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Abstract
This paper presents an experimental study of argan nut shell (ANS) combustion in a lab-scale
furnace. Biomass composition, properties and microstructures were determined. Combustion
behaviour, fuel burn rate (FBR), pollutants (CO and NOx), modified combustion efficiency
(MCE) and ash analysis were investigated. A comparison with wood pellets (WP) complying
with the ENplus Standard was performed. The impacts of air flow rate and particle sizes on
the combustion characteristics were analysed and discussed using three average ANS particle
lengths: 5-8 mm, 10-18 mm and 25-30 mm. The results show that the smallest length of ANS
particles induced a higher FBR and a regular distribution of the flame shapes compared to the
other sizes and to wood pellets. Furthermore, the combustion temperatures, CO emission and
MCE values were improved with the highest air flow rate used. CO emission was strongly
affected by the operating conditions while NOx was very low for all selected cases. Elemental
ash composition reveals that no ash agglomeration was observed during experiments in terms
of alkali index. Moreover, the obtained ash was in the form of powder instead of

agglomerated particles. This experimental investigation improves the understanding of the

operational characteristics and the combustion effect of ANS biomass.

Keywords: Biomass combustion, argan nut shell, combustion behaviour, fuel burn rate,

pollutant emissions, ash analysis.
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1. Introduction

Nowadays, there is significant interest in biomass feedstock for applications in green
energy as these materials represent an abundant, clean and renewable alternative energy
resource. In fact, biomass is considered as the fourth largest source of energy following
petroleum, coal and natural gas, with a current world demand for energy estimated at 53 EJ
[1]. Most applications of this global energy supply concern an assortment of energy needs,
including generating electricity, heating homes, cooking purposes and some industrial
applications [2]. However, a major part of the rural population in developing countries is
dependent on biomass, mainly as traditional fuel for cooking and heating. Agricultural
residues are the most widely available biomass materials with a high energy potential.
Werther et al. [3] estimated that over three billion tons of agricultural residues are generated
world-wide. In addition, this resource is considered to be less controversial than fossil fuels,
low cost and thus represents an important energy resource for countries with a massive
agricultural production.

The present study concerns the energy recovery of agricultural waste in the Mediterranean
basin. Argan is one of the agricultural resources producing this waste during the argan oil
production process; most of the waste is generated by the argan nut shell (ANS) [4]. The ANS
can be considered as an attractive source of biomass, since it is procurable in abundance and
does not contend with food production. The raw materials of ANS used in this work were
from the region of Sousse-Massa-Draa (southwestern Morocco) in which the development is
based on agricultural activities. The annual production of ANS is estimated at 60 000 tons per
year.

Among thermochemical conversion processes, combustion is a promising technology and
the most common option for biomass conversion [5]. Fixed-bed combustion is considered a

suitable and routine technique to optimize and transform agricultural residues into thermal
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energy [6]. Studies on the combustion characteristics of fixed beds of biomass have been
reported by many papers. Khlifi et al. [7] studied the combustion of briquettes prepared from
olive mill solid wastes in the same reactor as the one used herein. They reported the influence
of the binder added to the prepared briquettes on combustion efficiency and pollutant
emissions. Khor et al. [8] and Cepic et al. [9] investigated the combustion characteristics of
straw in a fixed-bed reactor. Roy et al. [10] reported the combustion and emission results
obtained during the burning of four biomass pellets in a prototype pellet furnace. Elmay et al.
[11] studied the energy recovery of date palm residues from Tunisia, in a domestic pellet
boiler. The combustion parameters such as air flow and fuel particle size have been
investigated in the literature. Ryu et al. [12] experimentally investigated the effect of particle
size and air flow on the combustion characteristics of four biomass samples by determining
equivalence ratio, combustion temperature, ignition and burning rate. Rahib et al. [13] briefly
presented the combustion and emission characteristics of raw argan nut shell (ANS) in a
fixed-bed reactor. The focus was placed on the relationship between the nourishing tissue of
the argan almond and SO emissions. Onabanjo et al. [14] studied the combustion
performance of human faeces by determining the combustion temperature, the fuel burn rate
and the combustion efficiency. They varied air flows, biomass sizes, bed heights, and fuel
ignition mode parameters in order to determine the optimum conditions for converting the
faecal biomass into energy. Meng et al. [15] examined the effect of varying corn straw lengths
and primary air flow on the combustion characteristics. They suggested that these two
parameters directly affect the burning rate, the bed temperature, the combustion emissions and
the boiler efficiency. The focus of our experimental research was to identify the conditions
that can lead to improved combustion of ANS in biomass combustion installations with ~50

MW output.
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To comprehend the combustion process of ANS, the present paper investigates the
influence of particle lengths and air flows on combustion quality in a laboratory furnace. To
the best of our knowledge, no studies have been reported to date in the literature on the
combustion performance of ANS in a laboratory combustor. The first part of this work is a
parametric study to analyse the effect of different air flows. Measurements were carried out
on raw ANS and three different particle lengths chosen to analyse the size effect on
combustion. A comparison with wood pellets was performed. Results include flame structures
and stabilities for all the selected samples as well as ash analysis at different running
conditions. In view of the absence of ANS combustion studies, this work would be of great

interest to biomass combustion studies.

2. Materials and methods

This study uses the ANS as raw biomass for combustion. Physicochemical characterization
was checked through ultimate and proximate analyses as well as the energy content
measurement. Ultimate analysis was carried out, using a FLASH 2000 CHNS/O analyser
(Thermo Scientific), to determine carbon (C), hydrogen (H), oxygen (O), nitrogen (N) and
sulphur (S) weight fractions. Proximate analysis was done using a Shimadzu analyser DTG-
60 according to the ASTM standard procedures. A more detailed description of the
experimental protocol can be found in our previous work [16]. A calorimetric bomb (Parr
2100) was used to measure the high heating value (HHV). The low heating value (LHV) was
calculated based on water and ash free contents. The energy density was obtained by
multiplying bulk density by the LHV. The empirical formula was computed based on C, H
and O content (masse fractions from ultimate analysis). By taking Carbone as reference, the
empirical formula of ANS is calculated as CH1.4600.62 (where 1.46 and 0.62 represent H/C and
O/C molar ratios). The basic chemical reaction of ANS stoichiometric combustion can be

written as:
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CH1.4600.62+ 1.05 (O2+ 3.76 N2) = CO2 + 0.73 H20 + 3.97 N2 + Q (heat) (1)

This equation was used to determine the theoretical air-fuel ratio.

A scanning electron microscope (SEM) was used to determine the physical nature of raw
ANS and ash at different magnifications. The equipment used was a JEOL JSM-IT100 SEM
model, connected to a dispersive energy X-ray spectroscopy (EDS) unit which was used to
access elemental composition in a semi-quantitative way. To set up this experiment, the tested
material was stuck on a thin layer of carbon.

Combustion of the ANS took place in a batch fixed-bed reactor. This device was
developed at ICARE-CNRS to investigate the thermochemical conversion process of
agricultural biomasses. Fig. 1 shows a schematic diagram of the experimental setup which
consists of: (1) an air fan adjusted by a frequency regulator (0-50 Hz), (2) a combustion
chamber composed of: a bottom ash recovery, a fixed grate, a rotating leveller, then a
confinement where the flame arises, (3) a cyclone connected by a flue pipe from the

combustion chamber outlet, (4) a flue gas scrubber.
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118 Fig. 1. Experimental combustion setup.
119 The main components and measuring devices of the experimental rig are also illustrated.

120 The combustion chamber is divided into two compartments. It can be equipped with ten K-
121 type thermocouples inserted into the chamber centre to monitor the variation in flame and
122 maximum temperatures. Table 1 summarizes specific positions of the used thermocouples

123 (TC1-TC6). The temperature profiles were recorded every second by a Graphtec data logger.

124 Table 1 Positions of the thermocouples along the combustion chamber.
Number Distance from the grate (mm)
TC1 55
TC2 195
TC3 335
TC4 455
TC5 595
TC6 735
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In the experiments, the composition and temperatures of the combustion gases were
measured in-situ at the combustion chamber outlet. Before analysing the flue gas, the
apparatus was calibrated. All emission profiles were recorded in the steady state zone. The
gas analyser used (Kimo KIGAZ 500) incorporates infrared and electrochemical measurement
techniques. The maximum response time of this instrument is less than 50 s. Therefore, a
sampling duration of 1 min was used to obtain stable values. At the beginning of each
experimental test, 1 kg of ANS is placed on the grate. Then, the leveller is switched on to
establish homogeneous distribution of the biomass bed. Afterwards, ignition of the biomass is
started on the entire surface of the bed using a gas blow torch and a small amount of liquid
fuel to promote the onset of combustion. A long-distributed flame throughout the upper
surface of the bed indicates a successful ignition and combustion test (see Fig. 2). The air
enters from the boiler bottom through the bed into the combustion chamber. The experimental
protocol followed is relevant for fixed grate and domestic boilers since (a) this configuration
can present the same contact between biomass particles in the bed, (b) the biomass
successively undergoes drying, devolatilization and char combustion and (c) geometric and
operational configurations relating to the aspect ratios of biomass particles, dimensions of the
bed and the flow paths of combustion gases are the same. Thus, some of the investigations

made herein could be quantitatively applicable to industrial combustion systems.
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Fig. 2. Experimental procedure of the combustion tests.

The flows used in this study were 36, 72, 108, 144 and 180 m3.h! corresponding to 528,
1057, 1585, 2113 and 2642 kg.m2.h'!, respectively (in mass flow). At the end of each
combustion test, the remaining ashes (bottom and fly ash) were collected and weighed. The
optimum operating conditions for the ANS combustion were determined by varying air flow
and particle lengths. The key performance of the process was assessed quantitatively by
determining: the modified combustion efficiency (MCE), the fuel burning rate (FBR), the
combustion temperatures, the average concentration of the combustion gases and the flame
structures.

The MCE under different operating conditions was calculated based on CO and CO:

emissions as described in equation (2):

MCE (%) = CO2 (%) / [CO2 (%) + CO (%)] 2)

The FBR (g s') as expressed in equation (3) signifies the time required for complete
combustion of the biomass fuel consumed, at the end of each individual experiment, in

mixture with air. It indicates the rate of energy released into the system.
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FBR (gs') =m¢(g) / t(s) 3)

The FBR can be used to evaluate the biomass bed velocity (BBV) which was calculated by
equation (4). Generally, the BBV increases with increase of FBR.

BBV (mm.s!) = FBR (kg.s™) / [Bulk density (kg.m™) * grate area (m?)] (4)

The end of each combustion experiment was selected to be the time moment when the

temperature recorded from TC1 or TC2 decreased below 250 °C. At each air supply and fuel

particle length, the performance criteria were tested in the steady state zone (flaming mode)

when there was almost no change in flame temperature.

In order to shed light on the evolution of the combustion gas concentrations and

temperature, we studied the impact of excess air on the combustion of ANS. The excess air is

determined indirectly by measuring the concentration of unreacted oxygen in the flue gaz. A

better approximation of the excess air can be computed using equation 5 [17].

0,
0,— A)CO/Z
20.9-(0,-7¢0/,)

% Excess Air = * 100 (5)

The concentrations of Oz and CO are obtained from sampling the gas at the combustion

chamber outlet. The air factor (A) and the equivalence ratio (¢) are deduced by:

+ 1; equivalence ratio (ER) = ¢ = % (6)

% Excess Air
100

A=

3. Results and discussion

3.1. Biomass characterization

Energy content, ultimate and proximate analyses of the raw sample are summarized in
Table 2. The relatively high moisture content of ANS (9.5%) is in the range of some biomass
sources used in thermal conversions [18]. However, the low ash content will positively impact
the combustion efficiency and eliminate slag formation in the boiler. The high content of
volatiles (61%) is an attractive characteristic that can improve the ignition process during

combustion. The carbon and hydrogen contents were found to be 51.3 and 6.32%
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respectively. ANS is also listed to have an impressively high heating value (HHV = 18.3
MJ .kg!) despite the significant oxygen content. A critical property of biomass materials is
bulk and energetic density, which are linked to storage and transport costs [19]. The values
found for these two properties were 596 Kg.m™ and 10.13 GJ.m> (for bulk and energetic
density, respectively). This indicates that ANS can be an excellent candidate for
thermochemical conversion [16,19,20]. Moreover, the hardness of ANS makes their storage
and transport easier and ensures their long durability. The low values of N and S are a good
indicator concerning the release of NOx and SOx pollutants to the atmosphere [16]. The
theoretical air volume per kg fuel, calculated based on the ultimate analysis of the fuel, was
found to be 4.75 Nm3kg!. It refers to the amount of air necessary to complete combustion.
The stoichiometric air fuel ratio (AFR) was also calculated (6.23 kg-air/kg-fuel) to identify
the amount of air and fuel required for complete combustion.

Table 2 ANS biomass properties.

Ultimate analysis * (%)

Photograph of the raw

. C H (0] N S
ANS particles 51.33 6.32 42.345 0.005 n.d.
Proximate analysis ° (%) and bulk density (BD)
M VM FC ash BD
9.5 61 28 1.5 596
Energy content ® and stoichiometric calculation
i t Stoichiometric
LHV ED E?(;lrl;lzﬂlzn air (Nm3 kg!) AFR
17 10.13 CH, 4600.62 4.75 6.22

n.d.: not detected, M: moisture, VM: volatile matter, FC: fixed carbon, BD: bulk density (Kg.m™), LHV: low heating value (MJ.kg"), ED:
Energetic density (GJ.m™), AFR: air fuel ratio (kg-air / kg-fuel).
* dry ash free basis, b as received basis

The photo in Fig. 3 shows the morphological characteristics of the raw sample. It was not
subjected to any handling apart from natural dehydration in atmospheric air to eliminate
external moisture. It can be seen that the ANS presents a polygonal organization composed of
smooth and homogeneous zones indicated by the letters (x) and some roughness on its
external surface (y). Damage to the external area of the material at the end of some particles

(z) was observed, perhaps because of the fruit kernel crushing process. The SEM-EDS results

10
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show that ANS is mainly composed of carbon (C) and oxygen (O). Minor amount of Al and

Si were detected in the cracked zone (zone 001). Fig.3 includes the EDS analysis results.

(0] C Al Si
001 40.48 56.26 1.50 1.76
002 19.13 80.87
003 33.98 66.02
Average 31.20 67.72 1.50 1.76
Deviation 1094 12.39 0.00 0.00

Fig. 3. Scanning electron microscope image and additional elemental analysis of the outer
surface of ANS.

Fig. 4 shows the microstructure of the ash content of raw ANS. This material was obtained
by the LOI (loss on ignition) method, i.e. raw ANS was combusted at 850 °C during three
hours in a muffle oven according to the EN NF M03-003 procedure to eliminate all carbon
content [21]. The morphology of the ash reveals the existence of small agglomerates (not
significant) and the amorphous shape of particles (partially molten particles: spot 003). As we
can see from elemental analysis, the ash contains mainly oxygen. The amount of carbon was
very low and a significant amount of potassium K was identified (spot 1 and 2). Other major

elements, in decreasing order, such as Mg, Na, P, Ca, S, Al and Si were detected.

11
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EDS 001 002 003 Av  S.Dv.

P 3.2 05 112 49 559
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Fig. 4. SEM-EDS analysis of ANS ash obtained by LOI method.

| Av: average, S. Dv.: standard deviation

3.2. Visual observation of the combustion

A general trend of combustion behaviour in fixed beds was observed. Fig. 5 shows the
flame images from the videos of ANS as a function of three air flows and the particle sizes.
This flame represents the combustion of pyrolysis gas during the whole process [22]. The
wood pellets (WP) were also included for the purpose of comparison. The higher air flow
supply (180 m>.h'!") affected combustion stability, slowed down the combustion process and
extinguished the flame (cases LP (large particle) and SP (small particle)). In the RP (raw
particle) case, it was noticed that a higher air flow did not extinguish the flame but limited its
progress along the combustion chamber. This can be attributed to the presence of broken
particles in the raw ANS, which need more oxygen to complete the burning process (see
further explanations in section 3.4). In the BP (broken particle) and WP cases, the high air
supply did not perturb the flame; the combustion seemed homogeneous, and the flame was
very stable. With a lower air flow supply (72 m>.h™"), the flame images in RP, LP, SP, BP and
WP showed intense luminosity, which indicates the existence of some soot because of the rich
regime of biomass. The luminosity decreased with increasing air flow, since oxygen addition

improved the combustion process (fuel lean conditions).

12
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Fig. 5. Images of visible flames from the combustion recording of ANS at different operating
conditions and particle sizes. WP are added for comparison.

From a structure and stability point of view, flames in the case of BP under the studied air
supply were characterized by a regular shape and a relatively smooth and continuous flame
front. This can be explained by the existence of a pre-mixed zone in which the volatile gases
released by the broken particles mixed well with the surrounding air. This behaviour is similar
to premixed gas combustion as in [23] where the combustion reactions are mainly affected by
chemical kinetics. The LP and SP probably take a lot of time to devolatilize [12,24], which
contributes to delaying ignition and to a more irregular flame shape. The flame becomes

increasingly stable when particle sizes decrease.
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3.3. Effect of air flow

The combustion tests of raw ANS samples in varying air flow conditions were performed
to analyse the effect of this crucial parameter in achieving the highest combustion
performances. Fig. 6a-c reveals a typical flame temperature profile (a), combustion behaviour
(b) and combustion gas concentration (c) inside the reactor with a 36 m>.h’! air supply (528
kg.m2h!). The process can be divided into four stages as illustrated in Fig. 6a: (1) start-up
(2) steady-state (3) combustion of residual char and (4) switch off. Similar behaviour was
identified in the other air supply cases with some oscillation observed in the steady state zone.
Fig. 6b illustrates visual observations of the four stages of the combustion process. The steady
state zone was found to be characterized by homogenous (flame mode: blackening of bed
particles) and heterogeneous (flame was observed during char ignition) combustion
behaviour. The combustion of the char heats the bed without significant heat exchange to the
bordering flame. The first chute (stage 3) indicates the beginning of flame extinction. Once
the volatile flame extinguishes, the ANS bed starts to lose heat, whence the second slopes
(stage 4). Fig. 6¢c shows the gas emission profiles as a function of combustion time. The Oz
concentration decreased swiftly as the combustion process proceeded. This was followed by
an increase in CO2, CO, CH4 and NOx (NO + NO3). The CO> content is predominant because
of the higher carbon content in ANS. When the biomass flame began to drop (Switch off: char
mode), the O, concentration began to rise, while CO, CO,, CH4, NOx and SO declined
regularly, indicating the end of combustion stage. Generally, the combustion process of ANS
was shown to be dominated by the flaming mode. The combustion of the remaining char, after
the extinction of the flame, was not a major event [20]. This behaviour was similar to that

reported in [25].

14
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272 Fig. 6. Typical combustion results: (a) flame temperature (b) visual observation and (c)
273 corresponding combustion gas concentrations (case of 36 m>.h™! air supply).
274 Fig. 7a-c illustrates the significant impact of air flow on the combustion process of raw

275  ANS. Calculated equivalence ratios (ER) in the flame zone, (equations 5 and 6), are shown in

276  Fig. 7a.
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The bold arrow (dotted line) indicates the theoretical stoichiometric combustion regime. The
instantaneous ER measured at different air flow rates (except for 36 m*.h!) is located in the
"sub-stoichiometric" fuel lean zone (ER < 1 at the interval of 300 and 700s) of the transient
combustion period. With an air flow supply of 36 m>h’!, the rich regime appears (ER >1) in
the combustion period between 370 and 550s. In this zone, all the oxygen was consumed
(temporary oxygen deficiencies: Oz < 0.1%) and high emissions of CO and CH4 were
observed (see Fig. 6¢). Moreover, the intermittent flame zone (ER < 0.45) characterizes the
rapid extinguishes of the flame due to convective cooling (when the air flows are not
favourable: Fig. 5, air flow rate of 108 m*.h™!). The results in Fig. 7b reveal that the maximum
flame temperature (registered by TC1 or TC2) increased progressively with increasing of the
air flow until a value of 886 °C corresponding to an air flow of 108 m>.h’!. Beyond this flow
rate, the flame temperature decreased with the increase of the air flow. The exhaust gas
temperature had the same behaviour, with a maximum value of 767 °C corresponding to the
same air flow. Similar behaviour was also observed in the case of FBR, which presented
maximum values of 1.39 and 1.43 g s’! for an air flow of 108 and 144 m>.h’!, respectively.
The FBR decreased gradually with further increase in the air supply (case of 180 m>.h™!). Fig.
7c reveals that the modified combustion efficiency ranged from 88 to 97% as a function of the
studied range of the air flow (36 to 180 m3.h'). It is shown that MCE increased then
decreased with the air flow, with a maximum value (97%) observed at 108 m3.h"'. The BBV
presented the same behaviour as FBR with maximum values at 108 and 144 m?h’
corresponding to the same air flows. As noted by Khor et al. [8], the combustion temperature
and burning rate of straw increased significantly with an increased in air flow velocity until a
critical point. Thereafter, they decreased with a further increase in primary air flow due to
convective cooling, because the impact of increased convection was stronger than the effect

of increased temperature at high flow rate. Onabanjo et al. [14] observed that the combustion
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302  reaction of human faeces rapidly turned off when the air flow exceeded a critical value. They
303  suggested that the excess air flow (unfavourable, i.e. convection by cooling) limits the flame
304  propagation, reduces the combustion temperature and affects the combustion stability.
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308 Fig. 7. Influence of the air flow on: (a) equivalence ratio (b) combustion temperature
309 and FBR, (¢c) BBV and MCE.
310 Fig. 8 shows the mean pollutant concentration calculated, converted and corrected at 10%

311 Oy using the following formula, respectively [17] [26] :

T

1
Crnean(Ppmv) = - f [Concentration]gy,(7) dt
0

gram molecular weight

)

-3\ —
Cmean(mg'Nm ) - Cmean(ppmv) ¥ molar volume

20.9 — X%0,
20.9 — [%0,] 5xp

[Concentration]corrected at x% 0, = [Concentration] gy, *

312 where Cmean is the mean pollutant concentration; t is the time of biomass combustion (s);
313  molar volume at STP (0 °C and 1 atm.) = 22.414 1; X%0O, is the reference oxygen content in

314 % volume and Exp is the measured concentration.

315 In this Figure, the effect of varying air flow on the combustion process is demonstrated.
316  The CO concentration in the gas was very high (1.5 10* mg.Nm™) with an air flow of 36 m>h-
317 ! because of the rich regime of biomass. It decreased progressively on increasing the air flow
318 until a value of 3973 mg.Nm™ corresponding to 108 m> h’!. Afterwards, the CO concentration

319  increased gradually at high air excess (144 and 180 m®h'') due to a high amount of unburnt
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333

334

335

biomass, resulting in the increase in C char emissions (short residence time of ANS in the
combustion zone). The NOy emissions (calculated based on the measured concentrations of
NO and NO,) were relatively weak (below 140 mg.Nm~ referred to 10% O in the fume (Fig.
8)). This was an expected positive result given the very low nitrogen content (0.005% on dry
ash free basis). Emissions of CHs decreased from 688 mg.Nm™ at 36 m>.h"! to 3 mg.Nm™ at

180 m>h!. With a 108 m*.h! air supply, the CH4 value was found to be very low (44 mg. Nm’

3).

520 —=—coT12%
X - % CH,| - ~
= u -®- NO “

15 — X S
% -1 150 %
L o 1 =
g 10 S
g . =1 100
E r B = £
> ® . el . =
— 5 — L ’ £
.xﬁ' . — vb!
=t 50 o
o * z
 0F T Koo L * 7
o
@) 1 | 1 ] 1 ] 1 0

0 S0 100 150 200

Air flow rate (m> h!)
Fig. 8. Mean emission concentration during combustion corrected at 10% Ox.
It is concluded in this first part that the optimal air supply for the fixed-bed combustion of
1 kg of raw ANS was around 108 m>.h™!, which provided the highest flame and exhaust gas
temperatures (886 and 698 °C, respectively), the highest FBR and BBV (1.39 g s and 1.35
mm? s, respectively), the highest MCE (97 %) and lower concentrations of pollutant

(especially CO). In this case, the ash mass was the lowest (<1%) among the other air flows

applied, indicating that practically all the biomass was burned.
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3.4. Effect of particle size

The ANS biomass was classified into three different ranges of lengths: large (2.5-3 cm),
small (1-1.5 cm) and broken (< 8 mm). Table 3 displays photographs and the calculated bulk

densities (BD) of each classified sample.

Table 3 Classification of the three sizes from the raw ANS samples. Wood pellets are added
for comparison purposes.

Samples Large particles (LP) Small particles (SP)  Broken particles (BP) Wood pellets (WP)

photograph
Length 2.5-3cm 1-1.8cm < 8 mm 3.15-4cm
BD" 556 592 642 650
Bed porosity 0.48 0.44 0.39 0.47

“ BD: bulk density (kg.m™). Measurement was done in quadruplicate, and the mean value is reported.

Fig. 9a-f presents the effect of varying ANS length on combustion temperatures, FBR,
MCE, and CO and NOx emissions (corrected at 10% O.). For each case, the performances
were assessed at three constant air flows of 72, 108 and 180 m>h’!, corresponding to weak,
appropriate and excess air conditions, respectively (based on the results of raw ANS
combustion). This can offer the possibility to investigate the effect of air flows and particle
sizes at the same time. The results of raw ANS particles (RP) are included and a comparison
with wood pellets is also reported. Fig. 9a and b show the influence of varying biomass length
on the combustion temperature. For a low air supply (72 m>h!), the small particles (SP)
generated the maximum flame temperature while the broken particles (BP) gave the minimum
flame temperature. The results show that flame temperature increased from 834 to 900 °C

when the broken particles (BP) were replaced by SP. The two other cases (LP and raw
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particles) fell between the BP and SP. For the appropriate air supply (108 m>.h™!), the BP and
SP induced the same flame temperature, (910 °C), whereas the LP induced the minimum
flame temperature (858 °C) due to the short residence time in the combustion zone. Under
high excess air (180 m*.h™!), the difference in flame temperature was very high for the three
ANS sizes. For example, the flame temperature was 525 °C for LP and 952 °C for BP. Results
concerning the exhaust gas temperature (see Fig. 9b) exhibited the same evolution as that of
flame temperature. The exhaust gas temperatures of BP and WP were very close. Fig. 9c
shows that the FBR evolution with the air flow was similar for LP and SP. Depending on the
air supply, BP had the highest fuel burn rate compared to the other particle sizes and WP. The
LP and raw particle (RP) cases yielded the lowest FBR. In the case of the lower air flow, FBR
was 1.13, 1.15, 1.29, 1.45 and 1.40 g s! for RP, LP, SP, BP and WP respectively. These
values increased under moderate air flow (108 m>.h™!) to reach 1.39, 1.37, 1.49, 1.77 and 1.60
g s’ for RP, LP, SP, BP and WP, respectively. Under a high air supply, the FBR decreased for
RP, LP and SP (1.35, 1.29 and 1.48 g/s, respectively) but continued to increase for BP and
WP (1.93 and 1.80 g s!, respectively). Fig. 9d presents the particle length effect on the
combustion efficiency. The MCE results of the different cases of ANS particle sizes are
completely different to the FBR results. The MCE value in the case of a 72 m*.h™! air supply
was 94, 93, 80 and 84% for RP + LP, SP, BP and WP respectively. These values were found
to rise for all samples in the moderate air flow (108 m3.h) to reach 97, 96, 98, 81 and 91%
for RP, LP, SP, BP and WP, respectively. For the highest air supply (180 m*h™!), MCE
declined for RP, LP and SP (93, 90 and 93%, respectively) but increased for the BP and WP
(90 and 97%, respectively). In the literature, some authors have studied the effect of biomass
size on combustion. El-Sayed et al. [24], found that the larger the size of the fuel particles, the
greater the probable residence time of the volatile gases within these particles. Ryu et al. [12]

proved that large particles (thermally thick) have a slow devolatilization rate and more
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404

distributed heat transfer to the nearby particles. They noted that temperature gradients in the
biomass bed during combustion decrease with increasing particle sizes. This led them to
conclude that heat penetration to the cold particles below the hot ones is more extreme for
smaller particles. Luo et al. [27] demonstrated that the biomass fuel burn rate and maximum
combustion temperature increased with the decrease in particle size. The large particles
present a greater resistance to heat transfer, and therefore their internal temperature was
lower. In the present investigation, the optimal air supply for burning LP and SP was found to
be similar to that needed for raw ANS particles (108 m>.h™!). Flame durations of 1kg ANS
combustion were 681, 579 and 726s for 72, 108 and 180 m>.h™!, respectively in case of the LP.
In the case of SP, the flame durations were 549, 558 and 628 for 72, 108 and 180 m>.h!,
respectively. These results agree with those of El-Sayed et al. [24]. RP, LP and SP showed the
same behaviour for the three air flows used. They increased their performance when the air
flow was changed from low (72 m>.h!) to moderate (108 m>.h™") conditions, but decreased
regularly in higher air excess (180 m>.h'). For the RP, LP and SP, 180 m>.h"! is an excessive
air flow during combustion, since it contributes to convective cooling of the biomass bed,
slows down the process and extinguishes the flame (see Fig. 3). Contrariwise, the
performance of BP and WP revealed an increasing trend when the air flow was increased. The
FBR and the maximum combustion temperature of BP were the highest for the high air flows
(108 and 180 m>.h™') compared to the other sizes. This can be explained by the fact that when
raw particles (RP) of ANS were broken, their contact area with air was greater, which leads to
higher combustion reaction rates and greater air flow supply needs. The MCE value obtained
for air flow rates of 72 and 108 m>.h! was low (the case of BP), indicative of a poor mixing
process (high CO emissions) as indicated in Fig. 9e. However, an air flow of 180 m’h’
revealed a lower CO emission and a tolerable MCE value. Hence, it could be concluded that

broken particles can be burned better than large particles and reach better combustion
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405  performances if the required compromise of mixing air and biomass is achieved. The yields of
406  NOx emissions were found to be below 140 mg.Nm™ for all the experimented conditions (see
407  Fig. 9f). This was expected since fuel-N, considered as the major source of NOx [28], was
408  very low.
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Fig. 9. Effect of particle size on combustion temperature (a and b), FBR (c), MCE (d), CO
and NOx emission (e and f, respectively).

3.5. Ash characterization

The ash of fixed beds of ANS is defined as the amount of solid residue that remains at the
end of the combustion test. It is considered as a complex inorganic-organic mixture with a
heterogeneous and variable composition [29]. Knowledge of the physicochemical properties
of biomass ash is useful information in predicting the tendency to form deposits in boiler
components. In this study, the ANS and WP ash produced during laboratory scale combustion
included bottom and fly ash as shown in Fig. 10. In all the experiments, bottom ash
represented the major part of total ash. Coarse particles of unburned char end up as bottom
ash while finer ones flow out with gases in the form of fly ash. The colour of bottom ash
ranged from light grey and brown to black. At first glance, one can see that the ash particles
of raw ANS can be classified into three parts: unburned char marked by yellow diamonds
(darker coloured biomass ash), incomplete char combustion marked by the red dotted circle,
and totally combusted particles corresponding to the clearest particles (inorganic matter,
particularly alkali and alkaline earth metals) marked by red circles in the corresponding
figures. A high amount of unburned char was identified in the case of a low air supply (36
m>.h!), indicating poor combustion efficiency. On the other hand, it can be seen that the
residual bottom ash of WP was composed of solid parts (unburned biomass) which have the
same colour as the raw sample (yellow square). The completely burned parts of WP are
marked by a blue cross. The high unburned WP can be explained by the high biomass regime
with an air supply of 72 m®h!. No clear sign of sintering and agglomeration was observed
from the ANS ash displayed in Fig. 10a. Fly ash collected from the cyclone container was

characterized by a black colour, i.e. a high-unburnt carbon content. Fig. 10b shows the
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percentage mass (= *100) of bottom and fly ash of ANS during

initial mass of biomass bed
combustion tests. It is observed that the bottom ash is generally low (<2%) except for raw,
large and small particles under excess air conditions (C). This can be explained from the
above results, which reveal that these kinds of particles have shown unstable combustion
behaviour with limitations in flame mode. Therefore, the bottom ash is mainly generated by
the quantity of unburnt particles as shown in the photos included in Fig.10b. The amounts of
fly ash show an increasing trend with increasing air flow rate. The maximum fly ash content
is observed for the broken particles at 180 m>.h"!. These particles with high air flow rate show
stable combustion and well distributed flame throughout the bed. After the flame was
extinguished, the oxidation of the char part, consisting of small particles, was very short,
which favoured the transport of ash particles by the fumes. For a low air flow rate (A), fly ash

1s not detected.
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Fig. 10. Photographs of the ANS and WP combustion ashes in the grate (a) and the
distribution of ash percentage mass during combustion tests (b).

SEM/EDS was used to analyse the residual ash of the studied samples by combining a
visual image with elemental analysis. Fig. 11a-c illustrates the morphology of bottom ash
from raw ANS and wood pellet samples at different operating conditions. Figures X, Y and Z
show the zones marked in Fig. 11c at higher magnifications. The ash of BP of ANS was found
to be mainly composed of unshaped particles and fine materials (Fig. 11a). These abundant
unshaped particles showed a porous microstructure (Fig. 11b). Wood pellet ash showed mixed
morphologies with particles of different shapes and sizes. In the X, Y and Z areas, the
dominant number of unshaped materials in WP can be clearly seen (Fig. 11c¢). Fig. 11a-c also
shows the selected areas indicated by crosses and rectangles (from 001 to 010) where the semi
quantitative elemental analysis (atom %) was performed. The results of the ash analysis are
summarized in Table 4. The morphology of ANS ash obtained during fixed-bed combustion
was different from that obtained by LOI (see Fig. 4). No visible aggregation or crystal
particles were observed. The porous structure (spots 1 and 4) was mainly composed of carbon
(76 %), oxygen (18%) and potassium (5%). Other elements were found in minor amounts
(Na, Mg and Ca). The Cl and Al percentage in the bottom ash samples was negligible. WP

ash (see Fig. 11c) also contained significant quantities of carbon and oxygen. Ca, K, P and
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Mg were detected as major elements (>1%), and Na, Si and Al as minor elements (<1%). S
and Cl elements were not detected. The alkaline index (Al) is the amount of alkaline oxide in
the biomass per unit of energy (kg alkaline per GJ). It was used in this study as an indicator of
fouling and slag formation. The existence of such problems is likely for an Al greater than
0.17 kg.GJ I'and certain for a value greater than 0.34 kg.GJ -1[8,12,30]. Fixed-bed combustion
of ANS gave an alkaline index of 0.17 kg.GJ! and did not contribute to agglomeration. For
WP a low Al value was obtained (0.05 kg.GJ™"). In other terms, proximate analysis of ANS
reveals a very low ash content (<1.5 %). During combustion, the obtained smaller particle
size of ash (with no agglomeration) can be justified by the low temperature operation of the
boiler (<1000°C). Additionally, the obtained low values of Na and Cl (minor elements:
generally, <1%) in ANS ash are a good indicator for limiting the tendency of producing
agglomerates. This can be justified with the fact that higher percentages of chloride (NaCl)

contribute in a low ash-melting temperature, as reported in [31].

Fig. 11d-f shows the morphology of ANS and WP fly ash. Local chemical composition
(spot I-X1I) was carried out by EDS and the results are also summarized in Table 4. The ANS
fly ash examined (Fig. 11d and e) mainly contained particles of various shapes and sizes. In
general, prismatic, polyhedral, spherical and fibrous particles were observed. Coarse particles
(spots II and III) with high specific surfaces represented typical organic materials. On the
contrary, the fine particles were roughly spherical (dotted red circles) and mainly contained O,
K, Si and Ca, while the amount of unburned carbon was minimal. Elemental concentrations of
P, Na, Mg, Al and S were considerably lower than those of other elements. WP Fly ash (see
Fig. 11f) mostly contained coarse and other fibrous particles resembling the original structure
of wood fibre. The dark and fibrous particles were mainly formed of carbon and oxygen and
came mainly from the unburnt char. In addition, the clearest and brightest particles were

composed of inorganic materials, in particular alkali (K) and alkaline earth (Ca), as well as S
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and Cl (as minor elements: 0.1-1%). The large amount of unburnt carbon in ANS and WP fly
ash is mainly due to incomplete combustion of the char part. After flame extinction, the
primary air cools the combustion chamber and transports the fine particles of char to the
cyclone. Finally, under the moderate air flow (108 m>.h'!), the bottom and fly ash content of
ANS were negligible (<0.5 and <0.05%, respectively), i.e. losses due to unburnt carbon can

be neglected.
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Table 4 EDS analysis (atom %) of ANS and WP ash.

EDS P K (0] C Na Mg Al Si S Ca Cl
Bottom ash
Spot 1 - 453 195 739 084 - - - - 1.2 -
Spot 2 036 156 504 158 152 0.31 0.21 - - 1.9 0.3
Spot 3 06 119 183 67.6 0.9 - - - - - 0.64
Spot 4 - 5.05 157 78 0.8 - - - - - -
Spot 5 - 4.3 283 674 - - - - - - -
Spot 6 0.8 2.4 27.4 51 - 2.7 - - - 15.8 -
Spot 7 1.8 247 398 17.6 0.4 2.4 0.4 0.6 - 12.5 -
Spot 8 06 106 223 589 - 1 - - - 6.61 -
Spot 9 - 11.6 - 88.4 - - - - - - -
Spot 10 9.5 3.9 343 102 - 54 0.6 0.9 - 35.2 -
Fly ash
Spot I 0.74 2354 16.60 30.18 186 097 3.44 - 1.28 3.04 18.36
Spot IT 0.49 898 17.86 61.23 1.58 - - - 2.67 239 479
Spot I 0.50 18.28 41.71 16.20 11.87 - 0.33 - 1.03 6.09 4.01
Spot IV 0.76 10.67 4429 1256 2.65 - - 17.84 0.51 10.09 0.64
Spot V 759 639 3449 21.68 130 211 1.65 522 0.78 16,51 2.28
Spot VI 0.49 36.80 23.02 4.18 046 - 10.61 14.28 1.22 - 4.35
Spot VII 0.78 36.21 13.54 19.63 1.00 0.54 - 1.02  3.12 555 18.61
Spot VIII - 482 1998 2041 0.67 1.61 - 2478 0.69 2530 1.66
Spot IX - 3.19 15.73 78.64 - - - - 0.66 1.10 0.68
Spot X - 7.32 1447 76.36 - - - - - 1.86 -
Spot XI - 6.66 19.18 7191 - - - - - - -
* 05 106 294 524 5.7 0.3 0.2 i i 1.5 0.5
Window (a)  ** 0.2 5.6 182 319 8.2 0 0 0.5 0.2
Al 0.17 (Kg alkaline/GJ)
Window (b) A.I 0.06 (Kg alkaline/GJ)
* 3.2 9.6 304 489 04 2.9 0.5 0.7 i 17.1
Window (¢)  ** 4.3 8.3 6.7 30 0 1.9 0.2 0.2 12.9
Al 0.05 (Kg alkaline/GJ)

* Average, ** Deviation

4. Conclusion

The understanding of biomass combustion behaviours, performances and their environmental
impact is a crucial consideration in terms of sustainable energy development. For this
purpose, the most frequent biomass in southwestern Morocco, namely argan nut shell (ANS),
was studied. Many conclusions can be drawn based on the experimental results of this work.
ANS was burnt in the laboratory furnace without any ash agglomeration problem. On
increasing the air flow, the combustion temperature, the FBR and the MCE of raw ANS
increased until a critical value which corresponds to 108 m*h™! in our study. At this air flow
rate, less CO concentration is obtained and the ash content is almost negligible. High air
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excess reduces the reaction time and consequently the flame temperature and the combustion
efficiency since the carbon conversion was limited. With the decrease in ANS length, the
combustion duration was shorter, which results in a rise in the FBR. However, the shortest
ANS biomass length (broken particles: BP) induced high CO concentration and consequently
lower MCE under low and moderate air flows (72 and 108 m?h’!, respectively). A high
excess of air supply, especially for the BP improved the FBR (better than wood pellets), the
combustion temperature, the emission of CO and the MCE. In all the cases studied, the

average NOyx emission was less than 140 mg.Nm>

at 10% O:. The flame had an irregular
shape for the longest ANS biomass but was more stable when the biomass particle size
decreased (BP). These facts indicate that a change in fuel specification clearly affects the
combustion process. Such results prove that ANS biomass may be an alternative fuel for
present and future energy production. Nevertheless, further work is required to study the
effect of secondary air on pollutant emissions (especially CO) of BP of ANS to ensure their

suitability for combustion. This will not only give further information on the combustion

characteristics of this biomass but also validate the presented results in this study.

Nomenclature

ANS Argan nut shell

RP Raw particles

LP Large particles

SP Small particles

BP Broken particles

WP Wood pellet

M Moisture content (wet %)
VM Volatile matter (wet %)
FC Fixed carbon (wet %)
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BD Bulk density (kg.m™)

LHV Low heating value (MJ .kg™!)

ED Energetic density (GJ.m™)

AFR Air fuel ratio (kg air/kg fuel)

TC Thermocouple

FBR Fuel burn rate (kg.s™)

MCE Modified combustion efficiency (%)
BBV Biomass bed velocity (mm?.s™)
SEM Scanning electron microscopy

EDS Energy dispersive x-ray spectroscopy
Al Alkaline index (kg.GJ™)
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