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Abstract: In the present study, the drying and combustion of solid biomass residues are developed.
The combustion of the residues inside a boiler and a stove have been done. We used three types of
solid biomass residues (i.e., cork, pine pellet and olive pomace). These residues have been dried by
using screw dryers. Experimental installation has been used for a series of thermal drying tests of the
residues by measuring the temperature inside the dryer and their moisture contents. A laboratory
screw dryer was used to dry the olive pomace by using hot gases from a chimney of a biomass stove.
Elemental and proximate analyses, as well as the higher heating value (HHV) of the raw materials,
have been determined. In the experiments, moisture content variation of the residues and drying
temperatures are obtained. These residues are dried several times under the same drying conditions
to achieve the final moisture content rate. On the other hand, the temperature of combustion chamber
of the boiler has been measured under different conditions. It has been found that by increasing
hot gas temperature, the drying rate is increased. Finally, it has been found that the drying of these
residues increases their calorific values and reduces the emissions.
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1. Introduction

Biomass energy exploitation has been developed in recent years, according to the indications of
the energetic policy plans of the European Union and the plan of renewable energies [1]. These plans
set a target of taking renewable energy as a primary source, which has been fitted as an objective for
the year 2020. A huge number of resources have been devoted to the energy exploitation of biomass in
the latter years [2]. The use of biomass residues as non-pollutant fuels in combustion processes has an
economical benefit and a social development of rural zones [3]. In addition, the use of these residues
decreases the environmental impact by eliminating the remnants and decreasing the emissions of
pollutants to the atmosphere. The contents of Cl, S and N2 in biomass are much lower than those
corresponding to the fossil fuels [4]. The use of biomass has a high benefit to the atmosphere that
leads to a favorable CO2 balance, since the organic matter is able to retain more CO2 than that released
by its combustion. The biomass can be obtained in a sustainable and renewable manner, where the
consumption speeds of these residues are not faster than their producing speeds, giving a favorable
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CO2 balance [5]. The biomass should undergo a series of transformation processes before it is used as
an energy source. These processes are: physical processes, such as grinding and drying; biochemical
processes, such as alcoholic fermentation and anaerobic digestion; and thermochemical processes
that yield carbon, liquid hydrocarbons and gases [6]. The treatment of biomass residues and their
conversion technologies could be presented under four basic categories: direct combustion processes,
thermochemical processes, biochemical processes and agrochemical processes. Thermochemical
conversion processes can be subdivided into gasification, pyrolysis, supercritical fluid extraction and
direct liquefaction [7].

To increase energy efficiency, improve energy production quality and reduce emissions during
energy conversion, biomass residues must commonly be dried in industry by using rotary dryers and
screw dryers [8]. The biomass is introduced in the dryer inlet point in parallel flow with hot gas or air,
and is dried along the whole length of the dryer up to its exit point. The residence time of biomass is
controlled by changing a rotational velocity of a screw. Therefore, the drying time can be suggested
according to the final moisture content for each type of wet biomass [9].

There are a variety of dryer types in industry. One of them is a contact-type dryer that consists of
a hollow cylinder: inside it, the products that need to be dried are mixed with the drying hot gas or
air [10]. In direct contact dryers, the heat and the mass transfer between the products and the hot gas
occur. These processes are more effective by using a series of pallets installed on the inner surface of
a dryer cylinder [11]. On the other hand, the benefit of using pallets inside the dryer is that a uniform
moisture content distribution of the dried product can be achieved [12].

Waje et al. developed experimental studies based on a drying process using a screw conveyor
dryer, and studied mean residence time distribution in the screw conveyor dryer [13]. They found that
by increasing the screw speed, the degree of mixing was increased, but the mean residence time was
decreased. The flow speed in a screw conveyor dryer approached the speed of the plug flow as the feed
rate was increased, whereas an increase in the screw speed resulted in a mixed flow [13]. The drying
time can be controlled by varying the rotational velocity of the screw, while the discharge uniformity
can be controlled by both the screw velocity and the product flow rate [14]. An experimental analysis
of a biomass plant with a maximum power of 2.3 MW was studied by Gimelli et al. [15]. They observed
that the integration of biomass with a steam power plant was achieved by combining the hot exhaust
gases together with the biomass in the main combustion chamber of the plant, and showed that
the efficiency of the energy conversion was much higher than that from incinerating Combustible
Derived from Residues (CDR), and thus, wet biomass with high moisture content can be disposed of
in a gasifier [15].

Aziz et al. developed an innovative study using a fluidized bed dryer with superheated steam
and its integration into a gasification-combined cycle system power generation [16]. Zhang et al.
evaluated the effects of various testing conditions on a top-lit forced-up-draft semi-gasifier cooking
stove [17]. The investigation showed that using forced secondary air and more fuel tended to improve
both thermal and gas emission performances. The ending points did not have significant effects on
thermal efficiency and the carbon dioxide emission factor but did affect particulate matter emission.
A relatively lower chamber height demonstrated a better performance on thermal metrics [17].

Gimelli et al. analyzed the experimental and numerical analysis of a biomass steam power plant
with a maximum power of 2.3 MW, a maximum pressure of 48 bar and a turbine inlet temperature of
approximately 430 ◦C [18]. The analysis of the biomass power plant pointed out some critical issues
could be summarized in three points: low plant efficiency due to the small size, biomass supply range
and continuous variation of the operating point.

Biomass residues are still being used in heating applications and power generation [19,20].
Biomass fuels have numerous environmental advantages over fossil fuels [21], including the fact
that the amount of CO2 emitted during the burning process is 90% less than that during the burning
process of fossil fuels [22]. Cork, pine and olive pomace contain minimal amounts of sulfur and heavy
metals, and they are not a hazard to acid rain pollution [23]. The higher heating values (HHVs) of
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these residues are between 17 to 20 MJ/kg. Increasing moisture content of these residues decreases
their HHVs. For large-scale combustors, such as fluidized bed combustors, the maximum acceptable
moisture content of the residues is approximately 45%. The higher and significantly fluctuating
moisture content in wood causes unstable combustion, and higher CO and volatile organic compound
emissions [24]. In gasification process, if the wood has high moisture content, the concentration of tar
is higher and the heating value of the generated gases decreases. The biomass residues are widely used
for power generation [25], while the study of the effect of moisture content on overall energy efficiency
is limited [26]. Normally, raw biomass has 60% to 70% moisture content. Therefore, high moisture
content reduces the efficiency of the solid fuel for direct combustion and produces tar in pyrolysis and
gasification [27].

The integration of a drying process into a power station fuel system was investigated by other
authors [28]. They used waste heat from a process industry plant as a heat source for drying.
Panepinto et al. analyzed the environmental compatibility of a biomass plant with production of
both electricity and heat in a small town in Piedmont (Italy) [29]. The pine chips with 60% moisture
content were dried to be provided as the input fuel for a subsequent power plant. An aim of thermal
drying is to reduce moisture content of the residues. In the drying process, the heat is transferred
from hot fluid (gas) to the residues, and the mass transfer is processed from the residues to the hot
gas simultaneously [30]. Many factors can be considered, such as the product nature, its different
characteristics, the magnitude of the processes of heat and mass transfer, and finally, the periods and
duration of the drying process [31]. The drying process can be divided into three periods: In the
first one, the temperature of the wet product to be dried rises. In the second one, the superficial
evaporation of the water adhered to the wet biomass is carried out to a point of “critical water
content”. In this period, the velocity of drying remains constant. Finally, the third drying period occurs,
in which, the process is slowed down due to the absence of adherent water on the surface. As a whole,
the temperature of the product approaches that of the drying air or gas [8], which was reached after
a certain period of time, as shown in Figure 1.
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Figure 1. Temperature profile during the whole drying process [8].

There are various types of dryers [32] because of the huge variety of products and residues to
process, the conditions imposed by the product to dry, the drying fluid and the material composing
the dryer [33].

The aim of this research work was to develop an experimental technology of drying and
clean combustion of biomass residues and the characterization of biomass residues for their use
as a non-contaminant fuel.
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2. Materials and Methods

The energy equation of a thermal drying process can be written as a function of enthalpy change
of the drying hot air or gas. The heat transfer rate dQ (kW) from hot gas to the product or the biomass
residue can be obtained as:

dQ =
dmhotgas

dt
× (hinlet − houtlet) (1)

where dmhotgas/dt (kg/s) is the mass flow rate of drying hot gas, and hinlet and hinlet are the enthalpies
of the drying gas at the inlet and the outlet of the dryer, respectively.

The same heat transfer rate can be written in terms of drying gas temperatures (Thotgas) at inlet
and outlet, as shown in Equation (2):

dQ =
dmhotgas

dt
× Cphotgas × ∆Tmlg (2)

where Cphotgas (kJ/kg ◦C) is the medium heat capacity and ∆Tmlg (◦C) is the log mean temperature
difference across the dryer. Finally, from Equation (2), the necessary heat of the drying processes can
be obtained.

In this study, the biomass has been firstly crushed and milled to size of 2–5 mm. The chemical
characterization of the samples was performed in order to determine the elemental composition
(C, H, N and O) according to norm EN-15407:2011 [34]. The elemental analysis of these residues
demonstrated the low contents of S and N.

The determination of volatile matter, moisture, and ashes was performed following Spanish
norms UNE-32019:84 [35], UNE-32001:81 [36], and UNE-32004:84 norms [37], respectively.

The HHV was determined with a Parr 1351 bomb calorimeter. The combustion parameters
(i.e., CO, NO, CO2, NOx, and HC contents in the fumes and temperature of the fumes) were analyzed
by means of a Testo 300 M-I compact flue gas analyzer.

Temperatures in different points of the installation were measured with multiple thermometers.
The results of the analysis were shown on a dry basis of 0% S.

A drying of biomass has been carried out. In each drying experiment, moisture content of the
dried residues has been measured using a gravimetric moisture analyzer equipment. In addition,
the volatile compound, ash and fixed carbon amounts were analyzed in order to determine whether any
emissions were releasing. It was found that 79.5% volatile compound, 18.9% fixed carbon and 1.6% ash
were measured on a dry basis. According to these data, all samples including original ones had the
same amount of the volatile organic compound. Therefore, it can be concluded that gas emissions
during a drying process at an average of 180 ◦C were negligible. This is due to the fact that when hot
gas met wet biomass, the temperature inside the dryer droped immediately, and thus, no emissions
were detected. The drying efficiency has been determined as a function of the temperature and the
flow rate between the hot gas and solid residues inside the dryer.

In these experiments, we used exhaust gases for the drying of biomass with an average
temperature of 180 ◦C. The cylindrical housing of the dryer was made of a drawn steel pipe,
with an inner diameter of 20 cm and a length of 100 cm (distance between inlet and outlet hot
air pipes of the dryer). The outer diameter of the screw was 18 cm with 4 cm in pitch and 100 cm
in length. A schematic of an experimental setup is shown in Figure 2. In these drying experiments,
the process type was parallel flow.

Figure 3 shows that a direct-contact thermal screw dryer installation was used. Several experiments
were carried out for the drying of biomass residues of 50% moisture content. There were two points to
measure the temperatures of the inlet and outlet of the drying medium (hot gas). Other points were
installed to measure the temperatures inside the dryer at different positions.
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temperature of an olive pomace outlet.
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Figure 3. Laboratory experimental facility. T1: temperature of hot air; T2: temperature of hot
gas chimney; T3: temperature of a dryer gas inlet; T4: temperature of first measurement point;
T5: temperature of second measurement point; T6: temperature of a dryer gas outlet; and T7:
temperature of an olive pomace outlet.
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In addition, a set of experiments has been carried out for drying olive pomace. This was a by-
product of the olive oil production process that could be dried and used as a fuel in direct combustion.
Its moisture content is almost 50%. A small laboratory experimental facility was built and used to
dry the olive pomace up to 10% of moisture content [38–40]. In these experiments, hot gases from the
outlet of a chimney of a biomass stove were used as a drying medium. In these experiments, the olive
pomace was dried four times in a screw dryer with an inner diameter of 20 cm and the length of 100 cm.
The rotation speed of the screw was selected to be 6 rpm and the average hot gas temperature was
180 ◦C with a flow rate of 10 m3/h.

On the other hand, a series of combustion experiments have also been carried out to determine
boiler temperatures and flue gas emissions. The fuels used were biomass pellet (cork and pine).
These residues were not torrefied. They have been analyzed through the determination of the
immediate elementary analysis and the determination of their calorific value. Figure 4 shows
a homogeneous combustion was observed in the combustion chamber of the boiler at a temperature
of 280 ◦C. On the other hand, temperatures of approximately 90 ◦C and 52 ◦C was observed in the
external body of the boiler and the exhaust pipe of the fumes, respectively.
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3. Results and Discussion

Table 1 shows the results obtained from the emissions produced in combustion tests realized on
two types of biomass fuels which were pine and cork, by using a biomass boiler in order to evaluate
the contamination of the fumes. It was observed that the emission levels are negligible in the type
of biomass fuel, compared to other fuels. The yields of combustion experiments were 75.5–80.2% by
using two types of dried pellets (Pine and Cork, Kihei, HI, USA). Figure 5 shows the heat transfer rate
versus hot gas flow rate inside the dryer.

Table 1. Emissions from exhaust gases of biomass combustion.

Type Pellet O2 (% vol.) CO2 (% vol.) CO (ppm) NOx (ppm) HC (ppm) Tf (◦C)

Pine 17.4 3.2 10.7 17.5 2.2 126.7
Cork 16.4 3.7 383.4 72.5 13.8 135.6
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Figure 6 shows the temperature distribution inside the dryer in the case of olive pomace. The initial
moisture content at the dryer entrance was 50%. Five curves are plotted in Figure 6. One of them shows
the temperature distribution in the empty dryer. The other four curves show the drying processes
related to different time intervals within a period of one hour. The minimum moisture content for
drying olive pomace obtained in these experiments was 10%.
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Figure 6. Temperature profile inside the dryer in the case of olive pomace.

It was observed that the temperature at the entrance first went down, and then it maintained
almost constant along the dryer length. This was due to the fact that the heat losses at the entrance
zone of the dryer reduced the temperature of gas. Afterwards, the drying velocity was unchanged
with time, and the rate of drying was controlled by the rate of heat transferred to the evaporating
surface. Thermal drying proceeded with diffusion of vapor from the saturated surface of the product
into the hot gas inside the dryer. Therefore, the drying medium (hot gas) absorbed the humidity from
the solid biomass by rejecting the latent heat of water vaporization.
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4. Conclusions

Characterization of biomass residues has been realized for the aim of their use as
a non-contaminant fuel. It was found that the results of the present study were similar to those
of the literature [40,41]. These authors studied the influence of the residue type and fuel mass flow rate
on combustion parameters, resulting in combustion and drying yields of 80% and 47% respectively,
when biomass residues were used under similar operating conditions of this study.

Experiments on thermal drying of solid biomass and olive pomace have been developed under
various drying conditions. A screw dryer has been used in parallel flow between the residues and
the drying medium. The dried biomass has been introduced in a boiler and a stove as a clean fuel for
its combustion. The exhaust gases have been measured and analyzed, showing a very low emissions
to the atmosphere. The obtained results indicated that these residues were dried several times in
a screw-type dryer properly, reaching the lower moisture content of each residue. The temperature
inside the dryer was observed stable while the flows along the dryer occurred. It could be related to
the drying hot gas property that absorbed the moisture from the residues: In the first stage, no increase
in temperature was observed. In the second stage, when all the moisture of the surface already
disappeared, the temperature increased relatively up to the dryer outlet point. The experiments have
been done under parallel flows between the residues and the drying medium. The drying air flow rate
was fixed to 10 m3/h. The average proper drying temperature of 180 ◦C has been selected.
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