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Abstract

This study investigates the potential of tomato waste (TW) and hot pepper waste (HPW)
biomass from local food industries in Algeria as sustainable feedstocks for fluidized-bed air
gasification. Conversion efficiency, syngas composition and energy content were evaluated
under different operating conditions, including gasification temperature (750 and 850 ◦C)
and bed material (silica sand, olivine, and a ZSM-5 zeolite catalyst/silica sand mixture). The
results demonstrate that gasification of these biomasses in a bubbling fluidized-bed reactor
is an effective waste-valorization route, producing a syngas rich in hydrogen and methane,
suitable for power generation and biofuel applications. Under all operating conditions, hot
pepper waste generated a syngas with higher energy content than tomato pomace.

Keywords: biomass gasification; food waste valorization; energy; fluidized bed

1. Introduction
Biomass has emerged as a cornerstone of the global transition toward renewable

energy, driven by the urgent need for energy security, the mitigation of fossil fuel depletion,
and the socioeconomic revitalization of rural regions [1]. In Algeria, the agricultural sector—
particularly in the eastern provinces where arable land exceeds 60% of the territory—
generates substantial quantities of residues from the food processing industry. Tomato
and hot pepper cultivations are of primary importance, with annual waste production
estimated at 316 kton and 99 kton, respectively [2]. The alternating harvest seasons (spring–
autumn for tomato and autumn–winter for hot pepper) ensure a continuous supply of
these residues, commonly referred to as “pomace,” throughout the year.

These residues, primarily composed of skins and seeds, present significant disposal
challenges due to their high moisture content and rapid biochemical degradation [3,4].
However, their physicochemical properties make them excellent candidates for thermo-
chemical valorization via gasification, pyrolysis, or hydrothermal liquefaction [5].
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Tomato waste has been widely studied through both experimental and simulation-
based approaches [6]. For instance, Hijosa-Valsero et al. used tomato pomace for enzyme-
based biofuel production, achieving a 61% saccharification yield from sugar-rich fer-
mentable hydrolysates [7]. Giannelos et al. converted tomato seeds into a heavy bio-oil
with low sulfur and ash contents, obtaining a 35% yield on a dry basis for use in a diesel
engine [8]. Midhun Prasad et al. produced bio-oil from tomato peels via pyrolysis at
temperatures ranging from 450 to 650 ◦C and heating rates between 5 and 25 ◦C/min,
with subsequent testing in a diesel engine [9]. Elkhalifa et al. examined pyrolysis of sev-
eral vegetable wastes—tomato, cucumber, carrot, and their blends. Their results showed
that blending had minimal effect on CH4 and H2 release but significantly influenced CO2

production. The ternary blend produced a pyro-gas with lower CO2 concentration com-
pared to individual biomasses, with reductions of 17.10%, 9.11%, and 16.79% for tomato,
cucumber, and carrot, respectively [10]. Brachi et al. assessed torrefaction effects on tomato
peels, combining experiments with equilibrium modeling, and found that torrefaction only
marginally improves product gas quality [11]. In contrast, studies on hot pepper waste are
very limited. Furthermore, due to their seasonal complementarity, these residues could be
processed alternately in the same decentralized plants; nevertheless, a direct comparative
study of their gasification performance is currently missing from scientific literature.

Biomass gasification is a high-temperature (700–1400 ◦C) thermochemical process that
converts organic matter into a combustible ‘syngas’ (primarily H2, CO, CH4 and CO2)
alongside char and tars [12–14]. While steam and oxygen agents favor hydrogen enrich-
ment and higher heating values, air gasification is often preferred for its cost-effectiveness
and lower tar yields, despite the resulting nitrogen dilution [15–17]. The process efficiency
is governed by parameters such as temperature, particle size, and catalysts, with the equiv-
alence ratio (ER) serving as the critical operational variable in air-blown systems [18–20].
Fluidized bed gasification (FBG) is a leading technology for biomass conversion due to its
superior heat and mass transfer rates and precise temperature control [21,22]. Nevertheless,
the process is often hindered by the formation of complex tars and the risk of bed agglom-
eration, particularly when processing ash-rich agricultural residues. The use of active
bed materials, such as olivine for tar cracking [23–25] or ZSM-5 zeolites for hydrocarbon
enhancement [26,27], offers a promising route to improve syngas quality.

This study addresses the existing literature gap by providing a comprehensive com-
parative assessment of Algerian tomato waste (TW) and hot pepper wastes (HPW) in a
bubbling fluidized bed reactor. The novelty of this work lies in the direct performance com-
parison of these two feedstocks under identical operating conditions, specifically evaluating
the influence of temperature and catalytic bed materials (olivine and ZSM-5) on syngas
composition, tar yield, and operational stability, giving insights into the development of
decentralized energy systems tailored to the Mediterranean agricultural context.

2. Materials and Methods
The feedstock used for the gasification tests was supplied by a local industry in

eastern Algeria and exhibited a non-uniform particle size distribution. Following previous
experience and recommendations from the literature [28–30], the biomass was ground and
sieved to obtain particles in the 600–710 µm range, which is suitable for feeding into a
fluidized bed reactor.

The biomass samples were thoroughly characterized. Proximate analysis was car-
ried out using a LECO TGA701 thermobalance (St. Joseph, MI, USA) according to UNI
9903/ASTM D5142 [31,32] standard procedures. Ultimate analysis was performed with a
LECO CHN628 analyzer (St. Joseph, MI, USA) following the ASTM D5373 [33] standard
method for determining carbon (C), hydrogen (H), and nitrogen (N). The higher heating
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value (HHV) of the biomasses was measured using a Parr 6200 calorimeter (Mardi Gras,
IL, USA) following ASTM D5865 [34]. Metal and mineral contents were determined with
an Agilent 7500ce (Santa Clara, CA, USA) Inductively Coupled Plasma Mass Spectrom-
eter (ICP-MS) in accordance with the NEN 6427:1999 standard [35]. During gasification,
syngas composition was monitored online using an MRU Varioluxx analyzer (Neckarsulm-
Obereisesheim, Germany), and the outlet gas was further analyzed with an Agilent 3000A
micro-GC (Santa Clara, CA, USA).

Table 1 reports the ultimate and proximate analyses for both tomato pomace and
hot pepper pomace. Each analysis was conducted four times, and the mean value was
calculated.

Table 1. Ultimate (a.r.) and proximate analysis (a.r.) of the biomass feedstocks.

Hot Pepper Tomato Waste

Ultimate analysis [%]
C 42.05 43.71
H 5.80 5.91
N 1.73 2.00
O 50.42 48.39
Proximate analysis [%]
Moisture 11.66 8.57
Fixed carbon 15.22 12.26
Volatile matter 66.54 73.13
Ash 6.59 6.05
HHV [MJ/kg] 16.98 17.56

a.r.: As received basis.

Multiple materials—namely silica sand, olivine, and a mixture of ZSM-5 zeolite
(Si/Al = 40, code 840HOD1A, TOSOH Chemicals, Tokyo, Japan) and silica sand—were
used as bed materials in the fluidized bed gasifier. As widely reported in the literature,
silica sand is commonly employed due to its availability and low cost. However, under
certain conditions, sand beds may undergo agglomeration when interacting with biomass
ash [36–38]. Olivine, on the other hand, is known to exhibit a catalytic effect on tar com-
pounds, promoting their cracking and decomposition into non-condensable gases [23–25].
In addition, olivine is less susceptible to agglomeration, making it suitable for biomasses
with high ash content. The use of a ZSM-5/sand mixture with a fixed blending ratio has
also proven effective. ZSM-5 provides catalytic activity that enhances the formation of
hydrocarbons during biomass conversion [26,27].

Figure 1 illustrates the bench-scale experimental apparatus used for the gasification
tests. The fluidization column is an electrically heated tubular reactor made of AISI 310
stainless steel, with an internal diameter of 41 mm and a height of 1 m. The column is
equipped with a distributor plate made of stainless-steel meshes, which evenly distributes
the fluidizing gas across the reactor cross-section, ensuring a well-mixed hydrodynamic
regime within the bed. Heating is provided by two half-shell electric ovens connected
to a PID controller. A thermocouple and a piezometric pressure transducer were used to
monitor the bed temperature and the pressure drop across the reactor, respectively.

To capture elutriated particles—such as fly ash and light char—the reactor outlet is
fitted with a metallic filter maintained at 300 ◦C during operation. The biomass feedstock
was introduced laterally into the reactor using a combined pneumatic–mechanical feeding
system, as shown in Figure 1.
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Figure 1. Schematic representation of the bench-scale experimental apparatus.

Before the experimental campaign, the biomass samples were partially dried (to
8.57% moisture for tomato pomace and 11.66% for hot pepper pomace). Gasification of
tomato pomace with sand as the bed material proved unfeasible at 850 ◦C due to the high
potassium and sodium content of the tomato waste, which caused bed agglomeration and
significantly disrupted reactor performance. Each experiment was carried out for one
hour after reaching steady-state conditions in the bench-scale setup. The producer gas
was filtered to remove light entrained particles and then passed through a condensation
system to separate tars prior to gas analysis. The condensation step consisted of one flask
at room temperature followed by a train of three refrigerated flasks at –12 ◦C to enhance
tar recovery for subsequent analysis. After each run, the fluidized bed reactor was cooled
to room temperature under an air flow. The reactor bed was then emptied, and the bed
material was separated from the char via sieving. Both the bottom ash and the elutriated
fly ash were collected and analyzed to determine their composition and properties.
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The gasification tests were carried out under the operating conditions reported in
Table 2. The bed materials used were silica sand (300–400 µm), olivine (125–180 µm), and a
mixture of ZSM-5 zeolite catalyst (300–450 µm) with silica sand, using a zeolite-to-sand
blending ratio of roughly 1:3 (26.0% of zeolite by weight). The difference in particle sizes
helps maintain proper hydrodynamics in the fluidized bed reactor and facilitates the post-
test separation of bed materials through sieving. The total mass of bed material was fixed
at 180 g for all tests, in accordance with previous experience showing that this amount
ensures a well-developed and well-mixed bubbling fluidization regime.

Table 2. Biomass gasification tests operating conditions.

Test Biomass Temperature, ◦C Bed Material ER

1 Hot pepper 750 Sand 0.28
2 Hot pepper 750 Olivine 0.28
3 Hot pepper 850 Olivine 0.33
4 Hot pepper 750 Sand/zeolite 0.25
5 Tomato waste 750 Sand 0.49
6 Tomato waste 750 Olivine 0.52
7 Tomato waste 850 Olivine 0.41
8 Tomato waste 750 Sand/zeolite 0.41

The fluidizing gas consisted of 330 NL/h of nitrogen and 50 NL/h of air. Specifically,
50 NL/h of nitrogen was injected from the bottom of the reactor to generate the bubbling
regime, while the remaining 280 NL/h was introduced laterally to assist the pneumatic
feeding of biomass particles. An additional 50 NL/h of air was supplied from the bottom,
providing approximately 3% oxygen in the fluidizing gas—sufficient to allow partial
oxidation of the biomass [39]. The superficial gas velocity was set to Ug = 0.28 m/s, well
above the minimum fluidization velocity (Ug ≈ 7 Umf).

As previously mentioned, the equivalence ratio (ER) is a key operational parameter in
biomass air gasification. It is defined as the ratio of the actual air-to-fuel weight ratio to the
stoichiometric air-to-fuel weight ratio required for complete combustion. In this study, the
ER ranged between 0.25 and 0.52, which is consistent with the values recommended in the
literature for biomass gasification [40].

3. Results and Discussion
3.1. Ultimate and Proximate Analyses

The elemental composition of the investigated feedstocks, specifically in terms of
carbon, hydrogen, and nitrogen content, was determined through ultimate analysis. As
summarized in Table 1, hot pepper waste (HPW) exhibits a slightly lower carbon content
(42.05%) compared to tomato waste (TW) (43.71%), while the hydrogen content is similar for
both biomass types (5.80% and 5.91%, respectively). The nitrogen concentration is notably
lower in HPW than in TW, which may have favorable implications for reducing NOx

emissions during the conversion process. Oxygen content was determined by difference.
The proximate analysis provides information on moisture, fixed carbon, volatile matter,

and ash contents. HPW is characterized by a higher fixed carbon content (15.22%) relative
to TP (12.26%), a factor that directly correlates with its superior higher heating value (HHV).
Conversely, TP displays a higher volatile matter content (73.13%), suggesting a greater
reactivity during the initial stages of devolatilization. The ash content for both biomasses is
comparable, ranging between 6.05% and 6.59%.

https://doi.org/10.3390/biomass6010016

https://doi.org/10.3390/biomass6010016


Biomass 2026, 6, 16 6 of 13

The mineral profile of the ash, determined via Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), is detailed in Table 3. Both feedstocks possess a complex mineral
matrix dominated by high concentrations of potassium (K), followed by phosphorus (P),
calcium (Ca), and magnesium (Mg). Notably, TW also contains significant quantities
of sodium (Na). The high alkali index, particularly the elevated potassium level, is a
critical parameter in fluidized bed gasification. In scientific literature, such high K and Na
concentrations are frequently associated with the formation of low-melting-point eutectics,
which can lead to bed agglomeration and defluidization issues, especially when using
silica-based bed materials [36,37].

Table 3. ICP results (as received basis) [ppm].

Metal Hot Pepper Waste (HPW) Tomato Waste (TW)

Na 122.60 1697.00
Mg 1772.00 2557.00
Al 100.90 21.58
P 2526.00 1867.00
K 30,320.00 20,070.00
Ca 1089.00 3837.00
Cr 0.73 2.52
Mn 7.65 12.56
Fe 109.30 56.49
Co 0.53 0.20
Ni 0.34 0.42
Cu 5.73 -

3.2. Gasification Tests

Table 4 presents the composition of the syngas at the reactor outlet for each test,
calculated on a nitrogen-free basis, while Table 5 reports the calculated gas yield and carbon
conversion efficiency for each test. Tests 1 to 4 were carried out using hot pepper waste as
the feedstock, whereas tests 5 to 8 correspond to the air gasification of tomato pomace. It
can be observed that syngas yield (N2-excluded) is higher at higher temperatures, and in
general carbon conversion efficiency is always higher than 80%. All the O2 is consumed
during the partial oxidation of the fuels and secondary oxidation of volatiles. Syngas
composition is sensitive to gasification conditions, especially temperature, ER and the
presence of catalysts [41].

Table 4. Syngas composition (N2-free basis).

Test N◦ T [C◦] CO2 [% vol.] CO [% vol.] H2 [% vol.] CH4 [% vol.] HC *
[% vol.]

H2S
[ppm]

HHV
[MJ/Nm3]

Hot pepper waste (HPW)

1 750 41.93 29.01 17.57 9.67 1.79 19.88 9.7
2 750 35.74 27.64 28.53 7.07 1.02 13.63 9.9
3 850 29.40 33.31 29.54 7.22 0.53 4.13 10.8
4 750 36.38 29.25 24.00 8.65 1.71 5.91 10.2

Tomato waste (TW)

5 750 47.44 25.56 18.24 6.64 2.12 3.00 8.2
6 750 59.63 18.09 15.86 5.32 1.09 2.76 6.4
7 850 43.23 26.48 22.83 6.26 1.19 1.76 8.7
8 750 49.93 25.23 16.60 6.17 2.07 2.98 7.8

* HC= other light hydrocarbons (ethane, ethylene, propane, propylene).
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Table 5. Syngas yield (N2-free basis) and carbon conversion efficiency (CCE) for each test.

Test N◦ Syngas Yield [Nm3/kg bio daf] CCE [%]

Hot pepper waste (HPW)

1 0.88 88.87
2 0.96 84.27
3 1.19 101.16
4 0.66 61.32

Tomato waste (TW)

5 0.98 96.06
6 0.82 81.79
7 0.94 85.63
8 0.82 82.03

3.2.1. The Effect of Temperature

The influence of gasification temperature was evaluated exclusively using olivine
as the bed material. This choice was necessitated by the bed agglomeration phenomena
observed with silica sand at 850 ◦C, as previously discussed. For hot pepper waste
(HPW), elevating the temperature from 750 ◦C (Test 2) to 850 ◦C (Test 3) induced a
significant shift in the syngas composition: the CO2 concentration decreased from
35.74% to 29.4%, while the CO content rose from 27.64% to 33.31%. Concurrently, the
concentrations of high-energy species increased, with hydrogen (H2) rising from 28.53%
to 29.54% and methane (CH4) from 7.07% to 7.2%. The observed increase in hydrogen
concentration to 28.53 vol.% for HPW at 850 ◦C is consistent with findings by Mo-
hammed and coworkers [42], who reported a peak H2 yield of 27.31 vol.% at the same
temperature for empty fruit bunch gasification in a fluidized bed. The slightly higher
yield in the present study can be attributed to the catalytic role of the olivine bed in
promoting secondary cracking reactions, as also suggested by Guo and coworkers [43]
regarding the influence of mineral oxides on tar decomposition. As a result of tempera-
ture increase, the lower heating value (LHV) of the syngas improved from 9.9 MJ/Nm3

to 10.8 MJ/Nm3, in agreement with the literature [44]. A similar trend was observed for
tomato waste (TW). Increasing the temperature from 750 ◦C to 850 ◦C led to a marked
reduction in CO2 (from 59.63% to 43.23%) and a substantial increase in CO (from 18.09%
to 26.48%). Hydrogen and methane concentrations also followed an upward trajectory,
reaching 22.83% and 6.26%, respectively. These compositional changes enhanced the
syngas heating value from 6.4 MJ/Nm3 to 8.7 MJ/Nm3. The different response of
the two feedstocks to temperature elevations can be further elucidated by examining
their volatile-to-fixed carbon (VM/FC) ratios. Tomato waste (TW), characterized by a
higher VM/FC ratio (~5.9) compared to hot pepper waste (HPW) (~4.4), exhibited a
more pronounced sensitivity to thermal shifts, in agreement with what was reported by
Mohammed et al. [42].

In the context of air gasification, these variations are primarily driven by the tem-
perature dependence of the key thermochemical reactions. The significant reduction
in CO2 accompanied by the increase in CO is largely attributable to the Boudouard re-
action (C + CO2 ⇌ 2CO), which is strongly endothermic and becomes thermodynami-
cally favored at higher temperatures, effectively consuming CO2 and carbon to produce
CO [12–20]. Furthermore, although no external steam was added, the moisture content
of the biomass and the water formed during partial oxidation facilitate the water–gas
(C + H2O ⇌ CO + H2) and water–gas shift (CO + H2O ⇌ CO2 + H2) reactions. At 850 ◦C,
the equilibrium of the water–gas shift reaction shifts toward the reactants, while the en-
dothermic water–gas reaction is promoted, further contributing to the increase in H2 and
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CO [40]. Additionally, higher temperatures enhance the thermal cracking of tars and the
reforming of light hydrocarbons, processes that are further assisted by the catalytic activity
of olivine [23]. These combined effects lead to a more efficient conversion of biomass into a
higher-quality producer gas.

3.2.2. The Effect of Bed Material

The effect of bed material on the air gasification of hot pepper waste can be evaluated
by comparing Tests 1, 2, and 4, in which silica sand, olivine, and a sand/ZSM-5 mixture
were used, respectively, at a gasification temperature of 750 ◦C. The results indicate that
the incorporation of catalytic materials (olivine and ZSM-5) generally enhances the syngas
quality compared to the inert silica sand bed. Specifically, the heating values for the syngas
produced with sand, olivine, and the sand/ZSM-5 mixture were 9.7, 9.9, and 10.2 MJ/Nm3,
respectively. This progressive slight improvement in energy content is primarily linked to
a reduction in CO2 concentration and a concomitant increase in high-energy species such
as CO and H2. The observed CO2 levels are related to the specific equivalence ratio (ER)
employed and the varying yields of residual char across the tests. Notably, the hydrogen
concentration (on a N2-free basis) was significantly higher for olivine (28.53%) and the
sand/ZSM-5 mixture (24.00%) compared to silica sand (17.57%). For tomato waste (TW)
at 750 ◦C (Tests 5, 6, and 8), the syngas heating values were 8.2, 6.4, and 7.8 MJ/Nm3,
respectively.

The variations in syngas composition and energy yield observed with different bed
materials can be fundamentally attributed to the interplay between their catalytic activities
and thermal properties. The distinct catalytic nature of the materials significantly influences
the secondary gas-phase reactions; for instance, olivine is widely recognized for its effec-
tiveness in promoting the in-situ cracking and reforming of tars, which directly contributes
to the increased production of H2 and CO [23,25]. This catalytic mechanism explains why
Test 2 (olivine) yielded the highest hydrogen concentration. In contrast, ZSM-5 zeolite
facilitates the deoxygenation of pyrolysis vapors and the formation of light hydrocarbons
and aromatics [26,27]. However, the catalytic impact of ZSM-5 was somewhat constrained
by its relatively low concentration in the bed (26 wt.%), as higher zeolite fractions were
avoided to maintain fluidization stability.

Beyond catalytic effects, the inherent physical properties of the bed materials, such
as thermal conductivity and heat capacity, can play role in the heat transfer dynamics
within the reactor. Olivine possesses a significantly higher thermal conductivity (typ-
ically 3–5 W/m·K, depending on the forsterite content [45]) compared to silica sand
(~0.34 W/m·K [46]). This superior thermal property facilitates a more uniform temperature
distribution and efficient heat transfer from the reactor walls to the biomass particles,
thereby accelerating the endothermic gasification reactions and enhancing overall conver-
sion efficiency. Furthermore, the different particle size distributions and densities of the
materials affect the bed’s hydrodynamic regime, influencing the gas–solid contact time.
These combined catalytic and thermal factors underscore the importance of bed material
selection in optimizing the performance of air gasification for agricultural residues like
HPW and TW.

3.2.3. HPW and TW: Comparisons

By comparing the results obtained from the two biomasses under the same temperature
and bed material conditions, it was observed that the syngas produced from hot pepper
waste exhibited a higher heating value than that from tomato pomace (Figure 2).
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Figure 2. Comparison of syngas heating value for hot pepper pomace and tomato pomace.

The concentration of other light hydrocarbons (HC) in the syngas was determined
via gas chromatography, as detailed in Table 6. Ethylene (C2H4) was consistently detected
in all tests, with concentrations ranging from 0.2% to 1.6%, whereas ethane (C2H6) was
completely absent. Butane (C4H10) appeared at negligible concentrations, typically around
0.01%, except in Test 1. Propane (C3H8) was more consistently present across the tests, with
concentrations ranging from 0.32% to 0.83%. The presence of these species, particularly
ethylene, is indicative of the primary cracking of biomass macro-polymers (cellulose,
hemicellulose, and lignin) during the devolatilization stage.

Table 6. Concentration of other permanent gases in the syngas.

Test N◦ C2H4 [% vol.] C4H10 [% vol.] C3H8 [% vol.]

1 1.13 0.06 0.6
2 0.38 0.01 0.64
3 0.20 0.01 0.32
4 1.29 0 0.42
5 1.60 0 0.52
6 0.25 0.01 0.83
7 0.82 0 0.37
8 1.57 0 0.51

At the end of each experimental run, the char and tars were collected and weighed.
Char data are reported in Table 7, while Figure 3 illustrates the tar concentrations in the
syngas for both biomass feedstocks. As shown in Table 7, the carbon content in the char
derived from HPW (2.31–35.88%) was generally higher than that from TW (2.37–19.4%).
For HPW, the transition from silica sand (Test 1) to olivine (Test 2) at a constant equivalence
ratio (ER) and temperature resulted in an increase in char carbon content. This trend was
further amplified at 850 ◦C (Test 3) and with the use of the sand/ZSM-5 mixture (Test 4).
The higher char carbon levels in these cases may be attributed to the enhanced catalytic
activity of the bed, which, while promoting gas-phase reactions and tar cracking, may
also facilitate the polymerization of volatile species into secondary char or “coke” on the
catalyst surface and within the bed matrix [26].
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Table 7. Ultimate analysis of char samples.

Test N◦ C [wt.%] H [wt.%] Ash [wt.%]

1 2.31 0.22 97.47
2 7.26 - 92.74
3 17.73 0.20 82.07
4 35.88 0.35 63.77
5 19.40 0.24 80.36
6 4.03 0.02 95.95
7 2.37 - 97.63
8 13.41 0.26 86.33

Figure 3. Tar concentration from hot pepper pomace and tomato pomace tests.

Regarding tar production (Figure 3), HPW exhibited higher overall concentrations com-
pared to TW. In line with established literature, the use of olivine significantly reduced tar
levels for HPW, confirming its effectiveness as an in-situ catalyst for tar destruction [23,25].
Conversely, TW displayed a different behavior: its syngas consistently contained lower tar
concentrations (1–3.27 g/Nm3), but the introduction of olivine did not yield the expected
reduction, even showing a slight increase in some instances. This anomaly might be related
to the high alkali content (potassium and sodium) in TW ash, which may interact with
the olivine surface, potentially masking its active sites. The observed differences in tar
concentration between the two feedstocks can be attributed to their distinct biochemical
matrices. A biomass particle undergoes a complex network of chemical reactions during
gasification. First, drying and primary pyrolysis (devolatilization) occur, yielding char and
volatiles. The latter can then react via oxidation, reforming, cracking, aromatization and
other reactions to yield secondary tars [47]. The lower tar yield of TW (1.0–3.27 g/Nm3)
is likely a result of its high volatile content and the presence of endogenous alkali metals
(K, Na), which act as internal catalysts for the primary cracking of oxygenated compounds
such as phenols and cresols. Conversely, the higher tar levels in HPW syngas suggest a
prevalence of more stable tertiary tars, including polycyclic aromatic hydrocarbons (PAHs)
like naphthalene. The significant presence of nitrogen in both biomasses (~2 wt.%) further
implies that a portion of the condensed tars may consist of nitrogen-containing heterocycles
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(e.g., pyridines), which are typical by-products of protein-rich agricultural residues and
require specific catalytic strategies for complete removal.

4. Conclusions
This study demonstrates the technical feasibility of valorizing Algerian agricultural

residues through fluidized-bed air gasification, identifying specific operational boundaries
and performance metrics for hot pepper waste (HPW) and tomato waste (TW). Key results
indicate that HPW achieves a superior syngas energy density, with a maximum lower
heating value (LHV) of 10.8 MJ/Nm3 at 850 ◦C using olivine as the bed material. In
contrast, TW produces a syngas with a lower LHV (8.7 MJ/Nm3) but maintains significantly
lower tar concentrations (1.0–3.27 g/Nm3), which is a critical advantage for reducing the
complexity and cost of downstream gas-cleaning units.

The experimental campaign highlighted that while olivine is highly effective for
HPW—reducing tar production and increasing hydrogen concentration to 28.53%—its
catalytic performance is inhibited when processing TW. This inhibition is directly linked to
the high potassium and sodium content in TW ash, which triggers bed agglomeration at
850 ◦C when using silica sand and likely passivates the active sites of olivine. Furthermore,
the use of a ZSM-5 zeolite/sand mixture (26 wt.%) successfully enhanced the syngas LHV
for HPW to 10.2 MJ/Nm3 at 750 ◦C, demonstrating the potential of specialized catalysts to
improve gas quality at lower operating temperatures.

From a practical perspective, these findings provide a quantitative roadmap for the
decentralized energy valorization of food processing waste in Algeria. The distinct behav-
iors of HPW and TW suggest that a flexible gasification strategy—potentially involving the
blending of these feedstocks—could balance high energy yield with low tar emissions. Fu-
ture research should prioritize the development of bed additives or pre-treatment methods
to mitigate alkali-induced agglomeration, enabling stable operation at temperatures above
850 ◦C. Additionally, investigating the long-term stability of ZSM-5 and olivine under real
syngas conditions will be essential for scaling up this technology to industrial applications.
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