
sustainability

Article

Evaluation of the Physical, Chemical and Thermal
Properties of Portuguese Maritime Pine Biomass

Helder Filipe dos Santos Viana 1,2 ID , Abel Martins Rodrigues 3,4, Radu Godina 5 ID ,
João Carlos de Oliveira Matias 6,7 ID and Leonel Jorge Ribeiro Nunes 6,7,*

1 Centre for the Research and Technology of Agro-Environmental and Biological Sciences, CITAB,
University of Trás-os-Montes and Alto Douro, UTAD, 5001-801 Vila Real, Portugal; hviana@esav.ipv.pt

2 Agrarian Superior School, Polytechnic Institute of Viseu, 3504-510 Viseu, Portugal
3 Departamento de Tecnologia e Inovação, INIAV—Instituto Nacional de Investigação Agrícola e Veterinária,

2780-157 Oeiras, Portugal; abel.rodrigues@iniav.pt
4 Maretec Research Centre, Instituto Superior Técnico, Av. Rovisco Pais, 1049-001 Lisboa, Portugal
5 C-MAST—Centre for Aerospace Science and Technologies—Department of Electromechanical Engineering,

University of Beira Interior, 6201-001 Covilhã, Portugal; rd@ubi.pt
6 DEGEIT—Department of Economics, Management, Industrial Engineering and Tourism,

University of Aveiro, 3810-193 Aveiro, Portugal; jmatias@ua.pt
7 GOVCOPP—Research Unit on Governance, Competitiveness and Public Policies, University of Aveiro,

3810-193 Aveiro, Portugal
* Correspondence: leonelnunes@ua.pt; Tel.: +351-232-446-600

Received: 30 July 2018; Accepted: 9 August 2018; Published: 13 August 2018
����������
�������

Abstract: A characterisation of Pinus pinaster Aiton. (Maritime Pine) woody biomass and ashes is
presented in this study. Physical, thermal and chemical analysis, including density, moisture content,
calorific value, proximate and ultimate analysis, were carried out. The fuel Energy Density (Ed)
and the Fuelwood Value Index (FVI) were assessed by ranking the fuelwood quality. Furthermore,
the determination of the ash metal elementals was performed. The results from this study indicated,
for Pinus pinaster biomass tree components, carbon content ranging from 46.5 to 49.3%, nitrogen
content from 0.13 to 1.18%, sulphur content from 0.056 to 0.148% and hydrogen content around 6–7%.
The ash content in the tree components ranged from 0.22 to 1.92%. The average higher heating value
(HHV) was higher for pine needles (21.61 MJ·kg−1). The Ed of 8.9 GJ·m−3 confirm the good potential
of Pinus pinaster biomass tree components as fuel. The FVI ranked the wood stem (4658) and top
(2861.8) as a better fuelwood and pine needles (394.2) as inferior quality. The chemical composition of
the ashes revealed that the elemental contents are below the national and most European countries
legislation guidelines for the employment of ash as a fertiliser.

Keywords: biomass; Pinus pinaster; fuel; heating value; fuelwood value index; energy density; ash recovery

1. Introduction

Maritime pine (Pinus pinaster Aiton.) is the second species in terms of occupied area in Portugal,
accounting for around 23% of forest area, occurring mostly in the north and central regions of
Portugal [1]. An estimation made in 2010 for NUTS II (Nomenclature of Territorial Units for Statistics)
reported a yearly average of 579.9 thousand dry tons, ranging between 400.96 thousand dry tons
per year and 673.54 thousand dry tons per year [2].

In 2017, forest fires were particularly severe, with a forest area of about 500,000 ha burned in the
country and, presently, a large amount of biomass supply is available for conversion [3–5].

The energy acquired from biomass is distinguished and remarkable in that it can be obtained without
difficulty and is also renewable [6]. It promotes the protection of the environment, since biomass is abundant,
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natural, and reusable [7]. The chemical composition and physical properties of biomass ashes and biomass
components, wherein the latter is strictly linked to its anatomic polymeric structure, are determinant for
the performance of thermochemical conversion of the feedstocks [8–12]. Biomass shows highly variable
chemical composition and properties regarding moisture, structural and inorganic components, which is
related to the myriad plant growth processes and growing conditions [13]. The main and less important
elements of biomass, in diminishing order of quantity, are normally the following: C, O, H, N, Ca, K, Si, Mg,
Al, S, Fe, P, Cl and Na, in addition to Mn, Ti and other trace elements. Typical proximate analysis of maritime
pine components shows values ranging between 65% to 72% for volatiles, 12.5% to 21% for fixed carbon,
and 0.2% to 2.6% for ash content. Typical values for ultimate analysis of C, H, N, and O range between
46% and 56%, 5% and 6%, 0.1% and 0.9%, and 31% and 37%, respectively. Sulphur amounts are negligible.
Finally, the High Heating Value (HHV) ranges from 18 MJ·kg−1 to 17 MJ·kg−1 [14].

As a comparison, for coal, the carbon content is, on average, about 80% or higher, the oxygen
about 8% or lower, and the N and S are about 1.8% and 0.8% or higher, respectively. Fixed carbon and
volatile amounts for coal are of the order of 50% and 44%, respectively. HHV and LHV for coal are
of 35 MJ·kg−1 and 33 MJ·kg−1, respectively. This chemical profile fits the overall picture that woody
biomasses posit advantages over fossil fuels such as coal related to carbon neutrality and reduced
emissions of SO2 and NOx [13]. However, handicaps of woody biomass, such as lower energy density
and calorific values, hygroscopic properties, and high moisture content leading to degradation and
self-heating, make the handling and transportation costlier and more complex.

Torrefaction of the feedstock is an option for minimising these drawbacks and making the chemical
profile of torrefied biomass closer to that of coal. Biomass torrefaction is a thermochemical pre-treatment,
carried out in the absence of oxygen at temperature ranges of about 220 ◦C to 320 ◦C, delivering a product
with lower O/C and H/C ratios, closer to typical coal ratios [15]. The torrefied products are more
homogeneous and show higher energy density and grindability [16]. Also, the similarity of the torrefied
pulverised product to coal powder makes possible its co-firing, at amounts as high as 40%, with coal in
power plants [17]. Experimental evidence with torrefaction of maritime pine carried out at a lab scale made
it possible to obtain a torrefied product with a LHV of 22.6 MJ·kg−1, corresponding to a gain of about 20%,
a C amount of 65% (15% gain), a fixed carbon amount of 30% (35% gain) and 29% for oxygen amount,
corresponding to a decrease of 21% from raw biomass [18]. Thereby, the ratio of O/C decreased by 32% for
torrefied maritime pine biomass. The ratio of torrefied pine biomass also decreased by 18%. The LHV in
conifers is on average 2% higher than in hardwoods. This difference occurs due to a higher lignin content,
and sometimes due to the higher resin, oil and wax content present in conifers [18]. Indeed, while LHV
for cellulose ranges between 17.2 MJ·kg−1 and 17.5 MJ·kg−1 and is about 16 MJ·kg−1 for hemicelluloses,
in lignin, LHV is higher, ranging between 26 MJ·kg−1 and 27 MJ·kg−1. A slight variability in the calorific
value can be witnessed and occurs due to certain variability in the elementary H content. It also occurs as
a result of a much larger variability in ash contents [19].

Low heating value is a variable which allows evaluating the enthalpy released in forest fires
through the combustion of fuels available in the field surface, thereby providing additional information
about the easiness of fire propagation. The LHV of the different forest canopy components is thereby
one valuable indicator of the energetic status of forest biomass which helps to optimise the management
of the energetic forest resources in the field. In [20], data is presented for the seasonal variability
of biomass flammability and the heating value of maritime pine woody biomass components in
NW Spain.

The Fuelwood Value Index (FVI), expressed in MJ·m−3 and defined as the ratio between the
products between the calorific power and density and between the ash and moisture contents, is another
relevant variable for ranking the fuel aptitude of woody biomasses for different species [21].

Energy density (Ea), expressed in GJ·m−3, defined as the product between LHV and bulk density,
is another variable that can be assessed in order to identify the potential and to choose a fuel for use in
small-scale heating plants and households. The energy density is relevant for woody fuels, because its
storage and transport could be cheaper and more efficient at a higher energy density.
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Another factor that could be taken into consideration is the evaluation of biomass ashes,
concerning either its chemical composition as the mechanisms and quantities produced in the
thermo-chemical conversions. Biomass ashes are made up of Cl and S, with major elements (Al,
Ca, Fe, K, Mg, Na, P, Ti, Si) and minor or trace elements (As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Sb, Pb,
Tl, V, Zn). In comparison with coal, biomass usually shows higher amounts, in decreasing order, of
Mn, K, P, Cl, Ca, Mg, Na, O and H, and lower amounts of ash, Al, C, Fe, N, S, Si, and Ti.

Elements included in biomass ashes can be divided in two classes: intrinsic or inherent chemicals
bonded to a carbon structure, and entrained elements that can come with biomass as mineral soil
particles that have been incorporated into biomass during plant growth, or taken away during
harvesting and transport [22]. These elements are relevant for aerosol emissions, ash melting, deposit
formation, fly ash and corrosion, and also for the utilisation/disposal of the ashes.

During combustion, some volatilisation of ash-forming compounds occurs, with the volatised
fraction depending on factors such as the technology employed, chemical composition of the fuel,
operative temperature, and surrounding gas atmosphere. Indeed, volatilisation of heavy metals such
as Pb, Cd and Zn can happen under high operative temperatures and low oxidising atmospheres.
Toxicity due to heavy metals (Cu, Zn, Cr, Cd, Mn, Ni or Pb) can cause serious consequences in soils
located in sites corresponding to former agricultural areas with excessive use of fertilisers, fungicides
and insecticides. Dangerous trace elements in the form of salts are highly mobile on the ashes, but issues
related to their accessibility and availability still lack some fundamental knowledge. For example,
these trace elements may be water soluble or bound into glass, which is formed from the fusion of
inorganic material in biomass [14].

Some toxic elements such as As, Cd, Cr, Pb, Cu, Mn, Fe, Ni, and Zn are described in the literature
with concentrations as high as 243 ppm, 657 ppm, 0.17%, 5%, 0.24%, 4.7%, 25 ppm, 0.5 ppm and 16.4%
in fly ashes, respectively (e.g., [23]). Plant growth and biomass can thereby be drastically affected by
release of these elements.

Typical ranges in ash element composition of biomass tree components (wood, bark, leaves, tops
or branches) for Fe, Al, As, Cd, Pb, Co, Cu, Cr, Mn, Zn, and Ni are 3000–40,000, 4700–74,000, 3–60, 0–25,
15–650, <1–20, 15–400, 10–250, 1000–30,000, 15–4400 and 6–200 mg·kg−1, respectively [14]. In industrial
areas, nickel toxicity is particularly acute, at high soil concentrations above a threshold of 200 ppm
with drastic physiological consequences. Excess Cd exerts similar effects in plants, and damage to root
cells has been reported on grey poplar. Plant growth, biomass production, shoots and root lengths has
been ascribed to arsenic contamination in soils as a result of the widespread use of arsenical pesticides.
Thereby, heavy metals in biomass ash, e.g., Zn, Cu, Cd, Cr and Pb above certain limits, are surely toxic
to plants, precluding their use as fertiliser, insofar as its application to soil can constitute a potential
source of contamination for aquatic and terrestrial ecosystems [24,25].

Under this negative environmental context, there are strict regulations in some countries, e.g., in North
and Central Europe, specifying thresholds on amounts of elements such as Co, Cr, K, N, Cu, V, Zn, Ca, Cd,
Cl, Ni, S or Pb in biomass fuels and ashes, considering all possible forms of conversion [26,27].

The assessment of ash use in forestry and agriculture differs between European states, to some
extent due to different conditions [28]. While in some countries, mainly the Nordic countries of
Europe, the use of ashes is a key factor for the replenishment of nutrients to acidic and poor soils;
in other countries, such problems are not so deep and are therefore less worrisome. On the other hand,
the logging of forest residues for energy production is made in a superior extent, extracting a large
amount of nutrients in biomass. For instance, in Sweden, the recycling of ash is deemed to be
a significant measure for forestry sustainability, while in Finland, the ash is considered to be a fertiliser
and is used to increase the growth of forests growing on peatlands. As another example, in Denmark,
ash recycling is deemed to be a method to make up for the loss of phosphorous and potassium [29].
As a consequence, several producers of wood in Northern America and Europe are beginning to
recycle ash on an operational scale. For instance, in Finland, over 10% of wood and bark ash created
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by forest industry returns to the forest [30], as the wood ash is dispersed at high rates in many forests
(in Finland 3–5 t·ha−1 and in Sweden 1–3 t·ha−1).

The present work, under all of the above context, aims to evaluate the chemical composition and
physical properties of the maritime pine biomass, considering proximate, ultimate and ash analysis in the
tree components stem, tops, branches and needles, sampled from 16 plots in the Northern Portuguese
county of Viseu.

2. Materials and Methods

2.1. Stand Measurements and Biomass Samples for Fuel and Ash Analysis

The biomass samples for fuel and ash analysis were collected from 16 maritime pine stands,
located in the Viseu country in Northern-Central Portugal, where maritime pine mainly occurs.

The forest stands were measured and the structural stand variables such as number of trees
per hectare (N), dominant tree height class (hdom), basal area (G), stand age (t), crown closure class (Cc)
and site index (SI) were calculated, and the aboveground biomass quantified by destructive approach.

In each field plot, a biomass sample of each tree component (wood stem, top, branches and
leaves) was collected and the sampled mixed biomass gave a typical tree sample per plot, totalling
thereby sixteen typical trees, a concept useful for heat and mass balance evaluations in a burned forest
area of maritime pine such as that. The collected samples were positioned inside hermetically closed
containers with the intention of avoiding the loss of moisture, and were then sent to the laboratory.

The preparations and homogenisation of the samples, previous to the analytical measurements,
were carried out by following the technical specifications of the CEN/TS 14780:2005 standard for
sample preparations. The results on physical properties, proximate, and ultimate analysis were with
respect to a typical tree per plot, according to the biomass sampling mentioned above.

2.2. Analytical Measurements

2.2.1. Physical Properties

The moisture content, as wet basis, was assessed according to the European Standard CEN EN
14774-1:2009, which consists of the drying of the sample in a drying oven at a temperature within the
range of 105 ± 2 ◦C in atmospheric air until a constant mass is reached. The percentage of moisture
is assessed from the mass loss of the sample. Density (D) and basic density on dry basis (Db) of tree
components was assessed by using the technique of water displacement and is presented as the weight
per unit volume [31].

2.2.2. Proximate Analysis

The assessment of the ash content (in the case of the dry basis) was performed according to CEN EN
14775:2009 standard. The ash content (%) was calculated from the mass of the residue remaining after 1g of
oven-dried sample inside a platinum crucible was heated in a muffle furnace at 550 ◦C ± 10 ◦C.

The volatile matter content (dry basis) was determined according to CEN EN 15148:2009,
by burning 1 g of oven-dried sample in a fused silica crucible with lid on and heated in a muffle
furnace at 900 ◦C ± 10 ◦C for 7 min. The overall percentage of the volatile matter was assessed from
the mass loss of the test sample. The fixed carbon content (%) was assessed as the difference between
the totality of volatile matter and ash contents from 100%. A minimum of 3 test runs were performed
for every analysis, and the average of the two closest results (less than 5% variation) was taken as the
measured value.

2.2.3. Ultimate Analysis

The elemental composition of the biomass with respect to carbon (C), hydrogen (H) and nitrogen
(N) and sulphur (S) was measured by the standard methods of analysis. CEN/TS 15104:2005 and
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CEN/TS 15289:2006 describe the instrumental method for determining CHN and S, respectively,
in solid biofuels. The concurrent assessment of the CHN was performed with the aid of Leco TruSpec®

Elemental Determinator [32].
A sample of wood fuel powder, of circa 0.1 g, is burned in an oxygen/carrier gas mixture by strictly

following several conditions that guarantee a full combustion and that also guarantee the conversion
of a few by-products to water vapour, carbon dioxide and nitrogen for gas analysis. The determination
of sulphur was carried out in a Leco SC-144DR® machine by employing infrared detection and direct
combustion. Duplicate calibration and determination techniques were made to guarantee a robust
result consistency. The values of oxygen content were achieved by subtracting, as percentages, from
100% the total of C, H, N, S and ash contents.

2.2.4. Determination of the Low and High Heating Values

High Heating Value (HHV) and Low Heating Value (LHV) were assessed by using a Parr 6400®

calorimeter, and strictly following the EN 15296 [33] and EN 14918 [34] standards and also by following
the standard operating and calculating instructions of the abovementioned equipment.

2.2.5. Fuelwood Value Index (FVI) and Energy Density (Ed)

The Fuel Value Index (FVI) is a parameter for ranking fuelwood species. FVI is calculated as the
product of calorific value (MJ·kg−1) and density (g·cm−3) of the biomass by the product of ash content
(g·g−1) and water content (g·g−1) as presented in Equation (1) [35,36]:

FVI =
Calorific Value

(
MJ · Kg−1

)
× Density

(
g · cm−3)

Ash Content (g · g−1)× Moisture Content (g · g−1)
(1)

Since the content of the moisture of the wood fluctuates with the proportions of the plant and also
fluctuates with the season of the year and other variables, the water content is not treated as a factor of
the intrinsic value of a species as a fuel [37]. Therefore, FVI was calculated using the modified formula
(Equation (1)), ignoring the moisture content.

The density of the energy as received (Ed) was assessed by utilising the LHV as received and the
bulk density of each tree component, according to (2):

Ed =
1

3600
× qp,net,ar × BDar (2)

where Ed represents the energy density of the biofuel as received (MWh·m−3 of bulk density), qp,net,ar

represents the LHV as received (MJ·kg−1), the bulk density, i.e., volume weight of the biofuel as
received is given by BDar (kg·m−3 bulk volume), and 1/3600 represents the conversion factor for the
energy units (MJ to MWh).

For the calculations of energy density after harvesting we used for branches and needles of
maritime pine, an average bulk density of 285 Kg·m−3 [38] for green bundles of logging residues.
For wood stem and top of tree, wood density was used in the calculations.

2.2.6. Determination of Ash Elemental Metals

After the combustion of biofuel, following CEN/TS 14775:2004, the ash elemental metals—iron
(Fe), aluminium (Al), arsenic (As), cadmium (Cd), lead (Pb), cobalt (Co), copper (Cu), chromium (Cr),
manganese (Mn), zinc (Zn) and nickel (Ni)—were measured by following the standard CEN/TS
15290:2006 Solid Biofuels—Determination of major elements, and by following the standard CEN/TS
15297:2006 Solid biofuels—Determination of minor elements.

The detection of the major elements (Fe and Al) was performed by using flame atomic absorption
spectrometry, known as FAAS, and the detection of the minor elements (As, Pb, Cd, Co, Cr, Cu, Mn,
Zn and Ni) was carried out by means of graphite furnace atomic absorption spectroscopy, known as
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GF-AAS, after the ash digestion with nitric acid—HNO3 (65%), hydrofluoric acid—HF (40%), hydrogen
peroxide—H2O2 (30%) and boric acid—H3BO3 (4%).

It should be noted, as concluded by [23], that the method used in the assessment of major and
minor ash-forming elements in solid biofuels can give values that are significantly different.

3. Results and Discussion

3.1. Pine Stand Characteristics

The biometrical characteristics of pine stands where the biomass samples were collected for fuel
and ash analysis are presented in Table 1.

Table 1. Descriptive statistics of 16 maritime pine plots.

Stands Plots
(n)

N
(trees·ha−1)

T
(year)

dbh
(cm)

H
(m)

BA
(m2·ha−1)

SI
(m)

Bdry

(ton·ha−1)

1 700 52 39.8 21.3 59.2 19 420.2
2 800 40 28.6 19.4 55.8 24 260.9
3 600 51 31.5 19.9 49.7 19 232.5
4 600 44 32.0 19.6 50.5 20 231.1
5 600 42 29.5 18.6 43.4 18 193.1
6 600 54 29.4 19.1 43.4 19 194.2
7 620 26 23.6 14.9 30.9 20 123.4
8 460 39 30.6 13.6 38.6 15 158.1
9 900 20 14.1 10.6 16.7 16 58.4

10 620 20 15.0 9.0 15.4 14 53.2
11 460 51 27.4 20.6 29.3 19 132.7
12 2020 27 13.3 12.9 30.1 15 106.3
13 460 60 33.9 22.8 66.9 25 406.2
14 520 48 24.0 16.5 43.1 20 203.7
15 980 26 17.9 11.2 36.7 18 140.1
16 720 35 22.0 15.8 31.0 20 130.1

Mean 729 40 26 17 40 19 190
Min 460 20 13 9 15 14 53
Max 2020 60 40 23 67 25 420
SD 375.6 12.7 7.7 4.2 14.4 3.0 105.3

Where N is the number of stems ha−1; t is the stand mean age; h is the mean height; dbh is the mean diameter at
breast height; BA is the basal area; SI is the site index and Bdry represents the dry biomass (ton·ha−1).

The maritime pine stands are pure self-thinned and even-aged, with ages ranging between 20 and
60 years. The younger plants with a stand mean age of 20 years (plots 9 and 10) showed, as expected,
lower heights of 9 m and 10.6 m, lower dbh of 14.1 cm and 15 cm, lower basal area and lower biomass
dry estimates of 58.4 ton·ha−1 and 53.2 ton·ha−1, respectively. The maximum tree density was found
for plot 12, with an average age of 27 years and 106.3 ton·ha−1 biomass dry yield.

Plots 1 and 13 corresponded to 52 and 60-year-old trees, with dry biomass yields of 420.2 ton·ha−1

and 406.2 ton·ha−1, respectively. The highest site index (SI) of 25 was found for plot 13, with average
60-year-old trees, and SI = 20 was found for plots 4, 7 and 14 with tree densities of 600, 620 and 520 trees
ha−1 and average ages 44, 26 and 48 years, respectively. Plot 7 showed a peculiar biomass potential,
given its relatively high SI of 29, good biomass productivity taking into account its young age, and its
relatively small diameter (23.6 cm).

3.2. Proximate Analysis and Physical Properties

The final proximate analysis, moisture content and density of woody biomass of pine tree
components are shown in Table 2.
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Table 2. Proximate analysis and basic density of maritime pine woody biomass elements.

Proximate Analysis (wt %)
Ddb (Kg·m−3)

Ash VM FC

Wood stem 0.22 (±0.0011) 85.7 (±0.0096) 14.0 (±0.0095) 476.4 (±0.039)
Top 0.24 (±0.0035) 84.2 (±0.0031) 15.6 (±0.0058) 332.7 (±0.040)

Branches 1.00 (±0.0023) 80.8 (±0.0061) 18.2 (±0.0058) 419.6 (±0.047)
Needles 1.97 (±0.0022) 79.4 (±0.0065) 18.7 (±0.0074) 358.6 (±0.050)

Where the proximate and ultimate analyses are in terms of wt. % dry biomass basis. The ash is represented as
percentage (%), VM is the Volatile Matter (%), FC is the Fixed Carbon (%), wt % is the moisture content wet basis
(%) and the basic density (kg·m−3) is Ddb. Numbers in parentheses are the standard deviations.

Ash content ranged from 0.22 to 1.97% for stem and needles, respectively. These are favourable
values, insofar that they are lower than the data quoted by the literature. For example, in [39], values
of 3% were found for maritime pine foliage, and in [40], values between 1.16 and 2.55% are shown for
Pinus pinaster dead meddles in Mediterranean countries [40].

In a study comparing the calorific value and chemical composition of maritime pine woody
biomass infected and not infected with pine nematode [41], the average ash weight percent was
provided as 0.66%, and ranged between 0.25% and 1.04% for healthy maritime pine wood [41].

In [42], lower values are reported for Spain, ranging between 0.31 and 0.69% for pine needles,
with values for branches ranging from 0.05 to 0.026%. In other work [43], values between 0.71 and
1.04% are shown for pine aboveground biomass ash, and in [41,44], 0.25% and 0.2% were the values
found, respectively, for Pinus pinaster wood samples in Portugal.

Other references, such as [45], give the ash weight percentage as 0.6%, and in [46], ash
amounts of 1.3% were obtained for maritime pine shells. The digital database of the Biomass Energy
Foundation (BEF) [47] reports ash values of 1.31% for yellow pine and 0.29% for ponderosa pine.
In [22], weight percent data of 2.7% for pine chips and 3.5% for ash was reported for a set of 28 woody
biomass species.

For the Fixed Carbon (FC) in [45], values around 26% were obtained for maritime pine bark
biomass, while in [46], values of 26% were reported for pine shells, and on the BEF digital database [47],
FC reaches around 26.1% for pine needles. As a comparison, Ponderosa pine has FC of about 17%.
In [22], values of 21.6% for pine chips, 14% for stem, 15.6% for top, 18.2% for branches and 18.7% for
needles were found.

Volatile matter (VM) percentage for maritime pine woody biomass reaches 63.7%, according
to [48] and 59% for pine shells, according to [46], and 72% for pine needles. In [22] values of 72.4%
for pine chips and 78% for wood residues were reported for a set of 28 wood species. For maritime
pine, VM for stems (85.7%), tops (84.2%), branches (80.8%) and needles (79.4%) are a bit higher than
the cited values for other pine species. VM for ponderosa pine biomass reaches 82.5%.

The basic densities (Ddb) obtained for maritime pine biomass tree components (Table 2) were
476 kg·m−3, 419 kg·m−3, 358.6 kg·m−3 and 332.7 kg·m−3, for stem, branches, tops and needles,
respectively. Our results are in the range of the average values reported in the literature for P. pinaster
biomass tree components and total AGB [49–51].

3.3. Ultimate Analysis

Ultimate analysis results for tree biomass components of maritime pine are shown in Table 3.
Elementary carbon varied slightly, with values of 46.5%, 48.4%, 48.6%, and 48.2% for stem, top,

branches and needles, respectively.
As for similar studies, in [45], an elementary carbon value of 46.9% was also obtained for maritime

pine woody biomass. In [46], a similar value of 47.8% was reported for maritime pine shells, and in [22],
values such as 44.3% for stem, 50.8% for branches and 47.5% for needles are given for maritime pine
biomass components. In [41], an average of 49.32% elementary carbon is reported in Portuguese
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maritime pine wood samples. Finally, in [42], slightly higher values are given for maritime pine in NW
Spain, ranging from 49.40% to 55.23% for needles, and from 48.33% to 54.92%, for branches.

Table 3. Ultimate analysis maritime pine woody biomass components.

Ultimate Analysis (wt. %)

C H O N S

Wood Stem 46.5 (±0.107) 6.7 (±0.082) 46.4 (±0.026) 0.13 (±0.025) 0.029 (±0.005)
Top 48.4 (±0.120) 6.8 (±0.070) 43.8 (±0.060) 0.21 (±0.010) 0.050 (±0.002)

Branches 48.6 (±0.319) 6.8 (±0.050) 43.3 (±0.408) 0.28 (±0.013) 0.032 (±0.010)
Needles 48.2 (±0.225) 6.9 (±0.063) 42.1 (±0.184) 0.74 (±0.063) 0.86 (±0.026)

Where ultimate analyses are in terms of wt. % dry biomass basis. Numbers in parentheses represent the
Standard Deviations.

Elementary carbon from the BEF digital database [47] was 49.3% and 52.6% for yellow pine
and ponderosa pine woody biomass, respectively. In [22], values of 52.8% of elementary carbon for
pine wood species and an average of 52% elementary carbon are also reported for a set of 28 woody
biomass species.

The elementary hydrogen weight contents achieved were 6.7%, 6.8%, 6.8% and 6.9% for maritime
pine stem, top, branches and needles, respectively. These values are of the same order of magnitude
as those quoted in literature. Indeed, in [45], 6.3% hydrogen for maritime pine wood was found,
while in [52], an amount of 6.1% hydrogen was reported in pine woody biomass, with an average of
5.4% for a set of 28 woody biomass species. In [41], an average value of 6.3% was reported for maritime
pine woody biomass, with values ranging between 6% and 6.78%, while in [46], a hydrogen amount
of 4.3% was provided, and the digital database of BEF [47] provided 6% and 7% for the hydrogen
amounts in ponderosa pine and yellow pine, respectively.

The elementary oxygen weight percentage values, although lower than elementary carbon,
are higher than those quoted by the literature. Indeed, the authors in [45] reached an amount of
45.7% for maritime pine woody biomass. In [52], the authors determined 41% for pine chips, and the
digital database of BEF [47] provided information of the order of magnitude of 44.36% of oxygen for
Ponderosa pine and 40.1% for yellow pine. In [46], 32.4% was found for oxygen percentage in maritime
pine shells. The research in [41], on maritime pine, was that with values of elementary oxygen weight
amounts closest to those obtained in this work, with an average of 42.62%, ranging between 38.69%
and 45.30%.

The sulphur content was under the 0.1% threshold fixed in [53] for minimising sulphur-related
risk of corrosion in combustion of biomass in boilers, which is comparable to the mean values of
woody fuels. This elementary sulphur amount is slightly higher in [45] for maritime pine crown, bark
and wood. Table 4 shows the calculated atomic ratios (O/C) and (H/C), which have values in the
usual range for biomass [54].

Table 4. Ratios O/C and H/C for maritime pine biomass components.

O/C (Atomic) H/C (Atomic)

Wood stem 0.75 1.73
Top 0.68 1.69

Branches 0.67 1.68
Needles 0.66 1.72

3.4. Higher and Lower Heating Values

Higher and lower heating values (HHV and LHV) of biomass tree components of maritime pine,
as well as the basic density in dry basis (Ddb), of fuelwood are presented in Table 5 and Figure 1.
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In Table 5, the HHV is the Higher Heating Value (MJ·kg−1 at dry basis) and basic density. The numbers
in parentheses give the Standard Deviations.

Table 5. Higher and lower heating values (HHV and LHV) and basic density of maritime pine
biomass components.

HHV (MJ·kg−1) Ddb (Kg·m−3)

Wood stem 21.60 (±0.541) 476.4
Top 20.65 (±0.60) 332.7

Branches 20.92 (±0.555) 419.6
Needles 21.61 (±0.492) 358.6

The HHV analysed for stem, top, branches and needles resulted in values of 21.6 MJ·kg−1,
20.65 MJ·kg−1, 20.92 MJ·kg−1 and 21.61 MJ·kg−1, respectively. Similar HHV values are presented in [42]
for maritime pine biomass tree components in NW Spain for needles (20.42 MJ·kg−1 to 21.7 MJ·kg−1) for
thin branches (20.18 MJ·kg−1 to 21.40 MJ·kg−1) and for thick branches (19.09 MJ·kg−1 and 20.26 MJ·kg−1),
and the conclusions reached in [41] present HHV values for woody maritime pine in Central Portugal
ranging between 19.48 MJ·kg−1 and 20.69 MJ·kg−1.

Data compiled in [55] for maritime pine showed a HHV of 21.2 MJ·kg−1 for needles in France,
and 21.49 MJ·kg−1 and 21.3 MJ·kg−1 for live and dead needles in Spain, respectively; for dead twigs
with dimensions 0–2 mm, 2–6 mm and 6.25 mm, 22.071 MJ·kg−1, 21.37 MJ·kg−1 and 21.03 MJ·kg−1,
respectively; for dead cones, 20.7 MJ·kg−1. However, in [45], lower calorific values of 19 MJ·kg−1

were reported for maritime pine woody biomass, as well as 19.8 MJ·kg−1 for maritime pine bark and
around 20 MJ·kg−1 for maritime pine crown biomass. Also, the HHV value for maritime pine cones is
assessed in [46] and is equal to 18.82 MJ·kg−1.

Comparing the achieved values with other pine species, these are in the same range. In [55],
for Aleppo pine dead needles and dead twigs, values of HHV of 22.08 MJ·kg−1 and 20.6 MJ·kg−1

were reported, respectively, in Castilla y León. For stone pine dead needles and twigs, an HHV of
21.8 MJ·kg−1 was reported, and for cones, an HHV of 20.1 MJ·kg−1. For Monterey pine live and dead
needles, HHVs of 21.4 MJ·kg−1 and 22.5 MJ·kg−1, respectively, were reported, and for dead cones
an HHV of 20.1 MJ·kg−1.
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3.5. Fuelwood Value Index (FVI) and Energy Density (Ed)

Fuelwood value index is a valid parameter for evaluating quality, insofar as woody biomasses
with higher FVI exhibit good fuel qualities. Several studies point clearly to that conclusion. Indeed,
from its very definition, FVI for woody biomasses should be correlated with high energy content,
high wood density, and low ash and moisture content. Consequently, FVI has even been considered as
a standard parameter for identifying suitable tree species for fuelwood production [56,57].

The results of FVI for the four tree components of the maritime pine woody biomass—stem, top,
branches and needles—are shown in Table 6, wherein it can be observed that there is a significant
decrease from stem (4658), to top (2861), to branches (880), to needles (394).

Table 6. Higher and lower heating values (HHV and LHV), ash maritime pine woody biomass
Fuelwood value index (FVI), and energy density (Ed).

HHV (MJ·kg−1) Ddb (kg·m−3) Ash (%) FVI Ed (GJ·m−3)

Wood stem 21.60 476.4 0.22 4658.0 8.99
Top 20.65 332.7 0.24 2861.8 6.31

Branches 20.92 419.6 1.00 880.4 2.08
Needles 21.61 358.6 1.97 394.2 2.06

By comparing the calculated FVI for maritime pine biomass tree components with other species,
it is possible to obtain a better picture of the quality of maritime pine fuelwood; Ref. [56] presents,
in India, a FVI ranging between 792.6 for Quercus serrata and 1109.7 for Castanopsis indica (Chinquapin).
In [57], a longitudinal study of FVI with Melia dubia, an Indian fast growing hardwood, was conducted,
showing that this parameter increases with age from 1 to 5 years of age, with values varying from
1540 to 4125 [57]. Also, ref. [37] reported experimental work with a set of small branch cuttings from
25 Indian woody biomass species with values of FVI ranging between 343 and 1434, compared with
the value of FVI of 880.4 for maritime pine branches obtained in this work.

Energy density (Ed), as mentioned above, is an important variable for addressing the costs
of storage and transport and biomass, which became cheaper and more efficient with higher
energy density.

In Table 6, it can be seen that energy density exhibits the same variability as FVI insofar that it
also decreases from woody stem with 8.99 GJ·m−3, top with 6.31 GJ·m−3, branches with 2.08 GJ·m−3

and needles with 2.06 GJ·m−3. Ash amount increases in the maritime pine biomass components with
a decrease of FVI and Ed.

The Ed values found in this work for maritime pine biomass components (Table 6) compare
well with values cited in the literature, such as: grass in high pressed bales (2.74 GJ·m−3),
woodchips of softwood (2.8 GJ·m−3), straw (winter wheat) (1.74 GJ·m−3), and triticale (cereals)
(1.92 GJ·m−3). If this biomass is processed into pellets for household usage, the bulk density is higher,
≈550–650 kg·m3 [58,59], so the energy density also increases, e.g., from 8.9 to 11.5 GJ·m−3 [58].

Densification of biomass through chipping, bundling, torrefaction or pelletising maximises Ed
and FVI. Small branches and leaves need greater space for transporting and storing, so the low energy
density is an evident problem associated with this wood fuel. The compression into bundles varies
according to the type of biomass residues and to the type of machinery utilised [60–62].

3.6. Ash Elemental Metals

The analysis results for heavy metal—Fe, Al, As, Cd, Pb, Co, Cu, Cr, Mn, Zn, and Ni—concentrations
present in ash (mg·kg−1) generated in the combustion process are presented in Table 7. These results
are then compared to the limit values instituted by legislation on the utilisation ash as a fertiliser in
forestry and agriculture in several European countries [63], such as Denmark, Finland, UK, Sweden and
Austria. The presently existing Portuguese legislation, with restraining limits for such types of elements,
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applies to the sludge from water treatment plants, which is used for agriculture, as established in the
Decree-Law nº 118/2006 [64].

Table 7. Concentrations (mg·kg−1) of heavy metals in ash of Pinus pinaster and limit values in European
countries’ legislation.

Pinus pinaster Fe Al As Cd Pb Co Cu Cr Mn Zn Ni

Wood stem 29,375.0 5884.4 3.8 0.9 13.4 17.1 926.3 109.4 9750.0 1250.0 37.5
Bark stem 9794.0 8231.2 3.0 2.1 0.4 26.3 85.1 8.5 7239.0 1618.1 21.3

Top 4897.2 10,980.2 5.7 9.7 10.2 9.0 791.2 10.8 8605.1 2863.7 21.0
Branches 7522.3 8782.3 3.8 4.7 3.9 18.7 333.7 88.8 7346.8 2557.6 20.1
Needles 7758.9 3253.7 2.4 0.7 1.5 5.6 43.2 113.5 21,623.2 737.7 25.4

Country (application)
Portugal (Agriculture) * 20 750 1000 1000 2500 300

Denmark (Agriculture/Forestry) 15 120 100 30
Finland (Agriculture) 25 1.5 100 600 300 1500 100

Finland (Forestry) 30 17.5 150 700 300 4500 150
Sweden (Forestry) 30 30 300 400 100 7000 300

Austria (Field and grassland) 20 8 100 100 250 250 1500 100
Spain (Soils with ph < 7) 20 750 1000 1000 2500 300
Spain (Soils with ph > 7) 40 1200 1750 1500 4000 400

* Limit values of concentration of heavy metals in sludge from water treatment plants.

The measured contents of ash Fe, As, Al, Pb, Cd, Cu, Co, Cr, Mn, Ni, and Zn are close to the usual
ranges commonly found in the ash of biomass tree components (wood, bark, leaves, etc.) for such
elements, as conveyed in many research publications [12,65–70] such as in the most popular wood and
ash properties databases already discussed previously.

Some exceptions were observed in Al content for pine needles, values for which were lower than
the reported values in the literature. In maritime pine wood stem, the Cu content was higher than that
mentioned in the literature, but in [71], an even higher content value for this parameter was presented
in P. pinaster measured in NW Spain.

The results of the assessed values happened to be comfortably below the limits instituted by the
current Portuguese legislation for all of the studied elements (except for Zn content in pine branches
and tops), and also below the limits of the majority of the legislations of several European countries,
as can be observed in Table 7. However, some of the observed values in biomass ash would not meet the
most restrictive limits enforced by some Central and North European countries for Cu (<250 mg·kg−1),
Zn (<1500 mg·kg−1), Cd (<1.5 mg·kg−1), Cr (<100 mg·kg−1) and Ni (<1500 mg·kg−1), and could
therefore potentially induce volatilisation problems in thermo-chemical conversion, requiring special
filtering systems, or in soil contamination.

Despite the potential soil contamination by some elements present in the ash, given their low
concentration, especially in the ash-slag, from the results of this work, the constraints placed on the
use of maritime pine biomass ash as fertiliser on soil should be minimal. However, the authors in [67]
call attention to the fact that, in cases in which an application of ash is made in large quantities, even if
the typical trace element contents that are found in the ash of forest residues do not present any real
risk, as long as the fly ash is not utilised, the variation of Cu, Ni and Zn in the bottom ash represents
a risk of surpassing the allowed thresholds [67].

Even though the application of ash has an effect on the surrounding environment, it is still
safe to apply ash up to 10 t·ha−1 from ordinary boilers, since the results in heavy metal soil levels
are still 2 levels below the United States Environmental Protection Agency (USEPA) guidelines.
However, the environmental impact should still be a target of exhaustive research, as highlighted
in [52], given that long-term study on the ecological impact of the ash is fairly limited [56].



Sustainability 2018, 10, 2877 12 of 15

4. Conclusions

Biomass samples of maritime pine (Pinus pinaster Aiton.) species were assessed with respect to
the contents of carbon, nitrogen, hydrogen, oxygen and sulphur, determined by ultimate analysis
and by the ash content of volatile matter and fixed carbon, as determined by proximate analyses.
The calorific values were measured, and the Energy Density and the Fuelwood Value Index of biomass
tree components were calculated. The metal elements of the ash were measured and compared to the
restricted values enforced by the legislation of several European countries on ash utilisation in forestry
and agriculture as a fertiliser.

The high calorific value of biomass tree components (19.57 to 21.61 MJ·kg−1) and calculated Ed
of 2.06 to 8.9 GJ·m−3 reveal the considerable potential of this biomass to be utilised as an important
source of energy. The FVI ranks, from higher to lower quality, the pine wood stem (4658) and top
(2861.8) and pine needles (394.2).

The elemental analysis indicated that high amounts of carbon content (46.5 to 49.3%) are stored in
the biomass of pinewood components. Such information has an underlining significance for future
studies that aim to quantify the importance of this species in the global cycle of carbon.

A phenomenon that typically occurs in the use of biomass in wood-fired power plants is the
employment of ash from combustion. As for the chemical composition of the ash, the analysis indicated
that the ash can be employed on forest or agricultural soils, since the analysis showed that the heavy
metals were below the legal maximum allowable quantities. A reparation for the loss of nutrients could
be achieved from the harvesting location by recycling ash as a soil improving agent or as a fertiliser,
thus offering environmental and, in some cases, economic benefits.
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