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ABSTRACT: The aim of this study is to investigate the possibility of enhancing the gasification process using a pre-
treated biomass that presents higher heating value, higher C/O ratio and less moisture content than untreated biomass.
The aim is to assess the gasification parameters that can be modified in order to achieve the best performance of the
gasification systen1. These research studies have been carried out in coflaboration with the Centre RAPSODEE (UMR
CNRS 5302, IMT Ecole de mines Aibi-Carmaux, France) and the Free University of Bolzano (Italy). The torrefaction
of standard pellets is realized using a lab scale rotary kila unit at RAPSODEE. On the contrary, the gasification tests
are carried out at the Free University of Bozen-Belzano by means of a fixed bed open top gasifier. The tests of pellets
torrefaction has been carried ot at 250°C and 270°C with two repetitions in order to obtain about 60 kg of pellets for
each torrefied condition. The used feedstock is a standard French pellets produced from sawdust of oak and beech
following the standard EN 14961-2 (“Wood peliets for non-industriat use”). The peliets are characterized before and
after the torrefaction pre-treatment. The gasifier used for the gasification tests is ar open top pilot-scale gasifier placed
at the Bioenergy and Biofuel Lab of the Free University of Balzano. The plant is an open top downdraft system, where
both gas and feedstock move downward as the reactions proceed. The main difference between un-treated and torrefied
pellets is the moisture content. [n addition, a slight increase in terms of carbon content and LHV and a slight decrease
in terms of volatile matter are observed by moving from standard to torrefied pellets. The torrefied pellets seem to reach
lower performances in terms of eold pas efficiency (CGE) and char yield with respect to the standard peilets. However,
the trends in terms of ER and CGE suggest that moving toward higher values of ER, higher valiues of CGE could be
reached independently of the material used.

Keywords; biomass, pellet, torrefaction, gasification, fixed bed.

I INTRODUCTION

In the fieid of bicntass pre-treatment, torrefaction has

gained an increasing allention due to the possibility, by
means of this process, to enhance the physical and
chemical property of biomass e.g. increasing energy
density, making uniform the biomass properties and
avoiding the biological degradation thanks to its
hydrophobicity [1-4] . Similarly, studies have been
performed on the use of torrefied biomass in gasification
process [5~7] . The idea is to enhance the gasification
process using a pre-treated biomass that presents higher
heating value, higher C/O ratio and less moisture content
than untreated biomass [8]. On the contraty, the volatile
compounds decrease in biomass after torrefaction.

These research studies have been carried out in
collaboration with the Centre RAPSODEE (UMR CNRS
5302, IMT Ecole de mines Albi-Carmaux, France) and the
Free University of Bozen-Bolzano {Italy).

The aims of this collaboration are on the one hand
evaluating the torrefaction pre-ireatment staring from
standard pellets and on the other hand using the torrefied
pellets in gasification test in order to evaluate the
valorisation of this feedstock in the gasification process
itself,

2 MATERIALS AND METODS

2.1 Standard and torrefied pellets

The standard pellets used in this research work are
produced fiom sawdust of oak and beech following the
standard EN 14961-2 (“Wood pellets for non-industrial
use™) [4]. The pellets were characterized before and after
the torrefaction pre-treatment at the Centre RAPSODEE.
The moisture content is determined using an oven. The
sample is placed in the lab oven at 105°C and weighed
before and after the analysis according to the standard
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method; “UNIE EN I1SO 18134-3:2015 - Methods for the
determination of meisture content - Oven dry method [9].
The sample is usually place in the oven for a time lower
than 24h in order to prevent the unnecessary losses of
volatile compounds. The determination of ash content
involves the use of a muffle furnace. The procedure
inchades a specific heating program for the sample
incineration in according to the standard “UNI EN ISO:
18122:2016 - Solid biofuels — Determination of ash
content” [10]. The elemental composition in terms of
Carbon (C), Hydrogen (H), Nitrogen (N} and Sulphur (S)
was determine using a Flash 2000 Elemental Analyzer
(Thermo scientific). In addition, volatile matter content
was determine following the standard UNI EN
18123:2015 ("Solid biofuels - Determination of the
content of volatile matter") [11]. The fixed carbon was
calcudated by difference. The calorific value analysis of the
biomass samples was carried out at the Bioenergy and
Biofuels LAB of the Free University of Bolzano-Bozen
[12}. The equipment employed is an IKA C200
calorimeter. The moisture content of standard and
torrefied pellets are analyzed before each gasification {est
using the same methodology described previously [9].

The most important parameter in the study of the
gasification process is obviously the producer gas
composition. Therefore, after a gas cleaning system, gas is
analyzed using a gas chromatograph Agilent 490 Micro
GC (uGC) able o detect Hz, Oz, Na, CHy and CO in a
Molsieve column and CO2 in a Plot-U colunn coupled
with a TCD detector using Argon and Helium respectively
as carrier gas. The producer gas is analyzed every 3 min,
corresponding  to  the time required for the
chromatographic separation and analysis of the extracted
gas samples, Before each test, the imstrument was
calibrated using & one cylinder containing a mixture of
certified gases,
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2.2 Experimental setup

The torrefied pellets described in this work was
performed using a pilot scale rotary kiln unit installed at
the Cenire RAPSODEE. The kiin consists of a steel
(nickel/chromium) eylinder of 4.2 m in fength and ¢.2f m
of internal diameter [13}. The central part of the cylinder
is placed into a heating shell for about 2.75 m. The heating
zone is formed by five independent parts heated using
electrical resistances embedded in alumina fiber,

The feeding system consists of a hopper of 26 kg of
capacity and a vibrating cylindrical screw conveyor
connected with the kiln eylinder. After being torvefied, the
peliets exiting the rotary kiln pass through an exit chamber
and are collected in a storage tank that is connected in a
sealed manner in order to prevent air contacl.

The gases produced during the treatment are evacuated
towards a post-combustion chamber fed with propane that
allows theit combustion before refeasing them outside. To
prevent any overpressure in the reactor, a rupture disk has
been installed at the exit chamber, limiting the electricat
tracing to 200°C.

The overall feeding system is continuousiy weighed.
All torrefaction experiments were done with 6 kgh
hiomass mass flow rate. The biomass residence time
according to a cold test is around 38 minutes.

Torrefied biotnass coilection, gas and bio-oif sampling
start afier 2h {once the steady state is reached) in order to
establish the mass balance. The tests of pellets torrefaction
has been carried out at 250°C and 270°C with two
repetitions in order to obtain about 60 kg of pellets for each
totrefied condition.

The gasifier used for the gasification tests is an open

top pilot-scale gasifier placed at the Bioenergy and Biofuel
Lab of the Free University of Bolzano (Figure 1}.
The plant is an open top downdraft system, where both gas
and feedstock move downward as the reactions proceed.
The gasification reactor, a gas cleaning system, a flare and
a moniloring and controlling system compose the
experimental set-up [14].

In order o increase the char temperature in the
reduction zome, a part of char can be burned injecting
secondary air inte reactor. In this way, the reactor can be
used as a double stage gasifier modulating the air in two
separale Zone in order to control the gasification process
and to adapt it to different feedstock properties. The
secondary air injected into reactor is measured by a mass
flow meter and controller [15].

reactor

scrubber

are

. :
char tank water'tank blower

Figure 1: overall schematic of the pilot-scale open top
gasifier systenL.

The experimental tests were performed using am antual
configuration regarding the biomass feeding and an
automatic system to control the char discharge. The
biomass (peliets) is introduced into the reactor from the top
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and the char is discharged from the bottom of the reactor
using & screw conveyor. When the char is removed from
the reactor, the gasification front moves down, the reactor
is filled with fresh biomass until full charge and the cycle
start again. The char sample is collected in a tank and
extracted before the next cycle.

The idea is to perform every cycle of char discharge
when a definite temperature is reached in a cerlain point of
the reactor. The cycle can be repeated in this way many
times and the process can be consider continuous.

Both char and biomass weights are measured using a
lab digital balance and the time interval between the cycles
is recorded. Tn this way, the mass flow rates (biomass and
char) can be calculated at every cycle of char discharge
and biomass feeding.

Knowing the biomass and char composition and their
mass flow raies, the producer gas and air compositions,
their mass flow rates can be caleulated using a Hnear
system considering the ash baiance, the carbon balance,
the nitrogen balance and the total mass balance of the
system.

Char yield is estimated using Equation 1, considering
the ratio between the biomass weight introduced in the
reactor at the beginning of the cycle and the weight of the
char extracted from the reactor at the end of the
gasification cycle.

__ MWenarout
Ychar T (l)
bion., IN

where: gy ay pur 15 the measured mass of residual char at
the end of the test and Mpiom, s is the measured mass of
the initial biomass fed into the reactor.

It is well accepted that a reference parameter for the
gasification process is the equivalence ratio (ER}, the ratio
between the air supplied and the air required for a
stoichiometric combustion reported in Equation 2.

Mair

ER = @

iseoic, air
where: 7iig;, is the mass flow rate of the air supplied and
Tstoic.air 19 the mass flow rate of the air which is needed
for the stoichiometric combustion.

Apart from the lower heating value of the producer gas,
it is also interesting to relate the energy production to the
consumption of biomass by introducing the parameter
named specific producer gas energy (SGE) that can be
cxpressed as the ratio belween the energy in output as
producer gas and the mass of fuel in input:

SGE = LiVges Thogas @)

?ﬁjuel

where: LHV,gq, is the lower calorific value of the
producer gas, 1y g4, 15 the mass flow rate of the producer
gas and titpye is the mass flow rate of biomass consumed.

The efficiency of the gasification process can be
assessed based on the gas cold efficiency (CGE) of the
process, defined as the ratio between the power associated
with the flow rate of the cold producer gas and the power
supplied with the input biomass:

COE = LHVpgﬂs-mpy“ )
LHV pyer Mruet

where: LH Ve is the lower celorific value of the biomass.
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3 RESULTS AND DISCUSSION

3.1 Torrefaction tests

Four torrefied tests are conducted in order to produce
the samples for the gasification experiments. The samples
selected for the gasification tests are reported in Table I,
where the experiment codes are related with the rotary kiln
temperature set up (250°C and 270°C), with the first test
(A) and its repetition (B) and the torrefaction cycle is
indicated with an increasing progressive number.

Table 1: Standard and torrefied pellets composition and
calorific value

moistur fixed volatile LHV
sppaipie S carbon s
[Yowt] [Yowt] [%owt]  [MI/kg]

w.b. d.b. d.b. d.b.

STDP 7.88 16.44 82.68 17.5
T250_B2 4.45 18.73 80.44 17.6
T250_B3 4.41 19.37 79.88 18.1
T250 B4 4.60 19.29 79.95 18.1
T270_A2 4.16 22,711 76.49 18.7
T270_A3 4.05 21.68 71.53 18.3

Knowing the characteristics of the pre-treated pellets,
some pellets samples were selected for the gasification
tests. In particular, samples of torrefied pellets made in the
same experiment (T250 and T270) were selected in such a
quantity that they could be fed into the gasification tests
for a few hours.

The torrefied material absorbs the humidity present in
the environment in a different way than the original
biomass. For this reason, the collected samples were
placed in paper bags and left in the laboratory for a month
before the gasification tests in order to obtain the biomass
moisture stabilization.

Fuel IN composition Calorific valie

[MJ/kg] w.b.
5 &

w

0
volatile LHV

moisture carbon  fixed C
Figure 2: Standard and torrefied pellets after moisture
stabilization — average composition and calorific value on
w.b.

The average values of composition of biomass and
calorific value for each gasification test performed are
shown in Figure 2. It can be seen that the moisture content
of the normal pellets to the torrefied pellets is significantly
reduced. At the same time, there is an increase in carbon
content and fixed carbon, a slight decrease in volatile
compounds and an increase in calorific value from
standard to torrefied pellets.

The primary difference between STDP and T250 is the
moisture content, although a minor difference was
observed with respect to VC (volatile compounds).The
stronger hydrophobic character of torrefied biomass is
possibly represented at more than 250 ° C, the clearest
result of the torrefaction cycle.

On the contrary, there has been a growing trend in
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terms of total carbon content, fixed carbon and untreated
biomass LHV values.

3.2 Gasification tests

Three gasification experiments have been carried out
using standard pellets (STDP), torrefied pellets at 250°C
(T250) and torrefied pellets at 270° (T270). Pellets
samples were taken before each gasification test in order
to carry out the laboratory tests in terms of water and ash
content and calorific value.

The secondary air flow rate influences the reduction
zone temperature of the reactor. In particular, increasing
the air flow rate the temperature increases and, as a
consequence, the carbon conversion due to the Boudouard
reaction increases; the char production decreases and the
carbon monoxide in the producer gas increases.

Carbon monoxfd_e Carbon dioxide o _Char yleld (¥c)

30— P
® 5o
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20
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Figure 3: Carbon conversion in terms of CO, CO2 and

char yield VS secondary air flow rate

Figure 3 shows the values of CO and CO:
concentrations on a dry basis measured and the value of
the yield in char. It is possible to see that as secondary air
increases it leads to an increase in the conversion of carbon
in biomass in terms of CO and COz. In particular, an
increase in secondary air leads to an increase in CO and a
decrease in COz production, and a clear reduction in terms
of char production.

Figure 4 shows the concentrations of the producer gas
in terms of Hz, CHs and N2. Hydrogen content decreases
(against CO trend), methane content decreases slightly,
and nitrogen content increases slightly due to the
introduction of more air in the lower part of the reactor.

i Hydrogen o Methane P Nitrogen
@ STD
PRt 3 & 1 8 . ¢ T250
8 Y D .; 60 A T270
510 3 5
= > 4
# & 50 3
iy £E3 8 oo y »
0= [ 40
0 20 40 20 40 20 40
2nd air [NLPM] 2nd air [NLPM] 2nd air [NLPM]

Figure 4: Producer gas composition in terms of Hz, CHa
and N2 VS equivalence ratio (ER)

The same analysis can be done considering the carbon
conversion versus the equivalence ratio (ER) of the
gasification process (Figure 5). It is quite evident that the
secondary air influences the value of the equivalence ratio.
It can be note that in case of the same ER the torrefied
material presents a higher CO production at the expense of
lower COz production. The interesting thing is the char
production that it follows the trend of ER regardless of the
gasified material.

In Figure 6 some important gasification parameter are
reported in terms of gas specific energy (SGE) as a ratio
between the gas energy content per kg of biomass used (on
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dry and wet basis) and the cold gas efficiency (CGE)
versus the equivalence ratio.

o Carbon monoxide Carbon dioxide Char yield (¥c}
Y

3 0
LIS
, t“o.% , + + 1250
< 20 $e® £ mn 510 A 200
= - bl 4o S Lt
g T | A 5 o
g10 1o whg 210 &
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01 02 03 D4 01 02 03 04 01 02 03 04
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Figure 5: Carbon conversion in terms of CO, COz and
char yield VS equivalence ratio (ER)
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Figure G: Specific gas energy on dry and wet basis and
cold gas efficiency

It ¢can be seen that there is an increase in the gas
specific energy {SGE) in terms of energy produced by the
gas relative to the amount of biomass used on a dry basis,
with the use of torrefied material. This effect is reduced on
a wet basis, taking info account the same parameter. This
is even more eviden! when considering the efficiency of
the process in terms of CGE in relation to ER.

1n this scenario, i would seem that the plant 's output
is more related to the achieved ER values than to the
material used.

4 CONCLUSIONS

In conclusion, the gasification process can be
optimized for all feedstock tested (standard and forrefied
pellet) using a secondary air flow rates in order to conteol
the equivalence ratio of the process, enhancing the carbon
conversion (increase the carbon monoxide content in the
producer gas and decrease the char production).

A significant difference in producer gas LHV was not
reported as regards the gasification process. Using the
same secondary air condition, the torrefied pellet tends to
achieve less efficiency with respect to the cold gas
efficiency and the char yield whit to the standard pellets.
Howevez, an improvement in terms of specific gas encrgy
is reported using torrefied pellets under the same ER
conditions. The trends in terms of cold gas efficiency
versus equivalence ratio, however, sugpest that going
towards higher ER values, higher CGE values may be
accomplished independently of the feedstock used.

5 REFERENCES

[11 Rollinson AN, Williams O. Experiments on
torrefied wood pellet: study by gasification and
characterization for waste biomass to energy
applications. R Soc Open Sci 2016;3:150578.
doi:10.1098/rsos.150578.

[2] NiuY,LvY,LeiY,LiuS, Liang Y, Wang D, ef al.

406

(3]

[4]

(51

(6]

£8]

(9]

[10]
[11]

[12]

f13]

[14]

[15]

Biomass torrefaction : properties , applications ,
chatlenges , and economy. Renew Sustain Energy
Rev 2019;115:109395.
doi:10.1016/j.rser.2019.109395.

Grigiante M, Antolini D. Experimental resufts of
mass and energy yield referred to different
torrefaction  pathways. Waste and Biomass
Valorization 2014:5:11-7. doi: 10.1007/s12649-013-
9205-3.

Antolini D., Grigiante M. BM.
HYDROPHOBICITY BEHAVIOUR  AND
FIBRES DISTRIBUTION OF TWO DIFFERENT
WOODY. Eur Biomass Conf Exhib Proc ISSN
2282-5819 2015:1-4.

Antolini D, Grigiante M, Brighenti M. Experimental
results and parametric analysis of wood, torrefied
and coffee grounds pellets gasification carried out on
a pilot plant reactor. Eur Biomass Conf Exhib Proc
2017;2017:12-5.

Pinto ¥, Gominho J, André RN, Gongalves D,
Miranda M, Varela T, et al. Improvement of
gasification performance of Eucalyptus globuius
stumps with torrefaction and densification pre-
treatments. Fuel 2017;206:289-99.
doi:https:/fdoi.org/10.1016/5.fuel.2017.06.008.
Cerone N, Zimbardi ¥, Viilone A, Strjiugas N,
Kiyikei BG. Gasification of Wood and Torrefied
Wood with Air, Oxygen, and Steam in a Fixed-Bed
Pilot Plant. Energy & Fuels 2016;30:4034-43.
doi: 10.1021/acs.energy fuels.0b00 126,

Deng J, Wang G, Kuang J, Zhang Y, Luo Y.
Pretreatment  of agricultural residues for co-
gasification via torrefaction. J Anal Appl Pyrolysis
2009:86:331-7.

doi:htips://doi.org/10.1016/] jaap.2009,08.006.
UNE EN ISO 18134-3:2015 - Methods for the
determination of moisture content - Oven dry
method 2015,

UNI EN [SO: 18122:2016 - Solid biofuels —
Determination of ash content 2016,

No UNI EN ISO 18123:2015 - Solid biofuels -
Determination ol the content of volatile matter 2015.
Bioenergy and Biofuels LAB 2019,
hitps://bnb.groups.unibz.it/.

Tanoh TS, Ait Cumeziane A, Lemonon J, Escudero
Sanz FI Salvador S. Green Waste/Wood Pellet
Pyrolysis in a Pilot-Scale Rotary Kiln: Effect of
Temperaiure on  Product Distribution  and
Characteristics. Energy & Fuels 2020;34:3336-45.
doi:10.1021/acs.energyfuels, 9b04365.

Caligiuti C, Antolini D, Patuzzi F, Renzi M,
Baratieri M. Modelling of a small scale energy
conversion system based on an open top gasifier
coupled with a dual fuel diesef engine. Eur. Biomass
Conf, Exhib. Proc., vol. 2017, 2017.

Antolini D, Ail 85, Vakalis S, Patuzzi F, Baratieri
M. Enhancement of the load modulation capability
of a pilot plant gasifier by means of secondary air
control, 27th Eur Biomass Conf Exhib 2019:27-30.



