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Carbon neutrality is a requisite for industrial development in modern times. The most efficient source of biomass is energy
crops, and Miscanthus has been globally recognized as one of the most significant among them. Miscanthus is basically
utilized for the production of heat and electric power, and it is actively displacing wood in papermaking and natural
cellulose isolation technologies. However, the range of potential applications of Miscanthus is much broader.
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1. Benefits of Energy Crop Miscanthus as a Tool towards Carbon
Neutrality

The Miscanthus yield capacity attains a 40 t/ha cultivation area and exhibits a high energy release (140-560 Gj/ha)
compared to other raw materials 112, In a more severe Russian climate, the biomass yield is also rather high: about 10—
16 t/ha a year B4, Miscanthus can perfectly grow on marginal or unused lands. In doing so, Miscanthus has no tendency
of overgrowing in uncontrolled fashion across the entire available territory, and it will thus not supersede the other plants
that are customary in that location or disturb the biotic communities BIEIIZE Moreover, Miscanthus successfully performs
functions that improve the ecology and the environment: it protects landscapes from erosion; it favors organic matter
storage in soil, considerably reducing CO, emission &: it contributes to phytoremediation of contaminated soils 19: and,
finally, it supports both an active degradation of aliphatic compounds in oil-polluted soils and an increase in bacterial
diversity 111, As it grows, Miscanthus enriches the soil with organic substances and enhances the soil respiration. Thus,
Miscanthus cultivation allows the sequestration of a significant quantity of soil carbon. It has been discovered that
Miscanthus cultivation can be carbon-negative (i.e., the accumulation of more carbon aboveground and underground than
is emitted into the atmosphere) under certain conditions 12131141 This can be particularly relevant to marginal lands
where soils are low in carbon, and, hence, the carbon sequestration probability is high. The agronomic, energetic, and
ecological efficiencies of Miscanthus cultivation are high, then, and there are experimental data on a humus increment in
the top soil during Miscanthus cultivation and on a higher ratio of energy that is contained in the aboveground biomass
when compared to the overall inputs of technical energy for cultivation and harvesting L3187 The benefits of the energy
crop Miscanthus as a tool to attain carbon neutrality are listed in Table 1.

Table 1. Benefits of energy crop Miscanthus as a tool towards carbon neutrality.

Benefits Description Ref.
High yield capacity Up to 40 tons dry biomass a hectare per annum 21
Single planting [18][19][20]

P ial -
erennial crop Plantation operates for 20-25 years

It grows on marginal lands
Simple agricultural It requires no special agronomical practices [SI6ILZILe]
practices It remediates soils

It is a non-invasive crop

It fixates much of CO, as it grows when compared to C3 [el[211122]

C4 photosynthesis photosynthesis

50% cellulose [18][23][24][25][26][271[28][29]
Chemical composition 20% lignin [30][31][32]

20% hemicelluloses

It fixates more CO, during photosynthesis than it releases when

converted el
It builds up the same biomass volume in the underground part as in

the aboveground part

Carbon-negative crop



The essential merit of Miscanthus is its high cellulose content ranging from 36 to 55%, according to different data [Ll[231124]
[251(26][271[28](2911301(311(32] ' \joreover, the Miscanthus biomass contains valuable constituents, such as hemicelluloses and
lignin (Figure 1). Therefore, Miscanthus is viewed as the most valuable feedstock for the manufacture of a wide spectrum
of reagents and polymers [BA[33134]
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Figure 1. Schematic representation of the major constituents of the Miscanthus secondary cell wall: cellulose (A),
glucuronoarabinoxylan (GAX) (B), and lignin (C) (reproduced with permission from 2, MDPI, 2021).

According to some forecasts, the utilization of the Miscanthus biomass for energy needs will result in a carbon footprint
reduction to 30.6 tons CO,-eqg./ha a year in Central Europe, while this positive trend will constitute about 19 tons CO,-
eq./ha a year in countries with a cold climate (including Russia) 2. As per the reported estimate 19, Miscanthus
cultivation would compensate for greenhouse gas emissions as high as 4.08 tons CO,-eq./ha, affecting the global
environmental situation favorably.

Miscanthus would help reach the carbon-neutral bioeconomy. The core applications of Miscanthus are depicted in Figure
2.
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Figure 2. Miscanthus in the global carbon-neutral bioeconomy.



| 2. Miscanthus in Energy Production

The simplest energetic application of the Miscanthus biomass is the manufacture of fuel pellets. The studies [291[23]124]
show that the Miscanthus pellets have a lower environmental impact compared to the wood ones, mainly because of less
energy consumption during granulation: 1 ton of the Miscanthus pellets produce a carbon footprint of 121.6 kg CO,-eq.,
which is about 8% lower than that of the wood pellets B8IB7IS8] |n order to enhance the heating value, transgenic
Miscanthus lines with enhanced lignin content were derived B2,

Peri¢ et al. 49 carefully evaluated the pyrolysis process of Miscanthus from the viewpoint of ecology and performed an in-
depth analysis of three well-to-pump pathways for the production of pyrolytic diesel: a conventional diesel production
pathway, a distributed—external pathway in which the diesel stabilization and upgrading processes are separated and
hydrogen is generated from natural gas, and an integrated internal pathway in which stabilization and upgrading are
combined and hydrogen is generated from the pyrolytic oil fraction. The conventional diesel production pathway had the
highest resource consumption, and the distributed-H, external pathway had the highest pollutant emissions. The
integrated-H, internal pyrolytic pathway had the lowest specific environmental impact per consumed power unit, but the
yield of the resultant diesel in this case was 38% lower than that in the distributed external pathway.

Apart from energy production, Miscanthus-derived biocoal can also be utilized for other purposes. Bartocci et al. 21
described a process for biocoal from Miscanthus by slow pyrolysis followed by granulation. The estimations showed that
the total carbon footprint dropped by 737 kg CO,-eq./t dried feedstock. It was also indicated that the obtained biocoal,
when used as a soil additive, would be able to greatly improve the soil characteristics: improvements in soil health and
fertility, structure, nutrient availability, and water-holding ability, and such a treatment favored a prolonged preservation of
soil carbon. Soil carbon sequestration can be viewed not only as a strategy for global climate change mitigation but also
as a source of corporate profits through carbon emission trading.

There are research developments that afford bio-oil from the Miscanthus biomass by ablative fast pyrolysis 42, and the
bio-oil can also be used as a biofuel alone.

Another promising direction in the transformation of Miscanthus into biofuel is the pretreatment of Miscanthus biomass
followed by methane fermentation in order to generate biogas [22431144145] Dehowski et al. 28! reported a study in which
microalgae biomass and Miscanthus giganteus were co-fermented. The Miscanthus giganteus silage combined with the
microbial biomass was found to provide a better C/N ratio than either of the substrates used separately.

Furthermore, because Miscanthus biomass has a significant content of cellulose (about 50%), it can be hydrolyzed to
monosugars after pretreatment, and, afterwards, alcoholic fermentation can be employed to obtain bioethanol, which can
be used as an energy carrier &2 or a platform for further transformation into other industrially valuable components 48],

For the biomass-to-fuel transformation, Agostini et al. “2 used the top of crops that were purposely planted across the
banks of basins bordering the croplands to prevent eutrophication. It was noted that the cultivation of Miscanthus and
willow tree on the buffer strips could remove nutrients from the environment and fixate atmospheric carbon by creating an
additional ground absorber. Bioethanol derived from that biomass also had less environmental impact compared to the
fossil gasoline that was used 491,

| 3. Miscanthus in Construction

An interesting and promising approach to energy efficiency problematics is the development of lightweight and durable
composite materials, such as thermal insulation for buildings and constructions, due to the considerable amount of power
that is consumed to heat them. It is known that roughly 45% of the global greenhouse gas emissions are caused by
building construction and operation BY. The thermal insulation of buildings under the current conditions of climate change
is a well-known strategy for enhancing energy efficiency in buildings. The development of a renewable thermal insulation
material can overcome the drawbacks of commonly used insulation systems based on polystyrene or mineral wool.
Witzleben BY evaluated the stability and the thermal conductivity of new insulation materials composed of Miscanthus
giganteus fibers, a foaming agent, and an alkali-activated binding agent. The data published over the recent years show
that the carbon footprint quantity widely ranges from 300 to 3300 kg CO»,-eq./t. The total carbon footprint of the isolation
system based on Miscanthus fibers, having properties compliant with the current thermal insulation standards, comes up
to 95% of the CO, emissions saving compared to the common systems. Ntimugura et al. B proposed the use of
Miscanthus straw in the manufacture of lightweight concrete blocks for use in wall structures. Another interesting
development is the preparation of a self-growing, building insulation, biocomposite material based on Miscanthus x
giganteus and mycelium B2, The 0.3:1:0.1 composite was composed of Ganoderma Resinaceum mycelium, Miscanthus



x giganteus fibers, and potato starch exhibited the best properties. The obtained new composite was found to have
comparatively better qualities than the conventional isolation materials—more specifically, a mean density of 122 kg/m?,
which characterizes the composite as being a lightweight porous material; a high thermal conductivity up to 0.104 W m™
K™, which indicates a high insulating ability; and a significant fire resistance, referring to fire rating EI15 as per the
EN13501-2:2003 standard. The new composite thus meets most indoor use requirements.

Lemaire et al. B3 reported the study results for properties of a biocomposite material based on Miscanthus x giganteus
fibers and microbial polyhydroxyalkanoates, fabricated by extrusion and pressure casting. It was pointed out that the
addition of reinforcement to the polymeric matrix resulted in composites with higher elastic moduli on the one hand, and a
lower tensile strength, on the other hand.

To improve the acoustic performance, Ntimugura et al. 21 prepared composites comprising Miscanthus x giganteus fibers
and lime. Emphasis was made on the particle size of the composites, and it was established that small-size particles
afforded Miscanthus-lime composites with higher sound absorption factors.

Wu et al. B4 reported the study results of making biocomposite plastics based on Miscanthus fibers and oat hulls. The
green composites were found to exhibit a relatively high impact ductility and resistance of the melt resulting from the
formation of a nanostructured matrix of ultra-high strength.

| 4. Miscanthus in Pulp and Paper Industry

Miscanthus refers to cellulosic raw material resources, and its biomass contains about 50% cellulose [BU[ELIS2I55]
Cellulose is the most valuable component of Miscanthus, and a global trend towards replacing wood cellulose by
Miscanthus cellulose in the manufacture of cupboards, disposable tableware, and paper is currently being observed
worldwide. That being said, it is evident that wood technology cannot be carried over to Miscanthus. Over the last 50
years, only ten non-woody plants, including Miscanthus, have demonstrated good results from an evaluation of the
feasibility of producing cellulose for making paper products B854, Two countries in the world, China and India, have been
using about 70% of non-woody plants for paper production since 1990, with Miscanthus taking the lead among the plants
(58] Therefore, processes for cellulose isolation from Miscanthus biomass are being extensively devised. Tu et al. 52
proposed the pulping of Miscanthus x giganteus biomass by using a protonic ionic liquid of triethylammonium hydrogen
sulfate and 20% water added as the co-solvent. Conditions were found that remove hemicelluloses and lignin, and the
pulp contained up to 82% cellulose, which had a high degree of crystallinity (73%) but a lowered degree of polymerization
(DP) (a number-average DP of 257).

Tsalagkas et al. 8 reported that the preparation of cellulose pulps from Miscanthus x giganteus stalks by using
hydrodynamic cavitation following an alkaline pretreatment method was able to lower the lignin content by 41.5% and
raise the a-cellulose content by 13.87%. The hydrodynamic cavitation was noted to preserve the cellulose fiber length but
to concurrently increase the amount of intertwined and twisted fibers.

Barbash et al. 89 obtained Miscanthus cellulose by an eco-benign organosolv process in which Miscanthus was pulped in
a peracetic acid solution as the first step and then alkali-treated as the second step. Nanocellulose (particle size of 10 to
20 nm) was then derived from the resultant material by hydrolysis in a sulfuric acid solution followed by ultrasonic
treatment. That study also pointed out that the use of nanocellulose had a positive effect on the physicomechanical
properties of paper.

Danielewicz et al. 18] obtained pulps from Miscanthus x giganteus biomass by the two techniques, soda and kraft pulping.
It was eventually found that both the processes yielded cellulose similar in properties to unbleached hardwood kraft pulps
(birch, poplar, and hornbeam), and this will make it possible to replace the latter in the manufacture of packaging paper.
“The tear strength and Gurley air-resistance of paper handsheets made from Miscanthus soda and kraft pulps at freeness
of 35-50° SR were good and comparable with those of birch kraft pulp, respectively. All of the Miscanthus kraft pulps and
the hard and regular Miscanthus soda pulps, due to the similarity of their properties to the properties of hardwood kraft
pulps (birch, poplar, hornbeam) could probably replace the latter pulps in the production of packaging papers (e.g., sack
paper).” Tsalagkas et al. 28 reported that the intermixing of long-fiber (softwood pulp) with short-fiber cellulose
(Miscanthus pulp) improved paper properties, as the fine particle populated voids to form smoother paper sheets, which is
good for printing.

Tsalagkas et al. 58! also reported that delignification combined with ultrasonic treatment allowed for a 41.5% decline in the
lignin content and a 13.87% increase in the a-cellulose content. The resultant pulp was fit for papermaking—the average
Miscanthus fiber length was relatively short (0.45 (+0.28) mm), while the slenderness ratio, the flexibility coefficient, and



Runkel ratio values were 28.13, 38.16, and 1.62, respectively. The estimated physical properties of Miscanthus pulp
handsheets were 24.88 (+3.09) N m g™ as the tensile index, 0.92 (+0.06) kPa m? g™* as the burst index, and 4.0 (x0.37)
mN m? g™! as the tear index. Thus, Miscanthus can successfully replace hardwood.

There is a process for producing long-fiber cellulose from Miscanthus by the hydrotropic method using a saturated
solution of sodium benzoate as the solvent of lignin. This method is interesting because it can isolate both cellulose and
lignin at the same time [B[62I63] The hydrotropic method of pulp production involves cooking plant raw materials in
neutral concentrated aqueous solutions of sodium salts of various (benzoic, naphthoic, benzenesulfonic, and
naphthalenesulfonic) acids, their homologs and derivatives, sodium thiophene carboxylates, hydroaromatic derivatives
(e.g., sodium naphtha enates and abietic acids), and salts of various aliphatic aromatic and aliphatic acids. All hydrotropes
have a salt-forming effect, and the solubilizing ability of the hydrotropic solution increases with an increase in the salt
concentration. The use of water soluble and safe hydrotropic agents meets the “green chemistry” principles. Hydrotropic
processing under optimized conditions (180 °C, 5 h) produces pulps in a 42.3% yield, and the lignin, pentosan, and ash
contents are 6.1, 6.4, and 3.0%, respectively.

The peculiar feature of Miscanthus is its enhanced lignin content, which must be taken into account in its conversion
technology 841 Very attractive results were reported by Singh et al. 3, who devised a method by which paper sheets
derived from Miscanthus x giganteus cellulose fibers were prepared for potential contact with foods. Paper was
hydrophobized with modified lignin, which was also isolated from Miscanthus x giganteus biomass via hydroxyethylation
with ethylene carbonate, followed by esterification with propionic acid. The results from that study showed that the
Miscanthus paper coated with esterified lignin holds promise as a hydrophobic food packaging material that can be an
alternative to conventional thermoplastics based on fossil fuel.

| 5. Miscanthus in Chemical Industry

The essential application of cellulose is tailoring its functionality. The main applications are depicted in Figure 3 [6SIE7I[68]
[69]
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Figure 3. An overview of tailoring the functionality of cellulose (reproduced with permission from €& MDPI, 2023).

Miscanthus can also be involved in various projects as part of the biomass refining concept to produce valuable
chemicals, such as 5-hydroxymethy! furfural and furfural, as well as chemicals from mixed phenols L9 if emphasis is
placed on Miscanthus as the source of lignocellulosic biomass. Hydroxymethyl furfural is a promising platform molecule
as a substitute for toxic formaldehyde, and it can serve as a feedstock for fungicides or be a part of electron-transfer
catalysts 72, There are data that fuel and food additives can be made with hydroxymethyl furfural as the platform. 5-
Hydroxymethylfurfural (5-HMF) is bio-based and can produce polymers with a low refractory deformation temperature,
which is a clear advantage for biopolymers. “5-HMF conversion to monomers and polymers can be categorized into three
main groups: (1) polymers containing a furan ring: e.g., furan-2,5-dicarboxylic acid (FDCA), 2,5-dihydroxymethylfuran
(DHMF), or 5-hydroxymethylfuran-2-carboxylic acid (HMFCA); (2) polymers containing C6 carbon chains with adipic acid



or 1,6 hexanediol as building blocks; (3) other polymers made from FDCA with ethylene via the Diels-Alder-reaction e.g.,
promising building blocks levulinic acid and terephthalic acid” 2. Hydroxymethyl furfural is also a building block in the
manufacture of polyesters, polyamides, and other plastics 4,

Furfural is another bio-based chemical and an essential furan derivative for biochemistry 22, It is produced from
hemicellulose, and it can be a substitute for formaldehyde as well. Among the core applications of furfural is the
hydrogenation to furfuryl alcohol. The annual output of furfural ranges from 300 to 700 Kt [Z8. Other promising furfural
derivatives have also been synthesized in recent years. For instance, a bio-based polyethylene-furanoate (PEF) was
obtained by bioconversion of furfural and is able to generate fibers and films, and it can be used for the fabrication of a
disposable biodegradable package. 5-Hydroxymethylfurfural derivatives are potential building blocks for step-growth
polymers. The aromatic nature of the furan ring gives access to conjugated polymers, especially for optoelectronic
applications 27, The phenol mixture that basically contains phenol, catechol, eugenol, and so forth from the lignin
fraction also has significant potential, especially in the pharmaceutical industry, for the synthesis of drugs, the
manufacture of insecticides, and so on [Z8,

There are data on the development of a modular concept of biorefinery for the production of hydroxymethyl furfural (HMF),
furfural, and phenols from the perennial lignocellulosic Miscanthus, which is cultivatable on marginal and dehydrated
territories. As per the techno-economic estimations by Gétz et al. 2, “regional biorefineries could already offer platform
chemicals at prices of 2.21-2.90 EUR/kg HMF at the current stage of development. This corresponds to three to four
times the price of today’s comparative fossil base chemicals.” From the standpoint of these authors, such a concept is a
competitive option of biorefinery for the conversion of Miscanthus into valuable chemicals.
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