Powder Technology 420 (2023) 118386

Contents lists available at ScienceDirect

Powder Technology

A

ELSEVIER journal homepage: www.journals.elsevier.com/powder-technology
Ignition and explosion characteristics of olive-derived biomasses el

Blanca Castells “”, Alejandro Varela ¢, Francisco J. Castillo-Ruiz‘, Luis F. Calvo d
Ljiljana Medic *", Alberto Tascén “®"

@ Department of Energy and Fuels, E.T.S. Ingenieros de Minas y Energia, Universidad Politécnica de Madrid, C/ Rios Rosas 21, 28003 Madrid, Spain

b 1 aboratorio Oficial J.M. Madariaga (LOM), Universidad Politécnica de Madrid, C/ Eric Kandel 1, TecnoGetafe, 28906 Getafe, Madrid, Spain

¢ Department of Agriculture and Food Science, Universidad de La Rioja, Av. Madre de Dios 53, 26006 Logrono, Spain.

d Department of Chemistry and Applied Physics, Chemical Engineering Area, IMARENABIO, Universidad de Leon, Avda. Portugal 41, 24071 Leén, Spain
€ CIVA Research Center, Universidad de La Rioja, 26006 Logrono, Spain

HIGHLIGHTS GRAPHICAL ABSTRACT

e Dust samples of olive stone and
exhausted olive cake were fully

characterised. (" EXHAUSTED OLIVE CAKE / OLIVE STONE
o Both materials could form explosive at- FLAMMABILITY PROPERTIES

mospheres or lead to a dust layer fire. L N
P Y MIT: Prevention
[
MIE ‘:> measures
LEL
o

N

e Olive stone is a higher quality fuel but
requires severe safety measures.
o Self-heating risk is medium for olive

J

. EXPLOSIBILITY PROPERTIES
stone but low for exhausted olive cake. Pt
.d—gldfm.‘
= ) measures
= 5 Kst

Particle size G J

EioXimatelanalysis THERMAL SUSCEPTIBILITY —TGA |

Ultimate analysis Ea w2

Calorficvalies o |__J‘> Self-ignition risk
ARTICLE INFO ABSTRACT
Keywords: The flammability and explosibili3ty properties of olive stone and exhausted olive cake dusts were determined in
Biomass this study. The results indicated that both materials could form explosive atmospheres or lead to a dust layer fire.

Dust explosion However, it was found that the former requires more severe safety measures, since it is more prone both to spark

Fire . ignition and to hot-surface ignition than the latter. Furthermore, a dust explosion would also be stronger and
Industrial safety B R . .
Flammability faster for olive stone than for olive cake. TGA tests were also carried out to study the thermal behaviour of these
Explosibility materials and to estimate their self-ignition risk. Olive stone presented a greater tendency to oxidation and a
medium self-ignition risk, whereas olive cake showed a low risk. The experimental data presented in this study
fill gaps in literature and have implications for the design and management of industrial facilities.
1. Introduction promoting the use of renewable sources of energy. For example, the EU
Directive 2018/2001 has established an ambitious binding target of a
Energy and climate change targets adopted by governments are share of at least 32% of energy from renewable sources in the Union’s
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Fig. 1. Simplified processing scheme for olive oil production and by-products
(two-phase continuous extraction system). Biomasses considered in this study
are indicated in bold.

gross final consumption of energy by 2030 [1]. Biomass resources can
play an important role to achieve these targets and to contribute to the
reduction of crude oil and gas dependency.

There exists a great variety of biomasses. Some are used for pro-
ducing biogas or liquid biofuels in industrial facilities [2,3], while others
are burned as solid biofuels for heat and/or electricity production.
Standard ISO 17225-1 [4] compiles a list of vegetal solid biofuels ac-
cording to their origin and sources.

The olive oil processing industry produces several different biomass
residues, including the crude and exhausted olive cakes (olive pomace)
and the olive stones (also named olive pits) [5]. Fig. 1 illustrates the
main steps of the most usual process for olive oil extraction in Spain (the
so-called two-phases continuous system), although some variations are
possible, and other systems, which are labour intensive or have lower
water and energy efficiencies, are still applied in other countries
(pressing systems and three-phases continuous systems) [6].

Olive pits and the crude wet olive cake are by-products of the first
industrial olive oil extraction process and have no chemical treatment.
On the contrary, the exhausted olive cake is a by-product of the second
industrial olive oil extraction process, which removes oil from the above
crude olive cake by means of a chemical treatment. The crude olive cake
is a sludge that consists of a mixture of skin, pulp and pieces of stone (the
wood shell plus the inner seed or kernel). In some cases, there is no
removal of stones, so the final exhausted olive cake also contains olive
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pits. However, stone removal has become more and more frequent in
both olive mills and olive cake processing plants, since it is a valued
energy source [7] and has other potential industrial applications [8]. For
example, it was estimated in 2015 that 79% of the olive mills in Anda-
lusia —the main producing region in Spain- separated the olive stone
fraction [9]. In addition, the whole stone is always removed in the olive
table industry.

Although the biomass residues derived from the olive oil processing
are already commonly used to obtain energy in some areas, for example
in Southern Spanish production regions, they remain untapped in other
areas and countries [10]. Thus, the use of these biomasses still has a
large potential to grow. It is important to remark that the world pro-
duction of olive oil was 3,097,803 t in 2019 [11] and that 1 t of olives
generates 0.28 t of olive oil, 0.083 t of stones and 0.197 t of exhausted
olive cake [10]. Moreover, the world area of olives trees shows an
increasing tendency, from 8.35 million ha in 2000 up to 12.76 million ha
in 2020 [11]. The top ten producers of olive oil are located in the
Mediterranean area (see Table 1).

Olive stone is considered as a high-quality biomass that can be used
in a broad range of facilities, from domestic to industrial boilers,
particularly if drying and fines elimination were applied to reduce ashes
and humidity content [10,12]. On the contrary, olive cake is only used in
industrial facilities due to its high ash, N, S and Cl contents [10,13],
although its blends with another biomass of higher quality seems a
promising option [14,15]. Olive pomace is often pelletised to facilitate
manipulation and reduce the quantity of fine particles.

These biomasses represent an opportunity for the olive producer
areas to obtain energy by using local renewable sources [16], while at
the same time preserving the environment; storage of great amounts of
olive cake in the process industries represent an environmental, eco-
nomic and technical problem [17]. Therefore, these different reasons
suggest that an increase on the use of these residues is expected in the
near future. Moreover, exporting these biomasses to northern Europe as
biomass fuel, mainly olive cake, has been usual since the first years of
this century [18,19].

However, storage, transport and handling of large amounts of
biomass is associated with safety hazards. These problems are most
pronounced with the presence of fine particles, which are generated by
the abrasion and crushing of the larger particles during the bulk material
handling processes [20]. Biomasses are able of absorbing oxygen to
produce exothermic oxidation reactions, leading to self-heating pro-
cesses that under certain circumstances can initiate a self-ignition pro-
cess and a smouldering combustion [21,22]. This phenomenon is a main
concern in bulk storage facilities [23] and can be initiated by several
different causes, such as biological activity and moisture condensation
[21]. In addition, open flame fires and dust explosions are other mayor
risks associated to biomass materials [24]. Ignition of dust layers and
deposits is a common cause of fires and explosions in industrial facilities
[25]. However, these hazards are not always adequately identified and
controlled; data about major accidents in the bioenergy sector are quite
worrying [26-28] and indicate the necessity for improving in risk
awareness and safety culture in the biomass and bioenergy sector.

Although research on biomass safety has increased in recent years,
the heterogeneous composition of these materials makes essential to
study the different types of biomasses to know their behaviour for a safe
storage and handling [29]. Moreover, the ignition sensitivity (or flam-
mability) of biomasses, their tendency to self-ignition and their explo-
sion severity can differ from those corresponding to coal or to other
types of biomasses; unawareness of the specificity of the biomass ma-
terials can lead to an inadequate risk assessment if a company uses

Table 1
Olive oil production (t) by country in 2019 [11].
Spain Italy Greece Tunisia Turkey Morocco Portugal Syria Algeria Egypt
1,129,233 336,581 290,476 239,500 217,800 204,200 154,063 153,829 92,200 41,300
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Table 2
Data retrieved from previous studies.
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Sample LEL (g/m3) MIE (mJ) MITy, (°C) MIT¢ (°C) Prax (bar g) dP/dtyax (bar/s) Kg; (bar-m/s)

Olive stone (Dsp = 68.2 pm) [32] - - 300 - - - -

Olive stone (Dsp = 1300 pm) [32] - - >400 - - - -

Olive stone (< 63 pm) [33] 30 - - - 9.0 - 112
Olive cake (< 63 pm) [33] 125 >1000 - 470 10.0 - 74
Olive cake and stone (sample IV, < 75 pm) [31] - - - 590 - - -

Olive cake and stone (sample III, <250 pm) [31] 200 - - 490 6.8 182.1 49
Olive cake and stone (sample V, < 250 pm abrasion) [31] - - - - - - 29
Olive cake and stone (sample II, 500-250 pm) [31] >1250 - - 660 5.9 78.8 21
Olive cake and stone (sample I, 1000-500 pm) [31] — — - 740 - - -

Olive cake and stone (sample D, dried, < 45 pm) [31] 90 >1000 — 550 7.6 255 69
Olive cake and stone (sample C, dried, 75-45 pm) [31] 100 >1000 - 540 7.8 258 70
Olive cake and stone (sample B, dried, 212-75 pm) [31] 110 >1000 - 480 8.4 166 45
Olive cake and stone (sample A, dried, 425-212 pm) [31] 140 >1000 - 500 7.3 84 23

previous facilities and operating conditions that were designed for a
different material [30]. In this sense, Table 2 presents the only data
previously published on olive-derived biomasses (the flammability and
explosibility parameters are defined in Section 2). Pietraccini et al. [31]
presented a comprehensive study of the effects of particle size, moisture
and milling technique on the explosion behaviour of a type of olive-
derived residue. Fernandez-Anez and Garcia-Torrent [32] determined
the ignition temperature of olive stone dust layers. The GESTIS-DUST-
EX Database [33] reports the explosion severity and minimum explo-
sive concentration of olive stone dust and most of the explosion prop-
erties of an olive cake sample, but it does not provide information about
what type of olive cake was or its chemical composition.

As can be seen in Table 2, many aspects of these biomasses remain
unexplored.

and several gaps exist in the literature. First, there are no available
data on some of the properties of olive stone (MIE and MIT¢); the three
samples were only partially characterised. Second, information about
the ignition temperature of olive cake layers (MIT) does not exist. And
third and even more important, there are no data about the thermal
susceptibility of these two materials in relation to their self-heating
tendency. In addition, it should be noted that the material studied by
Pietraccini et al. [31] was described as a mixture of olive stone and olive
cake (skin, pulp, pit and kernel), i.e. the material was an olive pomace
with no prior stone removal. Furthermore, the sample in database [33]
is not described, so it is not possible to know if it corresponds to a des-
toned or to a non-destoned olive cake. The properties of olive cake
residues could differ depending on the presence or not of stones. In this
sense, Pietraccini et al. [31] pointed out the interest of analysing pulp-
and pit-rich fractions of olive pomace in order to give precise indications
on the explosion risk level in the different industrial operations; these
materials are precisely the object of the present study. Therefore, it is
quite clear that neither olive stone nor olive cake has been fully char-
acterised yet. The current trend towards stone recovery to make use of
its superior characteristics justifies the importance of studying both the
destoned olive cake and the olive stone.

For all the above reasons, accurate knowledge of flammability and
explosibility properties of the dusts of biomasses derived from olive
fruits is essential to manage plans that process, store or combust these
materials. The aim of this study was to fully characterise this type of
dusts in order to design safe technologies and facilities.

2. Materials and methods
2.1. Preparation and characterization of samples

The samples —olive stone and exhausted destoned olive cake from
Olea europaea— were residues from the Spanish olive oil processing in-

dustry. Olive stone was supplied by an olive mill (S.C.A. Agraria San
José, Jaén) and consisted on a granular material made up of a great

Fig. 2. Samples as received: on the left, exhausted olive cake pellets; on the
right, olive stone.

variety of different coarse and fine particles. On the contrary, the olive
cake was obtained from a solid biofuels supplier (Pellets del Sur, Sevilla)
in the form of pellets of approx. 35-45 mm in length and 10 mm in wide;
from here on, this sample will be referred to as olive cake. Fig. 2 shows
the visual aspect of the biomasses as received.

Both materials were prepared by milling and sieving in order to
obtain a fraction <500 pm, which corresponds to the definition of dust
by NFPA 652 [34]. This size criterion is also considered for potentially
hazardous dust particles by standard ISO-IEC 80079-20-2, which es-
tablishes that materials that have no particles <500 pm and do not
contain fibres (combustible flyings) are not combustible dusts; the
presence of any particles <500 pm imposes the necessity of determining
whether the material is a combustible dust [35].

The granulometry of the prepared samples was determined using a
Malvern Mastersizer laser diffraction apparatus (Malvern, UK). In
addition, proximate and ultimate analyses of the two materials were
performed applying conventional techniques for coal characterization.
For the elemental analysis, the American Society for Testing and Ma-
terials standard ASTM 5373 was followed for the determination of the
carbon, hydrogen and nitrogen contents [36], the ASTM 4239 for
sulphur content [37] and the ASTM 2361 for chlorine [38]; the oxygen
content was calculated by difference. Regarding proximate analysis,
Spanish standards UNE 32019 for volatile matter content and UNE
32004 for ash were applied [39,40], along with ASTM 3302 for moisture
[41]; fixed carbon content was later estimated by difference. Finally,
higher (HHV) and lower (LHV) heating values were obtained according
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to the UNE 32006 procedure [42]. A Memmert oven (Schwabach, Ger-
many) and a Selecta 367 PE muffle furnace (Barcelona, Spain) were used
for the proximate analyses, a CHNS Micro TruSpec LECO analyser (St.
Joseph, Michigan, USA) for the ultimate tests and a 6300 Parr calo-
rimeter (Moline, Illinois, USA) for the heating value determination.
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2.2. Ignition sensitivity
Ignition tests were conducted to evaluate the flammability easiness

of samples (fraction <500 pm). The ignition sensitivity or flammability
of a combustible dust is defined through several parameters that are

Table 3
Standards and apparatuses used in this study to determine the flammability and explosibility parameters and some of their industrial applications.
Parameter Nomenclature Standard Test device Industrial applications
. .. 20-L litres .
Lower explosion limit LEL EN 14034-3 sphere Control of suspended dust whenever feasible
Minimum ignition energy MIE 5?0,17590 /215'2 MIKE 3 Removal of ignition sources. Grounding and bonding
. Lo EN ISO/IEC
Minimum ignition temperature of a dust layer MITy, 80079-20-2 Heated plate Control of process and surface temperatures
. Lo EN ISO/IEC
Minimum ignition temperature of a dust cloud MIT¢ 80079-20-2 G-G furnace Control of process and surface temperatures
. . Contai t. Isolation. Venting, i tial inerting t
Maximum explosion pressure P EN 14034-1 20 sphere ontainment. Isolation. Venting, suppression or partial inerting to
reduce pressure and violence
tai t. Isolation. ti i tial inerting t
Maximum rate of explosion pressure rise dP/dtmax EN 14034-2 20-L sphere Containment. Isolation. Venting, suppre3§ 1on or partial nerting to
reduce pressure and violence
Explosion index of the dust Ks EN 14034-2 20 sphere Containment. Isolation. Venting, suppression or partial inerting to

reduce pressure and violence

Fig. 3. Laboratory devices for flammability and explosibility tests: 20-L sphere (A), MIKE 3 (B), hot plate (C) and Godbert-Greenwald furnace (D).



B. Castells et al.

determined in laboratory tests following standardised methods defined
in standard ISO/IEC 80079-20-2:2016 [35]. These parameters are use-
ful to identify the hazards pose by a specific material and the potential
ignition sources in relation to the operating conditions and the equip-
ment in biomass facilities. Therefore, these parameters are used to
choose and design prevention measurements (see Table 3) [43].

The flammability parameters determined in this study were the
following (a comprehensive description of the experimental methods
and apparatuses can be found in [35,44,45]):

e Lower explosion limit (LEL): It is the lowest concentration of dust
dispersed in air that could lead to ignition (also named minimum
explosive concentration, MEC). This parameter was obtained using a
20-L sphere manufactured by Adolf Kuhner AG (Birsfelden,
Switzerland). Fig. 3 shows this apparatus (see image A). The dust
sample was pressurised with air up to 20 bar and injected into the
vessel through a fast-acting valve, a pipe and a dispersion nozzle
(known as the rebound nozzle). Partial vacuum down to 0.4 bar
absolute was created prior to injection, so the vessel was back to
standard atmospheric pressure after the dust dispersion. The sphere
had a water jacket to dissipate the heat from the explosions and
control the initial temperature of the tests. A set of two chemical
igniters (2 kJ in total) triggered the explosion with a delay of 60 ms
between the dispersion onset and the activation of the ignition
source. The pressure was recorded by two piezoelectric pressure
sensors and a control unit, and it was considered that an ignition had
taken place if the overpressure (relative to the initial pressure and
including the influence of the chemical igniters) was >0.5 bar.
Different concentrations were tested in order to find the minimum
dust concentration for which ignition occurred.

Minimum ignition energy (MIE): It is the lowest energy that ignites
the most sensitive mixture of dust/air. The tests were carried out
using a MIKE 3 apparatus (Adolf Kuhner AG, Birsfelden,
Switzerland), which is based on the Hartmann tube [46] (see Fig. 3,
part B). The device consists of a cylindrical glass tube with two
opposing ignition electrodes connected to a high-voltage capacitor.
The sample was placed in a cup at the bottom of the tube so that it
could be dispersed by an air blast from a pressurised air reservoir.
The energy E (in joules) applied was calculated as E = %-C-U?, where
C is the total capacitance of the discharge circuit (in farads) and U the
voltage (in volts). An iterative procedure according to [35] was
applied to determine the optimum dust concentration and turbu-
lence level. The MIE value lies between the highest energy (E;) at
which ignition fails to occur in 10 successive tests and the lowest
energy (E2) at which ignition occurred in at least one of the 10 tests;
MIE was estimated using Eq. (1), where Ig, is the number of con-
centrations with ignition at energy E2 and (NI + I)g2 is the total
number of concentrations tested at energy E; [47].

Minimum ignition temperature of a dust layer (MITy): It is the lowest
temperature of a hot surface at which ignition occurs in a dust layer.
This parameter was measured using a hot plate device that was
heated electrically and its temperature could be controlled and
measured (see Fig. 3, part C). This device was designed and assem-
bled ad hoc (LOM laboratory, Madrid, Spain) following the stand-
ardised characteristics [35]. The sample was prepared by filling a
metallic ring of 100 mm in diameter and 5 mm in height. A ther-
mocouple measured the temperature within the dust layer. The test
was repeated with fresh layers of dust at different plate temperatures,
which were allowed to become steady before testing the dust during
30 min. The MIT, was the lowest temperature of the plate, rounded
down to the nearest multiple of 10 °C, at which the temperature
within the layer exceeded the plate temperature or at which either
glowing or flaming was observed.

Minimum ignition temperature of a dust cloud (MIT¢): It is the
lowest temperature of a hot surface at which ignition occurs in the
most ignitable mixture of dust/air. The MIT¢ was determined by
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using the classical Godbert-Greenwald furnace [48], which consists
of a vertical cylinder that was electrically heated to a fixed temper-
ature. The furnace (Yuyang Industrial Co., Dongguan City, Guang-
Dong, China) is shown in Fig. 3, part D. The dust was dispersed in the
furnace by an air blast. Temperature, air pressure and dust quantity
were varied in order to find the lowest temperature of the furnace at
which ignition could be detected by visual inspection; this temper-
ature minus 20 °C for furnace temperatures above 300 °C or minus
10 °C for <300 °C was the MITc.

Ip o(logEy —logEy )

MIE = 105 omgs €}

2.3. Explosibility

Explosion severity tests were carried following the corresponding
European standards [49,50]. These tests are useful for evaluating the
potential explosion consequences, and consequently to select and design
protection measurements (see Table 3) [43]. The explosibility parame-
ters are the following:

e Maximum explosion pressure (Pp,y): maximum overpressure in a
closed vessel during the explosion of a dust cloud.

Maximum rate of explosion pressure rise (dP/dty,x): maximum slope
of the pressure/time curve registered during a dust explosion in a
closed vessel.

Explosion index or characteristic index of the dust (Ksy): it is calcu-
lated by using the so-called “cubic law” equation (Ks; = (dP/dtmay) -
v/ 3), so it can be defined as the volume-normalised maximum rate
of explosion pressure rise; numerically it is equal to the (dP/dtpax)
value determined in a vessel of 1 m3, though the units are not the
same (bares ! for dP/dtyay, baremes™! for Kg,).

The apparatus used was the 20-L sphere described above. In these
tests the ignition source consisted of two pyrotechnical igniters with 10
kJ in total. Py ,y, dP/dtyax and Ks; values were determined for concen-
trations ranging from 125 to 1500 g/m® in order to find the maximum
values. Gauge pressure in bars (1 bar = 100 kPa) is used throughout this
paper for Pp.y, as stated by the relevant standards [49,50]. Table 3
summarises the apparatuses and standards applied to the determination
of the above parameters.

2.4. Thermal susceptibility

Thermogravimetric analysis (TGA) was carried out using a Mettler
Toledo TGA-DSC T50 apparatus. The tests were carried out with 20 + 1
mg of dust sample, which was placed inside a 70 pL alumina crucible
under an air atmosphere and heated from 30 °C up to 800 °C using three
different heating rates (f = 5, 10 and 20 K/min). From these tests, the
induction temperature (IT), which is the temperature at which the re-
action accelerates, and the maximum weight loss temperature (MWLT),
which is the temperature at which the degradation rate is maximum,
were obtained following the same methodology than in previous works
[51,52].

In addition, a kinetic study was carried out and the apparent acti-
vation energy (E,) was obtained using four different methods: Cum-
ming’s equation [53], Kissinger-Akahira-Sunose (KAS) [54], Friedman
[55] and Flynn-Wall-Ozawa (FWO) [56]. The first method (Cumming’s
equation) was used to carry out a self-ignition risk characterization ac-
cording to the methodology proposed by Garcia-Torrent et al. [57].
However, this method applies first order kinetics, which can induce
errors when assessing kinetic parameters. Because of that, the three
other methods mentioned above —isoconversional methods— were also
applied, as they provide more accurate results than model-fitting
methods [58].

Finally, another TGA test was carried out using an oxygen
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atmosphere and a 5 K/min heating rate, since from this type of test it is
possible to obtain the characteristic temperature (T¢har) required for the
self-ignition risk characterization [57]. When applying an oxygen at-
mosphere, combustion takes place faster and the mass drop is repre-
sented almost as a vertical line. In this case, the MWLT value
corresponds to the characteristic temperature (Tchar)-

3. Results and discussion

Flammability and explosibility parameters are not physical constants
but depend on the techniques used for their measurement and on the
characteristics of the samples. For this reason, standardised measure-
ment methods were applied and also the samples studied here were fully
characterised in order to provide information that could allow for
comparison with other data sets.

Table 4 shows the results for the particle size analysis including

Table 4
Particle size of samples.
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polydispersity (op) and skewness (Skg) values, which were calculated
according to [59,60], respectively. Fig. 4 illustrates the complete density
distributions. As can be seen, the sample of olive stone presented a lower
Djp value and a higher specific surface area (SSA) than the olive pomace
sample. Thus, the olive stone was finer that the olive cake in spite of
having a slightly higher Dsg value (251 pm vs. 224 pm).

Table 5 gives the results for the proximate and ultimate analyses and
the calorific values of the samples. The values obtained clearly indicate
the different quality level of these two biomasses. The olive cake sample
presented a relatively high Cl content that prevents its use in small do-
mestic boilers, since they could develop corrosion problems [10]. Also,
its fixed carbon and volatiles values were inferior and its ash content was
higher, what indicates a lower heating value in comparison to the olive
stone sample. On the contrary, both samples had a rather low S value,
which indicates low SO emissions.

The results for the flammability and explosibility tests carried out in
this study are presented in Table 6. As can be seen, the MITy, results
indicated that both materials could be ignited by a hot surface: at
>310 °C, a layer of 5 mm would ignite in both cases. If the layer were
thicker, the ignition temperature would decrease [32]. However, when

Sample Dio Dso Dgo D3 SEA op Ske in the form of dust clouds, the behaviour of these two materials was
(m) )  (m)  (m) (M%) significantly different: both MIT¢ and MIE values for olive stone were
Olive 28.2 251.1  569.6 60.1 0.0999 2156  —0.064 lower than those for olive cake. In the case of the lower explosion limit
stone (LEL), both biomasses obtained the same value, i.e. the minimum
Ol;vkee 87.0 2235 5199 817 0.0734 2161 -0.243 quantity of dust dispersed in air to form a potentially explosive
A)
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Fig. 4. Particle size distribution (fraction <500 pm) of olive stone (A) and olive cake (B).



B. Castells et al.

Table 5
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Moisture content (wt%, wet basis), proximate (wt%, dry basis) and ultimate (wt%, dry ash-free basis) parameters, and higher and lower heating values (MJ/kg, dry

basis) of samples.

Sample Moisture Volatiles Ash Fixed carbon H N (0] S Cl HHV LHV
Olive stone 11.2 78.7 1.2 20.1 51.04 6.03 0.34 42.54 0.03 0.025 20.2 19.0
Olive cake 10.4 74.3 7.2 18.5 51.29 6.24 1.49 40.72 0.10 0.162 18.9 17.7

Table 6
Flammability and explosibility properties of olive stone and olive cake.

Sample LEL (g/m3) MIE (mJ) MITy, (°C) MIT¢ (°C) Ppax (bar) dP/dtinax (bar/s) Ks; (bar-m/s)
Olive stone 125 67 310 460 7.9 350 95
Olive cake 125 >1000 310 570 7.0 280 76

Table 7
Wood and coal dust samples retrieved from [61] for comparison purposes.
Sample LEL (g/ms) MIE (mJ) MIT;, (°C) MITc (°C) Prax (bar g) dP/dtinax (bar/s) Ks; (bar-m/s)
Wood dust (90% birch +10% spruce, Dsp = 240 pm) 30 60 340 420 7.8 — 87
Coal (lignite, Spain, Dsp = 60 pm) 90 420 240 400 7.8 - 107

atmosphere would be the same in both cases but the energy required to
ignite the dust cloud (MIE) should be much higher for the olive pomace;
this could be partially explained by the fact that standard EN 14034-3
[45] considers specific dust concentrations to be tested (60, 125, 250,
500, 750, etc., in g/m3), so intermediate values of minimum explosive
concentration are not detected. In case of explosion, it would be stronger
and faster for olive stone (higher values of Pp,x and dP/dtpmay). As a
conclusion, both biomasses (particles <500 pm) behaved as a combus-
tible dust that formed explosive atmospheres, and a layer or deposit of
these materials could also lead to a fire event.

The flammability and explosibility results of the olive stone obtained
in the present study (Table 6) are entirely coherent in comparison with
previous data shown in Table 2: the finer the granulometry of the sample
tested, the lower the LEL and MITy, and the higher the Pp,,x and Kg;. In
the case of olive cake, the comparation with the fine sample reported by
[33] showed the same trends explained before, excepting for LEL, MIE
and Kg;, which did not show any significant variation with particle size.

It is remarkable that the behaviour of the olive cake tested in this
work —exhausted destoned olive cake- showed a quite different behav-
iour in comparison to the samples by Pietraccini et al. [31] in Table 2.
However, the material analysed in this study and the samples reported
by Pietraccini et al. were not the same type of residue, as explained
above; this could explain the differences detected. In addition, the re-
sults by Pietraccini et al. [31] involve narrow fractions of the particle
size distribution. Moreover, samples A, B, C and D were dried during 24
h at 110 °C, reducing the moisture content from 6.1% in weight down to
a value between 1.1 and 0.6%. Both moisture and particle size are well
known to greatly influence the flammability and explosibility properties
of dusts [43,52]. Therefore, all these differences hinder a straightfor-
ward comparison between data.

The present sample needed a lower concentration in air to be ignited
(LEL) and exhibited a higher explosion severity (Ppax and Kgy) than the
non-dried samples in [31], even if it had a coarser granulometry and a
higher moisture content, what could be explained by its higher volatiles
content and its much lower ash content: 80.1% vs. 72.8% (dry-ash-free
basis), and 7.2% vs. 15.5% (dry basis), respectively. The contents re-
ported in [31] correspond to the original pellets as received, but some
small differences are expected in the sample fractions prepared by
milling and sieving. Regarding the dried samples in [31] (see Table 2),
they showed lower MIT¢ and LEL values than the olive cake analysed
here, with the exception of coarse sample A, what is logical in view of
their much lower moisture contents. However, it is remarkable that
these dried samples by Pietraccini et al. also gave lower Kg; values, even
the finest samples; again, this discrepancy may originate from the

differences in origin and composition, and the resulting variations in
volatiles and ash contents.

This comparison with data shown in Table 2 highlights the idea that
previous information on databases can only be considered as an
approximation; the material actually handled in the industry being
assessed should be tested to obtain accurate data. Although the mois-
ture, volatiles and ash contents seem to partly explain these discrep-
ancies, it is not fully known the influence of both the methodology
followed to prepare the samples [31] and the techniques used to mea-
sure the particle size distribution, most of which assume that the par-
ticles are spherical, introducing some degree of error when applied to
fibrous particles [29]. Clearly, all these are critical issues that deserve
further research.

Table 7 includes two examples of other common fuels: wood and coal
[61]. It is evident that the differences in particle size, moisture, volatiles,
ashes, etc., prevent from comparing results between studies. However,
these two fuels are included to illustrate that it is essential to manage the
risk of changes in industrial facilities [30]. If a company handling the
coal (or wood pellets) shown in Table 7 planned to use these alternative
olive biomasses, it would be useful to compare the parameters for the
new materials with the properties of the materials which the facility was
designed for. In this sense, it is remarkable the strong differences in MIE:
results for olive stone indicate that this is a sensitive material, with
significantly lower MIE than the coal sample in Table 7, whereas olive
cake would require much more energy than the other materials. In
relation to the minimum ignition temperatures, MIT for olive stone was
higher than that for wood or coal samples, and MIT for olive cake was
significantly higher than the other values, whereas MIT}, for both olive
stone and olive cake were lower than for wood dust but considerably
higher than for coal. About the explosion severity, both olive biomasses
presented values that are comparable to the coal and wood samples in
[61]; it is remarkable that the explosion severity of olive stone is
stronger than that of wood dust in Table 7. Thus, this comparison
highlights the importance of assessing risks when materials handled by
industry are replaced by others; new biomass materials may be more
flammable and explosive than traditional fuels, or may be less, or may be
the same. It is important to note that different values from those shown
in Table 7 for wood and coal can be found in literature, for example in
[33,62,63], so risk assessments always need to be tailored to each spe-
cific case, and no general conclusions should be drawn from this
simplified comparison presented here.

The results obtained from the TGA test are plotted in Fig. 5, together
with the first derivative curve (DTG). Several stages can be differenti-
ated. First of all, up to 110 °C, there was a mass loss due to moisture
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Fig. 5. Thermogravimetric analysis plots.

release. After that, a devolatilization process took place, in which mainly
cellulose and hemicellulose decomposed up to 320 °C [64]. Plots a) and
c) in Fig. 5 show that the TGA curve presented a change of slope around
330 °C, when the cellulose and hemicellulose degradation was almost
completed. After that point and up to 700 °C, mass loss was produced
due to lignin decomposition, which constituted the second devolatili-
zation stage, at a slower rate due to the lignin’s stable polyaromatic
structure. The remaining mass represents ashes and char, which were
greater for olive cake than for olive stone (see values in Table 5). As
previously noticed by other authors, olive cake presented a smaller
content of volatile matter and a higher ash content than olive stone
[65,66]. When performing the tests at higher heating rates, the TGA
curves slightly shifted to the right and the reaction acceleration point
and maximum weight rate took place at higher temperatures [67]. The
results for the three heating rates are summarised in Table 8.

Small differences between the two samples were detected in the TGA
analyses. Considering the average values, olive stone required higher
temperatures than olive cake for both the reaction acceleration (IT) and
the point of maximum weight loss rate (MWLT). This behaviour could be
explained by its composition, as olive cake usually presents a slightly
higher content of holocellulose (the sum of hemicellulose and cellulose)

Table 8
Parameters obtained from the TGA and DTG curves.
Parameter Heating rate Olive stone Olive cake
IT (°C) 5 K/min 240.8 208.6
10 K/min 255.2 230.1
20 K/min 257.7 242.7
MWLT (°C) 5 K/min 276.7 295.6
10 K/min 294.4 296.9
20 K/min 355.1 303.5
ITaverage (°C) - 251.2 227.1
MWLT,yerage (°C) - 308.7 298.7
Tehar (°C) 5 K/min (03) 302.4 398.1

[65,66], which requires a lower devolatilization temperature than
lignin.

The stages of the thermal analysis can also be noticed in the DTG
curves (see plots b) and d) in Fig. 5). In the first devolatilization stage,
DTG curves showed two peaks for olive stone and a peak with a shoulder
for olive cake that are linked with the hemicellulose decomposition
[68]. As pointed out by other authors [67], higher heating rates increase
DTG peaks, as individual devolatilization peaks overlap; this also pro-
duced the disappearance of both the second peak in olive stone and the
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Table 9
Activation energy values (E,) expressed in kJ/mol.
Method Olive stone Olive cake
Cumming’s 68.30 75.60
Friedman 128.58 294.19
KAS 154.73 251.72
FWO 156.56 248.17

shoulder in olive cake.

Results from the TGA analysis with an oxygen flow showed impor-
tant differences between samples. Plots e) and f) in Fig. 5 illustrate that
olive stone showed an almost complete oxidation reaction in a very short
time, while olive cake oxidation was divided into two stages and took a
longer time. This means that some conditions may lead to a fast oxida-
tion of olive stone; indeed, this was already noticed when assessing
explosion severity, since the explosion rate dP/dt;,x was greater for
olive stone than for olive cake. The effect of the oxygen flow on these
TGA tests demonstrated that olive stone presents a greater tendency to
oxidation than olive cake. This explains why olive stone showed a lower
Tehar than olive cake, in spite of having greater MLWT and IT average
values.

Table 9 presents the activation energy values (E,) calculated
following four different methods. As can be seen, activation energy was
found to be significantly lower for olive stone than for olive cake.
Furthermore, the kinetic results obtained can be related to the ignition
sensitivity parameters: the fact that the combustion reaction required
less energy in the case of olive stone agreed with the MIE results, and
even with the MITc values (see Table 6).

The isoconversional methods provided greater values than Cum-
ming’s equation, as the latter supposes a first order kinetic while the
former ones do not make assumptions regarding the reaction mecha-
nism. Besides that, Friedman results slightly differed from KAS and
FWO. This fact has previously been detected by other authors, as
Friedman produces numeral instability by applying conversion rate data
[69]. Nevertheless, all methods presented the same tendency when
comparing both samples: olive stone had a lower E, than olive cake.

Finally, when assessing the self-ignition risk by simultaneously
considering Tchar and E,, olive stone presented a medium risk —but not
far from some types of wood— whereas olive cake had a low risk. As
explained above, olive cake showed a greater activation energy value,
which again means that it will require more energy to initiate com-
bustion reaction, and a higher characteristics temperature, which in-
dicates that the quick combustion phase will occur at a higher
temperature. The self-ignition risk plot is shown in Fig. 6 for both
samples, together with literature data [57,70] in order to properly assess
the results (sewage sludge can vary greatly depending on the sample,
from very high to medium self-ignition risk; sample SEW-3 from [70],
which presents a high risk, has been selected here). The low risk of olive
cake determined in this study agrees with experimental measurements
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Fig. 6. Self-ignition risk assessment of olive stone and olive cake. Other ma-
terials are included for comparison purposes (data retrieved from [57,70]).
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obtained in a large-scale biomass storage [71]. On the other hand, it can
be noticed that olive stone located close to coconut and wood chips,
which are also strong lignocellulosic structures.

Therefore, it is clear that ignition sensitivity, explosion severity and
self-ignition tendency risks were found to be greater for olive stone than
for olive cake. Although olive stone can be considered a better fuel due
to its higher calorific value and its composition (greater fixed carbon
content and much lower ash, N, S and Cl contents), it requires more
severe safety measures than olive cake. The results presented here have
implications for the design and management of industrial facilities.

4. Conclusions

Olive stone and exhausted olive cake have been analysed to assess
their safety behaviour. Dust samples of both materials (< 500 pm) were
generated by milling and sieving and were later tested to determine their
particle size distribution and chemical composition. Flammability and
explosibility properties were measured following standardised methods.
In addition, TGA analysis were carried out to study the thermal sus-
ceptibility of the samples and estimate their self-ignition risk.

The results indicated that both dust samples could form explosive
atmospheres or lead to a dust fire. However, important differences be-
tween materials were detected. When dispersed in a dust/air cloud, olive
stone was more prone both to spark ignition and to hot-surface ignition
than olive cake. In case of explosion, it would be stronger and faster for
olive stone than for olive cake. The self-ignition risk assessment based on
TGA tests with an oxygen flow concluded that olive stone presented a
medium self-ignition risk and, in contrast, olive cake had a low risk.

This study fills gaps in literature and has implications on the speci-
fication of safe conditions for handling and storing these olive-derived
biomasses in industrial facilities.
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