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ABSTRACT - In this work, the production viability, physical, chemical and mechanical
properties of briquettes produced from mixtures of coffee shrub residues and pinewood, were
evaluated. The densification was carried out under constant operating conditions (temperature of
120 °C, pressure of 8.27 MPa) in a piston-press type laboratory-scale briquetting machine.
Coffee shrub residues were mixed with pinewood in ratios of 25%, 50% and 75%. In addition,
reference briquettes of pure pinewood and of each type of coffee shrub residue were produced.
To characterize the raw material, ash content, volatile matter, fixed carbon together with the
calorific value of produced samples, were measured. To characterize the suitability of the
briquettes produced: apparent density, energy density, tensile strength, and equilibrium moisture
content were determined. The highest values of energy density (19133 — 19899 MJ-m™), tensile
strength (415 — 569 Kkgf), apparent density (1107-1163 kg-m™) and favorable values of
equilibrium moisture content (9 — 11 wt %) were obtained from a mixing ratio of 75% of
pinewood. The novel contribution of this research was to develop briquettes with appropriate
physical and mechanical parameters from new raw materials that could serve as sustainable fuel

sources for local firing systems.
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1. INTRODUCTION

In brazil, utilization of biomass from agriculture, agroindustry and forestry are advantageous
as their availability is not hindered by a requirement for arable land for food and feed production
[1]. It is estimated that more than 200 million tons from agroindustry residues are not utilized
energetically, mainly due to their poor energy characteristics: e.g. low density, low heating value
and high moisture content [2]. In order for biomass to be considered for implementation as a

viable fuel, it must be transformed into a readily useable and high energy resource.

Technologies that can transform firewood, agroforestry and industrial residues into a final
product with high potential properties are attractive for the Brazilian energy matrix. One
alternative to conventional energy sources is the utilization of pressed residues in the form of
briquettes or pellets. Thus, the proper densification contributes to high volumetric concentration
of energy, improving the handling and reducing the volume and resulting storage and transport
costs [3]

1.1 Biomass briquetting in brazil

Briquettes have long been used by residences, industries and commercial establishments,
substituting for considerable quantities of firewood that would otherwise be extracted from the
forest, thereby reducing negative environmental impacts. Briquettes in Brazil are used as
substitutes for firewood in bakeries, food establishments, pizza restaurants, as well as factories
with fuelwood-burning furnaces, like red brick factories [4], [5]. Briquetting activities in Brazil
are limited to those few regions with high wood residues concentrations, such as the states of Sao
Paulo, Santa Catarina and Mato Grosso [5]. Nevertheless, the quest for sustainability and the so-
called green economy has contributed to expanding consumption, and consequently, the
production of briquettes. This expansion primarily depends on three factors: residue availability,

adequate technologies and a growing market for briquettes[5].

Briquetting presents an efficient densification process that produces a uniform fuel, increases
the energy density and reduces the transport and handling costs of the biomass residues [6], [7].
The briquettes are generally produced in a piston (mechanical or hydraulic) press by applying

load on a die with biomass particles. Additional binder and heat treatments can be applied
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depending on the properties of the feedstock [5]. To evaluate the final product, resistance to
compression, energy density, compaction rate and equilibrium moisture, among others

properties, should be measured [8].

Several studies have evaluated the possibility of utilizing different agricultural wastes and by-
products for briquetting. A number of authors have investigated rice residue potential: analyzing
the briquettes from rice straw and rice bran [10]-[12]; briquetting of rice and coffee husks for
domestic cooking applications [13]; production of activated carbon briquettes from rice husks
and eucalyptus wood [14]. Very positive results were obtained from blends of rice husks with
corn cobs [15], [16] and other residues of corn [17], [18]. This rational use of biomass tends to
promote the development of less economically favored regions, through the creation of jobs and
reduction of external energy dependence, based on their local availability. The advantage of
briquettes being manufactured from industrial and agroforestry residues is that their resulting

price is lower compared to a large variety of fuels: e.g. charcoal [3], [9].

1.2 Coffee residual biomass potential

The coffee production chain generates a large quantity of residues from both the berries
(beans) themselves and the shrub. It is estimated that over ten million tons of residues yearly
(solid and liquid) are produced [19]. In addition, there are residues from cultivation (pruning),
which are difficult to estimate due to the differences in agronomic management practices. Brazil
is the largest producer and exporter of coffee in the world. About 2.78 million tons of coffee
beans were produced in 2016-2017. From this production , approximately 2.3 million tons of
solid residues are generated each year [20]. Currently, these residues; coffee pulp, parchment,
coffee wood and effluents, are not utilized efficiently and can result in severe environmental
impacts due to inappropriate disposal [21]. The disposal of coffee wastes remains a challenge
due to the presence of caffeine, free phenols and tannins (polyphenols), which are even toxic to
many forms of life [22]. Currently, only a small fraction of available coffee pulp and parchment
is utilized; as fertilizers, livestock feed, etc. The possibility of improving the properties and
converting the waste streams into a competitive fuel in the energy market (production of solid
fuels [briquettes, pellets and charcoal], biogas, liquid fuels) or extraction of the valuable

chemicals from them may result in not only environmental but economic benefits as well. For
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this reason, it is necessary to develop the pretreatment technologies to improve the biomass

feedstock characteristics and make it more suitable for energy or chemical applications.

As for coffee by-products themselves, there is still very little information about the energy
potential and specific characteristics of the treatments for the residues from the coffee production
chain. Only a few works present some results on the possible utilization pathways for these
materials. One study [23] analyzed a process of anaerobic co-digestion of coffee husks and
microalgal biomass after thermal hydrolysis pretreatment. In another work, high temperature air-
steam gasification of coffee husks was studied experimentally [24]. Another group of researchers
provided the results of their two-dimensional CFD simulation of the coffee husks’ gasification in
a fluidized bed reactor [25]. In addition to the residues typically associated with coffee
production, the coffee chain provides another potentially abundant energy source, coffee wood
[26]. Ethanol fermentation and gasification of coffee wood were evaluated by [27]. Additionally,
it was proven that gasification represents a promising way to convert coffee wood into energy

with high energy yields and resultingly low environmental impacts.

According to [26], the energy potential of coffee residues - coffee husk and coffee wood - in
Brazil is highly significant with annual available energy of 11.3 PJ and 49.5 PJ, correspondingly.
More information is needed to choose the most optimum treatment technology for these residues.
Use of coffee residues along with traditional biomasses already utilized in the production of
briquettes, such as pinewood, may considerably improve the potential of coffee residue
utilization. Pine cultivation areas occupy a rather significant landmass in Brazil with 1.58-10° ha
planted in 2015, so the availability of feedstock would not be a limiting factor [28]. Additionally,
pinewood is rich in natural resins that increase its calorific value [29]. It also has a high lignin
and silica content in its composition. Briquettes production would not require any additional
binders since lignin acts as a natural binding material during the pressing process. The present
work analyses the viability of a briquetting process for the mixture of residues from the coffee
production chain and pinewood to produce a solid fuel of regular shape and high energy density

and resistance, for use in local firing systems.

2. MATERIALS AND METHODS
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2.1 Materials

Three biomass materials were studied: coffee wood, the coffee berry parchment layer (this
covers the coffee beans and represents about 12 wt % of the berry on a dry basis) and pinewood.
The coffee (Coffea Arabica L.) residues were provided by a rural farm in the municipality of
Paula Céndido, Minas Gerais state, Brazil (20°49'50.0" S 42°55'03.3" W). The plant cultivation
was established in 1986, and due to low productivity, stumping of new plant formation was
required. The wood collected was 11 years old (from subsequent to the last stumping period).
The coffee wood samples were separated into (I) stems, (I) primary branches and (llI)
secondary branches according to their diameter, 10 £ 2 cm, 2 £ 1 cm and 1 £ 0.5 cm,
respectively. The three components were considered separately mainly due to coffee shrub aerial
morphology, which is related to two types of burgeon: ortho-tropics (coffee beans grown on the
stem) and plagiotropic (coffee beans grown on the branches). In addition, previous analysis had
reveales chemical differences between coffee stem, primary and secondary branches [30]. The
pinewood residues were collected at the commercial cultivation sites of the experimental units of
the Federal University of Vicosa, Minas Gerais State, Brazil (20°45'14" S 42°52'55"). The wood

collected was 7 years old (from subsequent to the last stumping period).

The research from the experiments presented in this work was composed of two stages:

i) Classification, physical and chemical characterization of biomasses;
i) Production of briquettes and their physical, mechanical and chemical

characterization.

2.2 Classification and characterization of biomass feedstock

All biomasses were initially ground in a Weg® electric hammer mill at a fixed speed of 368.6
rad-sec™®, which was coupled with a 2 mm opening sieve. For the samples intended for proximate
analysis, the particle size was further reduced using a Thomas model 4 Wiley® knife mill with a
fixed speed of 83.7 rad-sec™ at 60 Hz. The biomasses were finally classified into superposed
sieves with openings of 40 mesh (0.47 mm) and 60 mesh (0.31 mm) according to German
Institute for Standardization (DIN) EN 14780, 2017 routine procedure [31].
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The moisture content (MC) was determined according to DIN EN 14774-1, 2010 standard
procedure [32], by keeping the sample in an oven at 105 + 2 °C until the constant mass was
obtained. The ash content (AC) was determined according to DIN EN 14775, 2012 standard
[33], as the residue after complete combustion by the gradual heating of the sample in the muffle
oven with the maximum temperature of 550 °C. The volatile matter (VM) was measured as mass
loss after devolatilization of the samples in the oven at 900 °C according to DIN EN 15148, 2010
standard [34]. The fixed carbon (FC) was calculated as the difference between 100 and the sum

of all measured components.

The bulk density was measured with the standard procedure presented in DIN EN 15103,
2010 [35]. The higher heating value (HHV) was obtained using an adiabatic calorimetric pump
IKA300 according to DIN EN 14918, 2014 procedure[36].

2.3 Production and characterization of Briquettes

The recommended moisture range of the feedstock materials before the briquetting process
varies from 8 wt % to 15 wt % on a wet basis (wb). In this work, the biomass samples were dried
in an oven at 25°C, until reaching 8 £ 0.5 wt % (wb) of moisture content. The initial moisture of
the samples was 20 wt %, 17 £ 5 wt % and 12 wt % (wb) for pinewood, shrub coffee woody
parts and parchment, respectively. The briquettes were produced in a piston-press type of the
laboratory-scale briquetting machine from Lippel®, model LB 32. The briquetting conditions
were defined experimentally from preliminary tests carried out in the laboratory. The materials
were compressed for 4 min at a temperature of 120 °C and pressure of 8.27 MPa with a
subsequent cooling for 8 min. Pinewood was mixed in ratios of 25%, 50% and 75% with stem,
primary branch, secondary branch and a mixture of all woody parts of coffee shrub, and coffee
berry parchment. The presence of stems, and primary & secondary branches were proportional in
the mixture of all woody parts. At the end of the homogenization of the biomasses, 20 g of
mixture was weighed and placed in a steel capsule (10 cm long and 3 cm in diameter) in the
briquetting machine. 10 briquettes per treatment were manufactured.

After cooling, the briquettes were kept in an air-conditioned chamber at a temperature of 23 +
1 °C and a relative humidity of 60 £ 10% until equilibrium moisture content was reached. Visual
analysis was taken both before and after conditioning in the climatic chamber to verify the visual

appearance of the briquettes.
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The equilibrium moisture content (EMC) was determined by mass difference. Equilibrium
was considered as having been reached when the sample mass difference between two
successive days was less than the balance accuracy. Apparent density was measured in triplicates
by the mercury immersion method according to [37]. The relation between the apparent density
of the briquette, and the bulk density of the ground biomass calculated compact rate. The net
heating value (NHV), was determined using the equation (1), according to DIN EN 14918 [36]:

NHV = [(HHV - 54-H)- (1— EMC)] — (600 - EMC) (1)
Where,

HHV= High heating value (MJ-kg™); H= Hydrogen content (wt %); EMC= Equilibrium

moisture content (wt %)
The energy density was obtained by the multiplication of the apparent density and the NHV.

The tensile strength by diametrical compression for briquettes was measured in triplicates
according to the guidelines of NBR 7222 standard with adaptations presented in [38]. The tests
were carried out in a universal test machine, Contenco brand, UMC-300 model. The result of

maximum load was obtained by the Pavitest software 2.7.0.7.

2.4 Experimental design

The tests were carried out for the briquettes’ composition in a completely randomized
factorial design (5x5), considering five mixing ratios of residues (0%, 25%, 50%, 75% and
100%), five mixing biomasses (stem, primary branch, secondary branch, mixture of wood parts

and parchment) and ten replicates, yielding a total of 250 sampling units.

The influence of the pine share in the blend with coffee residues was evaluated and subjected
to analysis of variance (ANOVA). The combinations with the significant differences were
compared with Tukey’s test at a 5% probability level. Statistical analyzes were performed with
the help of the Statistica 8.0 program [39]

For the results on equilibrium moisture content (wt%), maximum load (kgf), apparent density
(kg'm™) and energy density (MJ -m™) properties, models were defined with the aid of R program
for explaining the data distribution. The comparison between the treatments was done by the

identity model test [40], according to the equation (2)
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Property = B, - Pinewood? + B, - Pinewood + B3, 2
Where,
Pinewood= Pinewood ratio in the mixture (0, 25, 50, 75, 100 %)
Bo, B1, B2=Regression coefficients

3. RESULTS AND DISCUSSION

3.1 Characterization of the feedstock

The biomass particle size distribution is one of the most important initial characteristics of
the raw material with respect to any densification process. Table 1 shows the particles size

distribution of the biomasses used for the briquettes production in this study.

Table 1. Particle size distribution of the lignocellulosic residues used in the production of
briquettes.

The particle size distribution of the coffee wood residues was relatively similar. The samples
had a high percentage (45.1 - 51.2%) of particles with diameters of less than 0.31 mm, which
passed through both 40 and 60 mesh sieves. Between 16.6% and 22.2% of particles were
retained in the 60 mesh sieve (corresponding diameter range between 0.31 mm and 0.47 mm).
The bigger particles with diameter between 0.47 mm and 2 mm had a share from 26.6 to 38.3%.
The coffee parchment had the lowest presence of fines among the studied materials (21.9%) and
the highest share of particles with diameters between 0.47 mm and 2 mm (42.8%). Most
probably, the rounded shape of the parchment particles caused the higher resistance to the
trituration process and resulted in higher share of larger fractions. Such behavior may be
responsible for a decrease in the material homogeneity, strength, durability and resistance of
resulting briquettes [41][42]. The pine sawdust contained the highest presence of fine particles
(60.3%). According to [43] and [44], the quality and volumetric density of briquettes is inversely
proportional to the particle size because smaller particles in the feedstock correspond to a larger
surface area for bonding during densification. The increased compacting pressure result in the
biomass particles being closely packed due to a reduction of void ratio and plastic deformation of

the sawdust particles, therefore resulting in higher density of the briquettes [45]. However, very
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small particles can lead to jamming of the briquetting machine and affect the production capacity
[46].

3.1.1. Chemical characterization

As the objective of this study was the production of solid biofuels, it is desirable for the
feedstock materials and consequently the final products to have low ash content, high energy as
well as fixed carbon content and low volatile matter. The main combustion properties of the

studied lignocellulosic residues are presented in Table 2.

Table 2. Chemical characterization of the lignocellulosic residues.

The feedstock moisture plays an important role in the densification process, considering that
water acts as both a binder and a lubricant. Material that is too dry makes the bonding between
the particles difficult due to the elevated frictional forces in the compression channel. Excess
moisture can cause explosions inside the briquette due to the formation of steam. [47] observed
that the moisture in the biomass increases during densification through the van der Waals forces
by increasing the contact area between the particles. They also concluded that low moisture
content (5 — 10 wt%) results in more stable, resistant and denser briquettes compared to higher
moisture biomasses (15 wt%). Several studies recommended that the feedstock for the
briquettes’ production should contain a moisture content between 8 — 15 wt % (wb) [48]. [49],
[50] and [51] suggested low feed moisture content in the range of 8 — 12 wt % (wb) to produce
strong briquettes that are free of cracks. Levels above or below this would lead to densified
material of lower quality. [52] studied the compaction of platanus tree chips at different initial
moistures (5.7 - 23.9 wt%) and found that for the briquetting production it is better to use lower
moisture content material (up to about 12 wt%) because at higher moisture levels a sharp
decrease in rupture force and density occurs. The moisture content of the studied biomasses was
in a relatively narrow range from 8.7 wt % to 12.23 wt %, characteristic of the particulate
material that influenced in the absence of surface cracks and significant axial expansions in the

briquettes.

Volatile matter is the portion of the fuel that is released in form of gases when the material is
heated. The more volatile a fuel is, the faster it burns, and the more reactive and more easily it is
ignited [53]. In many domestic uses, a slow rate of burning is preferred. The typical volatile

matter range for general biomass is 65 — 85 wt % and 76 — 86 wt % for woody biomass [54]. In
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the current work, the woody residues had a higher share of the volatile matter than the
parchment. Pine sawdust followed by the primary branches had the highest VM values of 82.5
wt % and 80.7 wt %, respectively. Many other materials used in the production of briquettes,
such as rice husk (65.5 wt %), sugarcane bagasse (73.8 wt %) [55], shea meal (66.3 wt %) [56],
paper sludge (48.7 wt %) and coal (33.1 wt %) [57], reveal values of volatile matter lower than
the values found for the raw material used in this study, and due to this, the coffee residues and

pine wood are attractive for burning processes.

The fixed carbon content is inversely proportional to the volatile matter. The FC for
parchment was 20.1 wt % and for wood residues 14.6 wt % - 19.4 wt%. According to [58], high
FC indicates that the materials tend to burn more slowly, requiring longer residence time
compared to fuels with a low FC. This suggests that briquettes containing parchment in their
composition may demonstrate a slower burning rate when compared to briquettes manufactured

with coffee wood residues.

The ash content implies the presence of inorganic components, mostly in the form of oxides
[59]. Due to this, the results indicated the highest inorganic composition of the parchment (5.9 wt
% db) followed by the secondary coffee wood branches (4.1 wt % db). Other studied materials
had a relatively low ash content with the minimum value being for pinewood (0.8 w t%).
According to [60], the ash content in the feedstock does not influence the densification process

itself. However, an ash content greater than 10 wt % will cause wear on the equipment matrix.

The elevated heating values were relatively high for all biomasses: from 18.9 MJ-kg™ for
parchment to 20.7 MJ-kg™ for pinewood. In comparison with other feedstocks generally used in
the briquettes’ manufacturing, such as rice husk (16.4 MJ-kg™) [61], wheat straw (16.4 MJ-kg™),
timothy grass (16.3 MJ-kg™) [62], sugarcane bagasse (17.3 MJ-kg™) [55] and eucalyptus wood
(19.0 MJ-kg™) [63], the studied samples present rather attractive materials for briquetting.
Higher energy content increases the efficiency of the subsequent utilization of the briquettes and

reduces the process costs.
3.1.2. Bulk density

Bulk density is an essential factor influencing the economic viability of biomass materials

utilization, since it affects the transport costs and the energy density of biomass. For this reason,
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the lignocellulosic residues with higher bulk density values are more desirable for the production
of briquettes. The average values of the bulk density of the investigated biomasses are presented

in Fig. 1.

Figure 1. Bulk density of studied biomasses (raw material).

The 0% proportion of pine feedstock had notably higher bulk densities than the other
mixtures. The 100% parchment feedstock showed the highest bulk density (341.5 kg'm™) due to
high basic density of the material and flat-shaped particles. The addition of pinewood sawdust
significantly decreases the density levels of all studied materials. The lowest density was
obtained in the case of the mixtures with 75% of pine: 45 kg-m™ on average. The bulk density of
the studied biomasses (raw material) used in the production of briquettes is analogous to
unprocessed wood residues (250 kg-m™) [64], ground switchgrass (181.6 kg-m™) [41], wheat
straw (97.4 - 121.3 kg-m™®), corn stover (131.4 - 157.7 kg-m™®) and barley straw (81 - 112.1
kg-m™) [41]. The decrease in bulk density when mixing residual biomasses from the coffee

production chain with pine results in such mixtures requiring compaction such as briquetting.
3.2 Characterization of the briquettes

The briquettes produced from coffee residues and pinewood in ratios of 25%, 50%, 75% as
well as the briquettes from each individual biomass sample showed satisfactory visual
appearance: good uniformity, absence of cracks, with smooth and shiny surfaces. The produced

briquettes are presented in Fig. 2.

Figure 2. Briquettes produced from coffee residues mixed with pinewood in different ratios.

One way of evaluating the briquetting process is by measuring the compaction rate, which
represents the ratio between the apparent density of the briquette (Fig. 3B) and the bulk density
of the feedstock. Higher compaction rates indicate a higher reduction of the briquette’s volume
during the densification process, which likely results in a density gain. Table 3 shows the

average values obtained for the compaction rate in relation to the proportion of pine.

Table 3. Compaction rate of the briquettes produced with studied biomasses.
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It was observed that the pinewood briquettes have a compaction rate nearly three times
higher than the ones produced from the residues without pine addition. This is due to the
significant difference between the bulk densities of the materials: lower bulk density increases
the likelihood of compressing the material. As a result, the compaction rate of the mixtures with
75% of pinewood and 25% of coffee residues showed the highest values in volume reduction.
The residues with higher initial density would require higher energy to produce the briquette
since these materials present greater resistance to densification. In this sense, the addition of
pinewood in briquettes, mostly at 50% and 75% can contribute to increasing the density without

the need of spending additional energy to increase the pressure in the compaction stage.
3.2.1 Physical — chemical characterization

The average values of equilibrium moisture content, compressive strength, apparent density

and energy density of briquettes are illustrated in Fig. 3.

Figure 3. Properties of briquettes produced with the studied biomasses: equilibrium moisture
content (upper-left), apparent density (upper-right), energy density (lower-left), and compressive
strength (lower-right).

Equilibrium moisture content is a notably important parameter for evaluating the possible
changes in physical conditions of biomass briquettes during storage and transportation. The
briquettes with low equilibrium moisture content (5 — 12 wt%) are better suited for transportation
not only with respect to the lower concentrations of water carried in the biomass material but
also due to increased physical and mechanical resistances of such low-moisture briquettes [46],
[65]. Additionally, a higher EMC level complicates the ignition of the fuel and leads to lower
energy density values due to the inverse relationship between the EMC and the net heating value
[46]. The equilibrium moisture content for the majority of the produced briquettes was observed
to be in a relatively narrow range between 9 and 10.3 wt % with little effect from the pine
addition (Fig. 3A). Consequently, these briquettes can be handled more efficiently during storage
and transportation. As for the parchment, the increase of pine proportion decreased the briquettes
EMC: from 11.9 wt % in the case of purely parchment briquettes to 10.3 wt % in the case of 75%
of pine in the blend.

The measurement of apparent density after densification is essential for the evaluation of the

biomass potential: lower density raises the costs of transportation and decreases the energy
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density. The apparent density of the briquettes increases with the share of pine in the mixture for
stem, primary branch, secondary branch and wood mix (Fig. 3b) from 996.7 kg-m™ - 1054 kg-m"
% t0 1136.1 kg-m™ which represents a nearly 10% increase in density. This is due to higher
compaction rate of the briquettes with greater percentage of fines. In case of the briquettes with
parchment in their composition, the addition of pine only slightly decreases the apparent density
of the samples, likely due to the high basic density of the parchment. The values observed in this
work are similar to briquettes produced with eucalypt sawdust (1060 kg-m™), corn residues
(1159 kg'm™) and coffee husk (1248 kg-m™) [38].

The energy density indicates the energy content per volume unit and affects the efficiency of
subsequent use of the briquettes [66]. The energy density of all produced briquettes increased
with the addition of pinewood to the coffee residuals due to the higher heating value of the pine
(Fig. 3c). The energy density of briquettes with parchment in their composition presented the
highest average values for high bulk density, with increments of up to 700 MJ-m™ corresponding
to every 25% addition of pinewood. However, the residue that showed the greatest variation in
this property was that of primary branches with an increase of 3551 MJ-m™ from the absence of
pine to 75% of pine in the mixture; the increments were of approximately 1184 MJ-m for every

25% of pinewood addition.

The tensile strength of diametric compression and maximum force is related to the ability of
briquettes to withstand mechanical impacts during storage and transport. The briquettes with low
resistance tend to disintegrate more quickly, which can cause problems during their combustion.
[42] concluded that the size of particles, chemical composition, lignin content, compaction rate
and equilibrium moisture content influence the tensile strength of the briquettes. In this study, it
was observed that the resistance to diametric compression and maximum force increased in
conjunction with the increase of the pine briquette content for all studied materials (Fig. 3D).
The highest values were found for the briquettes produced from pine alone. This result is
probably due to the low volumetric expansion after the densification of the mixtures because of

the presence of fines, low EMC and high lignin content of the pine.
3.3 Identity model test for the physical-chemical properties measured in the briquettes

The obtained results confirm the similarity of the biomasses’ behavior in the majority of the

cases and likely explain the dependencies of the studied properties with the general equations.
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However, this is only possible for the maximum resistance property due to the covariance
analysis (Table 4), which reveals a higher p-value than the level of significance a = 0.05,

contrary to EMC, energy density and apparent density properties.

Table 4. Covariance analysis for the properties measured in the briquettes.

As a result, the data were regrouped without the presence of the coffee berry parchment
for the energy density and apparent density properties. The analysis of covariance showed that
the equations present similar estimates in relation to the behavior of the briquettes with the
pinewood addition. Model identity tests for the equilibrium moisture property indicated that it is
not advisable to apply a single equation adjusted for the data set. Meanwhile, for stem — wood
and primary branch - secondary branch mixtures, a single adjusted equation can be used to
represent the data set of these biomasses.

Table 5 shows the parameters of the models for the measured properties as a function of
the proportion of pine wood (Eg. 2), according to the adjustments made by the model identity
test. These results have a significant importance, once the adjusted models could be used to
estimate the value of the physical-chemical properties of briquettes by varying the proportion of

pinewood in the mixture.

Table 5. Adjusted equation for the physical — chemical properties of briquettes.

4. CONCLUSION

In this study, it was demonstrated that the residues from the coffee production chain such as
stems, primary branches and secondary branches of coffee shrubs and the parchment of coffee
berries can be used to produce briquettes for combustion processes when mixed with pine wood,
creating a new source for the utilization of undervalued residual biomasses. The mechanical
strength obtained from coffee residues alone was quite low. However, when blended with pine
wood, strong and high-quality briquettes can be produced. The resulting briquettes present a
regular format and homogeneous constitution, characteristics that are indicative of better quality
and durable products after handling, transportation and storage. additionally, the high energy
density of the briquettes produced presents an attractive advantage for increasing the Brazilian

energy production matrix using densified material.
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Table 1. Particle size distribution of the lignocellulosic residues used in the production of

briquettes.
. . L Particle size [mm]
Biomass material Designation F<031L 031<0<047 047<0<2
Pine Wood 60.3% 19.0% 20.7%
Stem 51.2% 22.2% 26.6%
Coffee Primary Branch 47.5% 21.4% 31.1%
Secondary Branch  45.1% 16.6% 38.3%
Parchment 21.9% 35.3% 42.8%
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Table 2. Chemical characterization of the lignocellulosic residues.

Parameter  Unit Biomasses
PW CS PB SB MIX ccp
MC  wt% 1223a 1096a  870c _ 9.28D 9.65 b 11.09a

vMm? wt% 8246a 79.76ab 80.67a 76.50 bc 79.57 ab 73.80c
FC? wt% 16.79b 18.09ab 17.05ab  19.36 ab 14.62 d 20.09 ab
AC? wt%  0.75d 2.15¢c 227c 414 Db 2.63 ¢ 591a

HHV MJ/kg 20.71a 20.12b  19.75bc 19.72 ¢ 19.86 bc 18.92d

®ry basis; MC-moisture content; VM-volatile matter; FC-fixed carbon content; AC-ash content; HHV-higher
heating value; PW-pinewood; CS-coffee stem; PB-primary branch; SB-secondary branch; MIX=CS+PB+SB; CCP-
Coffee Cherry Parchment.

Averages along the rows followed by the same letter among biomasses do not differ by Tukey test at 5% of
significance.
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Table 3. Compaction rate of the briquettes produced with studied biomasses.

Biomasses
PW (%) CS PB SB MIX CCP
0 3.67 3.92 4.43 453 3.48
25 5.02 15.16 16.25 17.23 14.58
50 18.81 21.64 19.30 19.52 20.13
75 24.12 24.29 25.86 25.41 25.88
100 \ 11.78 11.78 11.78 11.78 11.78

PW-pinewood; CS-coffee stem; PB-primary branch; SB-secondary branch; MIX=CS+PB+SB; CCP-Coffee Cherry

Parchment
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Table 4. Covariance analysis for the properties measured in the briquettes.

VS DF SQ MQ F P (>F)
Equilibrium moisture content
IM 4 4 1 8.15 0.62E-04
Residual 18 2.21 0.12
Energy density
IM 4 1771328 442832 3.04 0.043
Residual 18 259174 143984
Apparent density
IM 4 23151 5788 6.60 1.88E-03
Residual 18 15784 877
Maximum load
IM 4 12001 3000 2.7035 0.06
Residual 18 19976 1110

VS-Variation sources; DF-Degrees of freedom; SQ-Sum square; MQ-Mean square; F-F calculated statistics; p-
statistical probability F tabulated; IM-Identity model.
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Table 5. Adjusted equation for the physical — chemical properties of briquettes.

Adjusted Equation

Property Treatment R2

Bo B1 B2
CS-MIX model 2E-06 2.1E-03 9.65 0.99
Equilibrium moisture PB-SB model 9E-05 -1.3E-02 10.23 0.76
CCP model 3E-05 -2.3E-02 11.84 0.99
Energy density General model* -1.9E-01 46.60 16835 0.99
CCP model - 1.8E-01 35.34 17995 0.93
Apparent density General model* -4.3E-03 15 1027 0.99
CCP model 1E-05 -4.4E-01 1185 0.85
Maximum load General model 3.2E-02 2.5 139 0.99

*Adjusted equation for briquettes without presence of CCP in its composition; CS - Coffee Stem; PB - Primary
Branch; SB - Secondary Branch; Mix=CS+PB+SB; CCP - Coffee Cherry Parchment. R> — Coefficient of

determination. B, B,, B, — Regression coefficients.
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Figure 1. Bulk density of studied biomasses (raw material).
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Figure 2. Briquettes produced from coffee residues mixed with pinewood in different ratios.
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Figure 3. Properties of briquettes produced with the studied biomasses: equilibrium moisture
content (upper-left), apparent density (upper-right), energy density (lower-left) and compressive
strength (lower-right).




Table

Table 1. Particle size distribution of the lignocellulosic residues used in the production of

briquettes.
. . L Particle size [mm]
Biomass material Designation <031 031<0<047 047<0<2
Pine Wood 60.3% 19.0% 20.7%
Stem 51.2% 22.2% 26.6%
Coffee Primary Branch 47.5% 21.4% 31.1%
Secondary Branch  45.1% 16.6% 38.3%
Parchment 21.9% 35.3% 42.8%




Table

Table 2. Chemical characterization of the lignocellulosic residues.

Parameter  Unit Biomasses
PW Cs PB SB MIX cCP
MC wt% 12.23a 1096a 8.70 ¢ 9.28b 965b 11.09 a

vMm? wt% 8246a 79.76ab 80.67a  76.50 bc 79.57 ab 73.80 ¢
FC? wt% 16.79b 18.09ab 17.05ab 19.36 ab 14.62 d 20.09 ab
AC? wt % 0.75d 2.15c 2.27c 414 b 2.63¢C 591a

HHV MJ/kg 20.71a 20.12b 19.75bc 19.72 ¢ 19.86 bc 18.92 d

®dry basis; MC-moisture content; VM-volatile matter; FC-fixed carbon content; AC-ash content; HHV-higher
heating value; PW-pinewood; CS-coffee stem; PB-primary branch; SB-secondary branch; MIX=CS+PB+SB;
CCP-Coffee Cherry Parchment.

Averages along the rows followed by the same letter among biomasses do not differ by Tukey test at 5% of
significance.



Table

Table 3. Compaction rate of the briquettes produced with studied biomasses.

Biomasses
PW (%) CS PB SB MIX CCP
0 3.67 3.92 443 4.53 3.48
25 5.02 15.16 16.25 17.23 14.58
50 18.81 21.64 19.30 19.52 20.13
75 24.12 24.29 25.86 25.41 25.88
11.78 11.78 11.78 11.78 11.78

100

PW-pinewood; CS-coffee stem; PB-primary branch; SB-secondary branch; MIX=CS+PB+SB; CCP-Coffee

Cherry Parchment



Table

Table 4. Covariance analysis for the properties measured in the briquettes.

VS DF SQ MQ F P (>F)
Equilibrium moisture content
IM 4 4 1 8.15 0.62E-04
Residual 18 2.21 0.12
Energy density
IM 4 1771328 442832 3.04 0.043
Residual 18 259174 143984
Apparent density
IM 4 23151 5788 6.60 1.88E-03
Residual 18 15784 877
Maximum load
IM 4 12001 3000 2.7035 0.06
Residual 18 19976 1110

VS-Variation sources; DF-Degrees of freedom; SQ-Sum square; MQ-Mean square; F-F calculated statistics;
p-statistical probability F tabulated; IM-ldentity model.



Table

Table 5. Adjusted equation for the physical — chemical properties of briquettes.

Adjusted Equation

Property Treatment R?
Bo B1 B>

CS-MIX model 2E-06 2.1E-03 9.65 0.99
Equilibrium moisture PB-SB model 9E-05 -1.3E-02 10.23 0.76
CCP model 3E-05 -2.3E-02 11.84 0.99
General model* -1.9E-01 46.60 16835  0.99

Energy density
CCP model - 1.8E-01 35.34 17995  0.93
General model* -4.3E-03 15 1027 0.99

Apparent density

CCP model 1E-05 - 4.4E-01 1185 0.85
Maximum load General model 3.2E-02 25 139 0.99

*Adjusted equation for briquettes without presence of CCP in its composition; CS - Coffee Stem; PB -
Primary Branch; SB - Secondary Branch; Mix=CS+PB+SB; CCP - Coffee Cherry Parchment. R* —

Coefficient of determination. S, 8., B, — Regression coefficients.
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Figure 1. Bulk density of studied biomasses (raw material).



Figure

CS-coffee stem; PB-primary branch

PR

; SB-secondary branch; MIX=CS+PB+SB; CCP-Coffee Cherry
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Figure 2. Briquettes produced from coffee residues mixed with pinewood in different
ratios.



Figure

12 1200
g —s— Siem &
T —s— Primary Branch Tl a
_ e, --s--Secondary Branch | 4159 e
£ ea - - Wood Mix g
g 1 ... ==a++ Parchment ‘5‘]
é ‘... & 100
* oy
& . £
- £ 1050
:E E_ —— 5tem
:_EI é::b =8 Primary Branch
8 1000 = @ = Secondary Branch
= -~ Wood Mix
s Parehment
9 Q50
L] 25 50 75 1040 ] 25 50 75 100
Proportion of pine (%) Proportion of pine (%4)
20000
800 | ——S5tem
——#— Primarv Branch
700 | == Secondary Branch
219000 - & - Wood Mix /
| o swealass Parchment !
= ]
2 =
= F
= 18000 =
: 5
3
& r £
E —p S Z
i 17000 '/ = Primarv Branch p
== = Sacondary Branch
= = =Wood Mix
«=- s =+= Parchment
16000 ]
0 25 50 75 100 0 25 50 15 100
Proportion of pine (%) Proportion of pine (%4)

Figure 3. Properties of briquettes produced with the studied biomasses: equilibrium
moisture content (upper-left), apparent density (upper-right), energy density (lower-left)

and compressive strength (lower-right).
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