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Abstract
The use of Posidonia oceanica (PO) waste biomass for energy production is under consideration in several countries of the
Mediterranean region. The aim of this paper is an evaluation of using PO waste as a biomass source for direct combustion in
territorial contexts where the presence of large quantities of beached seagrass is a problem for the tourism-orientated economy
such as Istrian peninsula in Croatia. The presence of large PO leaves deposits on the Istrian beaches is responsible for some
negative inconveniences, such as the odor released during the natural degradation processes. Other problems are connected with
the visible appearance of the beach and negative connotation of POwith pollution of the touristic area. This condition reduces the
possibility of touristic competitiveness of the hotels, apartments, bars, and restaurants that are located along the seaside prom-
enade or beaches covered with PO biomass. This paper shows data of PO waste properties as a resource for energy generation
which can help to decrease costs of their collection and could improve the quality of life of residents and tourists in the nearby
areas. From energy properties, the heating values of fresh and dried onshore biomass samples of PO biomass were within the
range of main agricultural and forest biomass and it was around 9–11 MJ/kg; ash content is very high (16–36%) compared with
other types of biomass. Due to the abovementioned data, POwaste carries some inherent limitations to its use as biomass in direct
combustion and energy generation, primarily due to high ash content. Furthermore, PO waste can be recognized as a potential
fuel for combustion or co-combustion due to its low sulphur (1.15–2.36%) and nitrogen (1.47–2.39%) content but the low carbon
content (25–32%) is not a favorable characteristic. It can be concluded that PO waste is a potentially interesting source for energy
production.
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Introduction

Posidonia oceanica (PO), commonly known as seagrass, is a
phanerogamic plant adapted to underwater life. It is a key

element of preserving the Mediterranean ecosystems,
protecting from coastal erosion, and regulating CO2 absorp-
tion in the sea and atmosphere [1]. As one of the most impor-
tant elements for the marine coastal ecosystems functions,
seaweed meadows are placed in the focus of research and
conservation [2]. The function of the PO is comparable with
the tropical forests and wetlands: it plays an essential role in
the ecological equilibrium of the sea. The PO fields
(meadows) are the habitat and the food for a large number of
species of fish and other underwater animals [1]. They build
spacious sea meadows on a muddy and sandy sea bottom from
1 up to 40 m in depth [3]. It is visible from the surface of the
sea in the form of dark spots and some people are uncomfort-
able to swim or dive above it. It has a creeping, laid stem
(rhizome), rooted on the substrate. Shoots raised out of the
rhizomes are carrying 4–8 dark green leaves in the bundle
and can reach a length of about 1 m. Rhizomes stretch in a
parallel and vertical direction on the substrate where the PO
grows [4]. For the photosynthesis process, it is necessary for
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the PO to have sunlight, so transparency of the sea must be the
main factor affecting its depth distribution. In the northern
Adriatic where the transparency of the water column is small-
er, the meadows reach up to 20 m in depth, and in the middle
and south Adriatic, the meadows stretch even to 50 m in depth
[5].

PO lose a high amount of leafs which accumulates on
beaches and this spontaneous accumulation requires a specific
waste disposal with negative consequences to beach qualities,
especially in touristic areas [6].

The PO leaves left on the shores act as a natural dock
reducing the energy of the waves and minimizing erosion
[1]. The uncontrolled decomposition of PO biomass waste
causes, besides unpleasant and anesthetic aspects, the release
of odor namely hydrogen sulphide and the development of
insects like beach flies [7], thus reducing the potential utiliza-
tion of coast and beaches for touristy purposes [8]. These are
the reasons that the presence of PO is perceived by most tour-
ists as shore pollution or sea impurity, while the actual situa-
tion is quite the opposite because the presence of PO indicates
that sea environment is well preserved, the water is clean and
transparent, and that the sea is rich in biological life.
Therefore, most often large hotels and camping resorts make
efforts to remove PO waste from the beaches as soon as pos-
sible, and the PO waste is usually landfilled after that. Such
practice, which is implemented by most of the tourist under-
takings dealing with PO waste removal from the beaches,
shows that there are no management strategies for this organic
waste in terms of sustainability, ecology, and economic usabil-
ity. However, with the development of tourism in Croatia,
there is a growing demand for establishing more new beaches
and maintaining the existing ones. One of the segments of
maintaining the Croatian beaches arranged for touristy pur-
poses is the collection of PO waste washed ashore during
the southern winds. Like with land plants, PO foliage drops
off and regrows annually; the leaves which break off in late
summer and early autumn are amassed ashore. The problem is
that the PO meadows, as the most important littoral eco-
system in the Mediterranean Sea, are mainly present in the
areas where human activities are very intensive. For example,
mooring of vessels in the PO meadows causes serious dam-
ages on the grids of the laid stalks, which then remain exposed
to destruction by sea waves. The pollution by wastewaters,
constructions, and graveling the PO meadows, fish and shall
farming, marinas, and small ports, and some fishing tools are
all factors which endanger the meadows of this sea flowering
plant. In addition to the human factor, the meadows are en-
dangered by invasive alien species, such as green algae which
belong to Caulerpa genus, especially if sediment contains
larger quantities of organic matter [9]. Because of the impor-
tance of this sea flowering plant, its sensitivity and exposure to
damages, Posidonia Oceanica is a strictly protected species in
Croatia under the Nature Protection Act, while at the

European level, it is protected under the Directive on the con-
servation of natural habitats and of wild fauna and flora of the
European Union.

Since 1842, i.e., the beginning of recording data on PO
meadows coverage, until 2009, the loss of 13 to 50% was
measured [10] in the Mediterranean Sea. The biggest decline
of PO coverage occurred in the north Adriatic where the
meadows that were in place at the beginning of the twentieth
century have almost disappeared [11]. It has been established
that at 60% of the meadows in the Spanish Mediterranean, the
coverage declines at a rate of 5% yearly [12] which is double
than the global average of 2% of annual decline of sea
flowering plants distribution areas [8]. De Falco et al. [13]
reported an overall removal of 106,180 m3 of PO waste in
the period April–July 2004 from 44 beaches of Sardinia re-
gion, Italy (corresponding to 114 km of coast). According to
the authors, in highly touristic municipalities, the frequency of
PO waste removal was scheduled on a monthly basis. Various
investigations show a PO biomass production ranging be-
tween 300 and 2000 g/m2 per year of dry basis [14–16] with
a seasonal leaves senescence and detachment of the rhizomes.
This process occurs mostly in fall when the highest loss of
material from the seagrass coincides with the increasing wave
action and transport. According to Duarte [8] assuming a con-
servative average production of PO biomass of 500 g/m2 per
year of dry basis, the amount of waste reaching the coastline
and beaches will depend, besides currents and winds, on the
width of the meadow. A moderately wide (1 km) belt of
seagrass may deliver seagrass litter in excess of 125 kg of
dry seagrass material per meter of coastline each year [17].
Among the marine plants, PO is the most abundant seagrass
species in the Mediterranean Basin, covering approximately
40,000 km2 of the seabed [18].

The investigations have shown that in the past, PO leaves
were used for various purposes: in the construction industry as
insulating material; in agriculture as substitute for straw, for
compost, and as protective layer on agricultural surfaces; in
textile industry as substitute for cotton, mattress, and pillow
filling and for carpet production; basket production; protection
for packaging in transport; and even for animal food and as
raw material for pulp and paper industry [19]. Today such leaf
accumulations are treated as waste and are landfilled without
being utilized, which results in enormous losses of organic
matter [20]. The application of marine biomass waste such
as PO as a feedstock for fuel and energy utilization has
attracted the attention of many authors because of its renew-
able nature and wide availability [21] Furthermore, the chem-
ical characterization of PO and its possible uses have been
studied by many authors [1, 22, 23] with the latter paper fo-
cusing on the comparison between agricultural vs. energy
production usage. Balata and Tola [1] made an analysis of
using PO as a raw material for biogas production in Italy;
Chiodo et al. [24] have studied the use of pyrolysis to PO in
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comparison with other wood biomasses, while Deniz et al.
[25] developed an investigation on the application of hydro-
thermal gasification of PO in Turkey. Furthermore, there is an
analysis of pellet fuel made from PO, obtained by Ntalos [26].
Recently, marine biomass is recognized as a feedstock for
biorefinery processing and other thermal conversion processes
(combustion, pyrolysis, and gasification) [21, 27]. PO has
been recognized as additional fuel for co-combustion with
high potential for sulphur self-retention, SSR [27]. Thus, PO
biomass has great properties for co-combustion with solid
fossil fuels like hard coal or lignite [27] and regarding this
fact, we investigate properties of PO biomass for solid fuel
production.

The aim of this investigation is to determine the value of
the parameters which are significant for PO biomass combus-
tion by analyzing the collected samples of the plant. In this
way, the energy value of organic material would be deter-
mined for the purpose of biomass conversion into heat and
electric energy. Depending on the results, the potential PO
waste will be established in energy production. At the same
time, the results should enable achieving more efficient man-
agement of organic waste generated as a by-effect of tourist
industry development and better waste disposal in accordance
with set standards and creating an added value in the process.

Materials and methods

The material for this investigation was collected in Istria
County at three locations on the west coast of the Istrian pen-
insula. The first location is the beach in Peškera Cove in the
area of the town of Poreč and represents an urban location.
The second location is Tarska Cove, near the town of
Novigrad. At this location, the largest accumulations of
dropped off PO leaves were found. The third location is the
beach in the tourist resort in the area of the town of Umag. At
each location, the samples of dried biomass were taken on the
places where PO leaves had laid on the shore for some period
of time. Fresh PO biomass samples were collected on the
beach zones bordering the seawater.

The analytical investigation of samples of POwas conduct-
ed in the laboratory of the Faculty of the Agriculture
University of Zagreb. All samples were immediately
transported to the laboratory and dried at room temperature
in an elementary layer in order to eliminate extrinsic moisture
and to enable comparison of samples in identical operative
conditions. After drying, samples were ground in a laboratory
grinder (IKA Analysentechnik GmbH, Germany) and their
pH value is determined by SevenEasy pH MP 220,
Switzer land (Mett ler-Toledo GmbH) device and
electroconductivity by InoLab Cond 720, Germany device.
Each sample was analyzed five times in order to provide re-
producibility of the analyses.

Samples of PO were characterized by proximate analysis
according to standard methods: moisture content [28] in lab-
oratory oven (INKO ST-40, Croatia); whereas ash [29], fixed
carbon (by difference), coke, and volatile matter [30] were
determined by use of muffle furnace (Nabertherm GmbH,
Nabertherm Controller B170, Germany).

Total carbon, hydrogen, nitrogen, and sulphur were deter-
mined simultaneously, by the method of dry combustion in a
Vario Macro CHNS analyzer (Elementar Analysensysteme
GmbH, Germany), according to the protocols for determining
carbon, hydrogen, and nitrogen [31] and sulphur [32].
Likewise, the oxygen concentration (percentage) was estimat-
ed by subtracting the sum of the other four elements from 100
[33].

The heating value was determined by the standard method
[34] using an IKA C200 oxygen bomb calorimeter (IKA
Analysentechnik GmbH, Heitersheim, Germany). 0.5 grams
of sample was weighed in a quartz crucible and put in a cal-
orimeter for combustion. The higher heating value was obtain-
ed after combustion, by using the IKA C200 software.
Heating value is reported in MJ/kg on a dry basis.

The analysis of microelements and macroelements was
carried out by atomic absorption spectroscopy (Perkin
Elmer, AAnalyst 400); the samples were previously
decomposed in a microwave sample preparation oven
(ETHOS D Milestone, UK) according to standard methods
[35, 36]. The contents of the following microelements were
analyzed: iron (Fe), zinc (Zn), copper (Cu), manganese (Mn),
chromium (Cr), lead (Pb), nickel (Ni), cadmium (Cd), and
cobalt (Co). The macroelements of content analysis included
sodium (Na), potassium (K), calcium (Ca), and magnesium
(Mg).

Determination of cellulose, hemicellulose, and lignin con-
tent was conducted by the modified standard method ISO
5351-1:2002 [37] in laboratory conditions.

All data obtained in this way were analyzed according to
the GLM procedure in the SAS system package version 8.00
[38].

Results and discussion

The proximate analysis typically involves a determination of
moisture, volatile matter, fixed carbon, and ash, and together
with pH, EC represents the most frequently used method for
biomass characterization [39]. Mediavilla et al. [40], Khan
et al. [41], and Telmo et al. [42] consider proximate analysis
as the most important chemical properties of biomass for en-
ergy generation. Table 1 shows the results of the proximate
analysis of two types of the investigated biomass (dry and
wet), resulting from three different locations of PO waste
collection.

Bioenerg. Res. (2019) 12:1104–11121106



Given the fact that PO is a submerge sea plant, it can be
expected that such plant material, i.e., its dead leaves, has a
high water content, a higher pH level, and strong
electroconductivity. The water content has a large significance
when it comes to energetic use of biomass. Hodgson et al. [43]
established that high water content in biomass leads to
diminishing of its heating value and reduces the overall com-
bustion effectiveness. The results in Table 1 indicate a high
water content in fresh samples with an average of 84.58%, and
59.34% in already dried samples (samples of PO leaf deposits
on the beaches). There were no significant differences in water
content between the locations where the samples had been
collected. By comparing the results with the literature, it can
be concluded that the broken-off leaves of PO have a signif-
icantly lower water quantity in relation to the values obtained
by Ncibi et al. [44], who reported moisture content of 16%.
Comparing PO with other sorts of biomass used in energy
production, McKendry [45] quotes a water content of 20%
in wood biomass, 30% in barley stalk, and 16% in wheat.
Vassilev et al. [46] report water content of 11.4% in biomass
of energy crops.

The determined pH value in these investigations was in a
range from 3.43 in fresh leaves samples up to 7.31 in dry
samples. Somewhat higher pH values were found by
Cocozza et al. [22] in a range of 7.9 to 8.3 in PO waste col-
lected on the beaches in Southern Italy.

Electroconductivity is closely connected with mineral con-
tent and is measured as a value of electric conductivity of a
saturated sample, and expressed in mS/cm. According to the
analyzed samples, an average EC value of 6.71 mS/cm in
fresh samples was obtained and 3.08 mS/cm in dry samples.
It can be concluded from the obtained results that PO leaves,
which are beached for a longer period of time and are exposed
to the influence of sun and rain, have lower salinity, but also
increased alkalinity. PO waste, which was in the seawater or
beached but still wet when sampled, has a lower pH value but
also a higher salinity. Both samples (wet or dry) did not show
any particular trend and values higher than 8.5 that could be
according to Cocozza et al. [22] possibly related to the excess

of the sole Na. Furthermore, EC of all samples was rather
high, even though dry samples showed the relatively lowest
value possibly because of its early deposition in comparison
with fresh samples of biomass. In fact, dry samples were ex-
posed longer to rain and other weathering and were located at
a relatively long distance from the shore, according to
Cocozza et al. [22], thus reducing the effects of capillary rise
and marine aerosol.

Mean value of ash content in all fresh samples was a high
34.80%; in dry samples, it was somewhat lower, but again it
was a high 22.07%. In terms of locations, the ash content in
PO waste varies especially in dry samples, where significant
differences can be found with a value range of 15.83 to
27.09%. This indicates that the exposure of deposits to various
external influences has an impact on the ash content. The ash
content is higher when leaves are in seawater, while with
drying on the beach, the ash content is decreasing. Similar
results were obtained by Cocozza et al. [22], who report the
ash content in PO biomass of 13.3 to 30.6%, and Zaafouri
et al. [47] of 13.97%. It should be noted that the ash contents
in PO leaves were over 20% of mass for dry samples and 30%
for a fresh one, a relatively high value when compared with
other types of biomass. However, this ash content is consistent
with that of other microalgae biomass, which, in average,
makes 22% of the mass [21, 46, 48]. Since ash is an inorganic
residue from the biomass combustion process, and its quantity
determines the fuel quality of biomass, these results indicate
that PO waste biomass has lower characteristics in terms of
ash content. Due to this, it is necessary to treat PO biomass in
order to reduce the ash content. So, Ncibi et al. [44] treated PO
leaves with distilled water which resulted in ash content de-
creasing to an acceptable 1.8%. According to Telmo at al. [42]
wood biomass has about 0.3% ash, while general values of
biomass appear to be in a range of 5% to a high 20% [49].
Apparently, the leaf tissues tend to uptake higher amounts of
salts than the fibers, through vacuolar ion sequestering and
cytosolic osmolyte accumulation. Therefore, during the de-
composition processes of the fibers, the removal of ash and
nitrogenous compounds takes place preferentially.

Table 1 Proximate analysis of investigated PO waste biomass

Location MC (%) AC (% db) CK (% db) FC (% db) VM (% db) pH EC (dS/m)

DS WS DS WS DS WS DS WS DS WS DS WS DS WS

1 57.34b 84.35 15.83c 36.32a 36.81b 45.72a 29.92a 20.68b 54.25 43.00 7.26 7.66 2.57 5.04b

2 54.74b 83.06 27.09a 31.64b 31.70a 37.26b 16.64b 16.69c 59.27 51.67 7.32 7.41 2.79 6.54b

3 65.93a 86.33 23.30b 36.45a 33.41a 49.86a 18.72b 24.77a 57.98 38.78 7.35 7.23 3.89 8.55a

Significance *** NS *** NS *** *** *** *** NS NS NS NS NS ***

Average 59.34 84.58 22.07 34.80 30.64 44.28 20.76 20.71 56.76 47.34 7.31 7.43 3.08 6.71

DS, dry samples;WS, wet samples;% db, % on dry basis;MC, natural moisture content; pH, pH content; EC, electrical conductivity; AC, ash content;
CK, coke; FC, fixed carbon; VM, volatile matter; different letters (a, b, c) within a column indicate significant differences at the 5% level; significance:
***p < 0.001,**p < 0.01,*p < 0.05; NS, non-significant
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The coke content is a desirable quality of raw material and
it represents secondary coal which is generated at higher tem-
peratures. Coke content and fixed carbon content are consid-
ered positive properties of biomass because they represent the
quantity of energy released by the combustion of a specific
amount of biomass [39]. The amount of coke is a residue of
dry distillation, if its content is higher, the fuel is of better
quality. The arithmetic mean of the coke content in the ana-
lyzed PO samples was 30.64% for dry samples and 44.28%
for fresh samples. Hence, the coke content, like the ash con-
tent, was lower in the leaves which were washed out from the
sea. By comparing the obtained data with the coke content in
some types of agricultural biomass that are used for combus-
tion, it can be determined that the PO contains large coke
quantities. Namely, energy crops (e.g., Miscanthus or
Arundo donax) contain between 15% and 17% coke, depend-
ing on harvest time [50]. In terms of location, significant dif-
ferences in coke content were found in the samples collected
at different locations.

Fixed carbon represents the solid fraction that remains after
the evacuation of volatile components and is mainly
consisting of carbon and certain quantities of hydrogen, oxy-
gen, sulphur, and nitrogen. The comparison of the fixed car-
bon content in PO (which amounts to 10.11% in dry samples
and 13.40% in fresh samples) with fixed carbon values in
some raw materials used for biomass combustion (wheat
stalks 17.71–21% [45, 46, 51], rice stalk 15.86% [51], wood
biomass 17% [45], pomegranate peel 25.20%, and sorghum
21% [39]) shows a lower FC content in relation to the above
values. With higher fixed carbon contents the heating value of
biomass is higher, i.e., its quality is increasing. The fixed
carbon content diminishes in leaf accumulations onshore. In
terms of locations, the fixed carbon contents are significantly
different in dry and fresh samples.

Volatile matter in biomass usually includes light hydrocar-
bons, CO, CO2, H2, moisture, and tars [46]. In general, the
volatile matter is high in biomass, with values of about 75%,
potentially increasing up to 90%, depending on the raw mate-
rial [41], but, consequently, such fuels have lower energy [39].
By such characterization of volatile matter concentration, it
can be concluded that its content in the analyzed crops is
almost ideal. The volatile matter content in the collected PO
samples does not vary significantly and amounts to 42.34% in
fresh samples and 56.76% in dry samples, which is below
volatile matter values in biomass. In addition, there are no
differences in volatile matter content among various locations
of sampling.

The most important feature of each fuel is the heating val-
ue, also called calorific value. The amount of energy which
can be obtained from a certain amount of biomass by com-
bustion is called heating value and is expressed by a unit of
mass, i.e., MJ/kg [39]. Proportionally to increasing of the wa-
ter content, the heating value decreases. The heating value of

biomass can be defined by the higher heating value (HHV),
which is basically the energy content on a dry basis. The lower
heating value (LHV) is calculated by subtracting the energy
needed to evaporate the moisture content of the fuel [41].

Table 2 presents the lower heating values of dry and fresh
PO samples collected on three investigated locations.

The obtained results show that the heating value of dry
samples is higher than the heating value of fresh samples,
while there are no significant variations by location. The
heating values of fresh and dried onshore biomass samples
of PO biomass were within the range of main agricultural
and forest biomass. In detail, the heating values of offshore
PO waste were in the range of agricultural and forestry bio-
mass [23]. Some examples of heating values are as follows:
heating value of plant residues 5.8–16.7 MJ/kg, wood 8.2–
18.7 MJ/kg, rice husk (14.850 MJ/kg), rice straw (14.693
MJ/kg); bagasse (13.356 MJ/kg), sweet sorghum bagasse
(13.305 MJ/kg), bamboo dust (14.728 MJ/kg) [52], which
demonstrates that the heating value of PO leaves is within
the range of some lower average values in biomass.
However, the higher heating value of PO from Sardinia found
by Plis et al. [21] is 13.5 MJ/kg and 10.2 MJ/kg obtained by
Cocozza et al. [23]. Furthermore, similar values were deter-
mined for other marine biomasses, e.g., brown seaweed with
an HHVof 13.3 MJ/kg (dry basis) [48]. It can be concluded
that PO waste has sufficient calorific property for considering
its application as a fuel for co-firing.

Carbon, nitrogen, and oxygen are the main components of
solid fuels. Carbon and oxygen react during combustion in an
exothermic reaction, generating CO2 and H2O; thus, they con-
tribute in a positive way to the fuel’s HHVand the combustion
process itself. Table 3 shows the ultimate analysis of investi-
gated PO waste.

Carbon is one of the most important elements in the com-
bustion process. Favorable carbon content in biomass compo-
sition is exceptionally important because its increased pres-
ence boosts the heating value of biomass. The results obtained
for PO show the values of 26.45% in fresh samples and

Table 2 Heating values of investigated PO waste

Location HHV (MJ/kg) LHV (MJ/kg)

DS WS DS WS

1 11.90 9.94 10.92 9.12

2 12.09 10.65 11.15 9.78

3 11.73 9.53 10.75 8.72

Significance NS NS NS NS

Average 11.91 10.04 10.94 9.21

DS, dry samples;WS, wet samples; HHV, higher heating values; different
letters (a, b, c) within a column indicate significant differences at the 5%
level; significance ***p < 0.001, **p < 0.01,*p < 0.05, NS, non-
significant
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31.80% in dry samples, which is not a high carbon content
when compared with other crops. A somewhat higher value
was found by Ncibi et al. [44], where the carbon value in PO
leaf was 42.10%, and Zaafouri et al. [47] who determined
somewhat higher carbon value of 35.12%. Different investi-
gations report carbon values in wood biomass of 51.60%, in
barley stalk of 45.7%, and in wheat stalk from 46.2 to 49.4%
[45, 46].

Hydrogen is the second most important constituent in fuel,
and its high energy enhances the heating value and creates a
visible flame in the combustion. In solid fuels, the hydrogen
content is 5 to 6%, but in the context of heating values, only
free hydrogen (not bonded into water) matters. The results in
PO waste vary from 3.81% in fresh samples to 4.43% in dry
samples, without any statistically significant variations related
to locations of sampling. Therefore, the average hydrogen
content in PO waste is inferior to that in other crops used for
energy. Also, hydrogen content found in the investigation by
Ncibi et al. [44] is also higher and was 6.44%.

Sulphur content in biomass has an influence on un-
desirable gas emissions during combustion, so it is de-
sirable that the sulphur content in biomass is as low as
possible. The sulphur content of 1.25% in dry and
1.87% in fresh samples is within the limits that allow
for unhindered use for combustion. The reason that

sulphur is higher than in other types of biomass could
be in large numbers of organisms inhabiting the PO
meadows. However, Ncibi et al. [44] determined an
even higher sulphur content in PO biomass of 3.78%.

Nitrogen is a non-combustible matter and has a negative
influence on the activity of the elements with which it is bond-
ed and, as such, it diminishes the heating value. In normal
conditions, nitrogen does not burn and does not produce any
form of energy. The nitrogen content was 1.78% in fresh sam-
ples and 2.08% in dry samples without significant differences
in terms of locations on which the samples were taken. A
similar, although somewhat lower, the value was found by
Ncibi et al. [44], who report the nitrogen content of 1.52%.
In relation to other crops, i.e., wood with 0.1% nitrogen and
wheat and barley with 0.7–0.9% [46], PO waste is high in
nitrogen.

An acceptable level of oxygen is a crucial parameter in
biomass because of the negative impact this element has on
fuel performance. Namely, oxygen binds a part of combustion
elements (carbon, hydrogen) and lowers heating value of bio-
mass. However, it also causes flame elongation because it
dilutes the hydrocarbons that are separated, and ultimately
leads to lower quantities of char in furnaces [46]. The oxygen
content of 60.09% in fresh samples and 60.44% in dry ones is
above literature values for biomass, thus diminishing the fuel

Table 3 Ultimate analysis of PO
waste biomass Location C (% db) H (% db) S (% db) N (% db) O (% db)

DS WS DS WS DS WS DS WS DS WS

1 31.53 26.04 4.48 3.74 1.26 2.35 1.74 1.47 60.98 66.40

2 31.55 28.09 4.33 3.97 1.25 1.15 2.10 1.86 60.78 64.93

3 32.32 25.23 4.48 3.72 1.25 2.11 2.39 2.00 59.57 66.95

Significance NS NS NS NS NS NS NS NS NS NS

Average 31.80 26.45 4.43 3.81 1.25 1.87 2.08 1.78 60.44 60.09

DS, dry samples;WS, wet samples; C, carbon; S, sulphur; H, hydrogen; O, oxygen; N, nitrogen;% db, % on dry
basis; different letters (a, b, c) within a column indicate significant differences at the 5% level; significance ***p <
0.001,**p < 0.01,*p < 0.05, NS, non-significant

Table 4 Elemental analysis—
macroelements of PO waste
biomass

Location Ca (mg/kg db) K (mg/kg db) Mg (mg/kg db) Na (mg/kg db)

DS WS DS WS DS WS DS WS

1 54,750c 35,945b 5534 10,670a 9864 10,575 8701b 15,790a

2 62,470b 59,745a 5687 6144b 9368 9127 12,872a 12,460b

3 76,970a 57,870a 5768 10,167a 8913 10,650 11,610a 16,065a

Significance *** ** NS *** NS NS *** ***

Average 64,730 51,187 5663 8994 9382 10,117 11,061 14,772

DS, dry samples; WS, wet samples; Ca, calcium; K, potassium; Mg, magnesium; Na, sodium; % db, % on dry
basis; different letters (a, b, c) within a column indicate significant differences at the 5% level; significance ***p <
0.001,**p < 0.01,*p < 0.05, NS, non-significant
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element contents and the heating value. The investigations of
Ncibi et al. [44] determined a significantly lower oxygen con-
tent in PO leaves of only 34.66%, while Zaafouri et al. [47]
determined a somewhat higher mean value of oxygen, at
46.19%, but still significantly lower than the one found in this
investigation.

The elemental analysis of PO waste leaves showed a good
concentration of nutrients (Table 4), while the heavy metal
concentration was well below the threshold set out by the
Croatian and EU legislation (Table 5). This was also corrob-
orated by Cocozza et al. [22], who found similar values in the
analysis of microelements in PO waste. Furthermore, this au-
thor has determined that the samples carry rather large differ-
ences in microelements and macroelements in PO biomass
analyzed by different authors. He states that in his investiga-
tion, the microelement content in PO waste differs from the
ones reported by other authors [20, 53]. Comparing the heavy
metals determined in the investigation by Castaldi and Melis
[53], which has shown a higher concentration of Cd (4.04
mg/kg), Cu (70.82 mg/kg), Pb (36.60 mg/kg), and Zn
(213.92 mg/kg), it can be determined that there are significant
differences from the results of this investigation, and this cor-
roborates the view of Cocozza et al. [22] about the differences
that appear in the samples and the results obtained from the
investigations as presented in Table 5.

Considering the lignin content presented in Table 6
(28.01% for wet and 29.13% for dry), Khiari et al. [54] found
lignin content for PO 29.8% and related to other biomass
samples to be quite high. Also, this author found the cellulose
content of 40%, which is corroborated by this investigation.
Namely, the cellulose content ranges from 37.75% in fresh
samples to 40.03% in dry samples without statistical variation
within the samples. The content of hemicellulose for both
types of samples was somewhat below 19%, also without
statistical variation within the locations of sample collection.
Furthermore, the comparisons of the structural analyses of PO
waste showed similar results. Thus, the results obtained in the
work byNcibi et al. [44] showed that the cellulose content was
38%, hemicellulose 21%, and lignin 27%. It can be concluded
that the structural analysis of the Posidonia collected on the
shores of Istria is within the literature parameters.
Furthermore, these properties can be considered as a serious
advantage when looking for new alternative sources for fully
biodegradable polymer composite production.

Conclusion

The application of marine waste as an energy source for ener-
gy generation is currently of special interest in tourist-oriented
countries. In this research, the fuel properties of PO waste
were studied using ultimate and proximate analysis with anal-
ysis of microelements and macroelements and structuralTa
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analysis. In this research, renewable, highly available, and
low-cost PO waste biomass was investigated as raw material
for combustion. The characterization of the biomass showed
that the major component was lignin which is positive char-
acteristics of PO waste.

It was determined, from the results obtained, that PO waste
that is accumulated on the beaches carries some inherent lim-
itations to its use as biomass in direct combustion and energy
generation, primarily due to high ash content, which is signif-
icantly above the levels in other crops used to generate energy
by the combustion process. Furthermore, PO waste can be
recognized as a potential fuel for combustion or co-
combustion due to its relatively high heating value and low
content of sulphur and nitrogen but with the low content of
carbon which is not a favorable characteristic. The calculated
higher heating value of POwaste is about 10–11MJ/kg which
is comparable with other calculated HHV of lignocellulosic
biomass listed in the literature.

Based on our findings, the usage of PO waste as a poten-
tially interesting source for energy production can be sug-
gested, although further research is needed to validate this
solution. The future research efforts will have to concentrate
on several issues: definition of the available biomass quanti-
ties in Croatia, utilization of PO waste with co-firing with
other agricultural or forest biomass, and possible pelleting of
PO waste.
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