
100–1200 rpm) and catalyst amount (0.1–0.4 g) for the reaction. The results showed that 1200
rpm and 0.25 g of catalyst provided adequate liquid/solid phase mixing. The Weisz–Prater
modulus (a value that estimates the influence of pore diffusion [113]) was calculated as
the ratio of the reaction rate to the diffusion rate in the pores. The values of that modulus
assessed the absence of significant internal mass transfer effects depending on the reaction
order. Moreover, at the highest reaction rate (i.e., 5.8 × 10−7 mol L−1 s−1) obtained with
the Ni/H-Y catalyst, the values of the Weisz–Prater modulus emphasized that there were
no limitations on the mass transfer of the stearic acid and H2. Hence, intraparticle diffusion
did not affect the reaction rate. Finally, Hachemi et al. [112] concluded that in the case of
zeolite-supported catalysts, one must also consider configurational diffusion, which occurs
when the molecular size of the reactant approaches that of the pores. In fact, FFAs are too
large to diffuse through the smallest pores of zeolites, while molecular diffusion occurs
in the large channels and on the outer surface of the catalyst. They [112] concluded that
experimental data were obtained in the kinetic regime.
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Zhou et al. [114] carried out a kinetic study on the DO of microalgae oil in the presence
of a Pt-γAl2O3 catalyst to determine the limitations of mass transfer. The tests were
conducted in a microreactor with 1% of feedstock, in the presence of dodecane, at 360
◦C and 35.5 bar of H2, with a residence time of 0.06 s and H2/feed = 1000 SmL/mL. The
catalyst particle size was in the range of 75–150 µm. The kinetic data were collected in
the Taylor flow regime. Superficial flow velocity was varied, changing the gas and liquid
flow rates and catalyst amount. The experimental results showed that the space-time
consumption of the feed was independent of the surface flow velocity in the studied range,
and the reaction was not limited by external mass transfer, even at lower flow velocities (i.e.,
0.49 m/s). They also calculated the Weisz–Prater modulus, concluding that their process
was not controlled by internal mass transfer. They also showed that in the gas–liquid
reaction, H2 was adsorbed onto the surface of the catalyst without dissociation.

Arora et al. [115] performed a kinetic study of the HDO reaction of stearic acid in the
presence of a NiMoS catalyst. The experiments were conducted in a stirred-batch reactor,
under 50 bar of H2, at 275–325 ◦C and 1000 rpm, with 5% of stearic acid in a total liquid
reaction volume of 150 mL and 0.4 g of the NiMoS catalyst. The reaction time was varied
from 0 to 200 min. The average catalyst particle size was 175 µm. The influence of different
stirring rates on product distribution (i.e., 500, 900, and 1000 rpm) at 50 bar and 300 ◦C was
studied. The results showed that there were no significant changes between the 900 and
1000 rpm experiments, showing that there were no external mass transfer limitations at
those mixing rates. Instead, the behaviors at the lower stirring rate of 500 rpm indicated that
the transfer of H2 from gas to liquid, and even to the catalyst surface, was limited. Arora
et al. [115] also calculated the Weisz–Prater modulus at different reaction temperatures
and found that the modulus values peaked at 3.0 and 1.8 for the highest (325 ◦C) and
lowest (275 ◦C) temperature experiments, respectively. This means that only intraparticle
mass transfer resistance had a moderate influence on the overall reaction rate. Finally, they
pointed out that under conditions where the reaction rate is limited by the transfer of H2
from the gas to the liquid and to the catalyst surface, the favored reaction is DCO rather
than HDO.

These examples show that the mass transfer resistances must be taken into account, es-
pecially in the catalyst design and choice, reactor design, control of stirring, and flow regimes.

3.5. Feedstock for the DO Process

Vegetable oils are good raw materials for the DO process as they contain long-chain
chemical structures of fatty acids with 16–24 carbon atoms [116]. The choice of raw materials
depends on the local cropping pattern; the right choice of raw materials can help to reduce
transportation, storage, and procurement costs. The most widely used raw materials for
green diesel production are summarized in Table 2. Soybean oil is a potential source in the
USA due to its higher production rate; canola oil, palm oil, and sunflower oil dominate
production in Europe [117]. For reasons related to competition between the fuel sector and
the food industry, it would be necessary to use inedible oils and waste fatty materials (such
as jatropha oil, waste oils (WOs), and microalgae oils) as feedstock for the DO process,
rather than edible oils. The choice of feedstock often depends on commercial availability
and seed oil yield [16].
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Table 2. Feedstock used for green diesel production; data adapted from sources in the “Ref.” column.

Feedstock Ref.

Animal and Fish Fats [67,70,118,119]
Cashew Nutshell Liquid [120,121]

Jatropha Oil [106,122–125]
Jojoba Oil [126]

Karanja Oil [127,128]
Microalgae [129–134]

Palm Oil [135–138]
Rapeseed Oil [139–141]

Rubber Seed Oil [142–144]
Soybean Oil [145–148]

Sunflower Oil [149–151]
WO [74,152–157]

The distribution and kind of fatty acids in the biomasses depend on the nature of the
originating feedstock, as shown in Table 3. In addition, the distribution of fatty acids in
each type of oil may depend on the specific crop, environmental conditions, harvesting,
and processing [158].

Table 3. Fatty acid composition of some edible and non-edible biomasses; data adapted from sources
in the “Ref.” column. Cx:y is a fatty acid with x carbon atoms and y unsaturations.

Fatty Acid Composition (% wt.)

C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 C22:1 Ref.

Chicken fat 0.2 25.5 0.1 11.9 36.5 6.2 0.2 0.0 0.2 0.0 [65]
Salmon fat 3.0 11.0 5.0 4.0 25.0 5.0 5.0 0.0 0.0 0.0 [70]
Jatropha 0.0 15.9 0.9 6.9 41.1 34.7 0.3 0.0 0.2 0.0 [75]
Karanja 0.0 9.8 0.0 6.2 72.2 11.8 0.0 0.0 0.0 0.0 [159]

Microalgae 0.6 27.8 0.0 0.9 28.2 9.3 23.9 0.0 0.0 0.0 [16]
Palm 2.5 40.8 0.0 3.6 45.2 7.9 0.0 0.0 0.0 0.0 [75]

Rapeseed 0.0 4.9 0.0 1.6 33.0 20.4 7.9 0.0 9.3 23.0 [16]
Rubber seed 0.0 10.2 0.0 8.7 24.6 39.6 16.3 0.0 0.0 0.0 [75]

Soybean 0.0 11.5 0.0 4.0 24.5 53.0 7.0 0.0 0.0 0.0 [75]
Sunflower 0.0 6.5 0.2 5.8 27.0 60.0 0.2 0.3 0.0 0.0 [75]

As to the DO process, the use of vegetable oils as saturated as possible is preferred,
since they reduce H2 consumption and allow the reaction to take place under milder
conditions, reducing selectivity toward undesirable reactions such as cracking, cyclization,
and polymerization [16]. For these reasons, jatropha oil is one of the most attractive oils to
produce green diesel. Indeed, 60% of jatropha kernel is composed of a lipidic matrix [160].
In addition, the jatropha plant is particularly resistant to environmental conditions, ensuring
easy cultivation and non-competitive land used for food plant production [160].

The use of WO has many advantages too, as it is a less expensive oil (Table 4), and
its reuse can meet the criteria of the circular economy [161]. As shown in Table 4, WO
and pork fat have the lowest average international prices compared with vegetable oils
(e.g., palm oil, soybean, rapeseed) and may be more economically suitable for green diesel
production, even though other oils have a more convenient fatty acid composition for DO
reactions (see Table 3).
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Table 4. Average International cost of some oil sources in USD/ton; data adapted from [162].

Oil Source Cost (USD/ton)

Pork Fat 252
Palm 543

Rapeseed 824
Soybean 771

WO 224

3.6. Catalysts for Green Diesel Production

DO is an energy-intensive process; therefore, the use of catalysts is welcomed accord-
ing to green chemistry principles as it reduces this energy demand. An ideal catalyst for
this process should produce a green diesel with high CN and low coke formation (reverse
of Equation (13)) [155].

The development of homogeneous and heterogeneous catalysts with good chemical
stability, high selectivity of HCs to the diesel range, and high activity is of paramount
importance for the effectiveness of DO reactions [163]. Homogeneous catalysts (e.g., MnCl2,
ZnCl2, CoCl2, CuSO4, MgSO4, NaOH, and KOH) cannot be easily recovered at the end of
the reaction, a disadvantage that limits their reuse [71]. Typically, homogeneous catalysts
are mainly used in DO processes that produce fine chemicals (e.g., benzene, alkenes, phenol,
furans, and acrolein extracted directly from biomass) [164], while heterogeneous catalysts
are mainly used for green diesel production.

The solid catalysts used for the heterogeneously catalyzed DO process are typically
composed of an active phase on a catalytic support (see Figure 3). The choice and coupling
of active phase and catalyst support can significantly influence product distribution and
feedstock conversion [16]. Catalytic properties are generally related to the choice of support
and active phase, as well as by the chemical interactions of the catalyst with reagents and
products [165]. However, other factors such as the regenerability, regeneration cost, and
toxicity must be evaluated when choosing a catalyst [165]. This review focuses on heteroge-
neous catalysis of DO. Appendix A lists and briefly comments on the main characterization
techniques used in the literature to characterize solid catalysts for green diesel production.

3.6.1. Catalysts’ Active Phases for Heterogeneous Catalysis

Metals usually constitute the active phase of DO solid catalysts, generally divided
into two groups: (i) noble metals and (ii) non-noble metals (Figure 3). Noble metals for DO
include Pt, Pd, Rh, Os, Ru, Ir, and Re; non-noble metals used for DO catalysts include Ni,
Mo, Cu, Co, Zn, V, and W.

Noble metals and vulcanized molybdenum are active catalytic phases commonly
used to produce green diesel; however, their use has some constraints in the excessive
cost of noble metals and environmental problems related to sulfur agents for vulcanized
molybdenum [166]. Moreover, the DO catalysts based on noble metals exhibit better
selectivity towards DCO and DCO2 and lower H2 consumption compared with those with
non-noble metals [147].
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connected “Ref.” spaces correspond to related literature references listed with the same numbers in
the References Section at the end of this manuscript [86,102,114,126–128,138–140,147,166–223].
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In recent years, efforts have been made to develop cheaper catalysts based on non-
noble ones because of the high cost of noble metals. Ni-based catalysts have attracted much
attention, mainly due to their low cost, the absence of sulfur treatments, and the relatively
low reduction temperature of Ni oxides [224]. Currently, the cost of Ni is around 1150 times
lower than that of Pt and 2300 times lower than that of Pd [225]. Ni-based catalysts can be
found as both monometallic and bimetallic, in supported and unsupported forms [126,226].
Ni catalytic performance can be limited by the poor dispersion and agglomeration of the
metal, leading to a shortage of active sites [152,227]. For these reasons, the Ni catalysts for
green diesel production can be improved by adding other metals, such as Cu, Sn, Mo, and
Zn [166]. For example, the addition of Cu improved the dispersion of Ni sites and increased
the electron density of Ni, leading to high catalytic activity [166]. Adding Cu to Ni results in
superior catalytic activity compared with the monometallic Ni-based catalyst: this addition
of Cu forms the homogeneous bimetallic catalyst of Ni-Cu which decreases the binding
energy of H2 on Ni, favoring the dissociation of hydrogen and increasing the hydrogenation
activity [228,229]. The addition of W tends to improve the physicochemical characteristics
of the catalysts; in fact, W increases the specific surface area and Ni dispersion and regulates
the acidity of the catalyst [150].

For the DO reaction, bimetallic catalysts based on MoS2 are also used, such as CoMoS2
and NiMoS2. These catalysts provide high activities for DO conversion of TG and model
compounds, but entail prohibitive costs and serious problems with equipment, safety, and
industrial scalability [155]. For example, one of the main problems of sulfide catalysts
is corrosion, as they cause sulfidation (i.e., oxides to sulfides) at the active sites of the
catalyst [80].

Sulfonated acid catalysts are also used for DO conversion of FFA and TG-based
feedstocks. Even though these catalysts show a high tendency to produce HC components,
they pollute the obtained green diesel with significant sulfur content, affecting the fuel
quality [230]. As a related additional disadvantage, these catalysts lose their catalytic
activity because of sulfur leaching [88]. This problem can be limited by using vulcanizing
agents [231].

In recent studies, metal nitrides have also attracted the interest of researchers for green
diesel production, as they have shown metal-like properties due to the electronegativity
difference between the metal and N atoms that can provide acid or base centers, while
the charge transfer between the metal and N atoms can provide redox centers for catalytic
reactions [232,233]. Supported nitrides/carbides of the early transition metals (e.g., Mo,
W, and V nitrides supported on γ-Al2O3 and NiMo and NiW carbides) are considered as
very promising catalysts for the DO process, since they show DO activity similar to that
of noble metals [234]. Such catalysts can replace conventional sulfide-based ones, which
are affected by different problems (e.g., leaching of sulfur and high content of sulfur in the
product) [234].

The use of base-metal catalysts (Fe, Mn, Ni, and Co-based catalysts) in the DO reaction
reduces the formation of coke compared with acid catalysts, but they show high cracking
activity, thus producing significant amounts of light HCs. The coupling of basic and acid
functions allows the obtaining of acid–base characteristics that simultaneously inhibit
non-selective cracking activity and facilitate pathways for green diesel production [235].
Catalysts with optimal acid–base properties incorporate Mo, Co, and Ni [236]; for example,
Co accelerates hydrogenation and hydrogenolysis reactions [237].

3.6.2. Catalytic Supports

Proper catalytic support can play a key role in enhancing DO reactions, e.g., when
able to strengthen active metal dispersion and increase active sites [236].

Catalytic supports are classified into five groups (Figure 3): (i) metal oxides; (ii) carbon
supports; (iii) zeolites; (iv) mesoporous supports; and (v) mixed metal oxides.

Al2O3, ZnO-Al2O3, SiO2, ZrO2, zeolite, and carbon supports are commonly used as
catalyst supports [166,235].
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Catalyst pore structure, pore volume, surface area, and acidity are some of the proper-
ties with significant effects on product selectivity; for this reason, zeolites and Al2O3 are
widely used as supports for catalysts in the DO process [80,127,128,140,151,154,167,168,238].
In addition, the different SiO2/Al2O3 ratio in zeolites also changes the acidic properties
of the catalyst [80]. In the past, zeolites were promising catalysts for green diesel produc-
tion due to their higher cracking capacity, unique porous structure, higher acidity, and
great intrinsic stability [80]. Acidic supports, such as metal oxides, zeolites, and Al-doped
mesoporous silica provide protic (Brønsted) and aprotic (Lewis) acid centers in the HDO
process; these centers enhance the hydrogenolysis activity of the C-O bond [71]. On the
other hand, the acid centers of the supports tend to cause serious coking problems, as they
promote the formation of condensation products, which are the fundamental precursors of
coke. Brønsted acid sites promote sequential hydrogenation–dehydration–hydrogenation
reactions, which favor HDO reaction pathways, while Lewis acid sites promote indirect
DCO reactions [239].

Mesoporous materials are currently preferred for their high thermal stability, easy
surface modification, moderate pore size, important surface area, and inert nature [165].
Mesoporous silica-based materials, such as Santa Barbara Amorphous-15 (SBA-15), Santa
Barbara Amorphous-16 (SBA-16), and Mobil Composition of Matter No. 41 (MCM-41),
have gained popularity as they show moderate acidity, high specific surface area, and large
pore diameter, which are necessary for processing the large and long molecules found in
fatty-acid-based reactants [240]. These three materials offer a high specific surface area in
the range of 600–1000 m2/g and a homogeneous pore size distribution from 1.5 nm to more
than 10 nm [116].

The mixed metal oxides of TiO2, Al2O3, SiO2, ZrO2, and CeO2 are promising supports
used in green diesel production through the DO process. For example, Ooi et al. [169]
report that the mixed metal oxide of Al2O3 and TiO2 provides better catalyst stability and
activation, a higher surface area, well-defined pores, higher reducibility, better dispersion
of the metal, and stronger acidic centers than the individual oxides. Jeon et al. [241] show
that the formation of a metal oxide solution of Ce and Zr can improve the redox properties
and thermal resistance of the obtained catalyst through the incorporation of Zr4+ ions into
the Ce oxides.

The catalytic support can also influence the reaction pathway and selectivity [242].
Papageridis et al. [243] show that the addition of modifiers in the support, such as La2O3
in Al2O3, improves the catalytic performance in terms of: (i) increased dispersion of
active species; (ii) stronger interactions between active phase and support; and (iii) the
redistribution of acid sites in terms of strength and density [243,244].

3.6.3. Catalyst Deactivation and Regeneration

Due to the reaction conditions, such as elevated temperature, high pressure, and acid
catalysts, DO reactions can bring reversible and irreversible deactivation of heterogeneous
catalysts [71]. The causes of catalytic deactivation include: (i) coking; (ii) poisoning; (iii)
metal leaching; and (iv) sintering.

Coking is a process that generates the physical deposition of carbon species on the
surface of a catalyst, inducing deactivation: this deposited carbon blocks the pores and
catalytic sites, making them inaccessible for the adsorption of reagents [71]. Acid catalysts
have a greater tendency to undergo deactivation by coking, as acid sites allow more readily
the condensation of by-products that are coke precursors [245]. Coke deposition decreases
the surface area and pore volume of the catalyst [246]. Bimetallic catalysts are promising
catalysts for the DO process because they have a greater tendency to suppress coking-
induced inactivation [88]. A catalyst with coke deposits is especially detrimental to the
process, as it tends to clog the reactor or disintegrate [247]. As the temperature of the
DO reaction increases, the deposition of coke on the catalyst increases [80]. As a result,
phenomena such as the condensation of phenols into polyaromatic intermediates, which
are precursors to coke, become more evident [247]. Reaction temperatures of 350–375 ◦C
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have been found to be optimal for minimal coke formation during the HDO reaction;
in fact, the raising of the temperature up to 400 ◦C and beyond results in a significant
increase in the coking extent [80]. In addition, the DO under an inert atmosphere allows
undesirable reactions such as cracking and the formation of heavier products, resulting in
coke formation, while the H2 atmosphere disfavors those phenomena [80].

In general, coking can be avoided or reduced by minimizing secondary reactions (see
Section 3.2) that convert deoxygenated products, thanks to passivated supports or supports
with mild acid strength or larger pores, to minimize obstruction due to coking [248].

Poisoning deactivation is caused by chemisorption of impurities on the active sites
of the catalyst, making those sites unavailable to reactant molecules [247]. Poisoning is
also a form of reaction with the poisonous species competing with the reactant for catalytic
sites [247]. Poisoning of catalysts in the DO process can occur reversibly, irreversibly, or
quasi-irreversibly. For DO processes, some chemical species contribute to the poisoning of
catalysts, such as water, sulfur, and chlorine, but also heavy metals and oxygenated com-
pounds in the feedstock [80]. In fact, Sari et al. [249] found that poisoning deactivation of
their Pd/C catalysts was related to several unidentified impurities in their waste feedstock,
i.e., brown grease.

Deactivation by leaching is an undesirable phenomenon in catalysis, since the gradual
removal of an active phase of metal particles from the catalyst results in the reduction in
the number of active sites and the loss of catalytic activity. In addition, expensive transition
metals such as Pt, Pd, Os, Ru, and Rh are often used for the DO process, and their loss is
an additional disadvantage [247]. The loss of metals due to leaching is unfavorable but
unavoidable; however, the leaching of supported catalysts can be minimized by choosing a
metal and support with strong mutual interactions [247]. For example, Alsultan et al. [248]
found that the leaching of Ca2+ and La3+ of their catalysts (i.e., CaO-La2O3 supported on
activated carbon) in the DO process of WCO caused the loss of catalytic activity. They
conducted six runs of DO tests to evaluate the reusability of the catalyst. The total metal
leaching in the product was less than 3 ppm per run from the first to the sixth run; nonethe-
less, this value is in accordance with the EN 12662 Standard Specification for Diesel Fuel
Oils contamination content (max 24 ppm).

Sintering is a thermal deactivation process associated with structural and morphologi-
cal changes in catalysts, resulting in the reduction in the specific surface area [71]. Sintering
is irreversible. Basic supports offer greater resistance to deactivation but poor conversion
yields and their selectivity to HDO is lower than acid support materials [116]. In fact,
Kamaruzaman et al. [170] conducted catalytic DO, with Co/SBA-15 and NiCo/SBA-15
catalysts, for green diesel production from palm fatty acid distillate (PFAD). They found
that the loss in the catalytic activity of Co/SBA-15 was ascribable to the sintering of Co
particles, in turn due to the weak interactions between the Co metallic particles and SBA-
15 support. However, they found that the presence of Ni in the NiCo/SBA-15 catalyst
enhanced the metal–support interactions. This effect was reflected in better resistance to
catalyst thermal sintering.

Catalyst regeneration is a reactivation process that allows the restoration of the cat-
alytic activity after its usage; the success of this process (i.e., the obtainment of a catalyst
without compromised performances) allows reusability and recyclability, thus increasing
the lifetime of the catalyst [247]. However, not all regeneration processes lead to the total
regeneration of the catalytic activity since the effectiveness of regeneration depends on the
severity and the cause of the previous deactivation.

Catalysts deactivated by coking are regenerated more easily by the air combustion
of deposited coke [250]. The effectiveness of coke removal increases with increased du-
ration and temperature of combustion, depending on the resistance of coke deposits to
removal [250]. When regeneration by combustion is carried out, careful analysis of the
coke combustion parameters is necessary, as an excessively high temperature used for
coke combustion can cause catalyst sintering [251]. Thermal treatments are often used
to regenerate catalysts; they can be carried out in the presence of air, inert gas, or other
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gases such as H2 and CO. A thermal treatment performed in the presence of air is like the
coke combustion regeneration process in the removal of condensed HCs or coke from the
catalyst [252]

For sintered catalysts, regeneration is unlikely because sintering determines the irre-
versible growth of agglomerations of small dispersed metal particles into larger agglomer-
ates with smaller active specific surface areas (i.e., less active sites) [247].

Catalyst regeneration is an excellent option from both the economic and environmental
points of view: the cost of regeneration is almost always lower than that of a new catalyst
synthesis; the spent catalyst can be a waste harmful to the environment [165]. For example,
Gamal et al. [236] have checked the reusability of CoMo/AC catalysts. They compared fresh
catalysts with regenerated ones and concluded that after six runs of catalyst regeneration
the loss in catalytic activity was related to a loss of active sites. Moreover, they highlighted
that the HC yield was 90–80% with a regenerated catalyst (after six runs), compared with
the 95% HC yield of a fresh one. Their study also underlined that the use of regenerated
catalysts is more economical and environmentally friendly than use of fresh ones.

It is worth stressing that catalyst regeneration often fails to totally restore the activity
of the catalyst, with a cumulative decrease in catalytic activity occurring over time, until
the catalyst performance is no longer acceptable. In these cases, the recovery of catalyst
components should be taken into account as an option, in order to implement circular
economy guidelines: preventive metal extraction ensures that waste meets environmental
standards for disposal and the reusability of recovered metals [247].

4. Reactors for Catalytic DO and Performance Evaluation

Batch and semi-batch reactors are usually used for small-scale processes (i.e., laboratory-
scale, pilot-scale, and small-scale industrial productions), as well as for explorative testing
of processes under development; these reactors can provide high conversion when suf-
ficient time is given for the contact between reactants and catalysts [88]. The semi-batch
reactor allows the addition of reactants and reagents or the removal of products and by-
products, providing greater flexibility in the process control and yield optimization [80].
Batch and semi-batch reactors can have internal stirring; the most commonly used batch
reactor in green diesel production is the batch-stirred tank. The non-stirred autoclave batch
reactor is usually used at the laboratory scale for the DO process (Table 5).

Mini-batch reactors are often used to study reaction mechanisms and conversion
kinetics and for catalyst screening [71]. The main advantage of mini-batch reactors is that
they manage a very small volume (in the order of a few milliliters), so a very small amount
of reactants is needed [71]. On the other hand, these reactors are not equipped with internal
stirring, and the small volumes involved make it hard to obtain enough spent catalyst for
characterization and evaluations of reusability [71].

Continuous reactors are generally used for large-scale productions (e.g., industrial),
and the generated product usually has a constant composition during operation. An
important difference between the continuous and batch reactors is the amount of provided
H2. In the batch configuration, the available H2 quantity decreases as it is consumed during
DO [88]; such a decrease often results in lower conversion and product yield [138,170].
The decrease in H2 content in a batch reactor reduces the H2/feed ratio and increases
the tendency for DCO2 pathway and cracking reactions [140,171]. On the other hand,
continuous reactors are able to achieve the same results as batch reactors in terms of green
diesel conversion but with lower H2 pressure, as the H2 partial pressure is regulated
and kept at desired values by continuous H2 feed. Continuous reactors for green diesel
production include tubular (i.e., plug flow without active stirring), packed-bed, trickle-bed,
and continuous stirred tank reactors (CSTRs) [71].

Some of the advantages of continuous tubular reactors are that the flow pattern is
relatively stable, the heat transfer area is large, and the space-time of all materials is the
same [71]. However, catalysts in flow-through reactors are difficult to collect, and their
degree of deactivation is different in different positions; in addition, the mass and heat
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transfer in the reactor is limited due to the lack of mixing [71]. Compared with tubular
reactors, CSTRs can increase the rate of mass transfer by active stirring but generally have
a smaller heat exchange area and a variable space-time of the different materials [71]. To
overcome all mass transfer issues, when no stirring occurs in the reactors, baffles can also be
inserted to achieve a stirring effect [71]. The packed-bed and trickle-bed reactors have the
main advantage of providing a more uniform distribution of raw materials in the reactor
and maximizing the reaction rate per unit volume of the reactor [71].

The choice of reactor type influences the process control, reaction rate, residence
time of continuous processes or batch process duration, heat transfer rate, selectivity, and
product yield [80]. For example, Santillan-Jimenez et al. [82] report that studies conducted
on batch, semi-batch, and continuous reactors have shown how the latter two have the
important advantage of purging the COx developed during the reaction, ensuring high
catalytic activity and preventing COx-induced poisoning of the catalyst metal surface.

Table 5 shows the reactor types and related process conditions for a list of experimental
studies on green diesel production gathered from the literature.

In order to evaluate the performance of green diesel production by catalytic DO,
some representative parameters of the process should be defined. Among the different
definitions proposed in the literature, the authors of this review have chosen those reported
by Equations (14)–(17), taken from [83,136,143,172]. Table 5 shows only the literature
values of conversions since this parameter is commonly defined, as in Equation (14),
allowing unbiased homogeneous comparison between catalyst performances reported by
the different studies.

Conversion o f TG (%)

= (mol (or mass) TG in f eed−mol (or mass) TG in product)
mol (or mass) TG in f eed × 100

(14)

Yield C15 − C18 (mol %)

= (Total mol (or mass) o f alkanes C15−C18 in product)
Total mol (or mass) C15−C18 f atty acid in f eed × 100

(15)

Green diesel selectivity (%)

= Hydrocarbon f raction C15−C18 in product
Total amount o f hydrocarbons in product × 100

(16)

HDO
DCOx

(%) =
Total mol o f C16 + C18 in product
Total mol o f C15 + C17 in product

× 100 (17)

The definitions of parameters in Equations (14)–(17) are taken into account for both
batch and continuous processes, as the product analysis is typically carried out on sampled
batches of product.
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Table 5. Summary of catalytic studies in batch, semi-batch, and continuous apparatuses.

Catalyst Support Feedstock Reactor Type
Reaction Conditions

Conversion
(%) Ref.T

(◦C) PH2 (bar) Time/Residence Time Solvent Other
Specifications

Ni Palygorskite WCO Stirred batch 310 40 4 h Dodecane - 83.0 [224]
Ni Palygorskite FAD Stirred batch 310 40 4 h Dodecane - 68.0 [224]
Ni Palygorskite CHO Stirred batch 310 40 4 h Dodecane - 98.0 [224]
Ni Palygorskite SCGO Stirred batch 310 40 4 h Dodecane - 10.0 [224]
Ni Alumina WCO Falling basket batch 310 40 9 h - - 100 [154]

Co Commercial
AC Macauba Oil Parr batch 350 30 2 h Dodecane - >97.0 [253]

Mo Al2O3 Sunflower Oil Falling basket batch 310 40 9 h - - 97.0 [254]

Fe HMS Triolein Stirred batch 320–410 - 0.5–4 h - - 27.0–80.0
(at 2 h) [173]

Ni HMS Triolein Stirred batch 380 - 2 h - - >75.2 [174]
NiMo Alumina Karanja Oil Stirred batch 280–360 30 5 h Dodecane - 10.0–100 [127]

Ni Alumina Karanja Oil Parr batch 280–360 30 6 h Dodecane - 45.0–100 [128]
NiP AC Palmitic Acid Packed bed 350 10 2.5 h - - >86.2 [175]
Ni ZrO2 Palmitic Acid Parr batch 270 10 6 h Dodecane - 98.3 [255]
Ni AC Palmitic Acid Parr batch 270 10 6 h Dodecane - 44.7 [255]
Ni HZSM-5 Palmitic Acid Parr batch 270 10 6 h Dodecane - 86.2 [255]
Ni AC WCO Stirred semi-batch 350 - 3 h - - 90.0 [157]
Ni Beta Zeolite WCO Stirred semi-batch 350 - 3 h - - 85.0 [157]

Ni Graphene
oxides WCO Stirred semi-batch 350 - 3 h - - 78.0 [157]

NiMo γ-Al2O3 WCO Autoclave batch 300 20 3 h Dodecane - 80.0 [153]
NiMo HZSM-5 WCO Autoclave batch 300 20 3 h Dodecane - 71.8 [153]
NiMo β-zeolite WCO Autoclave batch 300 20 3 h Dodecane - 64.2 [153]
NiMo AC WCO Autoclave batch 300 20 3 h Dodecane - 50.7 [153]
NiMo Bentonite WCO Autoclave batch 300 20 3 h Dodecane - 71.7 [153]

Ni MgO–Al2O3 Oleic Acid Autoclave batch 300 40 3 h - - >80.0 [256]
FeNi C Stearic Acid Micro-batch 300–350 - 3 h - - 99.9 [176]

Ni Pd/Al2O3 Tristearin Stirred semi-batch 260 40 3 h Dodecane - 0–100 [96]
Ni-Fe ZrO2 Sunflower Oil Stirred batch 240 20 3 h Dodecane - 96.8 [166]
Ni-Fe ZrO2 Microalgae Oil Stirred batch 240 20 3 h Dodecane - 92.0 [166]
Ni-Fe ZrO2 Oleic Acid Stirred batch 240 20 3 h Dodecane - 98.7 [166]
Ni-Fe ZrO2 Stearic Acid Stirred batch 240 20 3 h Dodecane - 99.1 [166]
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Table 5. Cont.

Catalyst Support Feedstock Reactor Type
Reaction Conditions

Conversion
(%) Ref.T

(◦C) PH2 (bar) Time/Residence Time Solvent Other
Specifications

Ni-Fe ZrO2 Octadecanol Stirred batch 240 20 3 h Dodecane - 100 [166]

NiZn AC WCO Autoclave
semi-batch 350 - 1 h - - >78.0 [257]

ReNiMo γ-Al2O3 Oleic Acid Batch 330–400 40 1 h - - 100 [177]
Ni MgO–Al2O3 Oleic Acid Autoclave batch 300 20 3 h - - 96.7 [256]

Pd C Cashew Nut
Shell Liquid Parr batch 180–300 10–40 5–10 h - - >65.0 [121]

Ni-Co SBA-15 WCO Stirred semi-batch 350 - 2 h - - - [178]
Ni-Fe SBA-15 WCO Stirred semi-batch 350 - 2 h - - - [178]
Co-Fe SBA-15 WCO Stirred semi-batch 350 - 2 h - - - [178]
W-Ni Al2O3 Sunflower Oil Autoclave batch 310 40 9 h - - >70.0 [150]

Al2O3-TiO2 - Triolein Stirred semi-batch 380 - 1 h - - >48.0 [169]

Ni Al-MCM-41 Reutealis
Trisperma Oil Stirred semi-batch 350 - 4 h - - >48.0 [179]

Pd AC WCO Autoclave batch 300–350 - 0.5–3 h - - >15.0 [180]
Ni ZSM-5 Palmitic Acid Parr batch 300 35 8 h Dodecane - >27.0 [181]

NiMo ZSM-5 Palmitic Acid Parr batch 300 35 8 h Dodecane - >67.0 [181]
NiMo γ-Al2O3 Oleic Acid Parr batch 300–350 - 3 h - - >43.0 [182]

NiMo γ-Al2O3 Microalgae Oil Continuous
microreactor 360 34.5 1 sec - H2/oil =

1 sL/mL 98.7 [129]

Pt-Sn Al2O3 Rapeseed Oil Packed bed
continuous 400–480 50.7 - -

H2 space
velocity =

100 mL/min
100 at 480 ◦C [139]

Ni2P SiO2 Methyl laurate Packed bed
continuous 300–340 20 - -

WHSV =
10 h−1;

H2/feed = 50
>97.0 [258]

Ni2P MCM-41 Methyl laurate Packed bed
continuous 300–340 20 - -

WHSV =
10 h−1;

H2/feed = 50
>97.0 [258]

Ni2P SBA-15 Methyl laurate Packed bed
continuous 300–340 20 - -

WHSV = 10
h−1;

H2/feed = 50
>97.0 [258]
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Table 5. Cont.

Catalyst Support Feedstock Reactor Type
Reaction Conditions

Conversion
(%) Ref.T

(◦C) PH2 (bar) Time/Residence Time Solvent Other
Specifications

Pd/P γ-Al2O3 Tricaprylin Packed-bed
microreactor 300–350 21 - -

WHSV =
4 h−1;

H2/feed = 20
100 [183]

NiMo Mn-Al2O3 WSO Continuous
microreactor 380–410 40 - - H2/feed = 87.5 12.9–48.8

at 380 ◦C [147]

NiMoS2 γ-Al2O3 Palm Oil Packed bed
continuous 270–420 15–80 - -

LHSV =
0.25–5 h−1;
H2/feed =
250–200

Ncm3/m3

>97.0 [259]

NiP - Palm Oil Packed bed
continuous 300–400 50 3 h -

H2/feed =
1–1000

NmL/mL
>90.0 [136]

CuP - Palm Oil Packed bed
continuous 300–400 50 3 h -

H2/feed =
1–1000

NmL/mL
>80.0 [136]

CoP - Palm Oil Packed bed
continuous 300–400 50 3 h -

H2/feed =
1–1000

NmL/mL
>35.0 [136]

NiP Na-Mordenite Palm Oil Continuous trickle
bed 300–450 1–50 3–9 h -

H2/feed = 1000
LHSV = 1 h−1

WHSV =
0.9 h−1

>75.0 [138]

Ni Al2O3 Palm Oil Continuous packed
bed 250–400 20–30 6–20 h Dodecane

H2/feed =
250–2000
cm3/cm3

LHSV =
1.4–4.8 h−1

55.0–90.0
at 350 ◦C [86]



Energies 2023, 16, 844 22 of 44

Table 5. Cont.

Catalyst Support Feedstock Reactor Type
Reaction Conditions

Conversion
(%) Ref.T

(◦C) PH2 (bar) Time/Residence Time Solvent Other
Specifications

Ni ZrO2 Palm Oil Continuous packed
bed 250–400 20–30 6–20 h Dodecane

H2/feed =
250–2000
cm3/cm3

LHSV =
1.4–4.8 h−1

65.0–90.0
at 350 ◦C [86]

Ni SiO2 Palm Oil Continuous packed
bed 250–400 20–30 6–20 h Dodecane

H2/feed =
250–2000
cm3/cm3

LHSV =
1.4–4.8 h−1

50.0–80.0
at 350 ◦C [86]

Ni CaO-MgO-
Al2O3

Palm Oil Continuous packed
bed 300–400 30 6–20 h Dodecane

H2/feed = 1000
cm3/cm3

LHSV =
1.2–3.6 h−1

>55.0 at 6 h
varying T; [184]

Ni Al2O3 Palm Oil Continuous packed
bed 300–400 30 6–20 h Dodecane

H2/feed =
1000 cm3/cm3

LHSV =
1.2–3.6 h−1

55.0
(300 ◦C)–100

(375 ◦C)
[243]

Ni La2O3–Al2O3 Palm Oil Continuous packed
bed 300–400 30 6–20 h Dodecane

H2/feed =
1000 cm3/cm3

LHSV =
1.2–3.6 h−1

>85.0 [243]

NiMo Al2O3 Castor Oil Two continuous
packed bed 300–370 35 66–132 min - H2/feed =

35–105 >57.2 [260]

HZSM-5 - Coconut Oil Autoclave batch 350–400 20–40 1–3 h - - 69.6 [261]
Pd C Coconut Oil Batch 300 10 6 h - - 100 [262]
Pd C Macauba Oil Parr batch 300 10–19 5 h Dodecane - 85.0 [263]

CeZrO2 - Oleic Acid Autoclave batch 300 1 3 h - - 45.7–69.6 [264]
Mo-Zn Al2O3 Carinata Oil Parr batch 350 20 5 h - - >90.0 [265]

Ni SAPO-11 Stearic Acid Autoclave
semi-batch 290 40 3 h n-Heptane - 92.4 [266]
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Table 5. Cont.

Catalyst Support Feedstock Reactor Type
Reaction Conditions

Conversion
(%) Ref.T

(◦C) PH2 (bar) Time/Residence Time Solvent Other
Specifications

Ni Co-S Stearic Acid Autoclave
semi-batch 290 40 3 h n-Heptane - 99.0 [266]

NiCo SAPO-11 Stearic Acid Autoclave
semi-batch 290 40 3 h n-Heptane - 94.5 [266]

Mesoporous
Tantalum
Phosphate

- Palm Seed Oil Autoclave batch 300–400 10 2–4 h - - >32.3 [267]

Rh HZSM-5 Palm Oil Continuous mini
packed bed 400–500 7–34 - -

H2/feed =
36.6–220.9
WHSV =

10–43.7 h−1

>95 [172]

Ni Al2O3 Chicken Fats Continuous
trickle bed 330 50 - -

H2/feed = 1000
cm3/cm3

LHSV =
0.5–2.0 h−1

100 [185]

Pd C Oleic Acid Continuous 380–450 - 1–4 h -

H2 = 5.0–95.0
mL/min
WHSV =

1.6–7.9 h−1

>70 [268]

Ni-Al LDH - Tristearin Semi-batch 260–360 40 6 h - - 100 [269]
Ni/CeO2 Al2O3 Methyl Oleate Stirred batch 300 25 6 h - - 100 [270]

Ni-Ca SiO2-Al2O3
Ceiba

Pentandra Oil Stirred semi-batch 300–380 - 0.5–3 h - - >25.0 [271]

Ir-ReOx SiO2 Stearic Acid Parr batch 140–180 20 1–5 h - - >38 [272]

NiMoCe γ-Al2O3
Kemiri Sunan

Oil Autoclave batch 400 35 5 h - - <57.8 [273]

Co AC Stearic Acid Batch 300 40 1 h Decane - 100 [274]

Pd C
Phoenix

Dactylifera
Kernel Oil

Stirred batch 300 10 5 h Dodecane - 91.1 [275]

Pd SiW-SiO2
Methyl
Stearate Autoclave batch 200 15 5 h Cyclohexane - <66.7 [276]

Pt-WOx SiO2-Al2O3 Oleic Acid Parr batch 260 20 2.5 h n-Heptane - >39.0 [186]
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Table 5. Cont.

Catalyst Support Feedstock Reactor Type
Reaction Conditions

Conversion
(%) Ref.T

(◦C) PH2 (bar) Time/Residence Time Solvent Other
Specifications

Ni Zeolite Methyl
Palmitate Parr batch 240 25 4 h Heptane - >38.0 [187]

Ni CaO Triolein Stirred batch 350 - 1 h - - 50.0 [277]
Zn CaO Triolein Stirred batch 350 - 1 h - - 50.0 [277]
Fe CaO Triolein Stirred batch 350 - 1 h - - 45.0 [277]
Co CaO Triolein Stirred batch 350 - 1 h - - 55.0 [277]
Ni ZrO2 Palmitic Acid Micro-batch 300 55 6 h - - 100 [278]

Hydrotalcite - Jatropha
Curcas Oil Parr batch 400 - 3–6 h - - >80.0 [279]

γ-Al2O3 - Jatropha
Curcas Oil Parr batch 400 - 3–6 h - - >85.0 [279]

Co NP-NC Oleic Acid Stirred batch 220 20 3 h Dodecane - 99.6 [280]
NiMo Al2O3 Rapeseed Oil Packed bed batch 260–280 35 6 h - - >20.0 [281]

Pd C Stearic Acid Stirred batch 300 - 0–5 h Dodecane - >33.0 [282]

Co3O4 SiO2-Al2O3
Methyl
Stearate Stirred batch 250–300 2–30 6–8 h n-Heptane - >88.0 [283]

CoMo - Oleic Acid Autoclave batch 300 - 3 h - - 85.0 [284]
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5. Simulations of Green Diesel Production

Simulations of the DO process to produce green diesel from TG and fatty-acid-based
feedstocks can be used to develop projects, make sensitivity studies and optimizations of
the process parameters, and to assess economic and environmental aspects. Simulators
can be of paramount importance for economic optimization and plant cost estimation.
Moreover, simulation studies can be made to investigate the feasibility of a process and to
estimate the profitability up to industrial scales.

Some examples from the literature dealing with simulations for green diesel produc-
tion are discussed in the following, focused on process conditions and sensitivity analyses.

Cavalcanti et al. [145] modeled the hydrotreatment of Brazilian soybean oil for green
diesel production through an Aspen Plus® v10 process simulation of HDO, DCO, and
DCO2. Sensitivity analyses on the fractionation process conditions (varying the number of
stages in the column from 15 to 40, feed stage in the range of 2–21, and a reflux ratio from
0.5 to 3.5) were performed to determine the best conditions. They [145] observed that more
than 80% of the soybean oil was converted to renewable fuels (in the range of C7–C18), of
which about 65% was green diesel. They [145] also made a prediction of the chemical and
physical properties of the obtained biofuel (i.e., distillation curve, CN, and flash point),
confirming that they meet the Brazilian standards.

Wibowo et al. [285] ran a simulation in CHEMCAD 7.1.2 to perform a process sensitiv-
ity study on WCO conversion, specifically to evaluate the effect of temperature and pressure
on the obtained product (varying pressure in the range of 20–120 bar and temperature from
250 to 1000 ◦C). The simulation revealed that the pressure increase has an insignificant
effect on green diesel production, but the temperature variation affects both the yield and
the selectivity of the DO reactions. By means of simulations, they found that the best set of
operating conditions is 250 ◦C, 20 bar, and a H2/oil volumetric ratio equal to 1:12.

Plazas-González et al. [286] modeled green diesel production by catalytic DO through
Aspen Plus® 7.3, using an equilibrium reactor. An analysis was performed to investigate
the influence of the reactor pressure (from 20 to 90 bar), temperature (from 250 to 450
◦C), and H2/oil molar ratio (between 5 and 25) on the desired product, using palm oil
as feedstock. The simulation showed that low pressures greatly decrease the production
of n-C16 and n-C18 alkanes and produce high amounts of n-C15 and n-C17 alkanes, i.e.,
favoring the DCO or DCO2 pathway. In addition, high temperatures can also decrease
the production of n-C16 and n-C18, thus reducing the production of green diesel. The
simulation results led Plazas-González et al. [286] to find the best windows of reaction
conditions: pressure between 30 bar and 60 bar; temperature between 300 ◦C and 400 ◦C;
and a H2/oil molar ratio of 20:1. A green diesel purity grade of 97% was obtained for these
simulated operating conditions.

Silva et al. [287] proposed a model for DO of vegetable oil components (fed mixture of
triglycerides, diglycerides, monoglycerides, fatty acids, fatty alcohols, esters, hydrogen,
water, CO, CO2, HC, and glycerol) for green diesel production, using Aspen Plus® 8.8
software. They modeled a packed-bed reactor to estimate the influence of the reactor
pressure (in the range of 15–90 bar), temperature (in the range of 300–420 ◦C), and H2/oil
molar ratio (from 0.6 to 12.4), as well as the influence of feedstock type (i.e., sunflower,
palm, soybean, olive, corn, and cottonseed oil). The reactor operating conditions considered
in this study were: pressure of 40 bar, temperature of 300 ◦C, and H2/oil molar ratio of 2.5:1.
For the different feedstocks studied, a conversion of more than 96% to HC was observed,
and it was also highlighted that the type and amounts of HC were mainly related to the
initial composition of the vegetable oil (e.g., the green diesel from olive oil produced only
high amounts of C15 and C17 HC; green diesel from palm oil contained several HCs from
C15 to C18). In addition, Silva et al. [287] determined that the obtained green diesel had
better density, viscosity, and CN values than biodiesel and petrodiesel.

Azizan et al. [288] carried out a thermodynamic equilibrium analysis through the
Aspen HYSYS software to study the thermodynamic interaction between H2 and triolein
(in the range of 5–25), pressure (from 10 to 140 bar), and temperature (in the range of
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100–300 ◦C). The simulation revealed that the optimal H2/triolein molar ratio was 5:1, and
at a pressure of 70 bar a high volume of green diesel was produced (around 3 kmol/h, 100%
C17 and C18).

The modeling and simulation of DO processes is a fundamental step to improve
them from an energy point of view. In fact, this can be achieved through the application
of strategies such as energy integration or process intensification. Some examples of
simulation studies involving energy aspects are provided below.

Chu et al. [289] modeled the HDO process of some vegetable oils (camelina oil, carinata
oil, and WCO), quantifying the demand for H2, energy and the electricity needs. The
demand for thermal energy was estimated to equal 2.8 GJ/ton for WCO, 5.2 GJ/ton for
carinata oil, and 5.7 GJ/ton for camelina oil. The electricity demand was estimated at
73 kWh/ton of oil for the WCO, compared with 180 kWh/ton of oil and 227 kWh/ton of
oil for the carinata and camelina oils, respectively. Chu et al. [289] commented that the
predictions of thermal energy requirements were lower than the literature data because of
their simulated thermal integration between the oil extraction, conversion, and distillation
processes. Finally, they predicted that the higher electricity requirements for camelina and
carinata processing, compared with WCO, were due to the additional energy needed for
oil extraction.

The simulation by Kittisupakorn et al. [290] was focused on the energy optimization
of the hydrotreatment process to produce green diesel from palm oil. The simulated results
were verified by validation with experimental results from [259] in terms of the green diesel
yield and purity, distribution of the liquid product, and percentage of HDO, DCO, and
DCO2 occurring in the process. The difference between the experimental and simulated
data was less than ±2%. The authors of the paper also considered energy optimization
strategies (three types of heat exchanger networks) to minimize the energy consumption of
the process. They noted that these optimization strategies reduced energy consumption by
more than 80%; in particular, one of the proposed strategies reduced power consumption
by 111,195 kW.

Data from simulations can be exploited to perform technical–economical evaluations,
as shown in the following studies concerning green diesel production.

Martinez-Hernandez et al. [291] performed a simulation and techno-economic anal-
ysis to produce bio-jet fuel and green diesel from the hydrotreatment of vegetable oils
(mixture of different TGs). A Monte Carlo simulation was performed to find the minimum
selling price of green diesel (depending on feedstock price and production capacity). The
simulation and process analyses were performed in SuperPro Designer® and linked to
Excel Visual Basic for Applications to run Monte Carlo simulations and obtain robust
estimates. The results showed that for a 63,000 barrel/year green diesel production plant,
the minimum selling price required is 1 USD/liter. In the opinion of Martinez-Hernandez
et al. [291], the selling price turns out to be competitive with current fossil diesel prices;
therefore, they stated that green diesel production would be a very worthwhile investment.

Cheah et al. [144] performed a techno-economic evaluation of the catalytic DCO of
the rubber seed oil process for green diesel production using Aspen HYSYS V8.0 software.
Their assessments showed that in Malaysia the break-even price of green diesel was
3.45 MYR/kg (Malaysian ringgit currency), and the retail price was expected to be about
3.64 MYR/kg, which would require price support or an incentive scheme to be economically
competitive with petroleum diesel and biodiesel. They also performed a sensitivity analysis
to evaluate the effect on capital and operational costs of ±50% variations in several prices
and expenses (e.g., feedstock, H2, utilities, and maintenance and repair). The sensitivity
analysis highlighted that the cost of production is mostly influenced by the prices of rubber
seed oil and H2, whereas the administration, plant head, financial interest, start-up period,
and utilities and maintenance costs essentially had no impact on the minimum fuel selling
price. Finally, they concluded that significant opportunities must be developed to reduce
capital and operational costs through the optimization of process conditions (e.g., milder
process conditions).
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Salvador et al. [292] evaluated from techno-economic, environmental, and geospatial
points of view three scales of biorefinery for green diesel production from macauba oil
(4, 40, and 400, ktons per year of processed macauba oil). Their results from Aspen
Plus V10© simulations showed that the capital expenditure at the smallest scale of green
diesel production was four times higher than that at the largest scale. In addition, they
evaluated through a life cycle assessment (LCA) the carbon footprint of green diesel, which
is lower than that of petrodiesel. Their geospatial analysis in Brazil revealed that small-
scale biorefineries can be implemented near the macauba cultivations thanks to low land
use impact. Finally, they concluded that this biorefinery concept could generate both
socio-economic and environmental benefits.

6. Environmental Considerations, Life Cycle Assessment, and Costs of Green
Diesel Production

Industry interest in the use of green diesel is driven by related environmental benefits,
pledges to combat climate change, policy incentives, and economic competitiveness. In
addition to the reduction in GHGE, green diesel improves combustion and reduces air
pollutants (e.g., NOx) without compromising engine performance [15]. A rigorous assess-
ment of the environmental impacts of green diesel production is essential to stimulate
industrial development; in fact, life cycle assessment (LCA) or similar evaluation methods
have been widely used for years to identify viable and sustainable solutions. One of the
main objectives of this kind of study is to precisely assess the GHGE of the green diesel
production process. Furthermore, the energy and mass balances of the entire process can
be compiled, as well as impact analyses (e.g., ecotoxicity, human toxicity, wastes). This
approach allows a holistic view of the potential impacts associated with a product, process,
or human activity, from raw material extraction to end-of-life management.

Kalnes et al. [293] performed life cycle comparisons, determining that the green diesel
produced by the EcofiningTM industrial process has environmental benefits compared with
petrodiesel, biodiesel, and syndiesel (produced by Fischer–Tropsch, fed by syngas, derived
from biomass gasification). Compared with petrodiesel, green diesel offers between 66–84%
and 41–85% savings in fossil fuels and GHGE, respectively. From an investment point of
view, green diesel is competitive with biodiesel. However, Kalnes et al. [293] argued that
the return on investment (ROI) depends on: (i) the location of the plants; (ii) the mandatory
increase in the content of RE; (iii) the availability of renewable feed; and (iv) major state
subsidies and carbon tax credits.

The study performed by Pragya et al. [131] aimed to find out whether the net energy
balance (NEB) could be optimized for green diesel production from microalgae. They
studied two technologies for microalgae cultivation: (i) open pond pathway; (ii) photobiore-
actor. Their results showed that neither the open pond nor the photobioreactor produced
a positive NEB: even with the best possible pathway, the total energy consumption was
almost five times higher than the energy production, with a negative NEB of −4.07 MJ
(expressed as the difference between total energy output and total energy input). The
microalgae culture, electricity use during harvesting, and drying of the microalgae were the
most energy-consuming activities. Pragya et al. [131] concluded that, although microalgae
have enormous potential as an alternative source of RE, research and development in green
diesel production from microalgae has a long way to go. Handler et al. [294] carried out
an LCA study concerning green diesel from algae to investigate the specific impacts of the
combination of different algae cultivation techniques. The results showed that the greatest
contribution to GHGE comes from the cultivation phase (25–87 gCO2e/MJ of produced fuel)
and dehydration operations (60–150 gCO2e/MJ of produced fuel). They determined that
if a portion of the algae is not available for internal heat and power generation, favorable
environmental aftereffects can be achieved when algal operations are used to compensate
for nutrient management activities (e.g., biological nutrient removal at a water treatment
plant). Finally, they concluded that growing algae on exhaust effluent would reduce GHGE
by more than 85%.
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Hemanandh et al. [295] assessed different mixtures of hydrotreated jatropha oil in
a diesel engine. Performance and emissions data (about CO, HC, CO2, and NOx) of
hydrotreated and transesterified jatropha oils were compared with those of petrodiesel.
The results showed a decrease in emissions compared with petrodiesel: (i) CO was reduced
by 18.75% (for the mixture of hydrogenated jatropha oil and petrodiesel) and 33.33% (pure
hydrogenated jatropha oil), (ii) HCs by 25.6% and 47.38%, (iii) CO2 by 18.75% and 26.25%,
and (iv) NOx by 9.09% and 18.18%, respectively.

Xu et al. [15] evaluated the energy consumption and GHGE during the production
cycle of renewable diesel from PFAD. PFAD can be classified as the residue, by-product, or
co-product of the fatty acid distillation process. Depending on how PFAD was classified,
the results of the LCA performed by the authors provided different results: in any case, the
production of green diesel derived from PFAD could reduce fossil energy consumption by
77–88% compared with that of petrodiesel, but the related GHGE varied widely. If PFAD
is classified as a residue or by-product, green diesel from PFAD could reduce GHGE by
85% or 84%, respectively, but if PFAD is treated as a co-product, the derived green diesel
reduces GHGE by 67%. In addition, Xu et al. [15] showed that emissions from the green
diesel production stage (11.5 gCO2e/MJ) accounted for 77% of the well-to-wheels emissions
for PFAD-derived green diesel.

Riazi et al. [118] studied the use of poultry fat, beef tallow, and soybean oil as raw
materials to produce green diesel. They calculated the life cycle GHGE of green diesel
production from these three raw materials, resulting in a range from −8.7 to 47.2 gCO2e/MJ,
also considering the change in land use. Emissions vary depending on the co-products
and allocation rules used, which may affect compliance with energy policies. They used
thermodynamic models and experimental data to build life cycle inventory (LCI) models
to predict the global warming potential (GWP) of green diesel from melted animal fat
and soybean oil, demonstrating a a 48% to 110% range of reduction for soybean oil and
beef tallow, compared with all feedstocks related to petrodiesel. Finally, Riazi et al. [118]
concluded that green diesel can be produced from animal fat waste or in combination with
soybean oil.

Arguelles et al. [296] carried out an LCA to account for the environmental impact
of green diesel production considering five phases: palm plantation, palm oil extraction,
palm oil refining, and the production and use of green diesel. The results showed that a
negative balance of GHGE (−7.32 gCO2eq/MJ) was obtained during the production and
use of green diesel; this negative balance equaled a decrease of about 110% starting from
the GHGE associated with petrodiesel extraction and use (+87.54 gCO2eq/MJ, i.e., CO2eq
emitted). However, the production of green diesel had a significant environmental impact
in the category of human toxicity due to the high consumption of agrochemicals used for
the cultivation phases.

Madden et al. [297] performed a sustainability study of green diesel production
processes, analyzing the environmental, economic, technical, and fuel quality aspects. The
TOPSIS method (Technique for Order of Preference by Similarity to Ideal Solution) was
used to classify green diesel production alternatives. The results showed that the most
favorable processes were those associated with the production of diesel through Fischer–
Tropsch synthesis, followed by catalytic HDO of vegetable oils, and green diesel production
by DO of algae oil. The results also showed that the green diesel production from algae oil
is the least favorable, as this has the highest impact on the water scarcity footprint and the
cost of production.

7. Industrial Green Diesel Production

In order to complete the picture, the technological readiness level (TRL) of green diesel
production must be considered. This study was carried out by Gruttola et al. [298] who
examined the development of green diesel production by hydrotreatment of vegetable oils.
The conversion of oils into green diesel emerged as a mature technology, and a TRL of 9
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was assigned to this process. In fact, it is already widely developed in the industrial field
but still needs technological improvement.

The global green diesel capacity is expected to reach 14.63 million tons in 2024, while
the global demand is projected to reach 12.88 million tons during 2020–2024 [299].

Green diesel production by catalytic DO of TG and fatty-acid-based biomasses has
been commercialized by Neste, Diamond Green Diesel, UOP/Eni, Renewable Energy
Group Inc., AltAir Fuels, Exxon Mobil, and UPM Biofuels. The global green diesel market
in 2017 saw the production of 2.1 × 109 gallons [70].

Neste proposes the NExBTL (next-generation biomass-to-liquid) technology. It is
based on catalytic HDO to produce pure HCs with high energy density [298]. Their plants
in the Netherlands and Singapore both reach production capacities of 1 million tons per
year [88].

Diamond Green Diesel has a production plant (Ecofining™ technology) in the USA
that performs hydrogenation and isomerization of animal fats, algal oils, and WCO to
obtain high-quality biofuels [88]. Ecofining™ technology has led to a reduction in GHGE of
up to 80%, recycled 2.3 billion pounds of waste, and produced around 290 million gallons
of green diesel per year [300]. The produced fuel was commercialized in Europe, Canada,
and California [300].

The same technology (Ecofining™) is also applied in Italy by UOP/Eni. Their plant
(capacity of 7.8 × 104 tons per year) uses vegetable oils, animal fats, and WCO as raw
materials to produce green diesel [301]. AltAir Fuels uses the Ecofining™ technology too,
whose plant is in California.

Ecofining™ [300] and NExBTL [301] can also be used to produce jet fuel. Both NExBTL
and Ecofining™ consist of two packed-bed stages of HDO and isomerization, with efficient
integration into existing purification processes, allowing a reduction in investment and
operating costs [89]. As a constraint, these processes consume high quantities of H2 (300–
420 m3 of H2 per m3 of feedstock) [302].

Renewable Energy Group produces BeyonDTM, a high-quality sustainable jet fuel
derived from oils and fats [303]. They also produce VelociDTM fuel from renewable oils and
fats: compared with petrodiesel, VelociDTM fuel can reduce engine emissions including
fossil carbon by 100%, particulate matter by 40%, and NOx by 15% [304].

UPM Biofuels produces BioVerno green diesel from tall crude oil (a residue of pulp
production), which has high CN and low aromatic content and is sulfur-free [305]. BioVerno
green diesel can be blended with petrodiesel in low or high concentrations or used
alone [305]. This green diesel is compatible with all diesel engines and fuel distribution
systems [305]. The BioVerno GHGE are 80% lower than petrodiesel.

Exxon Mobil produces green diesel from bio-feedstock with EMRDTM technology [306],
which consists of two stages: (i) catalytic HDO and (ii) isomerization of the n-paraffins to
iso-paraffins, to improve cold flow properties [306].

To commercialize green diesel, the companies must respect the standards outlined by
the American Society for Testing and Materials (ASTM) and the International Organization
for Standardization (ISO): some of them are reported in Table 6.
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Table 6. ASTM and ISO standards for green diesel [188,260].

Properties Standard

Kinematic viscosity ASTM D445
Density ASTM D1298
Stability ASTM D2274
Lubricity ISO 12156/1

Distillation properties ASTM D86
Flash point ASTM D93
Ash content ASTM D482

Water content ASTM E203
Cetane index ASTM D613

Calorific value ASTM D240
Pour point ASTM D97

Cloud point ASTM D2500

8. Final Remarks and Future Perspectives

A certainty emerges: the world must rapidly switch to RES. The reduction in global
GHGE and the increase in renewable fuels share in the transport sector are among the main
global goals to be achieved in the years ahead. Green diesel production by catalytic DO of
TG-based biomasses is a prominent technology which should continue its development.

This review found a general consensus about the better properties, performance, and
environmental aspects of green diesel in comparison to biodiesel and petrodiesel.

Attention must be paid to the deployment of primary and secondary reactions in-
volved in the DO process and to the process conditions, which could influence the com-
position of the produced green diesel. The conditions that most influence the product
quality and quantity are temperature, H2 partial pressure, and reactor type. Mass transfer
limitations must also be taken into account; when dealing with heterogeneous catalysis,
three resistances (i.e., at the gas–liquid interface, at the liquid–solid interface, and in particle
pores) influence the overall performance of the process. In this regard, according to the
authors, the literature appeared to be scarce in terms of experimental and modeling studies,
so one of the future research directions should concern the extended investigation of mass
transfer in DO processes.

The choice of feedstock is a key issue in green diesel production as it can affect the
feasibility of the process. For the selection of feedstock, there are some aspects that must
be considered: (i) commercial availability; (ii) seed oil yield; (iii) local cropping pattern;
(iv) competition with the food industry and cropland; (v) cost of raw material; and (vi)
TG composition. Processes based on waste TG/fatty acid biomasses are more desirable
from an environmental point of view. WO and pork fat are considered very interesting
waste materials for the DO process, thanks to their high local availability, good fatty acid
composition, low cost (or in some cases no cost), and absence of competition with the food
and cropland chains.

Regarding heterogeneous catalyst choice, a singular catalyst that showed unequivo-
cally the best performance was not found. Noble-metal-based catalysts have good catalytic
performance but entail high costs. Non-noble metals, such as Ni/Co/Cu-based catalysts,
are not only cheaper but have good properties, especially when combined in bimetallic
forms. Bimetallic catalysts seem to ensure better performances than monometallic ones,
as the union of two non-noble metals improves the interaction between the metals and
support; offers better properties in terms of the number of active sites, specific surface
area, and acidic centers; and decreases the possibility of catalyst deactivation. The choice
of specific support can improve catalytic activity and change the acidic properties of the
catalyst, which is reflected in better resistance to catalyst deactivation (e.g., leaching, cock-
ing). A current trend was noted, with experimental studies particularly focused on the
development of Ni-based catalysts, due to the low costs of Ni and acceptable activity.

Engineering aspects were investigated as well in this review.
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Stirred and autoclave batch reactors are the most widely used at small scales (i.e.,
laboratory scale or small industry scale), while packed-bed reactors and CSTRs are operated
for industrial applications due to their ease of operation and lower operating costs.

The authors of this review also focused on process simulations that studied: the feasi-
bility of the DO processes; the physical–chemical properties of the obtained product; the
optimization of the most influential process parameters; the costs of the process; and the
consumption of raw materials. Process simulations always use models that introduce ap-
proximations and user assumptions but allow the description of some properties in a wide
range of operational parameters, which might not be possible to be investigated differently.

LCA and other similar methods were also taken into account in this review. The
reported studies confirmed that green diesel production and usage can overall be an
environmentally friendly practice, thanks to its ability to reduce GHGE. These analyses also
highlighted that the potential of microalgae as an alternative feedstock for third-generation
biofuels must still be balanced by an overall favorable environment or energy performance
of all related processing phases; therefore, research and development in algae-based green
diesel production is still needed.

The successful path of green diesel is assessed by the development up to TRL 9 of
different production processes.

The future of green diesel could include a better harmonization with waste disposal,
e.g., the development of territorial technology solutions for medium-scale green diesel
production from WCO, with the collection of WO also operated in the same plant. The main
advantage of this chain should be the green diesel production from waste at a territorial
level, thus reducing not only emissions related to fuel/feedstock transportation but also
the cost of the produced fuel.

The reduction in production costs is one of the key issues, as it can be achieved
using waste raw materials (such as WCO, CHO, and SCGO), but it also depends on the
costs related to H2 consumption and operating conditions. These last two cost items can
be reduced by developing more efficient catalysts that allow milder reaction conditions;
furthermore, hydrogen-donor catalysts could be developed.

In the future, green diesel may replace current petrodiesel, so its commercialization
requires government funding or support and especially public awareness of sustainability
concepts to promote the advantages of renewable fuels. The commercialization of green
diesel is even more important when we consider that the total replacement of the diesel
engine with electric vehicles is not currently possible due to commercial transportation of
goods on a large scale.

The hope is that the world can move toward a sustainable economy and that govern-
ments can promote the use of sustainable biofuels such as green diesel.
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Appendix A. Catalyst Characterization

The characterization of DO catalysts usually includes: (i) nitrogen physisorption/
desorption; (ii) temperature-programed NH3 desorption (TPD); (iii) X-ray diffraction (XRD);
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(iv) transmission electron microscopy (TEM); (v) scanning electron microscopy (SEM);
(vi) energy-dispersive X-ray spectroscopy (EDS); (vii) temperature-programmed reduction
(TPR); (viii) X-ray photoelectron spectroscopy (XPS); (ix) inductively coupled plasma atomic
emission spectroscopy (ICP-AES); and (x) Fourier transform infrared spectroscopy (FTIR).

Nitrogen physisorption is used for determining the surface area, pore size distri-
bution, and pore volume of catalysts. The Brunauer–Emmett–Teller (BET) and Barrett–
Joyner–Halenda (BJH) methods determine the surface area and porosity of catalysts, respec-
tively [255]. For green diesel catalysts, about 0.1–0.2 g of solid is typically degassed at 150–
300 ◦C; afterwards, the N2 adsorption measurement is performed at −196 ◦C [170,187,255].

TPD is a useful analysis for determining the acidity of the supports. Usually, for DO
catalysts, NH3 absorption is carried out in the temperature range of 100–600 ◦C [123,255],
under a mixture of 5% NH3/He [187].

XRD identifies the crystalline form of catalysts and is useful for calculating the sizes of
crystallites through Scherrer’s equation [307]. In general, for green diesel catalysts, low-
angle data are collected in a 2θ range of 0.05–10◦ with a scan rate of 2 ◦/min, while wide-
angle data are collected in a 2θ range of 10–90◦ with a scan rate of 2 ◦/min [137,170,307].

TEM analyzes the particle size and distribution of active catalytic phases (e.g., dis-
persed metals on supports) and examines the morphology of catalysts [83].

SEM gives information about the dispersion of active metals on the support of catalysts,
as well as morphological properties. Generally, SEM and TEM are equipped with EDS,
which performs an elemental analysis of the samples [83]. For catalysts used in green
diesel production, SEM typical parameters are an accelerating voltage of 20 kV with a beam
current of 10 nA [152,189,254].

H2-TPR is a fundamental analysis as it determines the reduction temperatures of
catalysts. The analysis uses H2 flowing in a tubular reactor [308]. Downstream to the reactor,
there is a thermal conductivity detector, which measures the change in concentration of H2,
in turn related to H2 consumption and then to intensities of reductive processes [308]. The
TPR profile determines the reducibility of catalysts and indicates some information about
the interaction between the metal and support [308]. For instance, a green diesel catalyst is
placed in the reactor, and an H2/Ar mixture passes through the reactor for around 40/60
min at room temperature [83,152]; the temperature is then increased to a maximum of 1000
◦C with a constant rate of 5–10 ◦C min−1 [143].

XPS analysis determines the chemical and elemental composition of a catalyst at its
surface and the relative content of some functional groups [63]. XPS uses an Al Kα1 X-ray
source, with different pass energies (e.g., 187.5–58.7 eV by Wang et al. [96] for a Ni-based
catalyst and 840–890 eV by Li et al. [309] for a Ni/ZSM-22 catalyst).

ICP-AES performs the elemental analysis of the catalysts and determines the concen-
trations of constitutive elements [310,311].

FTIR identifies the molecular composition of surfaces and the structural orientation in
catalysts and quantifies impurities [312]. The samples are mixed with KBr and compressed
for testing; the scanning range is 400–4000 cm−1 [255]. Moreover, FTIR analysis identifies
specific functional groups of catalysts [63].

To evaluate the amount of coke deposition combustion, thermogravimetric analysis
(TGA) can be performed. The curve derived from this analysis shows the weight loss of
the sample. The temperature at which most of the weight loss occurs is the temperature
at which the coke deposit can probably be removed [308]. An example of the procedure
involves inserting a few mg of catalyst into the instrument [243,308] and heating it from
room temperature to about 1000 ◦C under a flow of dry air [253].

It is helpful to stress that it is important to characterize a new material before assessing
it, as the previously cited analyses could provide information about the material properties
and functionality. Finally, it is even more useful to characterize materials before and after
testing, as the results can guide the understanding of phenomena that occurred during
the process.
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