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Abstract: Energy crops are dedicated cultures directed for biofuels, electricity, and heat production.
Due to their tolerance to contaminated lands, they can alleviate and remediate land pollution by the
disposal of toxic elements and polymetallic agents. Moreover, these crops are suitable to be exploited
in marginal soils (e.g., saline), and, therefore, the risk of land-use conflicts due to competition for
food, feed, and fuel is reduced, contributing positively to economic growth, and bringing additional
revenue to landowners. Therefore, further study and investment in R&D is required to link energy
crops to the implementation of biorefineries. The main objective of this study is to present a review
of the potential of selected energy crops for bioenergy and biofuels production, when cultivated
in marginal/degraded/contaminated (MDC) soils (not competing with agriculture), contributing
to avoiding Indirect Land Use Change (ILUC) burdens. The selected energy crops are Cynara
cardunculus, Arundo donax, Cannabis sativa, Helianthus tuberosus, Linum usitatissimum, Miscanthus
× giganteus, Sorghum bicolor, Panicum virgatum, Acacia dealbata, Pinus pinaster, Paulownia tomentosa,
Populus alba, Populus nigra, Salix viminalis, and microalgae cultures. This article is useful for researchers
or entrepreneurs who want to know what kind of crops can produce which biofuels in MDC soils.

Keywords: herbaceous species; forest crops; microalgae culture; marginal soils; degraded soils;
contaminated soils; chemical process; biochemical technologies; thermochemical process; energy
potential

1. Introduction

Dedicated energy biomass production, the so-called energy crops, has experienced a
rapid expansion in some countries, mostly related to the use of agricultural crops (mainly
annual crops), for liquid biofuels production. Energy crops are species that can be produced
to generate energy as electricity/heat or biofuels, helping to reduce the generation of
greenhouse gases (GHG) mainly by the energy and transport sector [1], due to their inherent
photosynthetic capabilities and renewable characteristics. Moreover, their exploitation can
help countries achieve energy security and contribute to local and regional development
and growth [2], by serving as a source of income for many agricultural producers [3]. In
addition, these species should not be considered for food and feed like tubers, grains, and
maize, among others [4], to avoid competition for food, feed, and fuel. Moreover, energy
crops represent alternative biomass for supply to biorefineries. Moreover, lignocellulosic
species for second-generation fuel production [5] and non-food species, represent an
important feedstock for many industrial uses.
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The advantages of energy crops are also applicable to lignocellulosic residues (part
of the species not suitable for harvesting), such as straw, bark, leaves, and bagasse from
herbaceous species and long fiber and hardwood from forest species. The reuse of any type
of biomass waste material such as forest waste (e.g., wood waste from the wood industries
and manufacture of pulp and paper), secondary waste (e.g., animal waste, organic material
from food companies, solid waste) and agricultural residues (e.g., short-rotation species,
cereals, among others) [6] allow reducing both the fuel load deposited in landfills and
the still latent dependence on fossil-based feedstocks [7], creating several environmental,
social, and economic opportunities. To comply with sustainability criteria, energy crops
value chains must present a reduction of GHG emissions when compared to those released
by fossil-based value-chains; the biomass production must not affect or alter negatively
the quality of groundwater, soil, or air, and for this reason, it is necessary to limit or to
avoid the use of chemical products such as fertilizers and pesticides, the biodiversity of the
area where the species are planted must be protected to avoid negative effects directly or
indirectly, and, finally, at the local level, the crops must not compete with the food sector
and, in parallel, should encourage the economic and social growth of the region [6,8,9].

Herbaceous crops, like the giant reed, switchgrass, reed canary grass (Phalaris arundi-
nacea), miscanthus, and perennial ryegrass (Lolium perenne) are crop species that can be cut
annually after planting and the rhizomes must be left in the ground to ensure continued
growth, a procedure that can be maintained for 15 years or longer, therefore, they are also
classified as perennial crops. The perennial energy crops (or multi-annual plantations) do
not need the incorporation of considerable quantities of pesticides and fertilizers, they help
to avoid soil erosion, present low soil fertility requirements [10], and help in the recycling
of organic components in the soil [11]. The short cycle coppice like poplar (Populus spp.),
eucalyptus (Eucalyptus spp.), paulownia [Paulownia tomentosa (Thunberg) Steudel], and
willow (Salix spp.) are woody species characterized to be fast-growing and can be cut and
regenerated every 3 to 5 years over a 25-year period, with the purpose of obtaining in a
short time high yields for energy generation [5]. Microalgae also present high potential as
an energy crop because they can accumulate sugars and oils for later direct conversion to
biofuels (e.g., bioethanol).

These types of crops when grown in soils with low Indirect Land Use Change (ILUC)
risks, namely, soils considered as Marginal/Degraded/Contaminated (MDC), release
environmentally clean emissions, and, as compared with fossil fuels, they once represented
a negative impact on the atmosphere concerning the quantity of produced carbon dioxide
(CO2) [10]. Yet, these species cannot be cultivated on agricultural terrain with a high carbon
(C) soil quantity [5], rather appropriate agricultural and forestry models of these plantation
crops should be created [4], and when liquid, solid, and gaseous biofuels are produced (in
some cases), the organic by-products can be used as animal feed and fertilizers [10], as a
way of continuing the raw material cycle.

The main objective of this review is to present the potential for bioenergy and biofuels
from energy crops with low ILUC risk. The potential of energy crops must motivate each
producer, entrepreneur, and beneficiary for greater implementation of these species in
the diverse processing options (chemical, biochemical, and thermochemical) to generate
economic, social, and environmental benefits. It is important that energy crops that present
a high potential for bioenergy generation and the recuperation of soils with low ILUC risk
are identified to fulfill one of the world’s goals, the reduction of GHG.

This paper was developed through a bibliographic search of scientific articles to
demonstrate the relevance in several aspects (biofuels, energy, bioproducts, and soils) of
the energy crops detailed here. Although there are many more species considered low
ILUC energy crops, the selection of the species was carried out based on already known
information on crops that grow and adapt to the climatic conditions of Portugal, with
the ability to develop in MDC-type soils and with phytoremediation potential (recovery
of contaminated land) and phytoextraction (reduces the leaching of heavy metals (HMs)
for groundwater) [12]. The keywords used were common (e.g., Cardoon) and scientific



Energies 2022, 15, 4348 3 of 68

(e.g., Cynara cardunculus L.) names of each species along with the bioenergy, biomass, and
biofuel words. The databases or data sources and journals where the research was carried
out were Science Direct, the open-access website Multidisciplinary Digital Publishing
Institute (MDPI), Wiley Online Library, Springer, and Google to find relevant information
from articles available online. More importance was given to information published in
the last eight years and in magazines related to biomass, bioenergy, biofuels, or similar.
However, there was relevant information from articles preceding the last eight years
because it was referenced in more current articles.

2. Conversion of Low ILUC Risk Energy Crops to Biofuels
2.1. Herbaceous and Other Crops

Herbaceous crops were chosen because they are species that present several envi-
ronmental benefits such as high nutrient and water use efficiencies, erosion control, soil
stabilization, and carbon storage, they contribute to the landscape and biological diversity
and have a low need for inputs, namely fertilizers and pesticides [10,13–17], and help in
the recycling of organic components in the soil [11]. For example, miscanthus presents an
extensive and deep rooting system, a lengthy permanence in soil, and the translocation
of nutrients from aerial biomass to the rhizomes at the end of the vegetative cycle, which
reduces the need for high application of fertilizers to ensure growth [18]. Jerusalem arti-
choke is a low-energy intensive crop with several advantages over traditional agricultural
crops (grain crops) including rapid growth, elevated biomass generation, and low external
production costs (e.g., it needs a low amount of fertilizer, pesticides, or water [19]). All
these species are also more widely known from an agronomic point of view and from a
commercial point of view they are already on the market, some more present than others.

Virginia fanpetals [Sida hermaphrodita (L.) Rusby] is a crop that has aroused great
interest by many researchers, mainly in Northern Europe, because it is a species that easily
adapts to the climatic conditions of these regions and acts as a phytoremediator [20] in
contaminated soils with HMs [21], soil poor in organic matter, and in rocky and sandy
soils, and it stores carbon in its roots (hence underground) allowing GHG mitigation [22].
Sida hermaphrodita has high potential as an energy crop in solid fuel production such
as pellets [23] being burned in combustion processes and for biogas (or biomethane)
production [20–22,24], and it is also suitable for the formation of by-products such as fiber,
forage, and in pharmaceutical applications [20]. Based on these characteristics, it can be
said that Virginia fanpetals is a potential competitor for the herbaceous energy crops that
are included in this work. Currently, it is not cultivated in the territory of Portugal, so it
can be risky to implement it in the country, however, there is no doubt that for future work,
it would be very interesting to develop a study on the viability of this species in Portugal,
to investigate its possibilities and increase list of new cultures with potential in the territory
as an ILUC crop.

Another advantage of herbaceous crops is that they can be implemented in Wastewater
Treatment Plants (WWTP), e.g., Cynara cardunculus, giant reed, hemp, linseed, and sorghum.
Moreover, some crops can have multi-products, e.g., paper pulp production (giant reed,
hemp, miscanthus, sorghum, and switchgrass species), which can help to alleviate the
excessive exploitation of eucalyptus. These crops, e.g., sorghum, present also the ability
to capture big quantities of CO2 from the atmosphere, converting it into sugars [25], thus
helping to mitigate climate change.

Herbaceous species also present some constraints. For example, crops that have
biomass characteristics that are not favorable for energy use, e.g., cardoon due to the amount
of N. Giant reed is considered invasive, which can legally prevent its implementation as an
energy crop, and for this reason, it is necessary first to use what already exists and then
to implement it in a controlled manner. Some crops also present limited yields with low
rainfall, and this can compromise production in Mediterranean countries. Even for the
production of those crops in soils with low ILUC risk, there are still some barriers to their
promotion for energy purposes: e.g., hemp presents legal impediments to its production in
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many countries, and in other countries, there is a significant market competition in seed use
for food purposes, and the suitability of the stalk to several applications with significant
commercial value should also be noted. Linseed oil can also be used in the production of
vegetable oils for the food sector, a factor that may limit its great expansion as an energy
crop, however, when the plantation is applied in soils not suitable for agriculture, its final
destiny will be always to produce biofuels or by-products.

The chemical composition of the different herbaceous and oilseed crops is presented
in Table 1, for easier comparison between them.

Table 1. Chemical composition of herbaceous and other crops.

Energy Crops Cellulose
(% w w−1)

Hemicellulose
(% w w−1)

Lignin
(% w w−1)

Ash
(% w w−1)

Extractives
(% w w−1)

Other Components
(% w w−1)

Cynara cardunculus
(stalks) [7,26] 34 18.5 (14–23) (5–11) (13–21) -

Cynara cardunculus
(seeds) [27] - - - - -

Fat content (17–24),
protein (26–30), and

fiber (20–28)

Arundo donax
[6,28,29] (21–45) (7–36) (6.7–34) (2.3–8) (12–22) -

Cannabis sativa [7,30] (33–74) (7.6–16.6) (2.2–29) (2.6–7.6) (3.7–20) (0.3–23.1)

Helianthus tuberosus
(tubers) [6,31–33] (28.5–49.4) (10.2–16.8) (14.5–22.2) 4.7 12.1 N (1.45–1.55)

Linum usitatissimum
[34] - - - - -

Fatty acids [stearic
(2–4), palmitic (4–7),
linoleic (35–40), oleic

(25–40), and
α-linolenic (25–60)]

Miscanthus ×
giganteus [6,29] (43–58) (16–34) (5.8–11) 2 (9–17) -

Sorghum bicolor
[7,25,35] (23.7–44.6) (20–27) (4.4–24.7) 0.4 - -

Panicum virgatum
[7,35–37] (31.8–45) (20.3–36)

[xylan (25–27)] (7.4–31.2) (3.2–5.7) - -

As can be seen in Table 1, species such as cardoon and linseed have the potential for
biodiesel production since oil can be obtained from the seeds. Another species that also
has this characteristic, despite not being specified in the table, is hemp, as oil can also be
obtained from the seed. Due to the amount of cellulose and hemicellulose (polysaccharides)
present in each species, all herbaceous species have the potential for second generation
bioethanol production.

For biodiesel production, the species that have potential as raw materials are cardoon,
hemp, Jerusalem artichoke, linseed, and sorghum. Comparing the different crops, hemp is
the one that presents a higher yield in oil. [38,39].

Species such as cardoon, hemp, Jerusalem artichoke, giant reed, miscanthus, sorghum,
and switchgrass can be applied in biochemical technologies (anaerobic digestion (AD)
and alcoholic fermentation) and thermochemical processes (combustion and pyrolysis).
Based on studies and related data, some crops, such as sorghum from ensiled sorghum
forage [40,41] and giant reed [42], show promising potential for AD technology. In the
case of bioethanol, some crops, such as hemp [43] and JA species [44] have also shown
promising potential. Biohydrogen production is another promising option, for example,
through the exploitation of cardoon and sorghum bark [45].

Herbaceous crops also show promising results with thermochemical processes, such as
pyrolysis of miscanthus [46]. Regarding the hydrothermal processes, crops like miscanthus
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and sorghum have shown potential. Through hydrothermal liquefaction (HTL), it is
possible to obtain biochar and bio-oils, with good yields, for example, when sorghum is the
feedstock [41,47].

In the following Sections 2.1.1–2.1.8, a revision of promising options for energy with
different crops are presented.

2.1.1. Cardoon (Cynara cardunculus L.)

Cynara cardunculus is a herbaceous perennial crop [48], belonging to the family Aster-
aceae, order Asterales, and class Magnoliopsida [49]. The seed productivity can attain
1.3 t ha−1 [50].

Traditional use, knowledge, and application of Cynara cardunculus are not recent. In
the Mediterranean regions, aqueous extracts of cardoon flowers are utilized for human
consumption, as coagulants in the traditional fabrication of sheep’s milk cheeses, giving
them unique characteristics of excellence in texture and taste [51]. The cardoon residues
can be utilized for the food sector in the generation of natural preservatives and in the case
of oil extracted from the cardoon seed, the surplus material that represents a considerable
amount, namely, 81 g 100 g−1 of seeds, can be applied as animal feed or as biofertilizer [52].
On the other hand, cardoon leaf infusions are known in folk medicine for regulation of
the hepatobiliary system [53], as an anti-inflammatory, antiviral, antimicrobial, antioxi-
dant, antihyperglycemic, antidiabetic, antiproliferative, antibacterial, and anti-HCV, among
others [52]. The cardoon stalks are utilized in the paper factories due to the fiber content
(cellulose) that can be found in this material [54]. Other applications are the use of cardoon
to obtain phytochemical compounds for the pharmaceutical sector (polyphenol-rich sheets
that have also been applied in the cosmetic industry [55]), in the fresh green forage pro-
duction for animal feed, and as reinforcement in structural composites, among other wide
variety of uses [51]. It is also possible to obtain a great diversity of bioproducts from Cynara
cardunculus, such as biolubricants, bioplastics, fragrances, personal hygiene materials, and
household items, among others [56]. New uses have been given to various substances that
make up the different constituent parts of cardoon, such as obtaining dietary fibers, includ-
ing inositol, hemicellulose, inulin (fructose polysaccharide extracted from the roots [55])
and cellulose pectin, minerals, and sesquiterpenes lactones such as cynaropicrin, among
others [52].

The cardoon is considered a species with high biomass yield with a huge potential
for bioenergy production, namely, biodiesel (as cardoon is one of the species with the
highest generation of fatty acids) [57], biomethane [58], and bioethanol [48], as well as
other processes such as thermochemical [48] like combustion, gasification, and pyroly-
sis [51], biohydrogen [59], and solid biofuel [51,60] production. Another application is the
biokerosene generation from cardoon biomass pyrolysis in which it is possible to achieve a
34.72% yield [61].

Biodiesel production from yeast using the cardoon stalks as raw material within a
biorefinery model was studied by Barbanera et al., 2021 being also made a Life Cycle
Assessment (LCA) study from the cradle-to-gate for assessing the environmental factors.
It was concluded that this type of biodiesel has great environmental advantages, as the
emissions of GHG are −1.5 g CO2eq MJ−1, being negative because of the positive credits
that the by-products provide [62]. In another study, the obtainment of biodiesel and
biolubricants was studied, also in a biorefinery model from cardoon oil, being applied to
the transesterification process with methanol and other more complex alcohols (e.g., 2-ethyl-
1-hexanol and 2.2-dimethyl-1,3-propanediol). The biolubricants were obtained from fatty
acid methyl esters (FAMEs) from cardoon oil with the most complex alcohols. However,
to ensure that this type of oil is promising on a large scale (biorefinery), it is required to
increase the oxidative capacity of biodiesel (1.35 h). In relation to other materials, the
biolubricant yields that are admissible and higher than 92% are also obtained for products
with high commercial value such as glycerol and in the case of methanol, this can be
reused [63].
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Biomethane production through the anaerobic digestion (AD) process was evaluated
using cardoon as raw material, using two cultivated species and one wild type. The
cultivated species were allowed to obtain higher amounts of both biomass and biomethane,
producing 19.1 and 16.8 t DM (dry matter) ha−1 year−1 and a biomethane volume of 4074
and 4162 Nm3 when compared to 11.8 t DM ha−1 year−1 and 2867 Nm3 of biomethane
obtained with wild cardoon. Therefore, Cynara cardunculus is considered to be an energy
crop with great potential for implementation in biomethane production [64].

The high potential of Cynara cardunculus biomass to produce bioethanol [65] has been
well studied. Ethanol-water (EW) pre-treatment was implemented for the fragmentation of
lignocellulosic biomass present in the cardoon to improve the glucose yield after enzymatic
saccharification. A high yield of glucose was obtained (around 72%) after 60 min, at
190 ◦C, with a liquid/solid ratio of 20 L kg−1 and ethanol concentration of 25%, with
possible retention of glucans greater than 97%, as well as the removal of xylans greater
than 68% and lignin greater than 58% [66]. The thermochemical pre-treatment of cardoon
biomass using sodium hydroxide (NaOH) is a very efficient hydrolysis method to obtain
a maximum value of methane yield between 0.5 up to 0.6 L methane g−1 VS [67]. The
alkaline extraction after Cardoon Steam Explosion Pre-treatment (CSEOH) allows for
obtaining an ethanol concentration of 18.7 g L−1, with 66.6% of fermentation efficiency
and a yield of 26.6 g ethanol 100 g−1 CSEOH or 10.1 g ethanol 100 g−1 of untreated
material (cardoon) [68]. In another study, two processes were studied separately after
Steam Explosion (SE) pre-treatment, namely, Semi-Simultaneous Saccharification and
Fermentation (SSSF) and Separate Hydrolysis and Fermentation (SHF). SSSF allowed
obtaining a yield of ethanol of 13.64 g of ethanol 100 g−1 of cardoon, a value slightly higher
than that of SHF (13.17 g of ethanol 100 g−1 of cardoon) as well as a shorter processing time
of 24 h for SSSF, when compared to the SHF [69].

Currently, the application of cardoon to Wastewater Treatment Plants (WWTP) has
been of great importance. The behavior of the Cynara cardunculus when wastewater (WW)
and digested sewage sludge were applied in a Spanish plantation, specifically, in Alcázar
de San Juan, was evaluated, aiming at the implementation of this technology for thermal
energy production. Five parcels of 100 m2 w were evaluated, each one with different
irrigation, namely, drinking water taken as the control, treated WW, 1 t ha−1 of air-dried
sewage sludge, 2 t ha−1 of air-dried sewage sludge, and 0.7 t ha−1 of commercial inorganic
fertilizer. The moisture and heating value (High and Low) of cardoon in each parcel were
determined. The moisture was in the range [2.08–3.63%] and the Lower Heating Value
(LHV) and Higher Heating Value (HHV), were in the following ranges [3.68–3.84) kcal kg−1

DM (HHV) and [3.41–3.56] kcal kg−1 DM (LHV), respectively. As the difference was not
significant, they concluded that it is possible to obtain a similar quantity of energy when
the cardoon is irrigated with WW and sewage sludge or commercial fertilizer. The unique
problem that can be found in the sewage sludge is the high salinity, thus, it is important to
make a continuous characterization of this material [70].

In Portugal, cardoon was proposed for guaranteeing high productivity in the terri-
tory, namely, an area of 72,313 ha (0.81% of the total area in Portugal’s mainland which
corresponded only to degraded and marginal lands), with low requirements concern-
ing the soil and water type, and included energy production in several biochemical and
thermochemical technologies [71].

2.1.2. Giant Reed (Arundo donax L.)

Arundo donax L., also known as giant reed (family Poaceae, order Cyperales, and
class Liliopsida), is an erect, reed-like grass, herbaceous, perennial cane, aggressive and
invasive species with the capacity to reproduce quickly, either by seed propagation or by
vegetative propagation, being a primary threat to native riparian habitats worldwide and
out-competing native plant species in the access to soil-water.

Giant reed is a poly-annual culture that presents average yields of 15 to 40 t DM ha−1

year−1 [6,28,29]. This species can be applied for energy generation [72], paper pulp, and
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fiber production (e.g., cellulose for rayon fabrication), and is widely used as an ornamental
material for basket-work manufacture, barriers to gardens (trellises and garden fences),
crude shelters, construction and roofing materials, livestock fodder, fishing rods, and
arrows. Medicinally, the rhizomes and roots have been used for many uses, and culinary
uses of the young shoots and leaves, and the rhizome have been proposed [72,73]. It
has been also planted along ditches and drainage canals for erosion control or as a bank
stabilization agent. Although well known as an aggressive invasive species, the wide
commercial applications of Arundo donax wide will contribute to further development and
adoption of this crop, bearing in mind that the exploitation of this species and its invasive
character requires careful reflection [74,75]. With the constant search for biofuels that is
expected to increase over time, it is anticipated that the latent interest in this giant reed,
considering the high yields it presents, will increase.

Data collected by Corno et al., 2014 show that the giant reed presents major biomass
productivity in comparison with other energy crops, allowing a higher generation of biofuel
and energy per unit area. Therefore, it can substitute other energy crops, with a diminution
in the cost of biomass production. However, there is very little data about the utilization
of Arundo donax for energy and biofuels generation, therefore, so much remains to be
explored [76].

The conversion of A. donax into bioenergy has been carried out either by biochemical
pathways or thermochemical conversion routes. The biomass of A. donax can be used for
three types of bioenergy: solid biofuels (in briquettes and pellets including direct biomass
combustion [77]), biogas, and biomethane production has been proposed by [78–80], and
bioethanol [81–84].

The giant reed represents an adequate species for the biorefineries when its wide
utilities are considered. A dedicated A. donax crop was subjected to hydrothermal pre-
treatment by Di Girolamo, Grigatti, Barbanti, and Angelidaki, 2013 to analyze its potential
for biogas generation. Three different situations were applied: without catalyst, during a
time (24 h) of substrate impregnation, utilizing 2% w w−1 sulfuric acid (H2SO4), and instant
incorporation of 2% w w−1 H2SO4 previous steam cooking for pre-treatment parameters;
temperature between 150 ◦C up to 180 ◦C and time from 10 to 20 min. The results of batch
digestion tests, made with 4 g VS L−1 on thermophilic conditions, namely 53 ◦C, during
39 days, presented a methane yield of 273 mL g−1 VS incorporated for unprocessed biomass.
The no catalytic reactions of biomass reached a yield of 23% for a temperature of 180 ◦C
and a duration of 10 min. The reactors that treated catalyzed biomass were experiencing
methanogenic inhibition. This type of inhibition can be caused by the competition with
the sulfate-reducing bacteria (SRB) [42]. For Mediterranean conditions, A. donax could
be an interesting choice as feedstock for biogas facilities [84], concerning profitability, a
plant size of 300 kW was referred to as the most beneficial for bioenergy production from
Arundo donax.

According to Maucieri et al., 2019, the highest biomass, ethanol (3.5 t ha−1), and
methane yields (8227 m3 ha−1) in a four-year study were obtained with Arundo donax
among thirteen pluri-annual herbaceous cultures previously chosen for their potential
biomethane and bioethanol production. This highlighted A. donax as one of the most
interesting species for biofuel production [6].

The pre-treatment of Arundo donax biomass is required for bioethanol production but
as this step has been considered the most energy demanding, this should be accounted for
in any life-cycle energy balance [84]. Muthuvelu et al., 2019 evaluated giant reed as a novel
source of sustainable lignocellulosic residues for bioethanol generation utilizing ultrasound-
assisted alkaline pre-treatment. Arundo donax presented 214± 3 mg g−1 maximum reducing
sugar release, yielding a fermentation efficiency of 83 ± 7% [85].

A microwave–alkali-assisted pre-treatment in one stage has been proposed for A. donax
pre-treatment with some added benefits, such as less energy consumption, fast heating,
and less toxic compound production. The utilization of 5% NaOH solution yielded the
highest sugar monomer yield (6.8 g per 100 g of biomass) [86].
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Ba, Liu, Wang, and Yang, 2020 carried out pyrolysis studies of Arundo donax as feed-
stock and well as a final potential study of giant reed for alternative sources of mate-
rials, energy, and chemicals calculated according to average biomass productivity and
marginal soils area in China. An industrial scale (2000 t day−1) would yield 28 MW power,
51.36 t day−1 bio-oil, 555.04 t day−1 vinegar, and 511.36 t day−1 biochar from 9 million t of
feedstock obtained in 0.3 million ha of marginal soils at a predicted 30 t ha−1 year−1 [87].
Moreover, soil remediation and sewage decontamination near aquatic bodies would also
occur as A. donax was an excellent species to advance the quality of water-polluted bodies
and contaminated lands [88], which is of particular significance for the further develop-
ment of dedicated biorefineries [87]. Finally, Fernando, Barbosa, Costa, and Papazoglou,
2016 concluded that A. donax had the big production levels among nine studied species,
comparatively an energy balance positive together with the lowest GHG emissions, low
nutrient requirements, and the lowest cost per ton of dry biomass or per unit of energy for
Mediterranean conditions [88].

The economics of energy crops have been neglected or, to some extent, limited in the
literature. The economic aspects of A. donax were analyzed from a systematic survey of
publications by Jámbor and Török, 2019. Giant reed was proven to have a high potential for
a cost-effective biomass generation either in marginal or disadvantageous small areas due
to favorable yields and energy balance, high Capital Expenditure (CAPEX) but low Opera-
tional Expenditure (OPEX), making its production attractive and potentially economically
sustainable (biomass supply and generated revenue) [84].

According to the same publication, giant reed presented the second-highest energy
production cost (2.34 € GJ−1), but the highest nutrient-use yield for phosphorus (P) and
nitrogen (N) among several studied energy crops. This suggests that A. donax is a clear
option to utilize further to convert WW (as a source of N and P) into biofuels in the frame
of the circular bioeconomy.

2.1.3. Hemp (Cannabis sativa L.)

Hemp is a spring crop plant (herbaceous crop) belonging to the family Cannabaceae,
order Urticales, and class Magnoliopsida. It has a strong soil structuring capacity, with a
strong upright root and its stems are rich in cellulose and lignin. The seeds have a high fat
and protein content. Industrial hemp is grown for its stalk, seed, or both. The interior of the
stalk is made of woody fibers called “Hurds” that represent a cheap cellulosic residue [89].
The outer part consists of long bast fibers [90]. It is a fast-growing crop [91] and is suitable
for production in sandy soils [92]. For centuries, hemp fiber has been very important
worldwide, being used in the production of ropes and in the textile sector [93], presenting
more advantages than cotton as it does not require as much area for its cultivation and does
not need the incorporation of pesticides and insecticides [94].

Currently, new applications of this species have emerged at the industrial level, the
most relevant being presented below: in paper production of higher quality than that
from wood, thus avoiding deforestation of the forest [95]; construction material industries
for the production of sustainable materials specifically isolations from hemp fiber [96];
personal uses like essential oils [97] which can be used to control insects and pests due to
their insecticidal and antimicrobial action, in the manufacture of soaps, fragrances and can-
dles [98]; in the pharmaceutical industry for its compounds such as cannabidiol (CBD) [97]
and ∆-9-tetrahydrocannabinol both extracted from unpollinated flowers [99]; chemical
products such as detergents, varnishes, paints [100], solvents, printing inks, and biopesti-
cides; in WW treatment; in the animal litter production; in the automotive sector as vehicle
parts and other internal components; in the fashion industry, and; in the production of
jewelry, furniture, nutraceutical, cosmetics (including cosmeceutical), medical and acoustic
products [98]. Cannabis sativa can be used for biocomposites production [101,102] and
innovative and sustainable materials such as bioplastics [98], namely in biodegradable
container production with an antibacterial effect [103]. In the food industry, seeds can
be extracted from various chemical components such as oil (omega-3 and omega-6 fatty
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acids) and proteins [99] used in the natural beverages production [98], and the remaining
material is often used after the extraction of the oil from the seed for animal feed due to the
high presence of proteins [95]. The sectors linked with Cannabis sativa that are of greater
commercial interest are textile, paper, food, and construction, and those that are under
development are the automotive and cosmetics industries [98].

The application of hemp as a raw material to be used in the new industrial units des-
ignated by biorefineries for biofuel production [104] has several advantages. In addition,
it is also a crop used for energy purposes, either for burning, for the biofuels generation
(e.g., bioethanol), and biochemical bioproducts like succinic acid produced in the micro-
bial fermentation stage of sugars from hemp hydrolysate, being an acid that allows the
production of other products with high added value such as biopolymers, green solvents,
and pharmaceutical products [30]. It is important to know that 1 t DM of hemp makes it
possible to produce 149 kg of bioethanol and 115 kg of succinic acid [98]. In relation to the
high oil content and the biomass amounts that are generated, there are also environmental
sustainability benefits derived either from the possibility of its use as a rotation crop replac-
ing traditional food crops or from the low use of pesticides. Hemp also has the potential of
reducing the amount of pesticides in succeeding crops.

There are other energy uses from industrial hemp. Some of them are [105] from chemi-
cal processes, and the biodiesel from cannabis seed oil by the transesterification process
with methanol [106,107]; in the biochemical process, are the biogas from AD [108–112] and
bioethanol obtained through fermentation of biomass [113], and lastly, for thermochemical
process, the heat from direct combustion utilizing solid fuels [110] as briquettes [97,108] or
pellets produced from cannabis hurds and stems or electricity in systems like Combined
Heat and Power (CHP) from cannabis biomass and pyrolysis [114].

Biodiesel production is possible from the oil seed. Assuming a seed yield of 2 t ha−1

and an oil seed content of around 35%, and oil yield of approximately 814 L ha−1 can be
obtained. Due to the high yield of hemp oil in biodiesel (around 97%), a total biodiesel
yield of 789 L ha−1 is reached [38]. Other studies have integrated into a single system the
two types of liquid biofuels production (biodiesel and bioethanol) with Cannabis sativa as
an industrial raw material. Biodiesel was obtained through the extraction of lipids from
the material and followed by transesterification. The remaining biomass, therefore, the
one free of lipids, was submitted to two pre-treatments: a hydrothermal (free of chemical
compounds) and another of disk refining, and finally, enzymatic hydrolysis was applied to
obtain bioethanol [104,115]. In this type of process, industrial hemp is seen as a solution to
reduce GHG emissions, motivating economic growth at any level [95].

The production of biomethane through AD from hemp crop residues (e.g., parts of the
species such as flowers and hurds) was studied by Matassa, Esposito, Pirozzi, and Papirio,
2020 [116]. The highest biochemical methane potential (BMP) obtained was 422 ± 20 mL
methane g VS−1 from pre-treated and crude fibers. However, the many commercial uses of
the crude fibers make their application for biomethane production less appealing. For the
remaining waste material, it was determined that when applying two pre-treatments, one
physical (grinding) and the other alkaline (dilution with NAOH) to the hemp hurds, there
is an increase of 15.9% of BMP (initial value of 239 ± 10 mL methane g VS−1) and for hemp
flowers mixed with inflorescences when the pre-treatment of dilution with NaOH was
applied, there was a 28.5% increase in BMP (initial value of 118± 8 mL methane g VS−1). In
conclusion, the application of alkaline pre-treatment increases the production of biomethane
(of BMP) and hemp residues represent the potential for its generation [116]. Harvest time
influences the amount of material collected as well as the biogas yield obtained [117],
therefore, it is important to consider this aspect for further implementation of biomethane
production from hemp.

Two scenarios for bioethanol production and eight scenarios for biomethane genera-
tion from the Cannabis sativa stalks harvested in autumn were evaluated to compare the
gross energy production. Two pre-treatments were applied: a physical one that consisted of
grinding the material and another physical-chemical process with steam. The two scenarios
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to produce bioethanol were as follows: In the first, the stems were subjected to a steam
pre-treatment, and then, with the hexoses produced, a Simultaneous Saccharification and
Fermentation (SSF) was applied (in this step enzymes and yeasts are added) to obtain
bioethanol; the second scenario was the same as the first, with the difference being that
before the SSF, the material is separated into two phases, one liquid and the other solid, with
only ethanol obtained during the solid separation. For the case of biomethane produced by
AD, eight different types of raw materials were used separately: crushed leaves, crushed
stems, milled stems, stems subjected to steam pre-treatment, stems subjected to enzymatic
hydrolysis (pre-treated with steam), the residues obtained in each bioethanol production
scenario, and, finally, the liquid phase not used in the second bioethanol scenario. All mate-
rials that were subjected to steam pre-treatment were allowed to obtain a higher methane
production and, in turn, it was found that the methane yields were very similar in cases
where the materials were or were not pre-hydrolyzed. This study shows that the bioethanol
and biomethane co-production is doubly advantageous (double energy generation) in a
single process because enzymes and yeasts incorporated before SSF for the bioethanol
production can be converted into biomethane [118].

Several studies were carried out in order to maximize the cellulose content, by the use
of steam and enzymes (pectinase), obtaining cellulose contents of about 78% [119]. Other
studies confirm that the high cellulose content present in hemp guarantees a much higher
potential for bioethanol production compared to other energy crops like sorghum, kenaf,
and switchgrass [89,120].

To get the highest glucose yield in the enzymatic hydrolysis for transformation into
ethanol, an optimization of steam pre-treatment parameters under different conditions was
performed [43], using hemp silage (leaves and stem) and dry hemp. The SSF process was
also applied in both cases. Results showed that the optimal pre-treatment conditions for
both materials maximizing the glucose yield were the saturation with 2% SO2 before the
steam pre-treatment at 210 ◦C for 5 min. The obtained ethanol yields were 163 g kg−1 of
ensiled hemp DM and 171 g kg−1 of dry hemp. These results correspond to the values
between 206 and 216 L ethanol t−1 hemp (based on initial dry material).

Four types of hemp were evaluated to obtain bioethanol using three types of pre-
treatments: Liquid Hot Water (LHW), diluted acid (1% H2SO4), and diluted alkali
(1% NaOH). The LHW allowed obtaining between 85% to 98% of glucan and between 67%
to 71% of xylan. The acid pre-treatment allowed the decomposition of glucan between 5.9%
to 10.6 g L−1. The alkaline pre-treatment allowed extracting between 58.6% to 75.3% of
the lignin with lower production of inhibitors, with a high amount of glucose and ethanol
being obtained, unlike the other two pre-treatments where there was a higher production
of compounds inhibitors and low yields of glucose and ethanol due to the amount of
recondensed lignin. In the alkaline pre-treatment (which gave the best results), similar
ethanol yields were obtained for the four typologies of hemp studied [121].

Spectroscopic determination of several distillates from a slow pyrolysis system with
hemp hurds was carried out to evaluate the potential of this process as well as the main
products obtained. Crude distillates were collected in three process stages: drying, roasting,
and slow pyrolysis, with the system at the initial stage at room temperature up to the
maximum operating temperature of 350 ◦C. The slow pyrolysis process allows increasing
the energy yield of biochar by 15%, therefore, it can be seen as a solution to optimize the
quality of the product. Biochar can be used as a fertilizer and soil remedial, in filtering
processes, and as a composite [100].

For a hemp plantation to be initially applied as a phytoremediator for use in the
bioenergy sector such as in transesterification, AD, fermentation, or combustion, it is
necessary to evaluate the presence of HMs, radionuclides, and organic contaminants in
each process [122] as these components can affect the equilibrium of the system.
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2.1.4. Jerusalem Artichoke (Helianthus tuberosus L.)

Jerusalem artichoke (JA) belonging to the family Asteraceae, order Asterales, and
class Magnoliopsida, have so many names such as sunroot, sunchoke, or topinambur. It
is an herbaceous perennial tuberous plant, despite often being managed as an annual,
with the sunflower (Helianthus annuus L.) being included in the identical genus as the
sunroot [19,123,124].

Helianthus tuberosus is a great feedstock to be applied in consolidated bioprocessing,
therefore, each part of the plant can be used, e.g., the aerial biomass (stalk) and the tubers.
The JA tubers are constituted by two types of carbohydrates: inulin which is a linear poly-
mer [D-fructose units that present β (2→1) bonds, with a terminal of D-glucose molecule
that have a α (1→2) bond], and sugars such as glucose and fructose; while the cellulose
and hemicellulose are the principal’s carbohydrates located in the aerial part of the species.
Besides the carbohydrates from the whole plant, the tubers present an N content that can be
utilized in the fermentation bioprocesses with the objective of not needing to incorporate
additional nutrients [6,31–33].

Conventionally, JA has been applied for food and feed generation and folk medicine,
for example, inulin soluble dietary fiber used to replace sugar and fat, and also for its anti-
cancer and immune system boosting properties [125]. However, for the past two decades,
an awareness of its significant health benefits led to the exploitation of alternative uses such
as the production of functional food ingredients and bioactive compounds. The functional
food ingredients derived mainly from JA tubers, such as inulin, fructooligosaccharides
(FOS) (considered a probiotic for its bifidogenic properties [126]), and fructose, are particu-
larly beneficial in the treatment of obesity and diabetes type 2 and are also constituted by a
high protein value, namely, most of the essential amino acids for life. In addition, several
valuable bioactive compounds have been extracted in the aerial part of this species (leaves
and stalks), serving as antifungal, antioxidants and applied in medicine for the treatment as
an anticancer with pharmaceutical effects [123,124,127–129], with the inulin considered as
an excipient and stabilizer (as a drug delivery vehicle to reduce the dose amount and side
effects) [125]. Another use that can be given to JA is in the production of cement composites
for application in the civil construction sector [33].

Currently, an enhanced interest has arisen in the JA as a potential energy crop for bio-
fuels and bioproducts through biorefinery [19,124,127,130–132] because it has a diversity of
characteristics that offer great competitive advantages, like a fast-growing species that adapts
very easily to different climatic conditions, with a high yield and amount of inulin [133]. With
respect to biofuel production, there are numerous studies describing different approaches
to producing bioethanol from JA tubers inulin [130,132,134–136], from JA stalks [137,138]
or from the whole plant [19,32,124,127,131,139]. Besides bioethanol, other biofuels have
been obtained through JA fermentations, such as butanol [124,140], 2,3-butanediol [141,142],
single-cell oil, methane from AD (yields up to ≤590 L kg−1 VS) [131,143–145], and biogas
from pyrolysis [32]. In addition to biofuels, Helianthus tuberosus has been used to produce
several biodata-based chemicals, like various types of acids such as succinic, butyric, citric,
propionic, poly-(L-malic acid), poly-(γ-glutamic acid), and L-lactate among other com-
pounds like 5-HMF and sorbitol [124,126,132]. Moreover, JA crop residues can also be
burnt for power and heat generation in the combined form [19], and to produce solid
fuels (briquettes and pellets) from the aerial part of the species [133]. Indeed, this species
represents a potential biorefinery crop and can be considered a crop with multi-purpose
utilities for the generation of various bioproducts (chemicals and fuels) from the whole
plant (aerial part inclusive of the tubers) providing elevated economic value. Nevertheless,
the advantages of JA as an energy crop for the bioeconomy have only come to light in the
last decade.

Biodiesel production from JA tubers and Chlorella protothecoides microalgae were
studied by Cheng et al., 2009. The tuber hydrolysate was used as a substrate for the
selected microalgae species, to produce lipids in a total of 4 days. After this time, a lipid
concentration of 44% in dry mass was reached, which was extracted and later transesterified
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for the biodiesel generation that consisted of the methyl ester of the linoleic acid, oleic acid,
and cetane acid. However, 82% of biodiesel corresponds to the methyl esters of unsaturated
fatty acids. This study allows us to conclude that it is possible to obtain biodiesel using the
tubers of Helianthus tuberosus as a carbon source in microalgae cultivation, with a reduction
in costs due to the low price of the feedstock [146]. In another study, lipid extraction was
also performed using JA tubers hydrolysate as raw material and Rhodosporidium toruloides
Y4 as a culture medium, obtaining a lipid titer of approximately 40 g L−1 and a number
of cellular lipids close to 57% w w−1, being demonstrated once more that the hydrolysate
of the tubers of JA represents a material with high potential for the production of lipids
through microbial pathways or for other biologically based chemical products [147].

In a pilot plant, biogas production was studied using only JA (material available above
ground), and the production was analyzed when the biomass was freshly harvested, dried
in the open air, and stored in silos (ensiled). The measurement of the BMP determined that
the dry biomass in the open air was the one that allowed the production of a greater amount
of biogas (including the largest volume of biomethane), with the ensiled material being
the one with the lowest biogas production. The microbial community inside the reactor
was very similar in both cases (outdoor dry material and ensiled). Thus, it is apparent the
conditions in which the biomass is found to achieve greater biogas production from species
such as JA [148].

In the biofuel production process where the main objective is to produce or increase
the inulin quantity, the removal of the flowers was studied [149]. Between 33% and 100%
of the flowers were removed in order to evaluate, for different percentages of removal, the
distribution of carbohydrates in the tubers, a factor that increased the amount of material
produced in the species (from 20.5% to 44.4%), being distributed approximately was 12% to
37% for the stems, 57% to 218% for the leaves, and 29% to 43% for the tubers, with the latter
being where the largest amount of inulin present in the species is concentrated. Removing
the flowers also allowed for reducing the amount of ash (from 25% to 100%) as well as
increasing the calorific value of the tubers (from 33% to 100%). When the flowers were
100% removed, the greatest amount of biomass in the tubers was obtained, being 228 g
tuber plant−1, therefore, aiming at producing a greater amount of inulin to subsequently
produce biofuel such as bioethanol, as well as to improve the chemical properties of the
species, the flowers should be removed entirely, and these should be used to produce other
value-added products.

Jerusalem artichoke is a raw material suitable for bioethanol production and other
products such as D-psicose, which allows the production of other types of sugars such as
D-glucose and D-fructose. The process comprises the steps of hydrolysis and enzymatic
conversion, fermentation by yeast, and pervaporation, and, after this last phase, the collec-
tion of D-psicose and bioethanol takes place with an approximate yield of 15 mg mL−1 and
14 mg mL−1. From the 56.47 mg mL−1 of D-fructose present in 100 mg mL−1 of Helianthus
tuberosus, 18.2 mg mL−1 of D-psicose were produced, [150], therefore, the products with
high added value can be obtained from a raw material considered to be of low cost.

Jerusalem artichoke ethanol yield reported ranges from 1500 to 11,000 L ha−1 from
tubers and from 2835 to 11,230 L ha−1 from aerial biomass [44]; while sugarcane ethanol
yield ranges from 2800 to 8764 L ha−1 and corn ethanol yield ranges from 2000 to
6698 L ha−1 [44,132]. Paixão et al., 2018 made a comparison between the total energy
consumption and the CO2eq emissions of the Helianthus tuberosus tubers for the ethanol
production that was produced in the refinery of sugar beet, sugarcane, and corn, con-
cluding that this species represents a feedstock with a high value to be utilized as an
additive in the blend of ethanol/gasoline. Therefore, it represents a promising sustainable
alternative [136].

A Jerusalem artichoke plantation of 1 ha can produce between 18 to 28 t of residual
material specifically for foliage, with the tubers harvested from the species being used for
other purposes. To use these residues at the bioenergy level, they will be subjected to a
pyrolysis process with various heating rates, namely, 10, 20, 30, 40, and 80 ◦C min−1, in
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an oxygen-free (inert) atmosphere, reaching better thermal transformation conditions at a
temperature between 270 ◦C to 430 ◦C. At temperatures above 430 ◦C, lignin degradation
and coal formation were achieved. An analysis carried out on the gaseous fraction found
the release of phenols, aldehydes, esters, carboxylic acids, methane, and aromatic hydro-
carbons, therefore, products with a high energy content for energy production, and other
valuable products such as solvents were also verified (toluene and acetic acid). This system
(maintaining the same temperature conditions) can also be extrapolated to an industrial
scale whenever it is optimized to obtain products with high-energy load, bio-oil, and
syngas. Considering this system, it can be said that JA residues (without considering the
tubers) represent a crop with broad advantages for chemical and energy production [151].

2.1.5. Linseed (Linum usitatissimum L.)

Linseed is utilized for linseed oil generation, textile fiber, and seed [152] and is an easy
crop to grow, and does not require high soil nutrients.

It also has a high content of unsaturated fatty acids and the seeds have a low cost
when compared to others of the same genus (oily) [153]. Flax oil is a relevant vegetable
oil utilized in the food industry (cooking oil) and in other applications like natural oil, the
generation of omega-3 fatty acid obtained from the high content of α-linolenic acid, and the
medicinal sector for the control of several diseases as rheumatoid arthritis, blood pressure,
and cholesterol [154]. There exists a high interest in Linum usitatissimum for utilization
in dietary supplements and functional foods [155], with an increasing need to identify
strategies to increment its productivity to meet the growing demand [156]. Flax, apart from
linseed oil production, can also be used as fiber and as feed for livestock [154].

Linseed oil is utilized too for biodiesel generation [157–159], and its utilization in diesel
engines results in high-performance parameters namely, brake thermal efficiency (BTE), low
brake-specific fuel consumption (BSFC), and power output [160]. Biodiesel produced from
Linum usitatissimum L. can also be used in blends with other fossil fuels such as petrodiesel
in combustion systems and it has been found that this type of biodiesel achieves high
efficiency at the maximum compression ratio (18:1) without that this could cause engine
problems [161]. Characteristics like low volatility, high viscosity, and polyunsaturated
are problems that arise when it is made to be the substitution of vegetable oil for a diesel
engine as fuel. These parameters can be changed with other options such as pyrolysis,
microemulsion, dilution, and transesterification. Several production systems can be applied
for biodiesel generation [152].

Data of linseed oil methyl and ethyl esters such as viscosity and flash point are values
that are strongly reduced after the transesterification phase. Several chemical parameters
of linseed ester fuel were analyzed, being 0.03% free fatty acids value, 27.8 meq kg−1 for
peroxides, and, lastly, the free glycerol was 0%. After the transesterification reaction, it was
verified that the density value, specifically, of linseed oil and linseed oil methyl ester was
similar to the density of conventional diesel fuel and in relation to other parameters, the
linseed oil heating value was 10% lower than diesel because of the presence of a higher
oxygen content [152].

A high value of polyunsaturated fatty acids characterizes linseed oil fatty acid methyl
esters (LMEs); they oxidize fast, and, therefore, such products can be blended with other
FAMEs to be utilized in diesel machines [162]. Linseed oil methyl ester characteristics are
comparable with diesel fuel and present a lower carbon monoxide (CO) emission when
compared to conventional diesel. It is utilized in diesel machines yielding very good results,
like high BTE, high power output, and low BSFC.

Linseed oil was submitted to a continuous transesterification process, in a fixed bed
reactor, using calcium oxide (CaO) as a catalyst, to evaluate the yield of FAMEs under these
conditions. The main idea was to compare the behavior of the system with and without
the presence of the co-solvent, with three variables analyzed: the molar ratio of diethyl
ether (DEE) (co-solvent) in relation to methanol (most relevant variable), the molar ratio
of methanol to oil, and the volumetric flow (ml min−1) based on the yield of FAMEs. The
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presence of the co-solvent allowed obtaining the maximum yield of FAMEs (98.08%) with
a molar ratio of DEE to methanol of 1.19:1, a molar ratio of methanol to oil of 9.48:1, and
a volumetric flow of 1.37 mL min−1, at a temperature of 30 ◦C and 160 g of CaO. When
the reaction took place without the presence of the DEE, the maximum yield of FAME was
75.83%, therefore, the absence of agitation and incorporation of a co-solvent into the system
effectively increased the yield of FAMEs [39]. In another study, the transesterification
process with and without the presence of a co-solvent [tetrahydrofuran (THF)] was also
evaluated, but the agitation was applied in both cases and with a potassium hydroxide
(KOH) catalyst. The effectiveness of the co-solvent in biodiesel production systems from
Linum usitatissimum was demonstrated once more, as it allows a greater mass transfer
between the steps of the system, facilitates the occurrence of the transesterification reaction,
with lower temperatures, reaction time, and agitation rates (40 ◦C, 90 min, and 700 rpm),
achieving a high biodiesel yield (93.15%) and high FAME purity (99.8%). When THF
(co-solvent) is not present, the results are less desirable as it requires higher temperatures,
reaction times, and agitation rates (50 ◦C, 120 min, and 750 rpm), achieving a lower biodiesel
yield (84.3%) and lower purity of FAME (99.7%) [163].

It was published that a maximum biodiesel yield of 93% can be obtained with linseed
oil that presents 4% moisture [164]. Thus, there is a research gap in biodiesel generation
from linseed oil, namely in the optimization of the main preparation parameters, like the
reaction temperature (transesterification phase), catalyst proportion, the methanol to oil
ratio (M/O), and the reaction time. The yield of biodiesel production over transesterification
depends on several operating aspects, like the reaction time and temperature, catalyst
weight percent, and alcohol/oil molar ratio.

Linum usitatissimum has been used in the last 40 years as a crop with high potential for
soil phytoremediation [165–167] and WW, specifically in terrains with a high load of HMs,
being highly resistant to these components [154], and managing to store a greater amount
of HMs in the aboveground part of the plant (aerial) and less in the roots.

2.1.6. Miscanthus (Miscanthus × giganteus Greef et Deu)

Miscanthus spp. is a C4 perennial rhizomatous lignocellulosic crop, with a good
potential for bioenergy, biofuels, and bio-based product generation [168,169]. The plant
Miscanthus × giganteus, belongs to the family Poaceae/Gramineae, order Cyperales, and
class Liliopsida [170]. In Europe, this crop is gaining relevance as an energy grass given
its aptitude to grow under a large spectrum of climatic conditions, its high yields, and an
estimated productive lifetime of at least 15 to 20 years [171].

Miscanthus × giganteus is an attractive material for many uses, such as thatching,
animal bedding, pulp for paper, fibreboards, nanocellulose production, and inclusion in
composites and building materials, among others [7,170,172,173].

Yet, its most current use is as solid fuel as the heat capacity of the miscanthus biomass
is very high (18.5 GJ Mg−1 [174], LHV of 16.4 GJ Mg−1 [175]). Indeed, the benefits of this
crop rely on the fact that its cultivation on marginal soil and its use for stationary power
and heat generation can attain substantial greenhouse gas emission and non-renewable
energy savings, up to 13 Mg CO2eq ha−1 year−1 and 230 GJ ha−1 year−1, respectively. In
addition, in relation to energy and GHG emission savings, miscanthus was the crop that
performed better when used in a small CHP, compared with other perennials, namely, giant
reed, cardoon, and switchgrass [176]. Moreover, experiments with miscanthus conducted
in a pilot-scale gasification plant also indicated a high potential for energy generation
and friendliness from an ecological standpoint [177]. Besides, this crop benefits from the
fact that it presents low ash and nitrogen content (respectively 1.96% and 0.09 % w w−1

DM, [175]), which are two important parameters when evaluating the adequacy of biomass
as feedstock for combustion to generate electricity, heat, or CHP. Yet, miscanthus biomass
usually presents a high slagging propensity because of its high chloride (Cl) and potassium
(K) contents when compared to wood biomass, which may limit its conversion with
processes operating at high temperatures, such as combustion and gasification [175]. In
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addition, the lower yields and the increase in biomass ash and nitrogen content that can be
achieved when the biomass is being harvested from marginal or contaminated soils can
compromise its technological and economic exploitation [178].

Other conversion technologies of miscanthus to energy can be either thermochemical
(torrefaction, pyrolysis) or biochemical (AD, fermentation to ethanol). In the torrefaction
process, the biomass is pre-treated with heat in an oxygen-free environment, and the result-
ing solid and energy-dense material can be pelletized, being suitable for direct combustion
in boilers, co-firing in large power plants, or gasification to syngas. Hydrothermal car-
bonization (HTC) and slow pyrolysis are the other two pre-treatment processes that can
also be applied to miscanthus. In the study of Wilk and Magdziarz, 2017, the effect of
these pre-treatment processes (slow pyrolysis, torrefaction, and HTC) on the properties of
M. giganteus were analyzed and the results indicated that there was an improvement in
the combustible characteristics of the obtained biochar when compared to raw biomass by
the increment of carbon content. Pyrolysis is a conversion technology where the biomass
is heated rapidly to a high temperature in an oxygen-free environment, converting the
lignocellulosic-rich biomass into pyrolysis oil which can be used for combustion or could be
further upgraded to a range of higher-value products [179]. Lakshman, Brassard, Hamelin,
Raghavan, and Godbout, 2021, found out in their study that the optimal pyrolysis parame-
ters to generate a bio-crude oil from miscanthus with a biomass residence time of 81 s, with
a low water content was a temperature of 510 ◦C and a nitrogen flow rate of 5.1 L min−1.
The bio-crude oil obtained under these conditions presented a water content of 25.3% and
a higher heating value of 15.8 MJ kg−1. The process yields bio-crude oil (18.8%), biochar
(22.1%), the aqueous phase of bio-oil (18.3%), and non-condensable gases (40.8%) [46].

In current commercial digesters, the agricultural residues can be supplemented with a
feed of energy crops (which includes miscanthus). The AD converts biomass/miscanthus
to biogas (with a high methane content), and this biogas can be applied in CHP units or it
can be upgraded to methane, and the remaining digestate can be applied as fertilizer [180].
Yet, because the digestion of the lignocellulosic material of miscanthus is difficult due to
the complex chemical structure, its degradability should be increased by using a physical,
chemical, or biochemical pre-treatment. Miscanthus also represents an option for the
second-generation ethanol production. In this case, the cellulosic material needs to be
separated from the lignin and then hydrolyzed to its sugars, for fermentation. Therefore,
the material needs to be pre-treated with biological, chemical, or physical methods, or with
a combination of these methods, to minimize the recalcitrance of lignocellulosic biomass
to transformation into sugars. Different studies are currently being done to optimize the
bioethanol production from miscanthus which can yield between 0.10 and 0.13 L kg−1 [181],
although improved yields can be obtained depending on the chosen pre-treatment and
fermentation strategies.

2.1.7. Sorghum (Sorghum bicolor L. Moench)

Sorghum (family Poaceae/Gramineae, order Cyperales, and class Liliopsida) is a C4
plant. The most cultivated sorghum varieties are biomass (or energy) sorghum, grain
sorghum, and sweet sorghum, which are distinguished by their chemical composition,
morphological characteristics (size and amount of grain), and applications [7,25,35]. The
specific fractionation of sorghum hemicellulose to obtain xylose-rich solutions which can
be further converted into added-value products can also be a good alternative for using
this abundant resource [182]. Although there are not many examples in the literature
regarding the utilization of sorghum pentoses for bioproducts, their conversion to xylitol
was previously reported [183,184].

Sorghum bicolor presents three constituent parts (leaves, panicle, and stalk), and every
part may be utilized for the generation of a diversity of products. In many countries on
the Asian and African continent, sorghum is considered a food crop, specifically sorghum
grains due to its high nutritional value in terms of micronutrients and antioxidants, being
also gluten-free, therefore, it is a food option for those intolerant to this protein, becoming a
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food considered healthy in many developed countries. It also has a high potential for genetic
improvement although this feature has only been partially explored [25]. The gasification
process was also studied for the sorghum stover [185] and the sorghum straw [186].

Energy sorghum can be transformed into energy carriers by biochemical processes
like bioethanol [187,188], and in European temperate regions, also by thermochemical
pathways like gasification, pyrolysis, and combustion, for electricity, heat, biofuel, and
biochar generation [189,190]. Biochar, for example, has been successfully used for soil
remediation and for the diminution of GHG emissions and as soil fertilizer [111,190].
Sorghum biomass as well as grains can be used in the production of enzymes, microbial
lipids, bioproducts for industrial use, bioactive compounds to improve human health, and
to be applied as a phytoremediator in contaminated soils [41].

Sorghum oil extracted from grains has a high potential for biodiesel production as
demonstrated by several studies [191–194]. The alcohols used for the transesterification
reaction were in some cases methanol and in others ethanol, with different molar ratios
of alcohol to oil (e.g., 3:1, 5:1, 6:1, 8:1, 12:1, and 24:1), with temperatures between 30 ◦C
to 67 ◦C, different types of catalysts such as NaOH, KOH, and zinc ethoxide and NaOH
oil weight percentages ranging from 0.25% to 1.5%. The most relevant aspects found in
these studies were that when both methanol and ethanol are used with a NaOH catalyst,
a very similar ester yield is obtained of 92% and 92.9%; when it is applied in a 6:1 molar
ratio and a 1.5 wt% NaOH oil, there is a decrease in the formed ethyl esters caused by soap
formation [41]. In another study by Wyatt, Jones, Johnston, and Moreau, 2018, the sorghum
grain bran was subjected to a transesterification process using methanol, with temperatures
of 25 ◦C and 40 ◦C and sodium methoxide (NaOCH3) catalyst, where the highest yield of
ester was obtained equal to 98.3% [195].

Sweet sorghum can be separated into three forms: grain, extraction from soluble sugar
broth, and lignocellulosic biomass [35]. Wet and dry grains from sorghum distilleries can be
used for the generation of livestock feed and energy [41]. Sweet sorghum in India is used to
produce brown sugar and for lighting in remote areas through lanterns that burn bioethanol
(from sorghum). After extracting the juice, the dry fibrous waste material called bagasse
can be used in combustion systems [196] to subsequently generate heat and electricity
in CHP systems, produce paper, compost, bioplastics, bioethanol [197], butanol, pellets,
plastic, and wood compounds, biofertilizer, and animal fodder [35]. The sorghum silage
(from bagasse) can be utilized as food for dairy cattle due to its high amount of minerals
and micronutrients [197] and for biogas generation [198]. After concentrating the juice in
syrup, the foam produced can be processed to produce biofertilizers and feed cattle. The
material known as vinasse (distilled obtained after the ethanol production from the juice) is
used in AD systems to produce biomethane and as a soil biofertilizer in agricultural areas,
thus seeking to reuse as a residue [197].

Sweet sorghum, in particular, is very interesting because, after the extraction of the
soluble sugar, the residual biomass is a typical lignocellulosic feedstock adequate for
producing: ethanol [188,196,199], methane [200], or both [201]; AD and biohydrogen
production [202], and: biobased products such as butyric acid which can be obtained from
sweet sorghum stalks after being subjected to enzymatic liquefaction using Clostridium
tyrobutyricum, as bacteria, with a possible yield obtained of butyric acid equal to 0.39 g g−1

consumed sugars [203]. As the sweet sorghum stalks contain juice with high sugar content,
the ethanol produced from this juice is claimed to be cheaper than corn ethanol [204].
Furthermore, the cost to cultivate sweet sorghum is inferior to sugarcane [205,206]. These
advantages have certainly contributed to the increased number of works dealing with
ethanol production from sorghum [207–211]. Although despite the important advantages
mentioned, there is still no commercial plant based on this feedstock.

Biogas from different parts of sorghum (ensiled sorghum forage, trunk, sweet sorghum
stalks, among others), has been widely studied. With ensiled sorghum forage [40] a
maximum methane yield of 316 mL methane g−1 VS (Volatile Solids) was obtained using
sludge as inoculum from a plant of sugar [41]. Sweet sorghum stalks [212] were also
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used as a feedstock for biomethane generation, with a maximum yield of 284.37 mL
methane g−1 VS being utilized in the sludge from a biogas industrial unit [41]. For the
biogas production from the sorghum trunk [213], sludge from a WWTP was used as
an inoculum, which obtained a maximum yield of 478 mL biogas g−1 VS [41]. Finally,
with the sludge from a WWTP used as inoculum, a maximum methane yield equal to
303 L methane kg−1 sorghum biomass was obtained [41] using as raw material sweet
sorghum biomass [214].

Bioethanol is the biofuel that presents the largest number of studies using sorghum
as a raw material, most of which are presented in Stamenković et al., 2020 [41]. The juice
extracted from sorghum stalks [215,216] has a high potential for the formation of bioethanol,
having greater potential than the juice extracted from sugarcane. However, the factors
that limit obtaining a higher yield of bioethanol are the low amount of monomeric sugars,
high cell growth, and the need to clarify the juice. For the broth extracted from sorghum
stalks, the highest maximum yield of bioethanol obtained was 0.51 g g−1, in processes
that used the yeast Saccharomyces cerevisiae and the bacteria Escherichia coli [41]. Sorghum
bagasse [217] is a by-product that comes from the juice extraction process with a high
amount of cellulose, hemicellulose, and lignin being pre-treated through several processes
such as washing, drying, milling, sieving, pasteurization, and hydrolysis. Enzymatic
hydrolysis and ammonia fiber expansion were the two hydrolysis methods that allowed
obtaining the highest maximum bioethanol yield of 0.495 g g−1 using S. cerevisiae as
yeast [41]. Sorghum stalks (without leaves) [218] are usually dried and ground to be
subsequently hydrolyzed and fermented, with the highest maximum yield of bioethanol
(0.48 g g−1) obtained when it was performed a direct fermentation with the fungus Mucor
indicus [41]. The sorghum stover [219], sorghum grains [220], the whole plant [221], and
sorghum liquor waste [222] were also studied for bioethanol generation.

Biohydrogen production from different parts of sorghum (sweet sorghum extracts and
syrup, bagasse, stalks, bark, among others) has been widely studied. With the extract of
sweet sorghum [223] a maximum hydrogen (H2) yield equal to 0.93 ± 0.03 mol H2 mol−1

glucose was obtained using indigenous microflora as a culture medium in the fermenta-
tion [41]. Sweet sorghum syrup was also utilized as a feedstock for biohydrogen generation,
obtaining a maximum yield of 0.68 mol H2 mol−1 hexose and using a mixed culture
medium [224]. Sorghum stalk was subjected to a fermentation process using mixed anaer-
obic sludge collected from a landfill as inoculum, with the maximum H2 yield equal to
127.26 mL g−1 TVS (Total Volatile Solids) [225]. For the biohydrogen production from
sorghum bark, the bacterium Clostridium beijerinckii was used, which allowed obtain-
ing a maximum yield of 1.051 mol H2 mol−1 RS (reducing sugar) [45]. With sorghum
bagasse [226], a maximum H2 yield equal to 4.68 mol H2 kg−1 degraded substrate was
obtained using as a culture medium the microflora from buffalo manure [41]. Finally, using
sludge from a WWTP, a maximum H2 yield of 47.3 mL g−1 glucose and xylose [41] was
obtained, a process that was subjected to sorghum leaf waste [227].

The thermochemical processes that can be applied to sweet sorghum (stalks or bagasse)
are rapid pyrolysis [228–231] and the torrefaction [232] to the formation of products
with high added value like bio-oil and biochar and finally, hydrothermal liquefaction
(HTL) [233].

The slow pyrolysis process was also applied to sorghum [234], sorghum bagasse [235],
and sweet sorghum [236] to evaluate in the first two the potential production of an aqueous
product such as bio-oil and another solid such as biochar, and in the last one, only biochar
formation. Additionally, for energy sorghum, a conventional pyrolysis process was applied,
in a batch-type reactor operating at high pressure (6.9 bar or 100 psi), to evaluate at 400 ◦C,
500 ◦C, and 600 ◦C, and a heating rate of 4 ◦C min−1, the yield of the products obtained in
the different phases (liquid, solid and gaseous) for each temperature. The bio-oil yield was
equal for the three temperatures (400 ◦C, 500 ◦C, and 600 ◦C) being 3 wt%, and for the case
of biochar, the highest yield was obtained at 400 ◦C being 40 wt%, therefore, as the process
temperature increases, the production of the solid product decreases [237].
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Hydrothermal liquefaction was applied to sweet sorghum bagasse to obtain energy
products like biochar and bio-oil. The material was subjected to washing with water and
subsequently dried at room temperature, ground, and sieved. In the HTL process, six
different types of catalysts were used [KOH, Ni/Si-Al, Zeolita Socony Mobil-5 (ZSM-5),
potassium carbonate (K2CO3), formic acid, and nickel phosphide (Ni2P)] with some ho-
mogeneous and others heterogeneous, with temperatures between 300 ◦C and 350 ◦C.
According to the results obtained, the best bio-oil yield was obtained with K2CO3, KOH,
and Ni/Si-Al at 300 ◦C, with values of: 61.8%, 42.3%, and 45%, respectively [47]. Regarding
the biochar yields obtained when using these catalysts, the values were approximately 20%,
25%, and 40% [41].

Sorghum has been shown to be an excellent soil decontaminator [238]. After the
restoration of the soil has been achieved, the species can be used to produce bioethanol
and other products with high added value. However, as in the study by Xiao et al., 2021,
due to the accumulation of cadmium (Cd) in the stalks, further studies should be carried
out to eliminate the Cd present in the species as it is an element with high mobility and
toxicity, and if the material is used in biorefineries, it can generate pollution [239]. For these
reasons, the accumulation of HMs should be in the roots in order to make the aerial part of
the species useful [41].

2.1.8. Switchgrass (Panicum virgatum L.)

Switchgrass belonging to the family Poaceae/Gramineae, order Cyperales, and class
Liliopsida is considered a C4 plant and perennial grass that develop in hot seasons, able
to grow under different climates, weather conditions, and soil types, with great longevity,
adaptability, and versatility. It has low water and nutritional requirements, needs less
intensive agricultural management practices, needs low herbicide input requirements
together with the capacity to generate biomass that presents a high content of carbohydrates
(cellulose and hemicellulose), and lastly, outstanding resistance against pests and diseases
that occurs naturally in this species [240], with no annual reseeding [241].

Switchgrass has been reported to show a tremendous potential for being a cost-
effective and sustainable bioenergy feedstock. The ethanol obtained from switchgrass
reveals that the energy return is meaningly negative (around 50%) compared to ethanol
from corn [242]. The same authors reported the following: for each unit of non-renewable
power input required to generate biofuel obtained from Panicum virgatum, 6.4 units of
renewable power are produced. Considerable benefits from switchgrass cultivation and
processing concerning CO2 emissions have been highlighted by most LCA studies [243–245].
Panicum virgatum was recently mentioned in an EU Directive 2018/2001 (RED-II- Annex
IX) list as ‘non-food cellulosic material’ toward the promotion of biogas to be utilized in
the transport sector and in advanced biofuels generation, due to its minimum contribution
of twice its power amount which is not the case for first-generation biofuels. Bustamante-
Silveira, Siri-Prieto, and Carrasco-Letelier, 2021 have analyzed the water footprint (WF) of
different bioethanol cropping systems (maize-wheat-sorghum rotation, continuous sweet
and switchgrass). The latter presented the lowest values per hectare and per liter of ethanol
(12,735 m3 ha−1 year−1 and 3.8 m3 L−1 ethanol, respectively), being the best choice for
bioethanol crop generation [246].

Considering energy-based biorefineries, two different conversion pathways can be
used. Following the biochemical conversion pathway, a list of proposed technologies is
as follows: fermentation after pre-treatment and enzymatic hydrolysis unit operations
for bioethanol [247] or biomethane [if a dark fermentation (DF) is chosen] or in alterna-
tive AD towards biogas [240,248]. When directed to fermentation of its sugar fraction,
a pre-treatment step has been suggested to increase the production of fermentable sug-
ars. Depending on the pre-treatment type, glucose and xylose yields have been reported
from 70% up to 90% and from 70% to 100% after hydrolysis, respectively. Considering
pre-treatment followed by hydrolysis, ethanol yielded from 72% to 92% of the theoretical
maximum [240,248]. The application of an enzymatic hydrolysis step with cellulase and
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b-glucosidase incremented maximum ethanol production by 211.9% when compared with
the control that does not present enzymes [240]. Continuous ball milling during fermenta-
tion by Clostridium thermocellum allowed more than 85% total carbohydrate solubilization of
switchgrass without exposing the feedstock to high temperatures or chemicals. This cell dis-
ruption method improved cellulosic-based biofuels production, especially bioethanol [249].
Switchgrass was applied to steam explosion pre-treatment in a semi-continuous pre-pilot
reactor to obtain a pre-treated solid with significant digestibility for enzymatic hydrolysis.
The residence time (5–15 min), different temperature conditions (170–200 ◦C), and severity
factors (2.76–4.12) were utilized for steam explosion pre-treatment, which were combined
through a 22-central composite design. The results obtained showed both variables had a
big influence on the process, affecting the structure of the biomass and the saccharification
yield. Considering the values analyzed in this study, the temperature effect was more
eminent than the residence time effect. The best saccharification yield (88.3%) was obtained
with the biomass pre-treated at 200 ◦C for 10 min. A similar result was obtained utilizing
a cellulose pulp (commercial) as raw material for enzymatic hydrolysis, confirming that
the bestt conditions for switchgrass pre-treatment in the pre-pilot scale were satisfactorily
successful [37].

Material and energy balances taken from previous experimental data as well as real
switchgrass compositions and enzymatic hydrolysis loads and yields were the starting
point for a detailed techno-economic study [250] and a sensitivity analysis. The economic
viability of liquid hot water pretreated switchgrass biorefinery was evaluated. Under the
scenario of ethanol and electricity coproduction, the generation costs were in the same
order of magnitude as other advanced biofuels with competitive oil prices above 100 $ per
barrel. Moreover, when other high added value co-products such as furfural, acetic acid,
and formic acid are also considered, the minimum ethanol selling point decreased. Plant
size, as well as switchgrass composition strongly affect biorefinery economics [250].

Following the thermochemical conversion pathway, four technological options have
been previously reported: torrefaction, pyrolysis [251,252], combustion, and gasification,
from which the principal energetic products are solid biomass (torrefied), bio-oil, CHP, and
syngas [248].

Switchgrass was reported to be pelletized to be utilized as a solid biofuel, having a
14.6:1 power output-to-input relation, which is considerably superior than other liquid
biofuel choices from farming [36]. Finally, having in mind biobased product biorefineries,
switchgrass can be processed using chemical, physical, and biological conversion routes
in order to obtain fine chemicals, pulp, or fiber for paper production and construction
materials, including proteins, sugars, and pectins [248], besides its primary use as forage
production. Other applications include environmental services such as soil conservation
and CO2 biosequestration due to its remarkable profound root system with a high content
of fiber.

Switchgrass was thermochemically converted through pyrolysis (500 ◦C) or gasifica-
tion (700–800 ◦C) [253]. The obtained biochar was proven to be used as an inexpensive
pH buffer and source of mineral as well as trace metal nutrients in acetone-butanol-
ethanol (ABE) fermentation, replacing very expensive conventional buffers, yielding
18.1 g L−1 ABE, which was higher than the control, without biochar. Moreover, using
a non-detoxified switchgrass hydrolysate medium, an ABE production enhancement was
observed (18.5 g L−1) compared to the control (10.1 g L−1), highlighting savings in the
costly detoxification process [253].

2.2. Forest Crops

Forests crops like the short cycle coppice such ss poplar (Populus spp.), paulownia
[Paulownia tomentosa (Thunberg) Steudel], and willow (Salix spp.) are woody species char-
acterized to be fast-growing, can be cut and regenerated every 3 to 5 years in a 25-year
period, with the purpose of obtaining in a short time high yields for energy generation [5].
This species also serves as protection for many more sensitive areas and in a wide diversity
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of soils, avoiding in some cases an increase in erosion. They are highly viable for converting
into bioenergy and can be used to produce a variety of by-products (information that is
confirmed and described in the main text of each culture) which brings numerous advan-
tages for their implementation as feedstock for biorefineries. Based on their characteristics,
namely, low S, N, and Cl amounts, the use of ligneous biomass for energy purposes has
environmental benefits compared to herbaceous biomass, in particular regarding NO2 emis-
sions. Another advantage is related to a lower risk of corrosion phenomena in combustion
boilers [254].

The advantage of forest crops is that the species like acacia that are invasive crops
could be used for biofuel production because they reduce the occupied area, control the re-
production of this species [255], minimize the cost of the removal of this species, and reduce
the fuel load that can generate fires in sensitive areas [256]. Acacia dealbata allows a wide
variety of products to be obtained, such as the production of paper pulp, like the paulownia
and willow species. Other advantages of forest crops are that they can reduce erosion in the
areas where they are planted, as seen with the poplar, and their extracts show less inhibitory
effects on the fermentative processes of bioethanol production, with higher efficiency for
conversion into biofuels compared to other species such as pine (softwood) [257]. Moreover,
trees like poplar also present a low ash content and a high amount of cellulose (greater
than corn straw and switchgrass [258]). These trees can also retain leachate from landfills
and be applied in WW treatment [259], as in studies with poplar and willow. Populus nigra
has a high value from a bioeconomic perspective, being widely used in the creation of new
hybrids in Europe such as Populus × Euramericana (Populus deltoites × Populus nigra), and
they are fast-growing energy crops with greater advantages [260]. An advantage of the
willow is that it is an excellent phytoremediator because it removes between 40% and 80%
of nitrate-nitrogen compounds present in groundwater, being a species that serves as a
regulator of the chemical composition of the water and the functioning of the soil [261].

Forest species also present some constraints such as acacia which presents an invasive
character, an aspect that causes a loss of biodiversity by changing ecosystems and creating
competition between species [262]. Additionally, acacia requires well-drained soils [263].
Pinus pinaster presents a high concentration of N and S, these elements could generate
atmospheric pollutants in combustion systems [264]. Moreover, the main species causing
fires in Portugal are Acacia dealbata and Pinus pinaster [265]. There are food applications
that use food-grade grown willow, however, willow produced from marginal lands and,
especially contaminated soils, may prevent the usage of its biomass for food and feed
purposes.

The chemical composition of the different forest crops is presented in Table 2, for easier
comparison between them.

Table 2. Chemical composition of forest crops.

Energy Crops Cellulose
(% w w−1)

Hemicellulose
(% w w−1)

Lignin
(% w w−1)

Ash
(% w w−1)

Extractives
(% w w−1)

Other Components
(% w w−1)

Acacia dealbata (wood)
[266,267] (42.4–50.9)

(17–29)
[xylan

(16.4–19.3)]
(19.3–20.1) (0.5–1.1) (3.1–5.85) -

Acacia dealbata (bark)
[266,267] 19 21.6 18.6 3.3 37.5 -

Acacia dealbata (leaves
and flowers)

[266,267]
43.1 (21.6–22.2)

[xylan: 18.7] 25.9 (0.5–1.1) 8.3 -

Pinus pinaster
[268,269] [40–50] [15–24] [25–33] 0.16 2.9 -

Paulownia tomentosa
[270–274] (39.2–49) (17.98–28.1) (17.8–37.6) (0.5–4.6) (5.6–8.8) Holocellulose

(39.2–61.5)



Energies 2022, 15, 4348 21 of 68

Table 2. Cont.

Energy Crops Cellulose
(% w w−1)

Hemicellulose
(% w w−1)

Lignin
(% w w−1)

Ash
(% w w−1)

Extractives
(% w w−1)

Other Components
(% w w−1)

Populus [258,275] (42–49) (16–23) (21–29) 1.8 - -

Salix viminalis
[276–282] (37–56) (13–26.7) (12–37.4) (0.6–2) (6.3–7.75) Holocellulose

(63.7–64.5)

As can be seen in Table 2, all the forest species studied [acacia (wood), maritime pine,
paulownia, poplar, and willow] present a high cellulose and hemicellulose (polysaccha-
rides) content, and therefore they all have the potential for second generation bioethanol
production. All these species also present a high potential for combustion systems because
they present a low ash content facilitating the conditions applied inside the boiler, without
the need for continuous cleaning of the ash.

In biochemical technologies such as AD and alcoholic fermentation, maritime pine,
poplar, and willow have shown potential. However, acacia and paulownia are also con-
sidered suitable raw materials for bioethanol production [274]. Some forest species have
also been tested for biohydrogen production, with promising results, e.g., paulownia
stalks [283].

These forest species described in this study have also the potential for energy produc-
tion (electrical, thermal, or both), e.g., in combustion processes as solid fuels (woodchips,
pellets, and briquettes), for example, the ones produced from maritime pine [284]. Addi-
tionally, they can be used to produce bio-oil through pyrolysis, e.g., with acacia [285] and
paulownia [286].

In relation to other thermochemical systems like gasification, species such as maritime
pine [287], poplar [288], and willow can serve as a raw material in this process. Or in
hydrothermal process, e.g., with willow.

More details are described in the following Sections 2.2.1–2.2.5.

2.2.1. Acacia (Acacia dealbata L.)

Acacia-mimosa (family Fabaceae/Leguminosae, order Fabales, and class Magnoliop-
sida) with the scientific name Acacia dealbata Link is an allochthonous or introduced woody
tree with a large shrub and erect stem [263].

Acacia-mimosa plays an important commercial role since its wood can be used for the
paper production through the kraft process by the amount of cellulose present in the mate-
rial [267], allowing the elaboration of several products like cardboard, the paper for writing
and printing, which gives it a special shine, considered of high quality, and more advanta-
geous than eucalyptus due to the low amount of alkali it presents [263], and finally, acacia
wood is also used for the production of construction materials and furniture, compounds
of interest to the medicinal sector [289,290], xylooligosaccharides [291], syringaldehyde,
vanillin [292], and solutions rich in glucose [293,294]. The bark is used for the production of
tannins (substances of plant origin) due to the high amount present in the species (greater
than 74%) [295] and other compounds such as absorbents [296], those with an antimicrobial
and antioxidant capacity [266,297] and the anti-quorum sensing [298]. In the perfume
industry, flowers are processed to produce fragrances, as well as perfume fixatives [263], in
the production of compounds with anti-inflammatory properties [299,300] as well as other
types of products such as bioherbicides [301]. In the ecosystem, the pollen in the flowers
presents a relevant function for the continuity of sleep [263]. The extracts from the leaves of
Acacia dealbata are excellent as a raw material in natural products beneficial to health due to
their antioxidant activity [266,302], and the antimicrobials present in the extract [302] are
also used for herbicides production [301]. Concerning the timber sector, acacia is consid-
ered of high quality for the manufacture of furniture and poles and is also used as fuel for
heat generation. Two liquid biofuels that can be produced from Acacia dealbata [263] are
bioethanol [303,304] and bio-oil. Some studies researched the implementation of acacia for
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bioproducts and biofuels production in a biorefinery-type system, either from the residual
material of the species [305] or from all constituent parts of the species [306].

Muñoz et al., 2007 studied the pre-treatment with two fungi (Ceriporiopsis subvermispora
and Ganoderma australe) maintained at a temperature of 27 ◦C, moisture of 55% for 30 days,
and the organosolv delignification was performed at 200 ◦C, with 60% of ethanol for 1 h.
In this first phase, the pulp yield in the case of acacia was between 31% and 51% and
obtained 93% of glucan and 2% of lignin. With the objective of producing bioethanol, it
was applied to the pulp material with two process types SSF or SHF being utilized for the
Saccharomyces cerevisiae. For the SHF and SSF processes, the best conversion to bioethanol
was obtained for acacia in the first process from 40% to 48%, and in the second process, it
was 44% to 65%. These results concluded that each stage must be improved to obtain a
higher conversion of this species into bioethanol, namely, in the pre-treatment through a
decrease in the incubation time and in the stage of saccharification/fermentation to utilize
a material with a higher pulp consistency [307].

Another study that evaluated the possibility of producing bioethanol with Acacia
dealbata through a diluted acid pre-treatment, with this phase the most important because
it is where the transformation of the lignocellulosic material in sugars for bioethanol
production occurs. It was evaluated for two different systems: SHF and SSF, which included
a wash with residual Water Insoluble Fraction (WIF). The Acacia dealbata presented a high
potential to produce bioethanol with 10.31 g ethanol L−1 obtained during 24 h with the
SHF process and with the other process, SSF, it obtained 7.53 g ethanol L−1 over 48 h, so,
under these conditions, SHF obtained the best results. However, it is possible to obtain
12.18 g ethanol L−1 when the fermentation is made over the soluble fraction of undiluted
water in parallel with the SHF process [308].

To evaluate the potential of Acacia dealbata in a biorefinery, this species was submitted
to an ionic liquid 1-ethyl-3-methylimidazolium acetate pre-treatment for 30 min at a tem-
perature of 150 ◦C, with 66% of the xylan (20 times higher when compared to untreated raw
material) recovered and 88% of cellulose (13 times higher than untreated material). The
remaining solid part (substrate) was processed in an enzymatic hydrolysis system (cellulose
conversion) for 48 h, which allowed obtaining high yields of fermentable glucose (carbon
source) suitable for the biofuels generation like bioethanol and other bioproducts [294],
therefore, the application of acacia in an industrial scale system such as a biorefinery is
guaranteed.

In Spain, a study was carried out in which several Acacia dealbata plantations were
evaluated (by the high invasive degree of this species in the south of Galiza and north of
Portugal) to characterize the species in relation to the moisture content, volatile percentage,
HHV and LHV to determine its energy potential, in several constituent parts of the species
such as the trunk and the thin leaves and branches. According to the values obtained, the
average moisture content (35.29% for the trunk and 35.22% for the leaves and branches);
volatiles (83.58% for trunks and 77.28% for leaves and branches); ashes (0.80% for the
trunk and 2.32% for the leaves and branches) and HHV when the material is free of water
(without moisture) is 4797.93 kcal kg−1 for the trunk and 5181.10 kcal kg−1 for the leaves
and branches. In turn, the LHV is 4478.65 kcal kg−1 for the trunk and 4865 kcal kg−1

for the leaves and branches. With these results, the viability of acacia-mimosa as fuel in
combustion systems for heat production or in cogeneration systems, due to the values
obtained of the calorific power [309] is guaranteed.

In Portugal, the main species for producing wood pellets for burn-in boilers is the Pinus
pinaster and for this cause, it is important to compare this type of material with other species
like acacia-mimosa for the quantity of material that can be found in the territory [262]. It can
serve as a carbon reservoir because it is a fast-growing species, it also rapidly removes the
carbon present in the atmosphere through CO2, mitigating climate change, thus confirming
its potential for the production of material with high carbon content [310] such as biochar
that can be obtained through the pyrolysis process at 450 ◦C for 8 h [311].
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An acacia plantation with 2 ha can yield 140 t of biomass for wood pellets production
that has a similar quality to those produced with Pinus Pinaster Aiton and Eucalyptus
globulus L., with the only exception being the amount of Cl which was slightly higher [255].
In another study, on the contrary, it was found that the chemical composition (ash content,
N and Cl) of Acacia dealbata and Eucalyptus globulus are the main factors that hinder their
use for producing certified pellets. The use of the waste material of these species serves as
a solution for the collection and reuse of the material, and it should be used in processes
where certified products are not required [312], creating a system that complies with the
criteria governed by the circular economy. In a fluidized bed reactor with a turbulent
regime, two different types of pellets were burned: one produced with maritime pine and
the other with acacia-mimosa, and the contaminants [CO2, CO, and nitrogen oxides (NOx)]
formed in each case were verified and compared. The pellets produced by both species
presented a lower emission of contaminants and a better combustion behavior due to the
type of reactor used (fluidized bed) [313].

Vicente et al., 2019 analyzed the emissions of pellets produced from Acacia seen as
an invasive species in Portugal, specifically located in the coastal areas, to be utilized like
fuel at a residential level. Among the properties evaluated were the particulate matter
PM10 (anhydrosugars like levoglucosan 284 µg g−1 PM10 and polyaromatic hydrocarbons
8.77 µg g−1 PM10), CO (2468 ± 485 mg MJ−1), sulfur dioxide (SO2) (222 ± 115 mg MJ−1),
and NOx (118 ± 14 mg MJ−1). All these values were considered elevated because the
acacias trees were grown in zones with high salt concentrations. For this reason, to obtain a
solid fuel from acacia with minor production of emissions, the pre-treatment of the material
before the pelleting including the drying step must be optimized, mixing the acacia with
other materials to obtain a biofuel with other properties, to incorporate additives that allow
major compaction of the particles and to control the air supply during the combustion [314].

In another study, Amutio et al., 2013 evaluated several types of wastes from Cytisus mul-
tiflorus (50%) and Spartium junceum (50%) both identified as Bio1, Acacia dealbata identified
as Bio2, and, lastly, Pterospartum tridentatum identified as Bio3 in the pyrolysis technology.
The process occurred in a Conical Spouted Bed Reactor (CSBR), with a temperature of
500 ◦C, continuous biomass input in the system, and continuous removal of the char. In
the liquid phase, the bio-oil (main product) was constituted of water, phenols, ketones,
acids, furans, and a lesser quantity of saccharides, aldehydes, and alcohols. The results
showed that the yield of bio-oil was 79.5% (Bio1), 72.1% (Bio2), and 75.1% (Bio3) being
higher for the Bio1 due to the higher quantity of hemicellulose and cellulose in this species,
that favors the bio-oil production. The char yield was 16.6% for Bio1, 23% (Bio2), and about
20% for Bio3. In the relation to the gas phase, the quantity produced was between 4% and
5% for the three species. These results showed the high benefits of these species for the
bio-oil generation in a CSBR reactor, being possible to maximize the yield of the liquid
phase with high heat and mass transfer rates, a low residence time of the volatile elements,
and continuous removal of char, conditions that were maintained in this process [285].

2.2.2. Maritime Pine (Pinus pinaster Aiton)

Pinus pinaster Aiton is a woody fast-growing species [315] belonging to the family
Pinaceae, order Pinales, and class Pinopsida, which requires a lot of insolation and is able
to resist shade only in the first months after germination [316].

This species presents a fundamental function in the economics and rural development
in the commercialization of wood, namely for carpentry in exterior and interior areas
(floors and parquet), as well as in the real estate sector for the high quality of the material,
wood treated for the production of poles, scaffolding shipyards, packaging and pallets for
the storage and transport of goods, bodyworks [315], fiber and particle agglomerates in
the phosphorus industry, in the manufacture of fence fencing, toys, blinds [317], in the
pulp production through the amount of cellulose present in the trunk, of resin for the
generation of a great range of chemical products by the presence of terpenic oils of good
quality [318] and firewood, in their simple form for the production of heat at the domestic
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level. Other uses applied to this species are in the manufacture of poles, furniture, and
building materials like particle boards [319] and they serve as shading for recreation and
picnic areas. The resin is utilized to make rosin and turpentine, the main components in
the production of soaps, glues, oils, waxes, medicines, and varnishes. The bark is used to
produce tar [320], polyphenols, tannin, antioxidants, adhesives, bio-oil, and particle boards
(from the bark partially liquefied) [321].

Maritime pine can be used for several biofuels production using the biochemical
process like biogas and bioethanol and in thermochemical conversion [322] through solid
fuels production of pellets [323,324] and briquettes in heating, gasification, and pyrolysis
systems. Pinus pinaster is the principal material in the pellets production in Portugal as it
is made of soft wood, an aspect that facilitates grinding, due to its low ash content and
greater amount of extractives when compared to other species such as Eucalyptus [323],
and because of the availability of the species in the territory.

Pinus pinaster wood was studied for its viability for biofuel production in a biorefinery.
The pre-treatment for the material was carried out for aqueous fractionation to obtain the
hemicellulose saccharides solution (liquid) and another phase, the solid-state composed
of cellulose and lignin. The liquid solution (constituted for polymeric or oligomeric hemi-
cellulose saccharides) was treated with H2SO4 (up to 4 wt%) and heated (up to 130 ◦C) to
transform substrates into sugars. The saccharification was achieved almost totally under
certain conditions for possible fermentation. After the solid phase (conversion of cellulose)
is mixed in the acid medium under microwave irradiation, levulinic acid is obtained to
produce valeric biofuels and formic acid for further use in the fuel cell. In the case of the
lignin, it was recovered like solid residue using a method with acid [325].

The main species causing fires in Portugal are Genista tridentata, Cistus ladanifer,
Cytisus spp., and Acacia dealbata (species that make up the first mixture), coming from
marginal lands, and Pinus pinaster and Eucalyptus globulus (constituting the second mixture)
integrated into the forest system, therefore, it was proposed to study the fractionation
of each mixture as feedstock in a biorefinery for a year, to assess their potential to pro-
duce biofuels and other bioproducts. Each mixture was subjected to an autohydrolysis
between 190 ◦C and 240 ◦C (non-isothermal conditions) to compare the two: the effects of
fractionation of each mixture (solubilization of hemicellulose in oligosaccharides and the
achieved recovery of lignin and cellulose), the heating values obtained to evaluate their
potential as biofuel, and the behavior of enzymatic cellulose hydrolysis for the glucose
formation. Excellent results were obtained for both mixtures, such as high oligosaccharide
recovery, HHV (the solid part can be used as fuel), and improved glucose obtention (from
45% to 90%) [265]. This type of mixture represents a suitable material for biofuel produc-
tion (including bioethanol) and products of high commercial value in a biorefinery-type
installation, being seen as an alternative to reduce the material load causing fires.

A study about the heating values from different species, allowed us to know what
species are most significant to solids biofuel production, namely, wood pellets. It was
evaluated that several species like Castanea sativa, Eucalyptus globulus, Quercus robur,
Salix babylonica, Populus × canadensis, Pseudotsuga menziesii, maritime pine, among other
types, were classified as softwoods and hardwoods. The results show that hardwoods had
an HHV between 17,631.66 and 20,809.47 kJ kg−1 and the softwoods had values ranging
from 19,660.02 to 20,360.45 kJ kg−1 (the value for the maritime pine is 20,237.89 kJ kg−1 i.e.,
below the species with the highest HHV). In relation to the LHV, the hardwoods had a value
between 14,411.54 and 17,907.85 kJ kg−1 and the softwood values were between 15,629.71
and 16,935.72 kJ kg−1, with the last value corresponding to the maritime pine, namely, the
highest LHV. This study considers the Pinus pinaster to be one of several species having the
best conditions for application in the thermochemical processes, mainly, combustion [326].

In the District of Bragança in Portugal, a study was conducted on the energy generation
(electricity and heat) from the maritime pine because it is a forest species most common in
this region. The destination of the energy produced includes several sectors (residential,
service, and industrial). The total forest area in Bragança of the Pinus pinaster is 89,024 ha
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with an energy content of 4170.5 TJ. However, consider the data of a power factory, 22% of
efficiency, a heating value of 18 GJ t−1, and an operation time of 7200 h year−1 which can
obtain electricity power of 254.9 GWh. Consider the annual yield of this species, and it can
be concluded that it is possible to supply the Bragança District with almost 49% of energy
and 60% of its electricity demands for each sector, and 84% of the total energy demands of
the several sectors mentioned before [327].

In Spain, the study by Álvarez-Álvarez et al., 2018 was made with the purpose of
investigating the potential of different species including maritime pine. the maritime pine
obtained the values as follows: the highest HHV of 19,366.277 kJ kg−1 (mean); the lowest
value of ash of 0.602%, and in the ultimate analysis; the percent of C, sulfur (S), and N
were 47.775% C, 0.650% S, and 0.494% N. Once again, it can be concluded the importance
of Pinus pinaster in the energy production for the HHV and ash values, although the high
concentration of N and S are elements that generate atmospheric pollutants [264].

Viana, Rodrigues, Godina, Matias, and Nunes, 2018 performed the analysis and
evaluation of several characteristics such as density, moisture, proximate and ultimate
analysis, HHV, energy density (Ed), Fuelwood Value Index (FVI), and a dimensional value,
among others. The most important results obtained for the different parts analyzed of the
maritime pine (wood stem, pine needles, and top of the specie) were: 0.22% to 1.92% of
ashes, 19.57 to 21.61 MJ kg−1 of HHV, 2.06 to 8.9 GJ m−3 of Ed, and the values of the FVI
were superior in the case of the wood stem (4658) and top of the species (2861.8). Based on
these results, it is guaranteed that the maritime pine represents a biomass with a very high
potential to create energy in the form of woodchips, briquettes, and pellets [284].

Following the previous study, one of the co-authors, Leonel Nunes, published another
work where the woodchips produced from maritime pine were analyzed but it also incor-
porated the bark. It is important to highlight that in almost all species, the bark contains a
very high amount of inorganic material that contributes to the superior values of the ashes.
Later on, some problems can arise in the industrial boilers and during the combustion as
the bark can cause, the incrustation of the scobs in the bottom of the equipment, a factor
that increases the number of times that it is necessary to undertake maintenance requiring
the boiler to stop [328].

Several types of materials were studied in Spain, like maritime pine pruning (forestry),
grapevine and olive tree pruning (agriculture), and sawdust and marc of grape (industry
residues), for its use in the circulating flow gasifier, to evaluate different typologies of
biomass, independent of the provenance in the same equipment and conditions, with the
objective of determining which materials can be used in gasification systems, whether
combined or not. The results show that agricultural pruning wastes (olive and grapevine)
presented higher gasification efficiency and yield than forestry (Pinus pinaster pruning) and
industrial (marc of grape and sawdust) wastes, therefore, in the case of gasification, the
agricultural wastes are more capable to produce a gas with high potential to be used for
heat production or in the alternative, as power using the gas as working fluid through
internal engines or gas turbines [329].

In Montpellier, two-stage gasifiers with a fixed bed were installed (the equipment
can be used in pyrolysis and gasification) with the Pinus pinaster species as raw material.
The pyrolysis was studied concerning different operational parameters. In relation to the
biomass flow rate, when increased, a low quality of char was obtained. The best efficiency
of the process (involving cracking, the heating value, and quality of the solid phase or
charcoal and the gaseous phase) was obtained between 650 ◦C and 750 ◦C of temperature,
30 min residence time, and 10 and 15 kg h−1 of biomass flow rate, as the best conditions to
optimize the pyrolysis process and obtain some products with high added value as charcoal
production with an HHV of 33 MJ kg−1 and gases with an HHV of 15 MJ Nm−3 [287].

2.2.3. Paulownia [Paulownia tomentosa (Thunberg) Steudel]

Paulownia tomentosa is a tree of deciduous hardwood type (family Scrophulariaceae,
order Scrophulariales, and class Magnoliopsida) that grows very fast [330]. Its high cellu-
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lose content (about 440 g cellulose kg−1) and its rapid growth have led to the development
of studies showing its feasibility for use both in bioenergy and for utilization in the in-
dustry that processes the pulp and in lignin enforcement, combining delignification with
autohydrolysis processes [331,332].

The Paulownia tomentosa leaves, consisting of glycerides, sugars, and flavonoids,
are highly resistant to herbivores [270], being a strong species against pest attack. The
C-geranylated flavonoids present in flowers have several functions such as anti-inflammatory,
antimicrobial, and inhibitory on some types of enzymes related to various diseases such as
type 2 diabetes and Alzheimer’s. Terpenoids, also present in flowers, also fulfill several neu-
roprotective functions [333] and are cytotoxic, attacking various types of cancer cells [334].
A wide variety of essential oils such as benzyl alcohol and 1,2,4-trimethoxybenzene [270]
with antibacterial, antiviral, antioxidant, and anti-inflammatory effects were also found in
the flowers [335]. The paulownia wood was subjected to the supercritical CO2 technique,
obtaining an extract that has excellent properties to be used as an insecticide, specifically,
to combat flour larvae [336]. Some processes applied to paulownia wood have allowed the
extraction of a greater amount of lignin and extractives such as heat treatment, with temper-
ature conditions equal to 210 ◦C and a time of 3 h, in turn causing the wood to darken [271].
Paulownia tomentosa wood also has a great potential for obtaining activated carbon from
a chemical activation method with zinc chloride (ZnCl2), the product being used as an
industrial absorbent, namely, in the separation and purification of liquid compounds and
gas, as well as for the control of contamination generated by polluting gases [337].

The energetic valorization of woody species, like paulownia, is possible over its direct
utilization such as solid biomass fuels [338] for the electricity and heat production or as
feedstock for biofuels of second-generation [272]. Its main use is in wood production for
industrial applications, because of its elevated ignition point, dimensional stability, and
lifetime maintaining its properties [273].

In a biorefinery-type system, two species of paulownia (P. tomentosa and P. elongata)
were analyzed, and the hot water extraction (HWE) pre-treatment was applied to achieve
two major objectives: the first was to extract the largest amount of hemicellulose (liquid
phase), and the second was to access the largest amount of lignin present in the wood. After
the extraction of hemicellulose (first objective) after membrane separation, the recovery of
products such as furfural, acetic acid, methanol, formic acid, hydroxymethylfurfural (HMF),
and lignin extractives occurred. However, the main products obtained at this stage were
through hydrolysis of hemicellulose and part of the cellulose produced in delignification, to
subsequently ferment sugars and produce several neutral solvents such as ethanol, butanol,
and acetone, as well as other products, namely, bioplastics. Before delignification (second
objective), it was possible to use the material for CHP systems, solid fuel production such as
pellets, and reconstituted wood products. Subsequently, in the delignification with acetone
and water in an oxygen atmosphere, lignin and cellulose were produced, the latter being
used for paper production, nanocellulose, and the hydrolysis described above [339]. In this
way, the scheme that characterizes this biorefinery is complemented, with paulownia being
a crop with high potential to be applied in this type of industrial unit.

Bioethanol from lignocellulosic crops encompasses higher production costs than us-
ing first-generation technologies. With the idea of converting the process to a system is
economically more favorable, the valuation of paulownia from a biorefinery perspective
is an important asset. As for other woody species, the initial pre-treatment phase is a
determinant of the overall yield of the conversion processes. The use of autohydrolysis
processes allows the solubilization of hemicelluloses. The insoluble phase, consisting of
lignin and cellulose, is subjected to saccharification and fermentation processes, through
two separate processes SHF or in one-step simultaneously SSF. Experimental results for the
valorization of Paulownia tomentosa for bioethanol production allowed a comparison of the
two strategies (SHF and SSF) and the quantification of the global balance and the energy
recovery of the several fractions obtained. After the autohydrolysis process, the liquid
phase consists essentially of xylooligosaccharides (60% of the identified compounds), al-
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lowing a concentration of 15.7 g L−1 in these compounds. When processing the solid phase,
which contains essentially lignin and glucan, the use of the SSF process at a solids content
of 20% allowed a value of concentration in ethanol of 52.7 g L−1, which corresponds to 80%
of the ethanol yield. The obtained results correspond to a possible production between
10,779 and 13,300 L bioethanol ha−1 year−1 if the hemicellulosic bioethanol production is
included. The energy analysis of the process revealed that the burning of lignin is decisive
for increasing the energy conversion efficiency, reaching global values above 80% when
this option is taken into account [274].

Biohydrogen production from the leaves and stems of paulownia was studied by
Yi et al., 2020 to make a comparison between this species and wheat straw. The pre-
treatment consisted of an ultra-fine grinding where it was possible to modify the microstruc-
tural, thermal, and optical properties of the biomass, and the biohydrogen production
process was through photo fermentation. After pre-treatment, paulownia stalks showed
a high yield in biohydrogen production (51.75%) when compared to corn straw (20.59%)
caused by the change that the treatment itself caused in the chemical composition of the
materials, namely, in hemicellulose, cellulose, and lignin [283].

Based on these characteristics, namely, low S, N, and Cl amounts, the use of ligneous
biomass for energy purposes has environmental benefits compared to herbaceous biomass,
in particular, regarding nitrogen dioxide (NO2) and S emissions. Another advantage is
related to a lower risk of corrosion phenomena in combustion boilers [254].

Paulownia flowers have already been studied in the process of pyrolysis (carboniza-
tion) and alkaline activation to produce porous activated carbon used as a supercapacitor.
Due to certain specific properties present in the material, such as its high specific capaci-
tance, it was possible to use the porous activated carbon produced as a mechanism to store
energy through a low-cost and high-performance system [340].

Paulownia tomentosa wood was submitted to a slow pyrolysis process for the bio-oil
production through a fixed bed reactor with the incorporation of N, being studied was
the state of the raw material (particle size) and conditions of the system (temperature,
heating rate, and N flow) and how it interfered in the formation of the products. The
pyrolysis conversion increased with temperature, the maximum conversion value (77.4%)
was obtained at a temperature of 773 K, therefore, at this same temperature, with a heating
rate of 50 K min−1, N flow equal to 100 mL min−1 and a particle diameter ranging between
0.425 and 1 mm, the highest net yield (bio-oil) equal to 54% was obtained. The yields of
pyrolysis products are greatly affected by the system conditions and not by the state of the
raw material [286].

2.2.4. Populus (Populus spp.)

Poplar is a fast-growing species, therefore, an SRWC crop, belonging to the family
Salicaceae, order Salicales, and class Magnoliopsida, being many of the hybrids formed
from European poplars such as Populus tremula L., P. alba L. and P. nigra L. [341].

There are many species of poplars that are used in the bioenergy sector. However,
Populus alba L. (white poplar) and Populus nigra L. (black poplar) are most relevant as an
energy crops. Populus alba L. is little used commercially, however, it is of great interest in
creating a diversity of hybrids for various economic sectors, including bioenergy. At the soil
level, it allows the recovery of land (marginal/degraded) and polluted soils (phytoremedi-
ation with hybrids P. alba × tremula and P. tremula × alba), in the energy production [342] it
can be used as firewood due to its high calorific value 19.133 MJ kg−1 [343] in combustion
systems [344] and lastly, for the liquid biofuel production like bioethanol [345].

There is a strong importance of the hybrids generated between the genera Populus spp.
and Salix spp. as both belong to the same division, class, order, and family. However, the
poplar presents excellent qualities such as energy crop or SRWC due to its physical and
genetic variety, sexual compatibility between several species of the same genus creating
hybrids with different and improved properties, when compared with the species that
originate them, being reproducible in a vegetative way, facilitating their commercialization
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in the bioenergy sector [346,347] for the several biofuels production from biochemical
conversions like bioethanol [275,348,349] and thermochemical conversions like combus-
tion [350], gasification [351] and pyrolysis, among others like biobutanol [352,353]. Other
advantages of the Populus are that in terms of its initial treatment, it is easy to harvest,
handle and store [354], a factor that reduces the complexity of the harvesting process, as
well as the expenses associated with it. Other products can be obtained from cellulose such
as textile materials, cosmetics, and pharmaceuticals, among others, and also from lignin
such as biopolymers, fertilizers, biopesticides, and vanillin compounds [355].

One of the gases produced in AD systems is hydrogen sulfide (H2S) which causes
problems within the reactors. In a digester that processes manure as raw material, two
different experiments were carried out to measure the reduction of H2S present in biogas.
In the first experience, three components were added to a gas measurement system: poplar
wood biochar, steam-treated wood chips, and poplar chips (without any extra treatment).
In the second experience, only a biochar sulfate (SO4

2−) was incorporated directly into the
digester. In the first experience, it was necessary for 3 g of poplar wood biochar for every
500 g of manure to guarantee a considerable decrease in H2S (final concentration was up to
205 ppm) in biogas, with an absorption of 78% for each gram DM fed, without affecting
the methane production. In the second experience, there was a decrease in H2S not caused
by SO4

2− [consumed by sulfur-reducing bacteria (SRB)], but by other mechanisms such as
SRB inhibition, and direct H2S absorption, among others. The first experiment suggested
that the poplar wood biochar absorbed H2S in AD systems [356].

In the study by Negro et al., 2003 with Populus nigra L. it was possible to obtain ethanol
through the SSF process with two types of hydrothermal pre-treatment LHW and SE [357].
The latter yielded the best results with reaction times and temperature of 4 min and 210 ◦C,
respectively, with a recovery of 95% cellulose and 41% xylose in the liquid, SSF yields of
60% (theoretical), and enzymatic hydrolysis close to 60% [358].

Rosso, Facciotto, Bergante, Vietto, and Nervo, 2013 determined which hybrid from
Populus alba L. and Salix spp. (S. jessoensis, S. matsudana, S. alba and S. fragilis) had greater
advantages to be utilized as a feedstock for the biofuels generation, like bioethanol highly
dependent on cellulose present in the material or others such as heat through combustion
and electricity from CHP type systems. The results showed that some hybrids showed high
values of specific gravity (0.5 g cm−3) and others were lower (0.4 g cm−3), coinciding with
the results found in the literature. These hybrids have a high potential in the Mediterranean
regions and may guarantee, in the future, a progressive replacement of fossil fuels [359].

As an SRWC species, there are many poplar plantations that can be directed to ther-
mochemical processes like combustion in automatic boilers for heat production, which
is necessary for two-family houses of 15 ODT ha−1 year−1 to produce the same amount
of heat as a heating system that uses 7000 L of oil and the steam produced can also be
injected into a high-pressure turbine to generate electrical energy. Concerning gasification,
the gas is fed into a CHP system (joint heat and electricity generation) and the production
of solid fuels such as briquettes. In both systems, the raw material must be in the form of
chips [358].

Bartoli, Rosi, Giovannelli, Frediani, and Frediani, 2016 used a wide variety of fast-
growing poplar clones to produce bio-oil using the Microwave-Assisted Pyrolysis (MAP)
process, with a high heating rate, to obtain a high yield and product quality, which can
also be directed to coal, gas or bio-oil production. The bio-oils obtained showed small
proportions of water up to 17.5% (by weight), low viscosity (lower than those reported
in other studies), and low density (close to 1 mg ml−1), being fluid at room temperature
and with yields up to 32% (considered high). Finally, in relation to acetic acid, a high
concentration of 543.3 mg ml−1 and a yield of 69.9 g kg−1 were obtained in one of the
trials [360].

In the study of Chen et al., 2016, pyrolysis was evaluated at the laboratory scale using
the sawdust of poplar wood to obtain bio-oil (used as biofuel or bioproduct), biochar (used
as a contaminant absorber, activated carbon as an additive in the soil to improve the quality)
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and non-condensable gases (methane, CO, CO2 and H2 used for the formation of syngas
or burned to produce energy) with different heating rates (10 ◦C min−1, 30 ◦C min−1 and
50 ◦C min−1), with several temperatures (400 ◦C, 450 ◦C, 500 ◦C, 550 ◦C, and 600 ◦C).
The best results were obtained with the maximum values, being the HHV of the bio-oil
14.39 MJ kg−1 at 550 ◦C and 50 ◦C min−1, the specific surface area was calculated based on
the Brunauer-Emmett-Teller (BET) for the conditions of 600 ◦C and 30 ◦C min−1 and finally,
the HHV of the non-condensable gas was 14.56 MJ m−3 at 600 ◦C and 50 ◦C min−1. High
mass and energy yields were obtained: for bio-oil at 500 ◦C and with high heating rates; for
biochar with lower temperature and heating rate, and, lastly, for non-condensable gases
with higher temperature and heating rates. Poplar wood sawdust is an industrial residual
material with a high potential to produce biofuels and bioproducts [361].

In a study by Selvi Gökkaya, Çokkuvvetli, Sağlam, Yüksel, and Ballice, 2019, the poplar
chippings were gassed through a hydrothermal process (sub and supercritical water), to
evaluate how the system conditions [temperature (between 300 ◦C and 600 ◦C) and catalytic
variety], with a time reaction of 1 h, affect the conversion yield. The catalysts used were
minerals, commercially available alkaline KOH, dolomite, trona, borax, and those produced
in the laboratory such as ruthenium/activated carbon (Ru/AC), nickel/activated carbon
(Ni/AC), and active carbons impregnated with metals. Each catalyst directs the reaction to
form products of greater interest such as methane and H2. As the temperature increased,
the efficiency of the gas phase increased (from 29.7% to 79.3%), with the opposite occurring
in the liquid (from 27.6% to 1.1%) and solid (from 38% to 15.6%). The gaseous compounds
with the highest yields were H2 with 20.1 mol kg−1 C and methane with 12.7 mol kg−1 C,
both present in the biomass when the Ru/AC catalyst was applied. The Populus has the
potential as a raw material to be applied in gasification processes for the generation of
gaseous biofuels [288].

Soares Dias et al., 2019 studied nine Populus hybrids from SRWC plantations that were
evaluated in a pyrolysis reactor (fixed bed with several solid catalysts). In another system,
pine bark was used in a non-catalytic reactor, as a comparison. Pyrolysis was applied in
both systems, with temperatures between 425 ◦C and 500 ◦C. In all experiments carried
out on hybrids, the results were similar, with bio-oil production having the best yields
(53%) at 500 ◦C (maximum temperature). All the catalysts used, namely, the basic ones
[magnesium carbonate (MgCO3) and sodium carbonate (Na2CO3)) and acids (H-ZSM-5
and Fluid Catalytic Cracking (FCC)], reduced the number of acids present in the bio-oil.
For biochar, better yields were obtained (approximately 21% by weight) when applied to
pine bark (containing a greater amount of lignin) in a non-catalytic system, than in the case
of Populus [362].

In a bench-type pyrolytic reactor at two temperatures, namely, 500 ◦C and 600 ◦C,
two biomass typologies were analyzed, namely, poplar (hardwood) and spruce (softwood)
to assess the potential of both species in obtaining bio-oil. The results showed that with
softwood, bio-oil yields of 65.40% (at 500 ◦C) and 71.20% (at 600 ◦C) were obtained, and in
the case of hardwood, these yields were 62.50% (at 500 ◦C) and 68.40% (at 600 ◦C), therefore,
the best results were obtained with softwood at 600 ◦C. When both species were subjected
to a temperature of 500 ◦C, several phenolic compounds were obtained for the case of
softwood, and sugar-rich components, acids, and furans for the case of hardwood. As
methanol was used, it showed greater efficiency in the process when compared with the
water and toluene, as it allowed a greater extraction of chemical compounds (greater than
90%) in bio-oil caused by its high polarity [363]. Although the highest yield of bio-oil was
obtained with softwood, it is also considered that poplar has a high potential for liquid
biofuels production like bio-oil.

In Romania, for 10 years (from 1999 to 2009), several agricultural areas (arable and pas-
ture) with an extension of 1.03 million ha were abandoned, without having been converted
into a forest area. If poplars would be planted in these areas, a total amount of energy of
194.3 PJ would be obtained (17.5% of total consumption energy in this country) [364].
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2.2.5. Willow (Salix viminalis L.)

Energy willow (family Salicaceae, order Salicales, and class Magnoliopsida) encom-
passes a great variety of high-yielding genotypes and hybrids cultivars, most notewor-
thy based on the Salix viminalis L., commonly known as basket willow, among other
species [365,366]. As a culture, it grows everywhere in Europe and it is naturalized in
eastern North America [367].

As a promising energy crop, it is being utilized as a direct source of energy such as a
solid biofuel. Willow presents a significant calorific value, between 17 and 19.5 MJ kg−1

(dry basis) [368], being sold to the final user like wood chips whose cost depends on the
moisture amount and on particle size. Willow use can be further used as a feedstock for
biofuels generation, as it can be an advantageous feedstock for biorefineries.

The conversion of the polysaccharides into biofuels, namely bioethanol [3,279,369–373],
and biogas [277] from the material harvested in the vegetative growth stage, which has a
low lignin content and a high amount of soluble elements that favor the AD process, since
with the material still green, the collection process is easier, a factor that reduces costs of
production [374], and biobutanol [375], has been studied during the past years, since the
1990s, with much of the focus being extensively directed into bioethanol. Willow used in
soil phytoremediation systems has been applied for energy recovery in thermochemical
processes such as gasification [376], pyrolysis [377,378], and combustion [379,380].

As an alternative, autohydrolysis has been studied by other groups [381], paying
special attention to the upgrade of hemicellulose which is mainly composed of xylan-type
polysaccharides, substituted with arabinose, mannose, and galactose [371]. Under autohy-
drolysis, the hydrolysates obtained mainly contained oligosaccharides, some monosaccha-
rides, and low amounts of sugar degradation products that increased with process severity.
These oligosaccharides may be potentially used as prebiotic food and feed additives, which
are added-value products. Furthermore, oligosaccharides can also be converted into other
added-value products, namely surfactants, such as novel glycosyl surfactants as described
in [382]. This work uses microwave-assisted autohydrolysis to produce oligosaccharides
that are later converted into surfactants using the co-produced solid biomass as catalyst
(after a simple activation), in a complete integrated valorization loop.

The food applications may imply the use of food-grade grown willow, however, willow
produced from marginal lands, especially contaminated soils, may prevent the usage of its
biomass for food and feed purposes. A similar discussion can be made for the upgrade of
willow bark, a source of salicin that can be used in pharmaceutical [383], nutraceutical, or
cosmetic applications, even though energy willow cultivars typically have a lower content
of salicin as compared to other cultivars [384]. Conversely, activated carbon production
does not seem to suffer from this limitation, especially if its applications move away from
food applications. For instance, it is possible to produce activated carbon from willow
leaves [385] by pyrolysis, presenting a good capacitive performance as a supercapacitor
electrode, with potential applications in automobiles, buses, trains, cranes, and elevators.
Willow fiber has also been used for paper manufacturing because of the amount of cellulose
that is in the material [386].

The bioethanol ground case considers an overall transformation yield of 310 L ethanol t−1

(dry willow biomass) based on the utilization of steam-explosion [282,369,387] as the pre-
treatment process, conservative cellulose to glucose yield of 75% [388], and fermentation
conditions and yields for a Zymomonas mobilis-based process [389]. A preliminary LCA [370]
showed that willow-based ethanol can be an effective biofuel to help to achieve GHG emis-
sion goals. This can be further enhanced by the utilization of other pre-treatment methods,
and several studies have been carried out to improve the selective recovery of polysac-
charides and lignin from willow biomass. Among others, acid [375,390], alkali [277], and
organosolv pre-treatments have been studied, and higher enzymatic cellulose digestibility
has been achieved, namely for the ethanol-based organosolv, using H2SO4 as catalyst [391].
This process enabled to obtain a cellulose digestibility of 87%, a 116% increase over the
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ground case, but the overall sugar recovery is a function of xylose and glucan recovery in
the liquid and solid streams, respectively.

Willow has been shown to be a species with high capacity and potential as a soil
phytoremediation material, storing trace elements [e.g., Cd and zinc (Zn)] in the aerial
part (above the ground) of the species [392]. Considering this aspect, willow harvested
in an area contaminated with trace elements of manganese (Mn) and Zn was applied to
a SE pre-treatment to eliminate the contaminating elements present in the material and
to produce bioethanol. The contaminated material was impregnated with H2SO4 (2%
concentration) to be subsequently performed the SE pre-treatment at a temperature of
220 ◦C, with 80% of the trace elements being extracted. The remaining material was again
submitted to a SE pre-treatment but this time at 180 ◦C to be subsequently applied to
the enzymatic hydrolysis process (total time of 75 h) in which a conversion of 80% of the
cellulose into glucose was achieved. Using Saccharomyces cerevisiae, bioethanol was obtained
in the fermentation stage. With this study, bioethanol is guaranteed to be obtained from a
material contaminated (willow) with elements such as Mn and Zn, without any change in
these yeasts and enzymes (biocatalysts) [281].

In another study, a willow plantation was irrigated with WW to assess both the
behavior of the species and the use of these waters in a sustainable way, being seen as a
solution for the WW treatment. The evaluation of the chemical composition of the species
determined that 8% of willows irrigated with WW obtained an increase in the amount of
glucan, a decrease in arabinose and galactose, and no changes in the values corresponding
to xylose, mannose, and lignin. When the pre-treatment with ionic liquid and the enzymatic
saccharification process was applied, it was determined that the yield was not significantly
changed, with an amount greater than 95% of glucose found in the cell wall being emitted
and a recovery of 35% was obtained of lignin, therefore, there was an increase of more than
200% in the yield of the material irrigated with WW. With this study, it can be stated that
it is possible to use this type of water in willow plantations when it is desired to produce
biofuels such as bioethanol in a biorefinery-type facility [393].

For the bio-oil production from willow contaminated with certain HMs, several studies
have been implemented. These studies differ in the type of contaminant present in the
material, the type of pyrolysis reaction, the process conditions regarding temperature
and reaction time, the scale of the process, and whether or not there is a pre-treatment
phase [394]. Stals et al., 2010 applied flash-type pyrolysis, at a laboratory scale in a semi-
continuous fluidized bed reactor, with a very fast reaction time and at different temperatures
(between 350 ◦C and 550 ◦C), in a willow contaminated with Cd, copper (Cu), Zn, and lead
(Pb), the best results being obtained at a temperature of 450 ◦C, with a bio-oil yield of 48%,
a temperature at which a smaller amount of contaminating elements (Zn and Cd) were
transferred to the bio-oil, these being reduced to a greater extent when a post-treatment
with a hot gas filter was applied [395]. Kuppens et al., 2015 [396] studied the rapid pyrolysis
of Cd-contaminated willow at a temperature that lies between 350 ◦C and 650 ◦C in a full-
scale reactor to obtain a bio-oil yield of 65%, suitable for the heat production due to the
LHV obtained, namely, 17 GJ t−1, which is subsequently the electrical energy produced in
a CHP system.

Crushed and dried willow that is contaminated with Cd, Cu, chromium (Cr), alu-
minum (Al), magnesium (Mg), Sn, Zn, Pb, nickel (Ni), cobalt (Co), iron (Fe), and Mn was
submitted to a gasification process in a fixed bed reactor at laboratory scale, with CO2 with
a flow of 5.40 L h−1being used as gassing agent, at temperatures ranging between 450 ◦C
and 950 ◦C. The temperature at which a complete transfer of elements such as Pb, Cd, and
Zn to the gas phase (syngas) occurred was 750 ◦C [394].

HTL has been studied to obtain the generation of the bio-crude product. Here the
relevance of the pre-treatment process is evidenced. The use of autohydrolysis yielded
interesting results, especially if a two-step dissolution process is applied using a semi-
continuous flow reactor [278]. More recently, alkaline pre-treatment enabled the generation
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of a bio-crude with an oxygen amount lower than 8 wt% and a higher concentration of
aromatics and phenolic compounds [397].

2.3. Microalgae

Microalgae are photosynthetic unicellular organisms, many are microscopic, and they
are found naturally in water systems (freshwater, sea, brackish, and WW). These organisms
need the elements of CO2, sunlight, and H2O to generate lipids, carbohydrates, proteins,
and other types of bioactive components in a short time. Microalgae are mostly divided into
four groups: Chlorophyceae (green algae), Bacillariophyceae (diatoms), Chrysophyceae (golden
algae), and Cyanophyceae (blue algae). This kind of biomass (microalgal) is constituted from
9.5 to 42% lipids, from 17 to 57% carbohydrates, and from 20 to 50% protein, on a dry
weight basis, depending on the species [398] and culture conditions (e.g., [399–401].

The microalgal biomass has a great variety of advantages as a raw material for biofuel
production when compared to traditional biomass resources:

• Microalgae present an elevated growth rate in a short time when they are compared to
the terrestrial energy crops and it is a culture that can be developed at any time of the
year. Its productivity is by far higher when compared with other cultures, converting
the sunlight and CO2 into power and doubling in times shorter than 6 h under optimal
conditions. In fact, certain types of species can double their biomass in times as short
as 3.5 h [402];

• The photosynthesis mechanism in these microorganisms is similar to higher species.
However, they have an elevated photosynthetic efficiency (between 4% and 7.5%) far
above the 0.5% for terrestrial cultures [398];

• Microalgae implementation needs a low water quantity including the land resort
than the other types of cultures (terrestrial). It can be utilized in marine or freshwater,
brackish and the non-arable land, decreasing the environmental impingement, without
creating competition with food crops [400];

• This microorganism can get nutrients such as N and P from WW, making available,
in parallel, a solution for the agro-industrial effluents [400]; Microalgae is capable of
fixing CO2 from the environment, however, it can also use the CO2 of energy plants
and of industrial sources. The typical value of this microorganism is that it can fixate
1.83 kg CO2 kg−1 (dry algal biomass) [398];

• Microalgal biomass is utilized to produce many valued products like fuels (inclusive
aviation gas, jet fuel, gasoline, biodiesel, and bioethanol, among others), feed, food,
and other products like nutraceuticals and cosmetics. Waste biomass can be utilized
as fertilizer and feed [398];

• The possibility of manipulating the biochemical characteristics of the biomass microal-
gal over a variety of developmental conditions [400].

Different microalgae species have been studied for their biofuel generation potential
and in the fixation of CO2, to reduce the high production of GHG in the world, caused by
the massive use of fossil fuels [71].

The transformation systems vary with several factors like the desired biofuel product,
the composition of biomass, economics, time, and operation conditions from microalgal-
based biofuels that can be obtained through chemical (Table S1), biochemical (Tables S2–S4),
and thermochemical (Tables S5–S7) conversion pathways [398,400]. All these tables are
presented in the Supplementary Materials.

At first sight, the high lipid content in some microalgae species makes them a poten-
tially appealing source for biodiesel production. However, high production costs, scalability,
limited growth rates, and the need for stress to induce lipid production are challenges to
industrial-scale microalgae-based biodiesel. Biodiesel production with acid or base catalysts
in a homogeneous phase employs a two-step method: oil extraction using solvents followed
by transesterification, resulting in high water consumption and energy input [403–406]. On
the other hand, in situ transesterification is a single-step process, which avoids the need for
a prior oil extraction step [405,407–409] (Table S1).
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Biogas is mainly composed of CH4 and CO2. The biogas yield and quality depend
on the feedstock composition, temperature, pH, solid and hydraulic retention time, and
feeding rate (Table S2). The C:N ratio plays a crucial role in an effective and stable anaerobic
digestion process. The optimal C:N ratio for biogas production ranges between 20:1 and
30:1 [410,411]. Too low a C:N ratio can be overcome by co-digestion of microalgal biomass
with organic substrates poor in nitrogen, such as sewage sludge [412].

Bioethanol production from algae biomass is based on the fermentation of algal
polysaccharides which are starch, sugar, and cellulose, either through SHF [413–418] or
SSF [419,420]. Different bioethanol yields have been reported depending on the feedstock
substrate whole or pre-treated microalgal biomass (Table S3). In 2010, Harun et al. (2010)
showed that lipid-extracted Chlorococum sp. generated a 60% higher ethanol concentration
compared with the dried/intact biomass [414].

In recent years, photobiological H2 production from algae biomass has become a
novel research field. Some microalgae species, such as Chlamydomonas reinhardtii, Chlorella
sorokiniana, Chlorella vulgaris, and Scenedesmus obliquus, have been shown to be able to
modulate their genetic, enzymatic, and metabolic expression to produce H2 through bio-
photolysis after S deprivation [421–425]. Another way to produce H2 can be through a dark
fermentation process using anaerobic bacteria [426–433] (Table S4).

Gasification is a versatile chemical technology in fair, oxygen, or steam at 700–1000 ◦C,
producing a mixture of gases known as syngas (mainly composed of H2, CO2, and
CH4) [434]. Steam gasification may be a promising way to produce hydrogen from al-
gae [435–437]. The use of catalysts promotes the production of H2 while declining tar
formation [435,437–440]. An overview of results obtained from the gasification of algae is
shown in Table S5.

The pyrolysis of microalgae biomass is usually done at temperatures between 300 ◦C
and 700 ◦C but may be performed at lower temperatures using a catalyst [441]. The amounts
of gas, oil, and char obtained from pyrolysis of algae biomass can vary considerably
depending on the microalgae species and growth conditions (Table S6). For example,
significant differences were found in bio-oil yields from autotrophic and heterotrophic
C. protothecoides, 16.6 and 57.9%, respectively. A 3.4 times higher heating value was obtained
for heterotrophic compared to autotrophic C. protothecoides [442]. Slow pyrolysis is easier to
carry out, producing bio-oil yields between 30% and 60% [441,443–447]. Fast pyrolysis can
reduce the amount of biochar [448], and the gaseous product is mainly composed of CH4
and CO2.

Unlike the previous thermochemical processes, HTL occurs in a wet environment
and, thus, does not require an energy-intensive dewatering step of the biomass [449]. HTL
occurs at temperatures ranging between 300 and 400 ◦C [449–457]. The oil yields from
the different species are n, and on the microalgae chemical composition, differences in
bio-oil yields were reported, ranging from 21% for Porprydium creuntum [454], to 66% for
Nannochloropsis sp. [458]. An overview of microalgae liquefaction studies is available in
Table S7.

3. Benefits and Constraints of Bioenergy Technologies Applied to Energy Crops
Cultivated in Contaminated and Marginal Soils

Various daily anthropogenic activities are known to deteriorate the state of the soil,
increasing its degree of pollution due to the massive discharge of HMs into the environ-
ment [178], causing changes in the ecosystem, affecting its balance and the health of all
living beings that subsist in it [459]. Among these activities are industries that operate
and produce fossil fuels such as refineries and petrochemicals, those linked to various
sectors such as metallurgy (including foundry), mining (causes excessive soil depletion),
agriculture (due to the incorporation of fertilizers and pesticides in the soil) [178], the
automotive industry by the exhaust gases of light or heavy vehicles, urban waste, and
sewage sludge [394], among others.
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For these reasons, many areas, after being productive land for the agricultural and food
sector, have soils that are considered degraded by human action, reducing their organic and
biological load, enriching it with HMs which leads them to be considered contaminated,
or become marginal areas because of the low quality and unproductiveness of the land,
being poor, with poor groundwater quality, as well as inconvenient climatic conditions
and unfavorable reliefs [460]. Marginal soils, in some cases, are also abandoned territories
where threatening species often develop that only destroy the soil by excessively absorbing
its nutrients, later causing a decrease in the productivity of any species that wishes to
develop. The countries that present a larger area (greater than 20% of the total area) of land
considered marginal are Norway, Albania, Italy, San Marino, Lithuania, and Portugal [461],
standing in the Mediterranean with the biggest amount of abandoned agricultural area and
saline soils [462].

Soil degradation is synonymous with a variety of terms such as contamination or
pollution by HMs, desertification, erosion, wear, salinization, deterioration, undue occu-
pation of invasive species, and abandonment, among many others. However, all these
factors can be characterized into three different typologies, such as biological, physical,
and chemical. The biological one manifests itself when it happens with land thinning or
deforestation, the excessive presence of water often caused by high rainfall, and, finally, the
destruction of biodiversity. The physical occurs when there is a loss of organic material,
mainly carbon, the land relief is affected by external environmental agents causing the
phenomenon known as erosion and, finally, the physical state of the soil is altered, causing
the appearance of a hard and thick layer on the surface, compacting, and waterproofing
the soil. The chemical happens when there is salinization and acidification of the soil, accu-
mulation of HMs, leaching of nutrients (loss of fertile matter), or of HMs into groundwater,
among others [463].

Contaminated soil pollutants in Europe include on average, 35% of HMs, 10% of
polycyclic aromatic hydrocarbons (PAHs), and 24% of mineral oils, a [394]. The origin of
HMs comes both from anthropogenic activities (as explained above) and from processes
that occur naturally at the geological level [178]. HMs are characterized by being inorganic
elements such as Cu, Pb, Ni, Zn, Cd, Cr, Fe, Mn, and arsenic (As), among others, with a
density five times higher than in the case of water, as well as presenting a high atomic
weight [394] being distributed to the environment by different routes. The soil is where the
greatest storage of HMs occurs, being caused by factors such as precipitation, the humus
present in the soil, and the accumulation of minerals on the surface. The distribution of
HMs can occur in several ways. In biomass, some contaminants are only retained in the
roots, but in other cases, they are later transported to the aerial part of the species (i.e., Cd
and Zn) as in the stems and leaves (i.e., Cr and Pb) [178]. When the contaminants remain
in the roots, the aboveground part can be used for bioenergy as the release of metallic
pollutants will not occur, but, in this way, the contaminants remain in the soil. Otherwise,
when the pollutants are no longer in the roots, the decontamination of the soil takes place
there (after a physicochemical analysis), requiring the application of bioenergy treatments
or processes that allow the recovery or elimination of these contaminants located in the
part aerial view of culture.

The benefits and constraints of energy crops from contaminated or marginal soils,
when implemented in conversion processes to produce biofuels, are presented in Table 3,
including applied pre- and post-treatments to reduce the presence of pollutants in the
process or in the products formed.
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Table 3. Benefits and constraints of bioenergy technologies when energy crops are applied in
contaminated and marginal soils.

Low ILUC Energy Crops Developed in Contaminated and Marginal Soils

Treatment or Conversion Process Benefits Constraints

General aspects

Cynara cardunculus has been shown to be an
ideal energy crop to be cultivated and grown
in land with low fertility (marginal [56,462]
and degraded), serving as protection against
soil degradation and erosion caused by
intense rainfall [55] improving the fertility of
this type of soil [464].
Cardoon is a species with the capacity to
serve as a phytoremediation plant in the
recovery of soils contaminated with
potentially toxic elements (PTE) [e.g., Pb,
arsenic (As), Cu, Zn, Cd e antimony
(Sb)] [465] and with trace elements [466].
Cardoon was also studied in contaminated
soils with As and Cd, proving to be a species
that tolerates this type of terrain. The Cd was
retained in the aerial part of the plant (old
leaves) and the As in the roots, therefore,
cardoon is a useful crop to extract the Cd
present in soil, and, in the case of land highly
contaminated with As, it serves as a
stabilizer for that land [467,468].
Giant reed presents wide diversity
advantages in relation to other energy crops
such as the adaptation to many
environments, soils, and cultivation
conditions, not requiring fertilizers, and
lastly, the high yields and productivities of
the crop [76].
Giant reed can be applied for the
phytoremediation of contaminated soils
[29,469,470].
Cannabis sativa is a crop that does not require
the incorporation of pesticides and nutrients,
a factor that ensures the proper use of the
soil, prevents the development of weeds, and
allows the extraction of HMs from the soil
[471], and organic contaminants and
radionuclides, acting as an excellent
phytoextractor of contaminants and soil
phytoremediator, namely in the roots.
Helianthus tuberosus is utilized for soil
recuperation in disturbed industrial sites
(e.g., soils such as salting, alkaline,
coal-mining, and oil-polluted) and to prevent
land erosion [130,472,473], and is a species
that resists the attack of pests and the
appearance of diseases [133].
Jerusalem artichoke due to its agronomic
characteristics, like tolerance to salt stresses
and dry conditions, presents a great
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Table 3. Cont.

Low ILUC Energy Crops Developed in Contaminated and Marginal Soils

Treatment or Conversion Process Benefits Constraints

resistance to frost and plant
diseases [31,474–477], being a species that
tolerates alkaline soils and grows easily in
cold and dry climates [149] including very
high temperatures [133].
Helianthus tuberosus can grow well on
marginal lands [19,143] and in poor
soils [478], therefore avoiding the contest for
arable lands that present food cultures.
One of the HMs that linseed can remove
more easily is Cd, however, it can also
remove metals such as Cu, Zn, Ni, and Pb
from the soil.
Linum usitatissimum is a species that also
tolerates, absorbs, and stores high amounts
of petroleum hydrocarbons present in
contaminated soils, and is widely used in oil
countries in the Middle East. After its
application as a phytoremediation material,
it can be used as a fiber and for the
production of linseed oil [154].
It has been claimed that cultivation of the
miscanthus in marginal [12,460,479–481] and
contaminated soils [482–485] has the
potential to restore soil properties, halting
degradation [486], desertification, and
contamination [9,178,462,487].
Some sorghum genes present high
productivity in marginal soils, a low amount
of nutrients, and do not require high water
requirements [41].
Sorghum can grow on land considered
marginal [188] due to the multiple
advantages of this species, such as high
tolerance to water stress, it has short growth
cycles, namely, between 3 to 5 months, and
can achieve high carbon sequestration rates
equal to 50 g m−2 day−1 [460].
Sorghum has been shown to be an excellent
phytoremediator and phytostabilizer of
contaminated soils [238] due to the several
advantages it presents, such as high biomass
formation, easily adaptable to different types
of environments and withstands various
types of contaminants among them HMs
(such as Cd and Zn), being able to
accumulate them in the species itself,
therefore, decontaminating the soil [41].
Sorghum bicolor is mainly characterized by its
ability to grow in arid soils, being drought
tolerant, producing high biomass yields [41],
and presenting a low need for fertilizer,
therefore, it can develop in marginal
soils [197,488].

For a hemp plantation initially applied as a
phytoremediator to be used in the bioenergy
sector, it is necessary to evaluate the presence
of HMs, radionuclides, and organic
contaminants in each process [122] as these
components can affect the balance of the
system.
Despite the wide advantages of linseed as
soil phytoremediation, as the accumulation
of HMs in the species occurs, its growth is
lower, however, their biomass
formation [154].
In arid areas it is also possible to use WW in
sorghum plantations, being necessary an
adequate use and control of the soil to avoid
the accumulation of sodium (Na) present in
the waters [500] reusing low-quality water
that does not compete with drinking water
and still has some nutrients [501].
Acacia leaves present a high amount of N
that, after falling, nourish the soil and fixes
this nutrient [502]. However, if this
component is very high, it can have harmful
consequences for the ecosystem, increasing
the growth of invasive species that densify
largely the forest, preventing the passage of
water, a factor that increases the degree of
erosion, avoiding the development and
continuity of other species like the
indigenous
Populus when applied as SRWC in
silviculture, it cannot be applied to degraded
soils, as its productivity and yield are low,
and the investment is not very
profitable [503].
Populus to increase productivity in
plantations destined for bioenergy, it is
necessary to apply water, fertilizers, and
examine the appearance of weeds, factors
that increase the overall costs of the
installation. To make it viable and profitable,
one must select the most appropriate hybrids
and apply appropriate silviculture measures
to reduce costs [257].
A benefit is the reduction of GHG emissions
since [504] evaluated that fast-growing
woody species can produce 9 to 161 times
less GHG than coal, producing 14.1 to 85.9
times more energy than coal. The only
disadvantage is the need for irrigation to
ensure the economic viability of the
plantation [505].
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Acacia is tolerant to soils of little
fertility [263].
Pinus pinaster is considered a species of fast
growth and tolerant to poor soils, being
applied to reforest degraded areas and in the
stabilization of dunes, to protect intensive
plantations (including agricultural fields), in
the conservation of soils mainly in areas at
risk of erosion [320], to combat soil
degradation and control hydrological
systems [489].
Paulownia tomentosa has a high potential to be
implemented in contaminated soils for later
recovery, in abandoned land (previously
used for agriculture) with low water needs,
in soils that may suffer from erosion for its
later stabilization, and in marginal soils [490].
Hybrid species of Paulownia (P. tomentosa ×
fortune and P.elongata × fortune) have great
advantages in the absorption of HMs in
contaminated soils, being seen for its
phytoremediator potential. In these varieties,
the accumulation of K and calcium (Ca)
occurs in the stems, the Pb, Zn, and Cu occur
in the leaves, and the accumulation of Cd,
Na, magnesium (Mg), and Fe is given in the
roots [491].
At the soil level, the Populus is often applied
for phytoremediation in the recovery of
contaminated areas [492] and agricultural
land that has suffered degradation over
time [493], increasing the organic matter in
the soil.
Populus alba L. at the soil level allows the
recovery of land (marginal/degraded) and
polluted soils (phytoremediation with
hybrids Populus alba × tremula and Populus
tremula × alba) [342].
Populus alba L. has been shown to have a high
potential for decontaminating water bodies
with high amounts of nitrates (NO3

−),
namely, between 100 and 300 mg L−1 [367].
In terms of the environment and the soil,
Populus nigra L. plantations reduce the
degree of pollution, balancing the
microclimate [260].
Willow can successfully grow in many types
of soil ranging from periodically flooded to
marginal lands and polluted soils, with the
optimal conditions being well- drained
sandy and wet loamy soil with a pH range of
5.5 to 7.5 [367]. Dry soils are not suitable for
willow cultivation.
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Currently, willow is used for protecting soils
from water erosion [368] and
phytoremediation [494].
Salix viminalis is applied to marginal
lands [495], in contaminated soils for the
phytoextraction of heavy metals such as As,
Pb, Sb [496], Zn e Cd [497,498] through the
wide extension of its roots and in degraded
soils (poor in nutrients) [499] being in all
cases for its subsequent recovery.

Pre-treatment

General

It allows reducing the quantities of
contaminants [HMs, minerals, persistent
organic pollutants (POPs), among others]
present in the raw material to avoid its
propagation in the following stages of the
process or in the formed products [394].

If the application of pre-treatment is not
efficient in eliminating the contaminants, in
the following steps, the processes that use
catalysts will also be contaminated or the
degradation of biological products may
occur [394].

Phytomining

It allows the recovery of HMs with high
added value at an industrial level (e.g.,
battery production) [506] that are
accumulated in the aerial part, leaves, or
roots of certain species, closing the life cycle
of these metals.

Extraction
treatment

It extracts the HMs found in the waste
material from phytoremediation, using an
extracting agent such as ammonium (acetate,
nitrate, and oxalate), pure water,
ethylenediaminetetraacetic acid (EDTA),
and H2SO4.
Before submitting the material to the
extracting agent, it can be squeezed to obtain
a liquid phase or heat-treated to obtain a
solid phase, both rich in HMs [507].

When the HMs are in the liquid phase, a
previous treatment is necessary to extract the
metals, for example, the application of a
coagulant in the liquid squeeze to reduce the
concentration of Cd.
Biomass reduction from phytoremediation is
lower when the extraction is applied before
heat treatment [507].

Microbial
treatment

It allows for the microbial stabilization of
biomass as well as the incorporation of
moisture into the organic material and can be
applied under anaerobic (fermentation) and
aerobic (composting) conditions.
When any of the two types of
microorganisms (anaerobic or aerobic) are
used, the decomposition of organic matter
always occurs into substances such as
alcohols, microbial, organic acids, H2O, H2S,
CO2, ammonia (NH3), methane, SO4

2−,
phosphate (PO4

2−), as well as an
energy release.
The HMs stored in the extraction solution
can be recycled.
This is a technology that has multiple
advantages, being highly efficient. It has low
energy requirements, and protects the
environment, through different types of
extraction: semi-bionic, microwave,
ultrasonic, and supercritical fluid, among
others [507].

The reduction of biomass from
phytoremediation is lower when a microbial
treatment is applied before heat treatment.
Other methods are recommended when the
content of HMs found in the species is high.
For the reason described above, the microbial
treatment is more efficient for biomass with
low HMs.
Treatment that presents a high risk of
producing secondary contaminants, a factor
that limits its environmental
sustainability [507].
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Compression
landfill
treatment

It has been widely used, being easy and
simple to apply.
When the species used for phytoremediation
are compressed, a high concentration of HMs
and chelating substances are obtained [507].

Treatment that presents a high risk of
producing secondary contaminants [507], a
factor that limits its environmental
sustainability.

Synthesis of
nanomaterials
(treatment)

This new treatment has a lower cost and
lower environmental impact when compared
to the traditional method of metal
nanoparticles.
The biomass used for phytoremediation can
be reduced up to 100% when this method is
applied.
The reduction of biomass from
phytoremediation is greater when this
treatment is applied as well as other
thermochemical conversion technologies
such as pyrolysis, gasification, and
combustion.
It is a technology with a low level of
second-degree contamination, therefore, in
this sense, it has no environmental
impact [507].

There are not enough studies or applications
of this type of treatment when it comes to
biomass applied in phytoremediation
systems (including its residues), therefore,
containing HMs.
When residues from phytoremediation are
used, the application of this type of treatment
is costly and complicated [507].

Thermochemical
conversion
process

General

Metals such as Zn and Pb can be largely
retained (greater than 90%) in the solid phase
and at temperatures ranging between 220 ◦C
and 900 ◦C.
In the by-products, several metals can be
found, being later used for other applications
as in the case of Zn, used as a catalyst to
obtain furans and acetates; gaseous
by-products can be used as synthesis gas
(high presence of methane and H2);
by-products obtained in the solid phase can
be used as adsorbents for metals (after their
leaching). Finally, the Cd can be applied for
the photodegradation of contaminants
present in water bodies [506].

In any thermochemical process, the main
constraints are the translocation of
contaminants in the different phases of the
products and by-products, as well as the
possibility that they return to the
environment, therefore, to the air, soil, or
water bodies.
The As (metalloid) and Cd (metal) in this
type of process can completely leave the
system at 900 ◦C [506], without its recovery
being possible, causing an environmental
risk.

Combustion

From all the thermo- and biochemical
conversion technologies of contaminated
biomass into energy, combustion presents the
greatest environmental advantages,
especially when compared with pyrolysis
and composting [394].
Some additives incorporated into the system
such as kaolin allow the removal of metals
such as Zn (88.1% removed) and Cd (91.2%)
and others such as activated carbon, allow
the elimination of polycyclic aromatic
hydrocarbons (99%) and metals such as Cd
(97.6%) and Zn (99.1%), all of which are from
the gaseous phase.
Kaolin also helps to lower NOx in the gas
phase to environmentally acceptable levels.
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In some studies, ash from contaminated
biomass with HMs contains less metal than
the legally permitted limit value, so this type
of ash can be reused as fertilizer for
application in agricultural and forestry
systems and is no longer considered a
hazardous waste [507].
During combustion, NOx compounds are
formed and released. However, when the
nitrogen uptake of biomass from
contaminated soils is very similar to the
biomass that develops on uncontaminated
soils, the amount of NOx emitted will also be
similar in both cases and therefore, cannot be
considered a greater environmental impact
when it comes from contaminated soils [178].
When the raw material is contaminated
biomass with HMs and for cases where
energy (heat and electricity in a cogeneration
system) is produced in a closed-type cycle, in
which there are no leaks in the system, the
release of contaminated gases does not occur
to the atmosphere. However, metals can also
be present in the solid phase, requiring
proper treatment of the material.
Miscanthus × giganteus applied in polluted
soil with several types of HMs such as Cu,
Ni, Zn, Cd, Cr, Pb, and K presents a
diversified distribution of metals throughout
the plant as in the aerial part (stems and
leaves), rhizomes, and roots. Ni and Cr are
not stored throughout the plant and the
remaining metals (with the exception of K)
accumulate mainly in the roots and rhizomes,
a factor that facilitates the use of the aerial
part (the least contaminated) to bioenergy, in
combustion systems by the generation of
contaminants to be lower, mainly in the gas
phase [508].
Arundo donax L. was evaluated in soils
contaminated with several HMs, including
Cu, Cd, and Zn. In the third year of planting,
the giant r managed to remove 2.09 kg ha−1

of Cu from the soil; 0.007 kg ha−1 of Cd, and
3.87 kg ha−1 of Zn. With these results, it is
possible to guarantee the potential of this
species for phytoextraction and later be
applied in energy conversion processes such
as combustion and anaerobic digestion [509].

If residues from biomass used for
phytoremediation are burned, many
components such as CO, HMs, NOx, among
others, are released through fly ash causing a
second-degree of contamination. For this
reason, it is necessary to properly handle and
capture the ashes, making them unsuitable
for reuse due to the amount of metals in
them.
Some additives incorporated into the system
prevent part of the HMs from
phytoremediation residues from being
transported to the gaseous phase.
Treatment that presents a high risk of
producing secondary contaminants, a factor
that limits its environmental sustainability.
Regarding biochar as a fertilizer, when it has
high amounts of HMs, these metals may
leach into groundwater and even into the
soil, and for this reason, it is necessary to
carry out a physicochemical analysis of the
biochar (in terms of the amount of HMs) to
ensure environmental safety before its
application [507].When biomass that is
contaminated with HMs is subjected to a
combustion process, strict care is needed to
keep the conditions as controlled as possible
to avoid those metals or other contaminants
are not emitted in gases and fly ash that are
released without any type of control, it being
also required that the solid material is
disposed of the system with due care and
safety [178].
Combustion (also including anaerobic
digestion) are the two technologies that pose
the greatest risk of emitting metals into the
environment without them being fully
retained. When biomass contaminated with
HMs is used, pollutants (metals) are released
into the atmosphere, at the point where
energy is produced [510].
Considering the study by Laval-Gilly et al.,
2017 [508], when high amounts of K are
stored in the aboveground part of the
biomass, this decreases the efficiency of the
combustion process due to the formation of
slag and scale inside the reactor.
Combustion is considered an inappropriate
technology when it comes to biomass from
soils not suitable for agriculture (marginal).
This only happens when yields are low and
there is a higher concentration of ash and N,
which leads to a heavier emission of
pollutants such as NOx, particles in fly ash
and CO2 [460].
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Gasification

When a temperature below 1000 ◦C is
applied, elements such as Pb, As, Cd and Zn
are volatile. However, to prevent this,
compounds such as silicon dioxide (SiO2),
calcium sulfate (CaSO4), and aluminium
oxide (Al2O3) can be incorporated into the
system as they reduce the volatilization of Pb,
Cd, and Zn.
Likewise, when a temperature below 1000 ◦C
is applied, elements such as Cu, Ni, Mn, and
Co are not volatile [507].
Several species including Miscanthus ×
giganteus and Panicum virgatum L.
contaminated with HMs (Zn, Pb, and Cd)
were processed in a fixed bed gasifier that
operates at atmospheric pressure to produce
synthesis gas with a certain calorific value to
be used in cogeneration systems. The species
that best supports the Pb and Zn contained
in the soil is miscanthus, however, both
species have potential as phytostabilizer
material for soils polluted with HMs. The
LHV value of gases obtained with
miscanthus was 3.68 MJ m−3 and in the case
of switchgrass, it was 2.77 MJ m−3 [511].
Mn is a type of metal that can be condensed
from the gas phase after the application of a
gas cleaning or purification system [394].

The metals found in greater proportion in the
gas phase are Pb, Cd, and Zn.
Factors such as operating conditions
(pressure and temperature), pre and
post-treatment, the type of gasification agent,
the type of reactor (gasifier) used based on
the bed (fixed, fluidized, dragged, among
others), the reactor construction material,
and finally, the chemical speciation of metals,
affect the quality of the synthesis gas and the
distribution of HMs, when contaminated
biomass is used as raw material.
Sometimes high concentrations of HMs such
as Ni, Fe, Cr, Cu, and molybdenum (Mo) are
found in the synthesis gas. This occurs due
to the release of these from the gasifier
caused by several factors such as the type of
material in the reactor, the functioning of the
refrigeration system, and the type of
additives or lubricants, among others [394].
In this system, metal oxides are released from
the contaminated biomass, which must be
stored in the slag and the metals found in fly
ash must be subjected to a cleaning system
such as that are applied in the gas phase of
the combustion process [178].
In the gas phase, there are several HMs,
being present in different ways: Hg and Cd
can be found in large quantities; Co can be
partially or totally in this phase with
temperatures around 500 ◦C and 800 ◦C and
finally, metals such as Zn, Pb, Ni, vanadium,
As, Cd, Cr, and Sb are present when
temperatures are below 500 ◦C [394]. As this
is the phase of interest in this type of system,
a gas cleaning process or separation of these
metals is always necessary.

Pyrolysis

To produce biofuels as well as other forms of
energy such as thermal (heat recovery) and
electrical (large scale), this thermochemical
conversion technology is the most promising
when biomass contaminated with HMs is
used as a raw material [506].
The pyrolysis of leaves and branches of
contaminated species can be carried out
mixed rather than separately, to facilitate the
process and take advantage of all the
constituent parts of the cultures, providing
greater environmental safety [394].
It is advisable for proper implementation of
the process a solid particle size of the
contaminated biomass smaller than 0.50 mm
to guarantee the production of a liquid
product (bio-oil) free of metals as well as the
concentration of volatiles and refractories in
the bio-coal.
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When Cu-contaminated biomass is treated
(with 1% in the material), the best option is
rapid pyrolysis, in a type of fixed-bed reactor,
and at a temperature of 500 ◦C.
To guarantee the presence of HMs in the
biochar, a fluidized bed reactor can be used
at a temperature of 600 ◦C or flash-type
pyrolysis operating at lower temperatures
can be applied in the same type of reactor
(coupled to a hot gas filter), therefore, around
350 ◦C.
The selection of the optimal operating
temperature will depend on the boiling or
melting point as well as the amount of HMs
present in the biomass. For these reasons, it
is important to emphasize that elements such
as As, Pb, Hg, and Cd are very volatile, Mo,
Zn, Cu, and Ni are semi-volatile and finally,
Cr, vanadium, Co, and Mn are not volatile.
Fast pyrolysis allows the pyrolytic
decomposition of biomass contaminated
with HMs, obtaining a bio-oil with excellent
properties, therefore, high yield and HHV
value as well as low concentration of HMs.
When it is desired to accumulate HMs in the
waste material, the application of pyrolysis is
more promising than in the case of
combustion and gasification [394].
In this type of system, when biomass
contains metals such as Ni, Zn, and Pb, they
react as catalysts, boosting the hydrogenation
reaction to produce organic acids,
accelerating the formation of bio-oil, and
improving its properties.
When residues from biomass used for
phytoremediation are subjected to a
pyrolysis process, there is a distribution of
HMs between the 3 resulting phases (solid,
liquid, and gas) of the system. The HMs
amount in each phase will depend on the
conditions (such as temperature) under
which the process is carried out. For example,
in a pyrolytic system, as the temperature was
increased, the presence of Cr in the bottom
ash was also higher when compared to a
combustion-type system. The amount of Cr
in the gas phase in a pyrolysis process was
slightly lower than the obtained in the
combustion residue of the same biomass at
the same temperature (350 ◦C).
When flash-type pyrolysis is applied, it is
possible to recover part of the HMs in the
solid phase, therefore, in the charcoal.
The incorporation of additives [NaOH,
Al2O3, calcium dihydrogenphosphate
(Ca(H2PO4)2), calcium carbonate (CaCO3),
iron(III) chloride (FeCl3), among others]

Slow pyrolysis of biomass contaminated with
HMs presents a high content of HMs in the
bio-oil (with low yield) and produces a low
amount and variety of organic compounds.
Factors such as particle size, typology of
contaminated biomass, pyrolysis (including
operating conditions), and pre and
post-treatment can affect the transfer of
solids and HMs and the main properties of
bio-oil such as quality, yield, and HHV [394].
When a hyperaccumulator (contaminated
biomass) that contains Ni was used, the
composition of the bio-oil was changed,
forming a greater amount of other
compounds that contained N, such as
triacetoneamine [507].
When this type of system processes
contaminated biomass, great care must be
taken with the coke produced in the solid
phase as it concentrates a large part of the
HMs [178].
Fast pyrolysis systems cannot use different
types of catalysts in the same process because
the catalysts themselves are deactivated.
Other metals such as K, Mg, Na, and Ca that
are stored in lignocellulosic-type biomass
significantly affect pyrolysis processes
because it modifies both the material
structure and the different pyrolytic reaction
pathways [512].
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allows to reduce the leaching of HMs from
biochar, therefore, these additives can react
with the HMs and produce stable
compounds while the pyrolytic process
takes place.
Some types of biochar can be used as
additives in phytoremediation systems in
soils contaminated with HMs, boosting the
growth of the species, and improving the
biochemical characteristics of the soil.
When the bio-oil has a certain amount of
HMs, it can be removed using different types
of treatments such as extraction, cation
exchange, and separation through solvents,
among others [507].
In the case of biomass contaminated with
metals such as Zn and Cd, this technology
has more advantages when compared to
combustion because it presents a smaller
amount of metals in the exhaust flow (or
outflow of gases) [510].
Pyrolysis allows the storage of up to 80% of
metals in the solid phase (coal) and the
production of a liquid phase (bio-oil) suitable
for bioenergy [510].
Elements contained in biomass such as Ni
and Cu can act as catalysts within a pyrolytic
reactor to produce bio-oil and gaseous
compounds.
Most of the HMs are found in the solid phase
known as biochar, supporting metallic
nanoparticles, used to catalyze and eliminate
contaminants and as an energy converter
and accumulator.
When the metallic nanoparticles production
is required and the biomass consists of
elements with a pyrolytic behavior such as
Ni, Co, Cu, and Zn, the system has a lower
operating cost, is more sustainable, as it
avoids the use of extra chemical components,
simplifying the process.
Fast pyrolysis systems require soluble
catalysts that can penetrate the biomass, to
ensure greater control over biomass
decomposition [512].
The two most suitable technologies for high
productivity of bio-oil and biochar rich in
HMs (Cu, Zn, Cd, Pb, and Ni) are flash and
fast pyrolysis.
Fluidized bed reactors can retain a greater
amount of HMs (Cu, Zn, Cd, Pb, and Ni) in
the solid phase when operating at higher
temperatures and ablative type reactors store
a greater number of metallic pollutants in the
biochar at a lower temperature [513].
When slow pyrolysis is applied to
contaminated biomass (rhizomes of
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Arundo donax L. and leaves and branches of
Populus nigra L.) with Pb, Zn, Cd, and Cu, it
is possible to achieve a mass and volume
reduction of the material, producing a vapor
phase (fuel) free of pollutants, being the
storage of metals in the solid or biochar
phase. However, when the material contains
essentially Cd, it is required to operate the
reactor at low temperatures (below 430 ◦C)
to obtain a fuel vapor without metals. If the
biomass presents a greater proportion of the
remaining HMs (Pb, Zn, and Cu), the system
must be operated at higher temperatures
(maximum value of 600 ◦C) to produce
charcoal with a greater surface area and
lower mobility of the metals [514].
Grass species such as Panicum virgatum L.
used in phytoremediation systems for soils
polluted with Pb underwent a rapid
pyrolysis process without affecting the
distribution of products in the system by the
presence of the metal [515].
Pyrolysis of the Arundo donax L. species
contaminated with metals such as As, Cd,
and Pb was applied to determine if there was
pollution to the environment. The system
required the incorporation of other
compounds such as CaCO3, NaOH, Al2O3,
and FeCl3 to ensure the fixation of metals in
the biochar. The results showed that 97% of
Cd and 37% of As were stabilized in the
biochar using 5% Al2O3, at a temperature of
250 ◦C and a reaction time of 2 h. In the case
of Pb, 57% of it was fixed in biochar using 5%
CaCO3, at 400 ◦C for 1 h [516]. It can be
stated that the giant reed cultivated in
contaminated soils has the potential to be
applied in pyrolysis systems since in most of
the studies, the HMs are retained in the solid
or biochar phase, being possible its later
recovery.

Hydrothermal

The HTL process can be used to chemically
extract as well as separate the HMs from the
bio-oil obtained through pyrolysis when
using biomass contaminated with HMs.
Afterward, the solid residue obtained can be
reused as fertilizer [394].
For a hyperaccumulator with a high
humidity value, a highly efficient system
is HTC.
Elements such as Zn and Pb, in this type of
process, tend to accumulate in more than 50%
of solid waste, the remaining amount being
converted into oxidizable compounds or
more stable residual goods, therefore, at an
environmental level, the ecotoxicity values
were reduced almost entirely [507].
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HTL is a process that allows the recovery
(greater than 95%) of metals such as Cu and
Cd in the residue obtained in the solid phase,
despite the large amount of C that may still
contain the resulting material.
The HTL has a high potential to process
microalgae and macroalgae used for the
phytoremediation of polluted waters with
HMs, allowing the storage of metals in the
solid phase (compact and inert) to be later
recovered, as well as the production of a
liquid phase (bio-crude) with the proper
characteristics for bioenergy.
The HTL process allows for the breakdown
of macronutrients such as P, N, and K in an
aqueous-type medium to achieve extra
nutrient recovery [510].
When applied to liquefaction in grass species
developed in marginal soils, there are many
advantages found in this type of system as
they present a lower operating cost caused by
the easy disaggregation of the material inside
the reactor at lower temperatures [460].

When compared to other thermochemical
technologies (combustion, gasification, and
pyrolysis) hydrothermal reactions need
higher pressures.
When applied to HTC the reduction of
biomass from phytoremediation is lower
than in other thermochemical technologies.
When a hyper-accumulator containing Ni,
Pb, and Zn is used as raw material, the
metals are retained in the bio-oil, making it
impossible to recover or isolate the HMs.
Both HTC and HTL are technologies that can
present blockages in the reactor’s internal
system, increasing its operating costs [507].

Biochemical
conversion
process

Anaerobic
digestion

Arundo donax L. was evaluated in soils
contaminated with several HMs, including
Cu, Cd, and Zn. In the third year of planting,
the giant reed managed to remove 2.09 kg
ha−1 of Cu from the soil; 0.007 kg ha−1 of Cd,
and 3.87 kg ha−1 of Zn. With these results, it
is possible to guarantee the potential of this
species for phytoextraction and later be
applied in energy conversion processes such
as anaerobic digestion and combustion [509].

Anaerobic digestion (also including
combustion) are the two technologies that
pose the greatest risk of emitting metals to
the environment without them being fully
retained. When biomass contaminated with
HMs is used, pollutants (metals) are released
from other commercial products produced
[510] in this type of system such as the
compost used for agriculture.

Composting

It reduces the organic matter present in the
residual material from phytoremediation,
accumulating the HMs in another fraction
that can later be applied in anaerobic
digestion.
It is a technique used for many centuries,
with low cost and with a closed carbon cycle
because the carbon that is released has
already been captured [506].

Metals can be transferred naturally from the
system by the microbial action itself,
especially when it comes to Hg.
A longer time for composting the material
may be necessary, a factor that leads to the
possible leaching of HMs contaminating the
soil and groundwater [506].

Fermentation

Many studies have confirmed the feasibility
of using biomass when applied for
phytoremediation in the fermentation of
sugars for the formation of bioethanol.
One of the main concerns of the enzymatic
process (saccharification) is whether metals
inhibit the process. However, metals such as
Zn, Ni, and As do not inhibit the process
[506] when compared to other metals.
When studying 3 different types of
pre-treatments such as alkaline (soda),
organosolv, and acid to analyze biomass
(willow wood) contaminated with HMs (Mn,
Zn, and Fe) for the application of a
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fermentation process for the production of
bioethanol, it was obtained that the best
pre-treatment was acid (temperature of
170 ◦C and 2% w w−1 of H2SO4) as it
allowed the efficient extraction of all metals
being recovered in the residual water fluid
forming a clean cellulosic pulp. In the
enzymatic hydrolysis step, the 3 metals did
not show any type of change in the
hydrolysis of polysaccharides [373].
Sorghum bicolor L. Moench was evaluated in
soil contaminated with different
concentrations of Cd for bioethanol
production. Sorghum proved to be an
excellent candidate for bioenergy when soil
Cd concentrations were less than 30 mg kg−1,
with another positive aspect being the fact
that Cd is mainly concentrated in the roots
and not in the shoots, therefore, it does not
affect the biomass used for bioenergy
production [517].
The potential of Miscanthus × giganteus in
soils contaminated with Mn, strontium (Sr),
zirconium (Zr), Zn, As, Pb, Fe, titanium (Ti),
and Cu for bioethanol production was
analyzed. The high concentration of these
metals in the soil, mainly from Mn, Zr, Fe,
and Ti, did not impede the development of
the species, with the concentration of these
metals being higher in the roots and then in
the aerial part (stems and leaves), a factor
that is advantageous for being the
aboveground fraction of interest for
bioenergy. Ti, Cu, Sr, Fe, Mn, and Zn storage
was lower in shoots and the accumulation of
Pb, As and Zr was also almost null [518].

In order to be able to produce bioethanol on
a laboratory scale, a more rigorous control of
the system is necessary, and the biomass (in
some cases) must be subjected to several
treatments to reduce the greatest amount of
contaminants before the fermentation
process.
In the enzymatic process (saccharification),
metals such as Pb are strong inhibitors, and
Cd and Cu are considered to be moderately
inhibitory [506].
Considering the study by Asad et al., 2017
[373] for the alkaline pre-treatment (soda)
with the same temperature (170 ◦C) and 15%
w w−1 of NaOH, a low extraction of HMs
(Fe, Zn, and Mn being the recovery of metals
in the same order), with the metals being
mostly in the cellulosic pulp fraction, then in
less proportion in the liquid waste fluid and
finally, the lowest concentration was in lignin.
For the case of organosolv pre-treatment, the
recovery of metals in each fraction was
followed in the same order as in the alkaline
pre-treatment.

Chemical
conversion

Oil transesteri-
fication

The use of biomass when applied for
phytoremediation in the transesterification of
oils for the formation of biodiesel has been
shown to be viable in several studies [506].

Post-treatment

Hot-gas filter

When contaminated biomass is used, there is
an almost zero transfer of metals to the
product of interest, which is bio-oil, being
less than 1 mg kg−1 for Pb and Cd and less
than 5 mg kg−1 for the Zn and Cu, all at a
temperature of 350 ◦C. It can be said that the
same results are obtained when
uncontaminated (willow) biomass is used.
There is a greater transfer of HMs to
synthesis gas when using a hot gas filter than
in the case of a cyclone [394].

Cyclone

In contaminated biomass with HMs, the best
conditions for the application of the cyclone
in pyrolysis systems is at a temperature of
650 ◦C in order to simultaneously obtain the
recovery of metals and a liquid product
(bio-oil) without the presence of these.
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Table 3. Cont.

Low ILUC Energy Crops Developed in Contaminated and Marginal Soils

Treatment or Conversion Process Benefits Constraints

In a gasifier coupled to a cyclone and
operating at a temperature between 500 ◦C
and 600 ◦C, solid-phase recovery of metals
such as Ni, Zn, Cu, and Pb is possible, with
the sole exception of Cd [394].

Co-combustion

The application of co-combustion
maintaining certain air conditions allows for
the elimination of HMs. This can be seen in
the following aspects:

• High temperatures help volatile HMs
based on the following order
Pb > Cd > Zn.

• When the incorporation of oxygen into
the system was greater, elements such
as Cd and Zn were stored in the bottom
ash [394].

• In the presence of an oxidative-type
atmosphere, Zn was found in the form
of oxides of heavy materials and
therefore they were not easily
volatilized.

• When the incorporation of oxygen into
the system was greater, elements such
as Pb initially increased in the bottom
ash but then subsequently
decreased [394].

Results presented in Table 3 show that the production of industrial crops in contami-
nated soils presents higher constraints than in marginal and degraded soils. Pre-treatments
bring advantages to the processing of the contaminated biomass. Microbial treatment
shows high potential and advantages: aerobic or anaerobic microorganisms can be used,
the process presents low environmental impact and requires low amounts of energy, fac-
tors that increase their efficiency. However, this is also the pre-treatment with the most
constraints because its application is only advisable when the amount of HMs present in
the biomass is low, otherwise, it is a process that can lead to the formation of secondary
contaminants, limiting its environmental sustainability.

Of the biochemical processes, fermentation presents several advantages, but also some
constraints. In terms of advantages, it is possible to process a wide variety of biomasses
harvested from a multitude of contaminants without the system being affected or inhibited.
However, certain contaminants/concentrations can inhibit the system.

For thermochemical processes, pyrolysis presents the greatest advantages in the pro-
cessing of contaminated biomass, with a wide variety of HMs such as Cu, Ni, Zn, and Pb,
since they act as catalysts increasing the rate of pyrolytic reaction, favoring the conditions
of the system. Another important factor is that in most cases and depending on the type of
pyrolysis that is applied, metals are recovered in the solid phase resulting from the system,
therefore, in coal, obtaining a bio-oil with a higher degree of purity for application as a
biofuel. The thermochemical process that has the most limitations is combustion due to
the oxidation that occurs in the contaminated biomass, a factor that causes the emission of
components such as CO, HMs, and NOx, among many others through fly ash, generating a
high risk of producing secondary contaminants, requiring greater control and care within
the system.

Finally, from the described post-treatments (hot-gas filter, cyclone, and co-combustion),
and in accordance with the behavior and conditions applied in the system, the three
present several advantages for processing contaminated biomass, with only co-combustion
presenting some limitations.

4. Conclusions

Herbaceous species or those that have a different classification than forest species are
those that are of greater interest to be implemented as energy crops because their use occurs
in the short term and a greater diversity of biofuels (bioenergy sector) and by-products can
be produced considering its implementation in an industrial unit biorefinery-type. The
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common point between the 14 species is that all of them are currently present in Portugal,
so their viability and development in the territory are known.

It can be said that Sorghum bicolor is the species that was tested in the largest vari-
ety of bioenergy technologies (eight) such as chemical (biodiesel), biochemical (biogas or
biomethane, bioethanol, and biohydrogen), and thermochemical (combustion, gasification,
pyrolysis, and HTL) for biofuels production. It also has the potential to grow in contam-
inated soils, managing to absorb certain HMs from the soil as well as growing in areas
unsuitable for agriculture such as marginal soils. Oil extracted from Sorghum bicolor is a
promising material for liquid fuel production such as biodiesel. Cardoon and microalgae
are the other species that have been tested in a larger range of technological applications,
namely, in seven conversion processes of biomass into biofuels. Jerusalem artichoke,
miscanthu, and willow were tested in six different technologies, and in five conversion
processes, four cultures were tested, hemp, switchgrass, maritime pine, and poplar.

Besides bioenergy, the species studied allows the production of a great diversity of
by-products: animal feed; sources of functional compounds, production of paper pulp,
biofertilizers free of synthetic chemical compounds that cause damage to the soil, bioplastics
that allowed reducing the still latent dependence on fossil resources plastics, biolubricants,
and biocomposites, among others. The products can be applied in different sectors such
as construction, automotive, nutraceutical, and cosmetics, among others. Based on these
data, it is confirmed that the energy crops described here not only allowed the recovery of
soils with low ILUC risk, but they also allowed the development of a diversity of sectors
through the production of materials/products with high commercial value, motivating the
fulfillment of the measures implemented by the European Community through the circular
economy.

Non-food energy crops deserve high expectations as the full commercial stage for
bioenergy purposes still faces some constraints. The supply chain development for the
majority of dedicated energy crops still needs development. Cost estimates are strongly
affected by uncertainties derived from different crops, different crop yields, different crop
locations, and different technologies chosen for bioenergy conversion.

The limitations that can still be found depend essentially on the processes of biomass
conversion such as AD which, due to the complexity of the system, can take a long time,
including years, to find the ideal conditions for the system, especially if the biomass has a
high amount of contaminants; in alcoholic fermentation, which requires a pre-treatment
phase that makes the process more expensive, and in most thermochemical processes, since,
in all of these, the formation of a gaseous phase occurs when biomass with a high amount
of nitrogen and chlorides are processed, the formation of contaminants can occur, and in
the case of biochar (solid phase), if it presents a high amount of HMs, it cannot be applied
as soils remediation, therefore, the limitations do not exist only by the type of material that
is being processed, it also depends on the process itself.

As one of the main functions performed by energy crops with low ILUC risk is
precisely the recovery of MDC soils, future studies should also focus on how the recovery
of metals found in the roots or shoots of the species can be carried out or what can be found
in the residual part of some processes, in order to recover these metals and thus comply
with the principles that drive the circular economy, creating a new economic sector that
allows the recycling of metals and thus avoid excessive exploitation of mining areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15124348/s1, Table S1: Microalgae raw material studied for
chemical conversion (transesterification) pathways towards biofuels; Table S2: Microalgae feedstock
applied for biochemical conversion (anaerobic digestion) pathways towards biofuels; Table S3:
Microalgae feedstock studied for biochemical conversion (alcoholic fermentation) pathways towards
biofuels; Table S4: Microalgae feedstock applied for biochemical conversion (biological H2 production)
pathways towards biofuels; Table S5: Microalgae raw material studied for thermochemical conversion
(gasification) pathways towards biofuels; Table S6: Microalgae feedstock studied for thermochemical
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conversion (pyrolysis) pathways towards biofuels; Table S7: Microalgae raw material studied for
thermochemical conversion (hydrothermal liquefaction) pathways towards biofuels.
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V.; Prasad, P.V.V. Production of biofuels from sorghum. Renew. Sustain. Energy Rev. 2020, 124, 109769. [CrossRef]

42. Di Girolamo, G.; Grigatti, M.; Barbanti, L.; Angelidaki, I. Effects of hydrothermal pre-treatments on Giant reed (Arundo donax)
methane yield. Bioresour. Technol. 2013, 147, 152–159. [CrossRef] [PubMed]

43. Sipos, B.; Kreuger, E.; Svensson, S.E.; Réczey, K.; Björnsson, L.; Zacchi, G. Steam pretreatment of dry and ensiled industrial hemp
for ethanol production. Biomass Bioenergy 2010, 34, 1721–1731. [CrossRef]
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321. Jiang, W.; Adamopoulos, S.; Hosseinpourpia, R.; Žigon, J.; Petrič, M.; Šernek, M.; Medved, S. Utilization of partially liquefied bark
for production of particleboards. Appl. Sci. 2020, 10, 5253. [CrossRef]

322. da Costa, T.P.; Quinteiro, P.; Arroja, L.; Dias, A.C. Environmental comparison of forest biomass residues application in Portugal:
Electricity, heat and biofuel. Renew. Sustain. Energy Rev. 2020, 134, 110302. [CrossRef]

323. Quinteiro, P.; Tarelho, L.; Marques, P.; Martín-Gamboa, M.; Freire, F.; Arroja, L.; Dias, A.C. Life cycle assessment of wood pellets
and wood split logs for residential heating. Sci. Total Environ. 2019, 689, 580–589. [CrossRef] [PubMed]

324. Martín-Gamboa, M.; Dias, L.C.; Quinteiro, P.; Freire, F.; Arroja, L.; Dias, A.C. Multi-criteria and life cycle assessment of wood-based
bioenergy alternatives for residential heating: A sustainability analysis. Energies 2019, 12, 4391. [CrossRef]

325. Rivas, S.; Raspolli-Galletti, A.M.; Antonetti, C.; Santos, V.; Parajó, J.C. Sustainable conversion of Pinus pinaster wood into biofuel
precursors: A biorefinery approach. Fuel 2016, 164, 51–58. [CrossRef]

326. Telmo, C.; Lousada, J. Heating values of wood pellets from different species. Biomass Bioenergy 2011, 35, 2634–2639. [CrossRef]
327. Azevedo, J.C.; Pinto, M.V.; Escalante, E.; Feliciano, M.; Aranha, J.; Castro, J.P. Potential forest biomass and energy production at

the regional scale: The case of maritime pine (Pinus pinaster Ait.) in the district of Bragança, Northeastern Portugal. In Proceedings
of the Recent Researches in Environment, Energy Systems and Sustainability—8th WSEAS International Conference on Energy,
Environment, Ecosystems and Sustainable Development (EEESD’12), Faro, Portugal, 2–4 May 2012; Volume 1, pp. 226–231.

328. Nunes, L.J.R.; Godina, R.; Matias, J.C.O.; Catalão, J.P.S. Evaluation of the utilization of woodchips as fuel for industrial boilers. J.
Clean. Prod. 2019, 223, 270–277. [CrossRef]

329. Lapuerta, M.; Hernández, J.J.; Pazo, A.; López, J. Gasification and co-gasification of biomass wastes: Effect of the biomass origin
and the gasifier operating conditions. Fuel Process. Technol. 2008, 89, 828–837. [CrossRef]

330. Zhao-Hua, Z.; Ching-Ju, C.; Xin-Yu, L.; Yao Gao, X. Paulownia in China: Cultivation and Utilization; Chinese Academy of Forestry
Staff, Ed.; Asian Network for Biological Sciences and International Development Research Centre: Singapore, 1986; ISBN
9971845466.

331. López, F.; Pérez, A.; Zamudio, M.A.M.; De Alva, H.E.; García, J.C. Paulownia as raw material for solid biofuel and cellulose pulp.
Biomass Bioenergy 2012, 45, 77–86. [CrossRef]

332. Zamudio, M.A.M.; Alfaro, A.; de Alva, H.E.; García, J.C.; García-Morales, M.; López, F. Biorefinery of paulownia by autohydrolysis
and soda-anthraquinone delignification process. Characterization and application of lignin. J. Chem. Technol. Biotechnol. 2015, 90,
534–542. [CrossRef]

333. Kim, S.K.; Cho, S.B.; Moon, H.I. Neuroprotective effects of a sesquiterpene lactone and flavanones from Paulownia tomentosa
Steud. against glutamate-induced neurotoxicity in primary cultured rat cortical cells. Phyther. Res. 2010, 24, 1898–1900. [CrossRef]

334. Jung, S.; Moon, H.I.; Ohk, J.; Lee, S.; Li, C.; Kim, S.K.; Lee, M.S. Inhibitory effect and mechanism on antiproliferation of
isoatriplicolide tiglate (PCAC) from paulownia coreana. Molecules 2012, 17, 5945–5951. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biortech.2011.01.051
http://doi.org/10.3390/resources10050051
http://doi.org/10.1016/j.catena.2015.09.010
http://doi.org/10.3390/recycling6010021
http://doi.org/10.1016/j.renene.2019.03.057
http://serralves.ubiprism.pt/species/show/883
http://doi.org/10.1016/j.jclepro.2021.126469
http://doi.org/10.3390/app10155253
http://doi.org/10.1016/j.rser.2020.110302
http://doi.org/10.1016/j.scitotenv.2019.06.420
http://www.ncbi.nlm.nih.gov/pubmed/31279204
http://doi.org/10.3390/en12224391
http://doi.org/10.1016/j.fuel.2015.09.085
http://doi.org/10.1016/j.biombioe.2011.02.043
http://doi.org/10.1016/j.jclepro.2019.03.165
http://doi.org/10.1016/j.fuproc.2008.02.001
http://doi.org/10.1016/j.biombioe.2012.05.010
http://doi.org/10.1002/jctb.4345
http://doi.org/10.1002/ptr.3277
http://doi.org/10.3390/molecules17055945
http://www.ncbi.nlm.nih.gov/pubmed/22609785


Energies 2022, 15, 4348 62 of 68

335. He, T.; Vaidya, B.; Perry, Z.; Parajuli, P.; Joshee, N. Paulownia as a Medicinal Tree: Traditional Uses and Current Advances. Eur. J.
Med. Plants 2016, 14, 1. [CrossRef]

336. Hori, M.; Aoki, Y.; Shinoda, K.; Chiba, M.; Sasaki, R. Wood volatiles as attractants of the confused flour beetle, Tribolium confusum
(Coleoptera: Tenebrionidae). Sci. Rep. 2019, 9, 11544. [CrossRef]

337. Yorgun, S.; Vural, N.; Demiral, H. Preparation of high-surface area activated carbons from Paulownia wood by ZnCl2 activation.
Microporous Mesoporous Mater. 2009, 122, 189–194. [CrossRef]

338. Qi, Y.; Yang, C.; Hidayat, W.; Jang, J.H.; Kim, N.H. Solid bioenergy properties of Paulownia tomentosa grown in Korea. J. Korean
Wood Sci. Technol. 2016, 44, 890–896. [CrossRef]

339. Gong, C.; Bujanovic, B.M. Impact of hot-water extraction on acetone-water oxygen delignification of Paulownia Spp. and lignin
recovery. Energies 2014, 7, 857–873. [CrossRef]

340. Chang, J.; Gao, Z.; Wang, X.; Wu, D.; Xu, F.; Wang, X.; Guo, Y.; Jiang, K. Activated porous carbon prepared from paulownia flower
for high performance supercapacitor electrodes. Electrochim. Acta 2015, 157, 290–298. [CrossRef]

341. Allwright, M.R.; Payne, A.; Emiliani, G.; Milner, S.; Viger, M.; Rouse, F.; Keurentjes, J.J.B.; Bérard, A.; Wildhagen, H.; Faivre-
Rampant, P.; et al. Biomass traits and candidate genes for bioenergy revealed through association genetics in coppiced European
Populus nigra (L.). Biotechnol. Biofuels 2016, 9, 195. [CrossRef] [PubMed]

342. Caudullo, G.; De Rigo, D. Populus alba. In European Atlas of Forest Tree Species; San-Miguel-Ayanz, J., de Rigo, D., Caudullo, G.,
Houston Durrant, T., Mauri, A., Eds.; Publication Office of the European Union: Luxembourg, 2016; pp. 134–135.

343. Griu, T.; Lunguleasa, A. The use of the white poplar (Populus alba L.) biomass as fuel. J. For. Res. 2016, 27, 719–725. [CrossRef]
344. CABI. Invasive Species Compendium—Datasheet Report for Populus Alba (Silver-Leaf Poplar). Available online: https://www.

cabi.org/isc/datasheetreport/43426 (accessed on 2 September 2020).
345. Sim, S.J.; Yong, S.H.; Park, D.J.; Choi, E.; Seol, Y.; Song, H.J.; Jeong, M.J.; Kim, H.G.; Choi, M.S. Influence of inorganic salts on

biomass production, biochemical composition, and bioethanol production of Populus alba. IForest 2020, 13, 566–574. [CrossRef]
346. González-García, S.; Dias, A.C.; Clermidy, S.; Benoist, A.; Bellon Maurel, V.; Gasol, C.M.; Gabarrell, X.; Arroja, L. Comparative

environmental and energy profiles of potential bioenergy production chains in Southern Europe. J. Clean. Prod. 2014, 76, 42–54.
[CrossRef]

347. Oliveira, N.; Pérez-Cruzado, C.; Cañellas, I.; Rodríguez-Soalleiro, R.; Sixto, H. Poplar short rotation coppice plantations under
mediterranean conditions: The case of Spain. Forests 2020, 11, 1352. [CrossRef]

348. Porth, I.; El-Kassaby, Y.A. Using Populus as a lignocellulosic feedstock for bioethanol. Biotechnol. J. 2015, 10, 510–524. [CrossRef]
349. Raud, M.; Kikas, T.; Sippula, O.; Shurpali, N.J. Potentials and challenges in lignocellulosic biofuel production technology. Renew.

Sustain. Energy Rev. 2019, 111, 44–56. [CrossRef]
350. Tharakan, P.J.; Volk, T.A.; Abrahamson, L.P.; White, E.H. Energy feedstock characteristics of willow and hybrid poplar clones at

harvest age. Biomass Bioenergy 2003, 25, 571–580. [CrossRef]
351. Elder, T.; Groom, L.H. Pilot-scale gasification of woody biomass. Biomass Bioenergy 2011, 35, 3522–3528. [CrossRef]
352. Martinez, M.; Duret, X.; Minh, D.P.; Nzihou, A.; Lavoie, J.-M. Conversion of lignocellulosic biomass in biobutanol by a novel

thermal process. Int. J. Energy Prod. Manag. 2019, 4, 298–310. [CrossRef]
353. Zhang, Y.; Xia, C.; Lu, M.; Tu, M. Effect of overliming and activated carbon detoxification on inhibitors removal and butanol

fermentation of poplar prehydrolysates. Biotechnol. Biofuels 2018, 11, 178. [CrossRef] [PubMed]
354. Bryant, N.D.; Pu, Y.; Tschaplinski, T.J.; Tuskan, G.A.; Muchero, W.; Kalluri, U.C.; Yoo, C.G.; Ragauskas, A.J. Transgenic Poplar

Designed for Biofuels. Trends Plant Sci. 2020, 25, 881–896. [CrossRef] [PubMed]
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