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Abstract
Even though the biomass production on marginal lands intended to be used as biofuel production feedstock has been proposed as an alternative
viable option for meeting biofuel requirements and address the con�ict between food and fuels, there are still concerns whether the species grown
on marginal lands can have a high quality performance as solid biofuels feedstock. In this study, material of stem wood, branches and bark of three
native forest species of Mediterranean region, turkish pine, black pine and black locust was harvested from marginal lands of North Greece, and
thoroughly characterized on the basis of physical properties, combustion characteristics, chemical composition, and ash elemental analysis. The
potential of these fast-growing drought-tolerant species to contribute as sustainable feedstock for qualitative solid biofuels production is high, with
black pine to present the highest potential. The materials presented low moisture and ash contents, especially stems and branches, and high
calori�c values, comparable to species grown on conventional lands, attributed to high lignin contents. The materials ashes consist mainly of Ca, K,
S, P major elements and their toxic elements contents are negligible, increasing the ashes potential to be utilized in fertilizing.  

Introduction
As the number of population keeps rising, expecting to reach 9.7 billion till 2050 [1], the demands for cultivation land for food and feed production
increase. Parallel, the cultivation of non-food biomass crops for biofuels and biomaterials raw materials contributes as well, to the global
requirement for agricultural land use [1]. Unfortunately, conventional biofuels produced directly from food crops intensively contribute to land use
changes and forest ecosystems degradation [2, 3]. Therefore, both the rational use of traditional agricultural lands and the utilization of marginal
lands have recently come to the forefront of the global attention [4].

Marginal lands have been considered a viable alternative of land resources contributing to food, feed, and biofuels production [5, 6]. Mainly due to
low quality underground water, undesired topology or unfavorable soil or climatic conditions, they present low productivity for conventional crops
and low pro�tability potential [3]. In the term of marginal lands, a wide variety of lands is included, such as waste, fallow, abandoned, set-aside, or
degraded lands [7] that totally account approximately 36% of global agricultural land [8]. The cultivation of marginal lands is imperative, because of
the shortage of conventional agricultural lands and crucial, especially for developing countries [9], where the need of food is even higher. Parallel,
the necessary energy crop supplies could be almost totally covered by the marginal lands low quality production [10]. The production of biomass
and biofuel from marginal and degraded lands is characterized by several advantages, such as the addressing of the energetic needs, decrease of
emissions, ecosystem rehabilitation, wildlife habitats creation, soil carbon sequestration and smoothing the con�ict between food and biofuels
production [11, 12]. However, they are of lower productivity and more susceptible to land degradation compared to the conventional agricultural
lands [13].

Some studies have been carried out examining annual crops, which typically require intensive land management, higher effort and energy inputs
and may therefore not be a viable biofuel option to be established on marginal lands [5]. Evidence from thorough experimental studies indicates
that higher yields of energy and environmental bene�ts can be achieved using perennial energy crops, since they provide higher yields, water use
e�ciencies, require lower energy inputs, management practices and nutrients, than annual crops [2, 14–17].

Perennial grasses present a positive environmental impact, since they affect hydrological processes, water quality, biodiversity, ecosystem
processes and services, such as soil carbon sequestration, degraded soils restoration and soil quality improvement [18–20], and as drought-
resistant crops, they grow on marginal land, staying out of the competition for conventional agricultural lands [1].

Compared to perennial energy plants, the advantages of energy-trees wood biomass are even more and include lower ash contents and higher
calori�c values [21]. The numerous bene�ts that we get from the presence of forest ecosystem, such as land restoration, soil improvement,
biodiversity, non-wood forest products, wood and wood-based products, biomaterials, chemical wood products, �rewood and biofuels [3, 22], could
be obtained through the establishment of energy-tree species cultivation on marginal lands. Nowadays, approximately 40% of wood production,
which corresponds to 3.5 billion m3 of annually harvested wood, is being used as fuel [23]. Energy production based on wood biomass coming
from marginal lands could meet the household energy demands, thus reducing the intense pressure that forests receive through logging [24].

In warm and dry climates, such as that of Mediterranean region, agricultural lands are experiencing more intensely the impact of global warming,
with lower precipitation level and higher temperatures. Fast-growing tree crops with tenacious root system could be e�ciently adapted to such low-
nutrient, dry and erodible soils, retaining higher capacities of atmospheric CO2 into soil and biomass. Therefore, marginal lands could be converted
into bioenergy forest lands, where biomass produced can be turned into energy, conferring the additional �nancial and environmental bene�ts.

There are several factors which may in�uence positively the biomass productivity on marginal lands, such as irrigation, coppicing and crop rotation
duration, fertilizer application, keeping a balance between cost and gain from the respective yield increase [25]. According to the literature review,
the potential of the forest species of poplar, eucalyptus and short-rotation coppice willow cultivation has been investigated, as fast-growing species,
in biomass production for their contribution in bioenergy providing promising results [3, 9, 26, 27]. These efforts should be characterized by planting
the right species, at the right place, for the right rotation period [25]. Except for the level of yield, other crucial issue is the level of crops moisture
content at the time of harvest, since it determines the biomass technical drying expenses. Optimally, the biomass would be harvested at such a low
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moisture content that technical drying would be avoided [1]. At the time of combustion, the moisture content of solid biofuels should be very low to
avoid negative impact on their calori�c value, the loss of heat, to keep the amount of combustion gases low, to maintain an optimum biomass
combustion rate and optimum in�ammation [28].

Turkish pine is a fast-growing, drought-tolerant conifer species, native to Mediterranean region, well adapted to dry summer conditions and
commonly found in zones of low altitude. It has been widely planted for soil stabilization, afforestation of slopes and protection from the wind, the
previous decades. It is commonly encountered together with cypress, juniper, oak or other drought-tolerant species in mixed forests. Black pine is a
moderately variable pine species, encountered across southern Mediterranean Europe at elevations ranging from sea level to 2,000 metres, most
commonly from 250–1,600 m. It is a highly fast-growing, light-demanding species, intolerant of shade, but resistant to cold, ice, wind, drought and
pests [29]. It is used for landscaping, afforestation of steep slopes and stony soils, aiming at harvesting of wood and other forest products [30].
Black locust is a tough, fast-growing, salt-tolerant and shade-intolerant species and therefore, is typical of young forestlands and disturbed areas of
dry soil. Black locust root system bears nitrogen-�xing bacteria, making this species grow easily on poor soils and in disturbed areas. It is
considered an invasive species, due to its spread by underground shoots or suckers, forming clusters that often eliminate native species. It has been
used as a plant for erosion control [31].

This study aims at triggering the utilization of currently undesirable marginal lands allocated to the Mediterranean region for biofuel feedstock
production and the promotion of plantations of the abovementioned signi�cant bioenergy tree species of short-rotation, on mountainous degraded
lands. Speci�cally, turkish pine, black pine and black locust biomass, is harvested from marginal lands of North Greece, isolating and examining
different tree parts (stem, branches and bark) of them, which are thoroughly characterized on the basis of physical properties, combustion
characteristics, chemical composition, and ash elemental analysis. Aim is to investigate and demonstrate the quality performance of these fast-
growing indigenous forest species materials and the potential of their contribution as feedstock of qualitative solid biofuels.

Materials And Methods
For the purpose of this work, material of stem wood, branch wood and bark of three different fast-growing, drought-tolerant and indigenous to
Mediterranean region species, turkish pine (Pinus brutia Ten.), black pine (Pinus nigra L.) and black locust (Robinia pseudoacacia L.), was
harvested from 3 different marginal sites of Rhodope mountains region in North Greece. According to sampling method described in EN
14778:2011 standard, two trees per species were harvested as raw material to be thoroughly analyzed, in order to assess their quality performance
as solid biofuels sustainable feedstock. The turkish pine trees were at the age of 24 and 27 years with barked diameters of 140–170 mm, the black
pine trees were at the age of 22 and 26 years with barked diameters of 110–150 mm, while the two trees of black locust species were 13 and 15
years old with barked diameters of 80–105 mm. They were harvested at late autumn, in order to ensure lower moisture contents, which shortly after
cutting ranged between 55–70%.

Concerning these 3 marginal land sites, which are currently used mainly for forestry and partly for low-intensity pasture (meadow) systems, the
productivity is clearly limited for traditional agriculture, because of the shallow soil depth on hard rock, situated partly on steep slopes. The soil
substrates are in part highly stony, both at the surface and in deeper pro�le levels and reveal naturally poor soil conditions, as a result of previous
erosion and degradation, caused by the natural constraints and the anthropogenic disturbance, occurred during a more intensive land use
(deforestation, pasture) of previous years. The altitude is between 100 and 590 m a.s.l. and the relief is mountainous.

In the frame of Mediterranean climate, droughts are frequent phenomena in Greece, especially during the summer season and the study area (North
Greece) is characterized by semi-arid climatic conditions. The prevailing conditions and the species requirements were the main factors that led to
the choice of the speci�c native and drought-tolerant species to be included in this experimental work.

All the materials were cut in smaller dimensions (discs of 20 mm thickness) and placed in the laboratory at (20 ± 2) ºC and (60 ± 5) % relative
humidity for about one year to reach a nominal equilibrium moisture content (EMC) (%) till constant weight. The EMC of the materials was
measured on small clear wood specimens using the standard ISO 13061-1:2014, based on their weight loss after drying process. The mean density
of turkish pine, black pine and black locust stem wood was measured on clear prismatic specimens, based on the methodology of ISO 13061-
2:2014 standard, and was found to be 0.512, 0.442 and 0.765 g/cm3, respectively. From each stem, material from different heights and different
growth rings was included to be analyzed, to ensure the representativeness of the samples. Pieces of bark were taken at the height of 1.30 m, as
well as different heights on 2 opposite sites of the stem diameter.

The discs of the species were cut into smaller particles and then, into wood powder for the preparation of properties examination samples. All the
lignocellulosic materials were crushed by means of a portable chipper into pieces, and placed in a rotating-blade “Wiley” mill (Thomas Scienti�c,
Swedesboro, USA) with a 0.7 mm sieve, where they were ground and converted into powder of dimensions > 40 mesh (420 µm).

The net calori�c values of the different biomass materials were determined according to the methodology described in EN ISO 18125, using an
isoperibol bomb calorimeter (Parr 1261, Parr Instrument Company, Moline, IL, USA) (Fig. 1a). The calibration and validation of the calorimeter
before the measurements were implemented using benzoic acid pellets. The net calori�c values measurements were conducted in 5 replicates for
each material. Sample pellets in the shape of pills of 1.0 ± 0.1 g mass, of 13 mm in diameter were prepared (Fig. 1b) using a hydraulic pellet press
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(custom made, Thessaloniki, Greece) applying force of 6000 kg for 1 min. The sample pellets, weighed to the nearest of 0.01 g in a crucible, were
loaded into a Paar 1108 oxygen combustion bomb, in contact with 100 mm of pre-weighed platinum ignition wire. The bomb was subsequently
charged with oxygen (purity of 99.7%) at 30 bar ± 2 bar and submerged in a stainless steel bucket containing 2000.0 mL of distilled water,
conditioned at 33 ± 0.5°C. The calorimeter jacket was maintained at a constant temperature by circulating the water at 35°C to preserve a slightly
higher temperature than the �nal temperature of the calorimeter, to assure that evaporation losses were minimized.

 

For the chemical analyses implementation, determination of solubility in ethanol-toluene mixture was performed on the basis of ASTM D1107-96.
The determination of the total amount of extracts, soluble in ethanol-toluene mixture was implemented according to ASTM D1105-96. Holocellulose
content was quanti�ed by removing lignin from the dry, free of extracts wood powder. 10 mL of the chlorine solution of NaClO2 (25%) was applied
to 1 g wood powder in a water bath set at 70 ºC for 5 hours, making lignin oxidized and cleaved into soluble derivatives thereof which are removed
by extraction, whereby the holocellulose remains intact as a residue. At the end of this process, the sample was rinsed with cold water until Cl2 was
completely removed and placed in a drying chamber. The dry sample was placed in a desiccator and then weighed. The holocellulose is quanti�ed
as a percentage value of the initial mass of the extracts-free wood powder sample. For each holocellulose sample obtained after rinses, the process
was repeated till constant weight. Three replicates were tested for each material. The quanti�cation of lignin, according to ASTM D1106-96, was
based on the hydrolytic cleavage of polysaccharides with inorganic acid (H2SO4 of 72%), which results in the depolymerization and removal of their
soluble derivatives, while the lignin remains insoluble as residue and is determined as a percentage of the absolute dry weight of the sample. Three
replicates were tested for each material.

For the determination of ash content, the methodology of ISO 18122 was followed. Wood powder samples of 1 g − 1.1 g were weighed to the
nearest 0.1 mg in the dry, clean and pre-weighed crucibles and then, transferred in a cold mu�e furnace (Heraeus MR 170). The samples were
heated to 250°C within 50 min and the temperature was kept constant for 60 min. Next, the temperature was raised to 550°C within 60 min and was
maintained at that level for 3 h. Finally, the crucibles were transferred to an empty desiccator without lid for 5 min followed by 15 min with closed
lid and then weighed. To ensure any unburned carbon was removed, the samples were reloaded to be heated for 30 min more, conditioned and
reweight, repeating this process till constant weight. The ash content of powder material on dry basis was calculated according to Eq. (1):

where, Ad is the ash content (%), m1 is the mass of empty crucible (g), m2 is the mass of the crucible plus the dried powder sample (g) and m3 is the
mass of crucible plus ash (g). 3 replicates were examined per type of material.

The chemical composition of ash from biomass is an important issue providing crucial information for evaluation of the performance of elements
during combustion of biomass in furnaces [32], associated to phenomena of corrosion and ash deposition in combustors, as well as the additional
utilization of ash materials. To measure the produced ashes elements content, pelletized discs of 12 mm diameter were prepared using the
abovementioned hydraulic press. For the elemental analysis of the ashes, the X-ray Fluorescence spectroscopy (XRF) technique was applied, as a
fast and convenient method, using the HDMaxine multi-element analyzer for the determination of trace elements based on the High De�nition X-ray
Fluorescence (HDXRF). For each ash material category, 2 replicates were examined. Because of di�culties to produce su�cient quantities of bark
ashes of the 3 studied species, only the ashes of stem and branch material of the selected species were examined.

The statistical package SPSS Statistics PASW 18 was used to determine the statistically signi�cant differences among the mean values of
properties of the different biomass materials. Through a multiple linear regression analysis, the potential, the signi�cance (p < 0.05) and the degree
(%) of in�uence of the independent variables (forest species, tree part, chemical components contents), on the dependent variable (heating value)
were investigated, in order to assess correlations potential among properties.

Results And Discussion
Combustion characteristics of the different forest species and the different parts of the trees studied are presented in the following. The materials
were generally of low moisture content at the time of harvesting (55–70%), compared to other species, annual or perennial plants, or other types of
biomass, which is bene�cial to their management and cost-effectiveness as feedstock, since it lowers the cost of drying and pre-treatment.

The moisture content of materials at the time of combustion is an important parameter for the combustion process. The values of equilibrium
moisture contents (EMC) of the examined materials, achieved after a conditioning process, are presented in Fig. 2. Only the stem wood and branch
wood of turkish pine presented signi�cantly lower values of EMC, in relation to the other two forest species parts. However, all the examined
materials presented very low EMC, which indicates that after a natural or, even faster, a technical drying process, all the studied materials could be
used as feedstock of solid biofuels production, according to the requirements of the respective standards of biofuels, for example that of pellets
that sets the moisture content threshold of 10% (< 10%) for residential use quality classes, ENplus A1, A2 and B (ISO 18134).
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According to the results of chemical analyses (Fig. 3), the highest contents of extractives were found in bark material of the three species (9.45–
18.93%), a little lower contents in branches (6.54–11.43%) and the lowest extractives contents were recorded in the material of stems (2.74–
7.44%). Concerning the stems and branches, black locust presented the highest extractives content, compared to the other species, marking
statistically signi�cant differences from the other two species. The two pines, as it was expected for softwoods, presented higher contents of lignin
compared to the hardwood of black locust, with black pine to record the highest lignin contents among the examined species, which is a tendency
recorded both in stem and branch materials. The black locust recorded similar values of holocellulose to those of the two pine species, though
concerning the branches, the mean holocellulose value of black locust was found signi�cantly higher than the respective values of pines. The
highest values of holocellulose content were recorded in bark materials and the lowest ones in branches parts. In the case of bark, high lignin
contents were recorded, similar to lignin contents of stems, with black pine and black locust to reveal similar values of lignin content one another.

The ash contents of all the three forest species were found quite low, ranging from 0.38 to 0.72% for the stem wood materials and 0.32 to 0.87% for
the branch wood materials, indicating that stem and branches can be utilized as feedstock for solid biofuels of premium quality (wood chips,
pellets, briquettes etc.). Speci�cally, the pellets standard for the best quality class (ENplus A1) requires the ash content to be lower than 0.7% and
for the second class ENplus A2 to be less than 1.2%, while the third quality class of residential use (ENplus B) sets the threshold of < 2%.
Nevertheless, the ash contents of bark material of all the three species, were found signi�cantly higher, ranging between 3.42–4.67%, indicating that
these materials could not be used by themselves as feedstock of solid biofuels for residential use, but they could participate in smaller parts with
wood of stem and branches, in order to keep the total ash content in low levels. Additionally, they could participate at higher percentages as raw
materials in pellets production, intended to be used in industrial energy applications, where the threshold of ash content is < 3% (ISO 18122:2015).

The net calori�c value of black pine was found to be signi�cantly, from a statistical point of view, higher than the other two species, which tendency
refers both to stem and branch material, while the black locust presented the lowest value, respectively (Fig. 4), though without marking statistical
difference from the respective values of turkish pine. The highest calori�c value of black pine can be attributed to the higher lignin and extractives
contents. Lignin is rich in carbon and hydrogen, and therefore, has a high calori�c value and is a key component in the process of biomass
conversion into energy, while ash content adversely affects the calori�c value [21]. The net calori�c values of branches were found to be a little
higher than those of stem material, presenting the same tendencies among the three species. The bark material recorded lower calori�c values
compared to respective values of stem or branch materials of the same forest species, except for the case of black locust, whose bark recorded
higher calori�c value than stem or branch, though the recorded differences were not statistically signi�cant. The reduced heating values of bark
materials could be explained by the higher ash contents they are characterized by, which present the tendency to turn the heating value down [21,
33]. Generally, all the materials were found to ful�ll the requirements of the respective solid biofuels standard ISO 18125:2017, concerning the net
calori�c value of the raw materials, that sets the threshold of ≥ 3955.288 kcal/kg for the three quality classes of residential use (ENplus A1, A2 and
B). Therefore, in terms of calori�c value, all the materials could be used as feedstock of wood pellets, both for residential or industrial energy
applications.

Orwa et al. [34] in their study found that the calori�c value of absolutely dry black locust wood was about 4.633 kcal/kg, which is only slightly
higher than the value recorded in this study. Likewise, Cosola [35] found that black pine marked net calori�c value of 4929 kcal/kg for the branches,
4781 kcal/kg for the bark and 4815 kcal/kg for the stem wood material. Even though their study revealed slightly higher calori�c values, than those
recorded in the present study, it revealed also the same tendency of values, with branches to present the highest calori�c values, followed by the
stem material and bark to present the lowest calori�c values. Generally, the values found in the literature were similar or slightly higher, than those
measured and recorded in this study, which differences are mainly attributed to the fact that the these species were grown on different substrates,
and not on such degraded and poor ones of marginal sites, as those that the examined species came from.

According to the statistical analysis of the results, the Levene’s test revealed that the null hypothesis that the error variance of the dependent
variable (heating value) is equal across the groups, was accepted (6th requirement of a successful ANOVA), recording a signi�cance level > 0.05
(Sig. 0.753). The factor “Species” was found to be statistically signi�cant and the most crucial one, affecting the variability of heating value by
77.2%. The factor “Tree part” was not statistically signi�cant and affected the heating value variability only by 15.9%, while the interaction of both
factors was found to signi�cantly affect heating value variability by 47.5%.

The results of the multiple linear regression analysis of the examined properties showed that there is a statistically signi�cant (sig. 0.004)
correlation between the heating value, which is considered as the dependent variable, and the contents of chemical components of the materials
examined (Fig. 5). Speci�cally, the 49.5% of the heating value variability is attributed to the interaction among all the examined chemical
components contents (lignin, holocellulose, extractives, ash). The component, that most intensely, and signi�cantly from a statistical point of view
(0.000091), in�uences the heating value, by 66%, is lignin, presenting a positive impact. This indicates that as the lignin content increases, the
heating value increases as well. A strong correlation (0.000004) was detected between ash content and extractives, which indicates that the
variability of one is in�uenced positively, by 74.8%, by the other. As it was expected, lignin and holocellulose contents are signi�cantly (0.000399)
correlated one another with a negative impact (60.7%).
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Table 1
Mean content (%) values of individual mineral components in biomass
ashes resulted from the combustion of the examined materials, turkish

pine, black pine and black locust
Element Turkish pine Black pine Black locust

Stem Branch Stem Branch Stem Branch

CaO 59.05 57.92 45.33 42.47 49.46 43.05

K2O 26.40 24.92 28.98 29.70 39.75 42.03

SO3 5.23 5.41 4.30 4.83 5.41 4.67

P2O5 3.50 3.65 6.10 6.83 2.66 6.76

MgO 3.50 4.39 6.30 6.71 1.44 1.99

MnO 0.94 1.30 2.71 2.71 - -

Fe2O3 0.68 1.52 1.34 1.50 0.30 0.32

ZnO 0.17 0.27 1.05 1.26 - 0.08

SrO 0.05 0.04 0.05 0.28 0.08 0.10

CuO 0.07 - 1.04 1.71 - 0.10

SiO2 - - 1.12 1.22 - -

NiO - - 0.48 0.28 0.12 0.30

PbO - - 0.26 0.18 - -

Rb2O - - - - 0.02 0.02

Total 99.60 99.41 99.04 99.66 99.25 99.42

The chemical composition analysis of ashes (Table 1) of all the materials, revealed that the major elements Ca, K, S and P prevailed in the
composition, which indicates the high potential of utilization of these materials in nutrient recycling through fertilizing. The turkish pine presented
the highest contents of Ca, black locust the highest contents of K and black pine the highest contents of P. Only small differences in the
composition were detected between stem and branches of the same species, while among the different species, the differences between the mean
values of contents were statistically signi�cant. Despite the longer rotation period of tree species and the longer period necessary for the wood
biosynthesis, compared to other species, annual or perennial ones, which naturally is expected to result in higher contents of metal elements, the
contents of toxic elements of the materials ashes examined in this study, were found very low, such as Pb and Ni, which suggests a high potential
of utilization in several applications, especially for turkish pine and black locust species. In addition, ashes of these biomass materials were found
to be complemented with minor elements, such as Zn, Cu and Mn, which further supports their utilization scenarios in traditional agricultural, as
well as marginal lands enrichment, as fertilizer. The recycling of ashes produced by the biomass combustion through their rejoin into soil is one of
the most bene�cial and sustainable ways of disposal, which ensures a balance in the nutrients and minerals and favors the quality of soil,
especially in the case of marginal lands [32], contributing parallel to the land productivity maintenance. Additionally, the fact that the ashes
obtained from the combustion of the examined biomass materials were found to contain negligible contents of toxic heavy metal elements,
suggests favorable combustion process conditions in furnaces, proper operation and longer preservation of the combustion equipment. According
to the requirements of standard ISO 16968 of wood pellets production, concerning the thresholds of As, Cd, Cr, Cu, Pb, Hg, Ni, and Zn contents of the
raw materials, the biomass materials examined in this study ful�ll the criteria of their utilization as solid biofuels (pellets) feedstock.

Taking all the results of this study into consideration, the biomass obtained from the examined fast-growing, cold- and drought-tolerant forest
species revealed good quality performance. Speci�cally, turkish pine, black pine and black locust make an excellent choice for energy production
due to higher energy content and lower ash and moisture contents, than other woody biomass types and parallel of medium to high density, which
is signi�cant for the energetic density of the material and the space needed to store the feedstock. The calori�c values of the materials examined in
this study were found to be similar or only slightly lower, compared to the respective values found in literature, even though they refer mainly to
conventional high-productivity lands, agricultural or forest ones. The chemical composition of the studied materials was found to be rich in lignin
and extractives, which are two components of low oxidation degree and considerably high energy content and therefore, are mainly responsible for
the higher calori�c value of biomass [21, 33]. Nevertheless, in this study the heating value was found to be correlated only to lignin content, and not
to extractives content as it was expected especially for conifers with resinous extracts. The stems and branches could be used without any
restriction in pellets production, of both residential and industrial energy applications, according to the standards requirements of ash contents,
while the bark due to higher ash contents could only participate as a part of the raw material of the solid biofuels, especially of those intended for
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residential use, or participating in larger percentages in feedstock of pellets for industrial use. Generally, the examined species stems and branches
presented very low ash contents (< 0.87), compared to other species used for energy production purposes, which quali�es them (especially the
stems) as pellets of premium quality, according to ENplus certi�cation system and the requirements of the respective standards (ISO 18122:2015).

Of course, the examined materials could be managed for bioenergy purposes through several different energy conversion methods, including
fermentation, pyrolysis, gasi�cation, liquefaction and combustion. Compared to other types of biomass, conversion of the studied species biomass
seems to be less complicated, since they are 99% combustible, they have very low content of toxic elements of ashes, and the feedstock
management is simpler, since it is not necessary to apply any other pre-treatment process, except for the drying and reduction of materials
dimensions. The factor of moisture content of the raw materials is crucial for their utilization as solid biofuels feedstock, therefore to ensure the
minimum moisture content of the materials, the optimum harvesting time is late autumn to early spring [36]. Due to the different materials similarity
in quality performance, the examined three species (especially stems and branches) could be mixed one another and used, as part of an integrated
feedstock supply.

The sustainable cultivation of marginal lands using native, well adapted tree energy crops might be an attractive option for regional value chains
and stakeholders networks and provide crucial environmental impacts, such as soil protection, land restoration and wildlife preservation etc. Such
practices might also contribute to the objective to approach the national and European renewable energy goals for 2050, and address the challenge
to normalize the increasing land use con�ict between the food/feed, and biomass production. The development of appropriate policy frameworks
of �nancial support and regulations is necessary, while strengthening of the research efforts towards assessment of the potential of marginal lands
to contribute in bioenergy production is highly recommended.

Conclusions
The high potential of the examined forest species to contribute as feedstock for qualitative solid biofuels production is illustrated, with black pine to
present the highest potential. The materials presented relatively low moisture at harvest time, su�ciently low EMC contents, very low ash contents,
especially the stems and branches, and high net calori�c values, comparable to the respective species grown on conventional agricultural lands.
The calori�c values were strongly correlated to lignin, and not to the extractives as expected. Ca, K, S and P prevailed in the materials inorganic part
examined, with the presence of signi�cant minor elements, while the toxic elements contents were found to be negligible, increasing ashes potential
to be utilized in fertilizing applications.
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Figures

Figure 1

Isoperibol bomb calorimeter (a), sample pills prepared for the calori�c value measurement process (b)
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Figure 2

Equilibrium moisture content (EMC) values (%) of the studied materials

Figure 3

Chemical components contents (%) of stem, branch and bark material of the three studied forest species



Page 11/11

Figure 4

Net calori�c value (kcal/kg) of the studied materials

Figure 5

Normal P-P Plot of regression standardized residual of Heating value (dependent variable) and chemical components contents (independent
variables)


