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Residual biomass can be a promising alternative to replace fossil fuels for energy production. Through small-scale
gasification systems it is possible to obtain a fuel gas from solid biomass that can be used for electrical and
thermal energy generation. In this work, six different biomasses (five agro-industrial residues and Al ENplus
pellets) were tested in a lab-scale prototype. For each tested feedstock, elemental and ash analyses were carried
out. The contaminant amount in the produced gas was measured as well as the mass and energy fluxes to
calculate the gasification efficiency. The ratio between the pressure drop across the reactor and the gas flow

raised to the square was introduced to compare the gasifier behavior at different power outputs. The results
showed that with the exclusion of the tests run with cork, the other tested agro-industrial residues (pistachio
shell, hemp and driftwood) performed acceptably in terms of efficiency, providing also a char with a carbon

content over 70% as by-product.

Introduction

Energy resources are strategic and fundamental to safeguard the
economy of the nations and to guarantee social development [50].
However, energy prices are highly susceptible to geopolitical risks, this
is because energy resources are characterized by scarcity, spatial sepa-
ration of demand and supply and low price elasticity of demand [50].
Furthermore, climate change is one of the most urgent problems [34]
caused mostly by CO emission derived by fossil fuel exploitation [54].
Within this context, biomass is a promising alternative to replace fossil
fuel through bioenergy production because it is widely available and
uniformly distributed as well as a carbon neutral energy source
[13,33,61].

Moisture content is an important parameter for the selection of the
conversion route of biomass into energy or fuels. In case of a wet feed-
stock, there are processes which do not require the evaporation of most
of the water such as biological routes, which produce secondary fuels
with the help of enzymes and microorganisms (e.g. manure anaerobic
digestion), or hydrothermal conversion at high pressure. For dried
biomass (like the kind of feedstocks investigated in this work), the most
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common conversion processes are: pyrolysis, direct combustion and
gasification [64]. Pyrolysis is the thermal decomposition of biomass that
occurs in an oxygen free environment. It has attracted interest in recent
years especially for production of biochar and liquid fuels such as bio-oil
[15,19]. Direct combustion is, on the other hand, the exothermic reac-
tion between oxygen and biomass [6]. It is a well-known biomass con-
version process and the majority of the energy generated in this way is
utilized in residential heating and cooking [19]. Gasification involves
chemical reactions in an oxygen-deficient environment and allows the
production of various products with different end-use such as fuels or
intermediates for chemical synthesis (e.g. food flavorings, resins, agri-
chemicals, fertilizers, and emissions control agents) [6,62,9]. The
combustible gas blend produced by means of biomass gasification is
mostly composed of methane (CHy), hydrogen (Hs), carbon monoxide
(CO), carbon dioxide (CO3), and if air is the gasification medium, also
nitrogen (N3) [7]. In the next years, industry 4.0, digitalization, and
energy transition will produce a significant increase in the electric en-
ergy demand. In this scenario, gasification is the most suitable biomass
to electric energy technology considering its higher efficiency compared
to direct combustion, as well as its lower emission output (especially for

Received 6 July 2022; Received in revised form 4 April 2023; Accepted 11 April 2023

Available online 26 April 2023

2213-1388/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:marco.puglia@unimore.it
www.sciencedirect.com/science/journal/22131388
https://www.elsevier.com/locate/seta
https://doi.org/10.1016/j.seta.2023.103224
https://doi.org/10.1016/j.seta.2023.103224
https://doi.org/10.1016/j.seta.2023.103224
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seta.2023.103224&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Puglia et al.

— Gas
— Alr

Differential
Manometer

Orifice

Blower

Hopper

Sustainable Energy Technologies and Assessments 57 (2023) 103224

Differential
Manometer ‘

Flare

Gasifier

Sampling

O mimimimim Port

Grate Thermocouple

Fig. 1. Scheme of the experimental apparatus.

Table 1
Biomasses and chars ultimate analysis, ash content, HHV (dry basis) and mois-
ture content M.

Biomass C H S N o Ash M HHV
[%] [%] [%] [%] [%] [%] [%] [MJ
kg’l]
Pistachio 42.7 5.6 / / 50.5 1.2 7.4 16.3
shells
Pistachio 80.9 1.6 / 0.2 12.0 5.23 / 28.8
shells
char
Chipped 45.3 5.8 / 0.3 47.7 0.9 9.9 17.7
hemp
Chipped 79.1 2.4 / 0.6 6.4 13.9 / 32.1
hemp
char
Hemp 47.8 6.0 / 0.3 44.1 1.8 8.4 19.2
pellets
Hemp 86.0 1.1 / 0.3 2.6 10.1 / 30.8
pellets
char
Cork 62.5 8.0 / 0.7 28.2 0.5 3.0 28.3
Cork char 85.7 2.5 / 1.0 6.4 4.4 / 32.1
Driftwood 44.9 6.0 / 0.4 41.7 7.1 7.0 18.2
pellets
Driftwood 70.7 0.4 0.1 0.4 / 29.1 / 24.6
pellets
char
A1l pellets 48.9* 6.3% / 0.1 44.1 0.6* 5.7 19.9*
A1l pellets 97.8* 0.8° /* 0.9 /* 1.6* / 35.0%
char
" [48].

NOyx and SOy) [63]. Gasification systems can be divided into three main
types: fixed bed, fluidized bed and entrained-flow bed, each of them
includes other subcategories [7]. Each gasifier typology is usually more
suitable for a particular application or a specific fuel. Fixed-bed are used
for small size applications (<10 MWth) and commonly operate with
biomass, while fluidized-bed and entrained-flow are suitable for large
size and they operate with coal [7]. The gasifier architecture with the
lowest tar content in the fuel gas is the fixed bed downdraft design,

Table 2
Contaminant amount sampled in the gas.

Biomass Particulate matter >7 pm [g m~°] Tar [g m ]
Pistachio shells 1.76 2.20
Chipped hemp 0.70 5.43
Hemp pellets 0.33 1.53
Cork 1.20 8.86
Driftwood pellets 0.31 2.62
A1l pellets 0.40 4.72

namely a co-current reactor where the gas medium enters at a certain
height below the top, the feedstock is fed from the upper part, and the
gas flows downward and leaves the gasifier from the bottom. Thanks to
the low tar production, downdraft gasifier can be easily coupled to in-
ternal combustion engines [30] and, indeed, this is one of the most
common small scale applications thanks to the high conversion effi-
ciency, the power density over footprint, the relative simplicity and the
low investment costs [30,62,17,2].

However, the drawback of these systems is that they have tight
feedstock specifications (namely low moisture and narrow size distri-
bution) that limit the diffusion of this technology [62]. In fact, literature
reports that for small-scale gasification systems only high quality
biomass (namely moisture content below 12% and ash content below
1%) is used as feedstock to guarantee undisrupted operation [45].

For this reason, it is fundamental to expand the variability of bio-
masses that can be used as fuel, overcoming the fuel inflexibility of these
systems [62,21,32]. In this way it would be possible to exploit the
various benefits of this technology, including distributed thermal and
electrical power generation and the carbon sequestration through the
use of biochar, a particular kind of char mainly intended for soil appli-
cation, that meets the requirements reported in the European Biochar
Certificate or by the International Biochar Initiative [2,52,22,26].

In this work, a preliminary evaluation on various biomasses was
performed through a series of gasification tests carried out using a lab-
scale downdraft gasifier.

Six typologies of biomass were taken into account, namely: pistachio
shells, chipped hemp, pellets made of hemp and fir sawdust, triturated
cork, pelletized driftwood residues from river maintenance and Al
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Fig. 2. Measured grate temperature trends during the various tests: a) pistachio shells b) chipped hemp c¢) hemp pellets d) cork e) driftwood pellets f) Al pellets.

Table 3
Average pressure drop — gas flow? ratio during the various tests.

Biomass Pressure drop/gas flow? [Pa (h m~3)?]
Pistachio shells 200+100

Chipped hemp 130+80

Hemp pellets 300+300

Cork 200+600

Driftwood pellets 100+100

A1l pellets 50+20

ENplus pellets.
Materials and methods

The six biomass examined varieties are presented below.

Table 4

Average gas composition during the tests.
Biomass Hy Ny Cco CO, CH4 HHV [MJ

[%] [%] [%] [%] [%] m~’]
Pistachio shells  13.3 47.3 17.5 8.8 0.7 4.2
Chipped hemp 11.2 53.1 15.6 12,5 1.2 3.8
Hemp pellets 14.7 47.1 16.4 11.4 0.8 4.3
Cork 6.1 68.0 7.6 7.4 0.0 1.8
Driftwood 11.0 50.9 17.2 12.3 1.6 4.2
pellets

A1l pellets 111 52.9 17.8 11.3 1.3 4.2

Pistachio shells

The shells of pistacia vera, commonly called pistachio shells, are a
food processing waste. A consistent amount of this residue is generated
and disposed of by burning. In Turkey (the third biggest pistachio
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Table 5
Main parameters averaged over the duration of the efficiency test.
Biomass Biomass Flow [kg Gas Flow [m® Thermal Power Output Cold Gas Efficiency Efficiency Test Duration Ambient Temp.
h h™ [kw] [%] [minutes] [°Cl
Pistachio shells 1.12 2.93 3.42 67 45 12
Chipped hemp 0.89 2.66 2.81 64 89 11
Hemp pellets 0.92 2.30 2.71 55 88 11
Cork 0.25 0.60 0.29 15 58 8
Driftwood 1.49 4.66 5.43 72 137 30
pellets
Al pellets 0.94 3.14 3.73 63 93 23
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Fig. 3. Interaction and mutual influence of the main gasification parameters.

producer) there is a pistachio production of 120 thousand tons every
year [44].There are several studies on thermochemical valorization of
pistachio shells. Acikalin et al. [1] studied the effect of pyrolysis con-
dition on the product characteristics while Komnitsas et al. [35] studied
of the potential of pistachio shell biochar to remove heavy metals. This
biomass has low ash content and a good hardness [44], for this reason
for da Silva et al. [18] it can represent a favorable energy resource in
thermochemical processes such as combustion. Sharma & Kaushal
[59,60] obtained encouraging results using pistachio shells as fuel for an
open core downdraft reactor concerning the energy content of the gas.
For these reason, further investigation on the prospect of using pistachio
shells as fuel for small-scale downdraft can be extremely useful.

Hemp

The cannabis sativa (hemp) global sector is projected to grow from
USD 4.6 billion in 2019 to USD 26.6 billion by 2025 [47].

Hemp fiber has a high demand in the textile industry as well as for
sustainable building constructions and hemp hurd, a by-product of hemp
fiber production, is usually employed as filler for construction material

like bricks or tiles [27]. However, when flower and seed production is
the main goal of hemp cultivation, the cultivar is not selected looking at
the quality of fiber and hurd, therefore the economic value of these two
byproducts is neglected [40,55]. Pyrolysis of hemp byproduct was
explored in various research for biochar production [8,14,65] as well as
its possible application in combustion facilities for energy purposes
[36,10]. Gasification of hemp byproducts can be a win-win solution for
the concomitant production of energy and biochar and it’s the ideal for
partner technology in hemp cultivation itself. This is because hemp
gasification can provide heat and electricity to the indoor facilities, and
biochar amendment for its growth [47]. For this reason, it was explored
the possibility of chipping directly the entire stalk of the plant (chipped
hemp from now on) without the separation of fiber and hurd and using
these chips as fuel for a downdraft gasifier.

The process of chipping the stalk turned out to be challenging, due to
the tendency of the fiber to wind and to make agglomerates extremely
tenacious to break.

In order to test a more standardized fuel, a fraction of the chips was
milled and pelletized. However, it was necessary to add about 50% of fir
sawdust to make pellets with a satisfying structural strength. The result
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Fig. Al. A) pistachio shells, b) chipped hemp, c) hemp pellets, d) cork, e) driftwood pellets and f) al pellets.

is called hemp pellets from now on.

Triturated cork

The cork industry consumes more than 280 thousand tons of cork
worldwide every year and between 20% and 30% of the raw material
received by the processing units is rejected [38]. Nowadays, from 40%
to 70% of cork waste produced by the industry is sent to landfill, both in
powder form and in triturated form, when its recycling or its composting
or its use in agriculture is uneconomical [51]. Cork residues combustion
in pellet form was investigated by Nunes et al. [43] and by Mediavilla
et al. [39] with promising outcomes. The latter tested cork residues
combustion in a blend with vine shoots. Cork-derived biochar produced
through slow pyrolysis showed high adsorption capacity and speed as
demonstrated by Wang et al. [66]. Even in this case, it was explored the
possibility of using the triturated fraction of cork (cork from now on) as
fuel in a downdraft gasifier, to obtain both biochar and energy from this
residue and improve the environmental impact of its disposal. The
literature concerning this route is very scarce the best of the authors’
knowledge.

River driftwood

The presence of plastic debris, wood logs and branches in rivers can
form jams or accumulations increasing the flow resistance [25,56]

resulting in excessive increase in backwater that can cause the flooding
in nearby areas [57]. Furthermore, plastic pollution has a negative effect
also on the ecosystem health [53]. For this reason, identifying a profit-
able route for the recovery and exploitation of river waste is very
important. Driftwood collected from rivers is usually burned or land-
filled and other possible utilizations, such as fuel for thermochemical
processes, are little investigated [49,5]. In this work, wood logs
collected from a river in Italy were separated from plastic waste, dried,
chipped and pelletized (driftwood pellets from now on) to fit with the
reactor dimensions and to explore their use for energy production
through gasification.

A1 ENplus pellets

The thermal utilization of A1 ENplus pellets (A1 pellets from now on)
is a well-known and widely used application. The estimated worldwide
production of A1 pellets in 2019 was more than 11 million tons [20] and
for this reason were used as a standard benchmark for the comparison
between the various tests.

First of all, ultimate analysis was performed on the different tested
biomasses through a FLASH 2000 Organic Elemental Analyzer. In this
way, it is possible to determine the mass percentage of carbon (C),
hydrogen (H), sulfur (S) and nitrogen (N) [42].

Following the ISO 18122:2015[28], the ash content (Ash) of the
various fuels was measured by weighting the sample before and after
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Fig. A2. Femto Gasifier during a test.
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Fig. A3. Clinker formed during driftwood pellet gasification.

being heated in a furnace at 550 °C for at least 60 min. A rough esti-
mation of the oxygen content (O) of the various biomasses was made
through the following formula:

O(%) = 100 — C(%) — H(%) — N(%) — S(%) — Ash(%) ¢))

Knowing the elemental composition, it is possible to evaluate the
higher heating value of the biomass (HHVj;,) using the Channiwala and
Parikh equation [12]:

HHV y;,(MJ /kg) =0.3491C(%) + 1.1783H(%) + 0.10055(%) — 0.10340(%)
+ —0.0151N(%) — 0.0211Ash(%)
()]

Before every gasification test, the moisture content on wet basis of
the various samples was measured by drying them in an oven at 105 °C
until constant mass is achieved, following the (ISO 18134-1:2015(E))
[29].

The gasification tests were carried out using a lab-scale gasifier
called “Femto Gasifier”. This prototype was designed and developed by
the authors at the University of Modena and Reggio Emilia, with the

purpose of running preliminary tests with different kinds of biomasses.

It is an Imbert downdraft reactor with the throated hearth machined
from a solid block of stainless steel. Flue insulation wraps the reactor to
reduce thermal dissipation. It was specifically sized for tests with a
limited amount of fuel.

The gasifier was operated under positive pressure, positioning the
blower upstream the reactor. In this way the blower was preserved from
being fouled by tars and particulates as well as easing the gas sampling
operations. An orifice meter coupled to a differential pressure sensor
MPXV5004DP (NXP Semiconductors) was used to measure the air volume
flow rate entering the gasifier adjusted through two gate valves.
Knowing the air entering in the gasifier (Vgr) and the nitrogen per-
centage in the gas (%Nag) and in the air (%N3qr), it is possible to
calculate the gas flow rate (Vgas) with the formula [46]:

Vair L4 0N2,air

V =
gas
%N, gas

3

Another differential pressure sensors was used to monitor the pres-
sure drop across the reactor. A TC-Direct K-type thermocouple (1 mm
diameter, 310 stainless steel sheath) was used to measure the temper-
ature of the reduction zone at the gasifier grate and another one to
measure the ambient temperature. The tests were performed outdoors,
hence the ambient temperature can influence the gasifier performances
due to the small size of the reactor even if it is enveloped in flue insu-
lating material. The gas produced was burned in a flare. In Fig. 1 it is
possible to see a scheme of the system.

The gasifier is normally operated featuring a hopper, however this
can be removed when fuels with a low flowability are used. In this way,
the chances of a bridging event are reduced and the eventual interven-
tion is easier. In this series of gasification tests, the hopper was used
except for chipped hemp and cork. The biomass entering in the gasifier
was monitored using a Kern precision balance (readability 0.01 g,
reproducibility 0.02 g). Through the sampling port it was possible to
assess the gas composition and its amount of contaminant (tars and
particulate matter). Concerning the gas composition, various samples of
gas were aspirated and analyzed in a Pollution MicroGC GCX, calibrated
for the non-condensable gases Hy, O, N3, CO, CO3, and CHy4. The higher
heating value of the gas (HH V) was calculated as the weighted average
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of the HHV of the combustible components considering their volumetric
fraction. Regarding the tars contained in the gas, they were assessed
flowing the gas through a series of impinger bottles filled with acetone
and consequent distillation as described by [16,41]. Particulate matter
was estimated filtering the acetone with a Whatman quantitative filter
paper 1452-150 to separate the particles bigger than 7 pm from the
solvent. It was chosen this particle dimension because it is one of interest
for internal combustion engines, since they can tolerate particulates
with size lower than 10 pm [24,37]. The measured value does not
represent the real particulate matter content of the gas but gives just a
qualitative indication because the sampling was not performed in iso-
kinetic conditions.

The cold gas efficiency (y;), defined by the Eq. (4) [31] was
calculated considering a fraction of the test where the behavior of the
gasifier was considered stable after the start up, measuring the biomass
flow entering in the gasifier (my;,).

ThermalPowerOutput Vas @ HHY G

= 4
Mo @ HHV 1, @

flea = BiomassPowerlnput

The gasifier steady state was considered reached when the temper-
ature at the grate was slightly constant and above 450 °C and the gas was
calorific enough to sustain the combustion at the flare.

The ratio trend between the pressure drop across the reactor (Pa) and
the gas flow raised to the square (m3 h’l)2 was calculated to evaluate
and compare the behavior of the gasifier with different fuel at different
power outputs.

A stable and low ratio indicates a smooth operation of the gasifier,
while a growing ratio shows that the reactor is going to clog. The Ansatz
is that the pressure drops and the gas flows of various tests carried out at
different power outputs can be compared by normalizing these two
quantities through this ratio. This is because the pressure loss (R) over
the system is directly proportional to the square of the velocity of the gas
flow (R « wig), the velocity of the gas is directly proportional to the gas
volume flow, and therefore to the pressure loss is directly proportional
to the square of the gas volume flow (R « ngas) [11]. At the end of each
test, a sample of the char was collected at the bottom of the gasifier (on
the grate) and analyzed to assess the elemental composition and the ash
content. The six gasification test were then analyzed and compared
through the main monitored parameters.

Results

The results of the ultimate and ash analysis performed on the various
samples of biomasses and char produced are reported in Table 1 together
with the moisture content at the moment of the test and their higher
heating value.

All the biomasses investigated have a high heating value ranging
from 16.3 MJ kg’1 (pistachio shells) to 19.9 MJ kg’1 (A1 pellets), values
typical for biomasses of interest for thermochemical valorization [6]
while cork show an especially high HHV (28.3 MJ kg™1). The ratio be-
tween the carbon content of the char and the biomass remained fairly
constant between the various tests, from 1.6 for driftwood pellets to 2 for
Al pellets, with the exception of cork that amounted to 1.4. In any case,
all the produced chars showed a high carbon content and, if other
characteristics such as a low polycyclic aromatic hydrocarbons content
and a well-developed porosity were confirmed by further analysis, it
would be applicable as soil amendment or for other industrial applica-
tions (catalyst preparation, polymers production, tar cracking etc.) [45].

Table 2 shows the amount of contaminant measured in the gas
streams in the various tests.

Concerning the tar production, all the biomasses produced an
amount of tar of the same order of magnitude and between 1.53 g m™>
(Hemp pellets) and 8.86 g m~3 (cork). These tar contents are not suitable
for the direct utilization of the gas in an internal combustion engine [4]
unless the implementation of a filtration system. No correlation between

Sustainable Energy Technologies and Assessments 57 (2023) 103224

the pelletization of the fuel and the tar content in the gas was identified.

In Fig. 2 the grate temperature trends measured during the various
tests are reported. The yellow boxes indicate the test fractions where the
energy fluxes were monitored for the cold gas efficiency calculation.

It can be seen that the grate temperature has a smoother trend during
the tests performed with the hopper (pistachio shells, hemp pellets,
driftwood pellets and A1 pellets). This is due to a less frequent shutdown
of the blower concomitantly to the biomass feeding.

Table 3 reports the calculated average pressure drop — gas flow? ratio
during the various tests together with its relative standard deviation in
the form (Average + Standard Deviation).

It is possible to see that the biomass that has guaranteed the
smoother operation was Al pellets, followed by driftwood pellets. The
worst performance in terms of pressure drop — gas flow? ratio were
shown by hemp pellets (with regard to the average value) and by cork
(with regard to the standard deviation, and therefore variability).

Table 4 summarizes the average gas composition detected during the
various tests and the calculated HHV.

Despite different fuels have resulted in quite different gas composi-
tions, the final heating value of the obtained gas was quite similar,
ranging from 3.8 MJ m (chipped hemp) to 4.3 MJ m 3 (hemp pellets),
except for cork, that showed a heating value of only 1.8 MJ m 3,
considerably lower compared to the other biomasses.

Table 5 reports the main parameters monitored during the fraction of
the test in which the cold gas efficiency was monitored.

Except for the test with cork, where the biomass flow was particu-
larly low (0.25 kg h™1), during the other tests it ranged from 0.89 kg h~!
(chipped hemp) up to 1.49 kg h™! (driftwood pellets). For all the tests,
the ratio between the gas volume obtained and the biomass processed
ranged between 2.4 m? kg’1 (cork) and 3.3 m® kg’1 (A1 pellets), in line
with the values reported in literature for gasifiers with similar archi-
tecture but greater size [23]. Concerning the gasification efficiency, the
best performance was shown by driftwood pellets. It outperformed the
other biomasses even if, as shown in Table 3, it was not the fuel with the
lowest pressure drop — gas flow? ratio. This discrepancy was probably
due to the longer test duration (that has given to the gasifier the possi-
bility to heat up properly) as well as being the test carried out with the
highest ambient temperature. Fig. 3 shows the relations between the
main parameters monitored during the gasification test in order to
identify their interaction and mutual influence.

Cold gasification efficiency seems to be not influenced by the heating
value of the biomass and the extremely low efficiency obtained during
the cork gasification test can be attributed to the inadequacy of the
gasification system for that specific biomass. Tars were usually lower for
biomasses with higher ash content. This could be due to the ash catalytic
effect on tar reduction and reforming [58,3]. It is also possible to see that
the higher is the tar content in the gas stream, the lower is the heating
value of the gas, revealing that part of the energy shifted from the non-
condensable fuel gases to the tars. No correlation between the tar
amount in the gas and the efficiency can be outlined, while it is clear that
the higher efficiencies were reached during the test at higher power
outputs. This can be explained with a lower influence of the heat losses
on the gasifier operation.

Concerning driftwood pellet, it is not a simple fuel to use for long run
despite the good performance in terms of efficiency. This is due to its
high ash content that has led to clinker formation near the nozzles of the
gasifier.

The elemental analysis carried out on a collected clinker sample
showed a content of carbon of about 1% and an ash content over 99%. A
solution to avoid this undesired issue can be reducing the residence time
of the biomass at the high temperature zone (e.g. by varying the grate
movement) [67].

Conclusion

In this work, six biomasses (five residues and A1 ENplus pellets) were
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tested as fuel in a lab-scale downdraft gasifier prototype. Six gasification
tests were performed after a preliminary evaluation of the physical
characteristics of the biomasses. Various parameters were monitored
including contaminants in the gas, gas composition, grate temperature
and gasification efficiency.

The produced chars were analyzed too, by measuring their elemental
composition and ash content, and carbon content was always over 70%,
except for cork. The ratio between the pressure drop across the reactor
and the gas flow raised to the square was proposed to compare tests
carried out at different power outputs. Cork has shown the worst per-
formances in basically all the indicators, especially cold gas efficiency,
indicating that its utilization in small-scale downdraft gasifiers can be
problematic, at least through the tested architecture. A possible solution
could be cork pelletization to increase its density as reported by Nunes
et al. [43] and therefore its flowability inside the reactor. Good per-
formances were shown by driftwood pellets even if it is necessary to pay
particular attention to clinker formation, and by pistachio shells and
chipped hemp. Concerning hemp thermochemical valorization through
gasification, the tests have shown that chips performed better than
pellets even if it should be noted that chipping this biomass was
particularly challenging due to the tenacity of the fiber. Through this
preliminary evaluation it is possible to assess that excluding cork, the
tested biomasses showed a sufficiently smooth gasifier operation and an
acceptable cold gas efficiency. Furthermore, the correlation between
high ash content in the biomass and the detected low tar content in the
gas could be a not insignificant point in favor of biomass usually
considered too poor for energy generation. For this reason, hemp resi-
dues, pistachio shells and driftwood should be taken into account as
possible fuel for small-scale downdraft biomass gasifiers. Their use for
electrical and thermal energy generation can be an example of circular
economy practice, and it can support the decarbonization through bio-
char production. Longer runs are necessary for an effective analysis of
every biomass used and for a better understanding of the limits and the
performances in the long term.

The next steps will be the test of these residual biomasses in a small
scale commercial downdraft gasifier equipped with an internal com-
bustion engine. In addition, the application of a pre-pyrolysis stage in
order to increase the efficiency and to decrease the tar content in the gas
flow will be evaluated.
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Appendix A

Fig. A1l shows the six samples of residual biomasses tested in this
work.

Fig. A2 shows the lab-scale downdraft gasifier (Femto Gasifier) used
for the test.

Fig. A3 displays the clinker collected in the nozzles section after the
test with driftwood pellet.
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