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A B S T R A C T

In this paper the results of an experimental study on gasification process are presented. A small batch reactor, 
using air as gasification agent, has been suitable designed to investigate the gasification of both raw and torrefied 
biomass (spruce) densified in form of pellet (P). The novelty of this study consists in the continuous monitoring of 
the biomass lost amount (gasified biomass) by placing the reactor, appropriately instrumented, on a suitable 
scale. Thanks to this simple expedient, it has been possible to rework the mass and energy balances of the process 
as if they accord to those of a continuous steady-state updraft fixed-bed configuration. The experimental results 
have been processed by elaborating a dedicated procedure that has allowed to turn the quantities expressed in 
term of mass amount, such as the treated biomass and the char production, into mass flow rate quantities. This 
study highlights the role of the air flow rate V̇a,wb as guiding parameter through which the performance indexes 
of the process as cold gasification (ηC) and carbon conversion (ηCC) efficiencies, syngas (Ys) and power to biomass 
(Ypb) yields can be assessed. Within the selected V̇a,wb ranges: 15–25 Nl.min− 1 for raw wood pellet (WP) and 
15–30 Nl.min− 1 for torrefied pellet (TP), the reactor gasification power (Pgr) sets within: 1,45-2,18 kW for WP and 
1,66-3,23 kW for TP. Furthermore, the results demonstrate the fundamental role of the char layer in improving 
the quality of the Low Heating Value (LHV) of the produced syngas in turn also conditioned by the selected V̇a,wb 

values. As general outcome, the performances results more promising for TP than WP. Both the experimental 
approach and the proposed elaboration procedure provide an alternative methodology that could contribute to 
improve the design procedures to enhance the exploitation of this technology within the current renewable 
energy scenarios.

Nomenclature

Abbreviation/Symbols Subscripts
MC Moisture Content (%) a air
WP Wood Pellets b biomass
TP Torrefied Pellet bl biomass loss/lost
ṁ mass flow rate 

[kg⋅h− 1]
c cold gasification

V̇ Volumetric flow rate 
[Nl⋅min− 1]

cc carbon conversion

ρ density [kg⋅m− 3] db dry basis
x air specific humidity 

[kgMC⋅kgd.a 
− 1]

dtf dry and tar free 
basis

(continued on next column)

(continued )

m mass [kg] gr gasification reactor
UC Unconverted Carbon i compound in syngas
M Molar mass ogp overall gas 

production
LHV Lower Heating Value 

[MJ⋅Nm− 3]
pb power to biomass

LHV Lower Heating Value 
[MJ⋅kg− 1]

s syngas

Y Yield j chemical element in 
biomass

P Power A→BA→Bṁwa→ṁb ṁwa→ṁb compound A present 
in system B

(continued on next page)
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(continued )

η Efficiency wb wet basis
UA Ultimate analysis w water
x Molar fraction of 

gaseous compounds
​ ​

z Mass fraction of 
biomass elements

​ ​

1. Introduction

Biomass gasification is widely recognized a pivotal technology [1–3] 
to convert biomass into eco-friendly fuels like syngas and chemical 
products [4,5]. Syngas generated from gasification is used on power 
generation technologies as internal combustion engine, gas, steam and 
micro-gas turbines [6,7], in biomass based combined power cycle [8] 
and fuel cells [9,10].

Considering the potential and promising expectations placed in these 
technologies, they are object of study investigated both in the modelling 
[11–13] and experimental [1,14,15] fields. Biomass, currently available 
in form of wood chips from forestry activities and wood waste pro
cessing [16], is attracting growing interest within renewable energies 
scenarios [17,18]. Despite this, over the years several peculiarities of 
raw biomass have been recognized as critical factors capable of influ
encing the wide diffusion of this resource in the context of energy con
version processes. Those considered particularly critical are: high 
moisture and oxygen content (approximately 40 %), low energy density 
(strongly dependent on moisture content (MC)), tendency to degrade 
due to its hydrophilic characteristic, heterogeneous size and shape and 
low grindability. Furthermore, the complexity of its supply chain man
agement, including harvesting, transport and storage phases, getting 
worse by the general lack of standardisation procedures, presents many 
unknowns both in the development of biomass-based energy conversion 
technologies and in the competitiveness with the traditional energy re
sources, such as fossil fuels and the other renewable resources. On the 
other hand, considering its recognized strategic strengths such as its 
global availability, storage opportunities and on-demand convertibility, 
this resource can contribute to the constant increase of energy interde
pendence [18–20] with a limited environmental impact [21]. These 
expectations, also confirmed by the International Energy Agency [22], 
recognize in biomass a resource with high potentialities for applications 
in sustainable technologies, able to contribute for about 10 % of the 
global energy mix by 2035.

As is known, among the thermal processes, the most common are the 
direct combustion (the most widespread one) and gasification, followed 
by carbonization and pyrolysis. Gasification is a thermal process that 
occurs at high temperatures due to reaction between biomass and one or 
more gasification agents, usually air, in an oxygen-poor environment to 
avoid complete combustion. [23,24]. Requiring thermal energy, gasifi
cation can therefore be defined as a process that "transfers" energy from 
the chemical bonds of the biomass constituent fibers (hemicellulose, 
cellulose, lignin) to the obtained gaseous compound, unlike what hap
pens in combustion which, instead, releases thermal energy. This gives 
the gasification process the flexible character of a thermochemical 
process [25] able to treat different types of biomass including low-value 
lignocellulosic feedstock, waste biomass and, in some cases, waste ma
terials. Furthermore, by controlling the process parameters, it is possible 
to adjust the composition of the syngas to make it more suitable for 
specific applications: from heating and power generation [26], 
including CHP and tri-generation plants [27], from the production of 
fuel [5] up to high value-added compounds for chemical uses [28,29]. 
For all these reasons gasification is increasingly recognized a strategic 
technology to drive the exploitation of biomass resources in years to 
come [30,31].

However, the use of biomass in gasification processes has encoun
tered specific criticalities related to the complexity of the lignocellulosic 
matrix itself. This is mainly due to its compactness and to the presence of 

different bonding forces between the fibres, as the presence of a signif
icant quantity of highly crystalline cellulose molecules [32,33]. In light 
of these problems, many efforts have been made to study suitable 
pre-treatments that, in recent years, are acquiring an increasing 
importance to the point of being considered an essential stage in the 
enhancement of biomass chain valorization [3]. Pre-treatments, 
involving thermal, mechanical, physicochemical and biological 
methods, can have a significant impact on improving both the energy 
conversion yield of the processes and the quality of the final products. 
For this reason, the experimental activities presented in this study 
involve also the gasification of woody biomass previously subjected to 
torrefaction. This process, classified among the physical-chemical pre-
treatments, is carried out in inert atmosphere at temperatures ranging 
within 200–300 ◦C, a condition that causes the progressive breakdown 
of lignocellulosic fibres [34,35]. Jointly with the dehydration of the 
entire structure, this entails the reduction of O/C and H/C molar ratios. 
Compared to raw biomass, torrefied wood becomes more hydrophobic 
and easily grindable, presents a higher LHV and greater structural uni
formity [36]. This entails a generalized improvement to the character
istics of torrefied biomass compared to raw biomass, as confirmed by 
several studies [37–39]. The upgrade due to this thermal pre-treatment 
makes torrefied biomass potentially useable also as partial substitute of 
solid fuels in different power generation technologies [40,41].

To further increase the competitiveness of biomass utilization, in the 
last decade, attempts have been made to combining torrefaction with 
densification. This last pre-treatment, better known for some time as 
pelletization and now integral part of the biomass supply chain, allows 
to obtain a stable agglomerate (pellet) starting from raw biomass (chips, 
slabs, wood work pieces), previously ground, fron the cylindrical shape 
with a diameter between 6 and 25 mm and length between 3.50 and 50 
mm [42,43]. Through this treatment, the density of raw biomass in
creases from 40 to 200 kg/m− 3 up to 600–1000 kg/m− 3 of that in form of 
pellet, reaching an almost constant MC value around 8 %.

The possibility of densifying biomass has contributed to making its 
logistics chain much more competitive, making the storage, handling 
and distribution processes much more efficient and fluid-like, thus 
allowing their final use also through automatic feeding systems (pellet 
stoves). From an economic point of view, since the value of the biomass 
supply chain is strongly dependent on the volumetric energy density 
(MJ/m3), the increase of this parameter for wood pellet (WP), makes its 
energy cost (€/MJ) more competitive compared to that of forest feed
stock. All these aspects have significantly increased the final use of WP 
and the economic value of the biomass [33], classifying, furthermore, 
this resource as an energy commodity [39].

By combining densification with Torrefaction pre-treatments, higher 
temperatures are needed but, due to the increased grindability, a lower 
mechanical energy per unit of biomass treated is reuired. As final result, 
due to the increased LHV, the combination of the two processes leads to 
a significant increase in the volumetric energy density of torrefied pellet 
(TP) [29]. Considering these, a significant growth is expected also for its 
use both in energy industries and metallurgical plants in co-firing with 
coal [44,45]. Looking at the current state of gasification, for several 
years studies are focused on the following strategic areas: from funda
mental to applied research including modelling, to the evaluation of the 
impact of different biomasses on the process performances up to the 
economic analysis to assess the role of this process in the emerging en
ergy scenarios. Reference is made to the following papers for an in-depth 
and up-to-date overview of this technology [1,4,7,19,25,46].

In addition to the intrinsic characteristics of the biomass here out
lined, the process is influenced by the type of reactor in which it occurs 
and by the constraints imposed by the operating conditions. For the 
purpose some specific parameters have been introduced such as the 
carbon conversion efficiency (ηCC), the cold gasification efficiency (ηC) 
and the evaluation of tars in syngas. For a wide overview specifically 
dedicated to detail the role of the parameters of the process, reference is 
made to the folowing recent publications: Ferreiro et al. [1] and Kuttin 
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et al. [46].
Regarding the use of torrefied biomass in gasification, while a large 

number of works has been published on gasification and, separately, on 
torrefaction, papers dealing with the use of torrefied biomass on gasi
fication are relatively few. Despite this, these studies confirm that tor
refaction improves the performances both of the process and of the 
quality of the syngas [3,14,35,36,47–51]. Furthermore, torrefaction is 
gaining interest as strategic process to upgrade agricultural waste and 
residues potentially useable in gasification [52–54]. However, impor
tant questions remain open, in particular regarding the comparative 
analysis of the exercise parameters of the process when fed with raw or, 
alternatively, with torrefied biomass. Furthermore, by restricting the 
analysis to the use of TP, the studies and the documented experiences are 
so far very limited [36,55,56]. The scenarios that emerge from this 
overview highlight how, both biomass pre-treatments and the knowl
edge of the impact of the operating conditions, represent the two topics 
issues on which the research on gasification is mostly oriented. The 
proposed study fits into this scenario and aims to propose some inno
vative aspects here highlighted: 

- from a methodological point of view, the innovation consists on the 
design of a batch reactor suitable to be placed on a scale. This so
lution, allowing the continuous monitoring of the biomass lost (ṁbl) 
during gasification, has suggested the idea of reformulating appro
priately the mass and energy balances of the gasifier in order to make 
them conform to describe those specific of a continuous steady-state 
gasifier. This approach allows to provide an estimation of the per
formances of a continuous gasification process by monitoring, for 
selected air flow rate (V̇a,wb) values, only the ṁbl and the char amount 
(mchar) produced from a batch gasifier.

- from an experimental point of view, this work provides a detailed 
comparisons of the gasification process outcomes, in terms of syngas 
quality and gasifier performances, when it is powered both with raw 
and torrefied biomass in form of pellet. This contributes to enlarge 
the experiments on gasification since limited experiences are docu
mented for TP [36,54,55].

- considering the process analysis, this work highlights how, for a 
selected type of biomass (WP or TP), the V̇a,wb plays the role of a key 
parameter of the process through which the trends of the main 
quantities and those of other parameters can be correlated. In 
particular, this study highlights the impact of the V̇a,wb on the evo
lution of both the overall gas production ṁogp and of the generated 
mchar from which the quality of the obtained syngas, ultimately, 
depends.

2. Material preparation and characterization

2.1. Material selection

As outlined in the introduction, the emerging perspectives suggest 
that the strategic use of biomass will inevitably require an articulated 
supply chain involving thermo-chemical pre-treatments and densifica
tion processes [55]. These two stages are an integral part of this study 
since the gassification tests have been carried out using spruce (Picea 
abies) both as raw and torrefied biomass in form of pellet. Due to the 
large commercial availability, the ENplus A1 certified pellet quality was 
chosen as reference for WP. ENplus guarantees the complying with ISO 
17225–2:2014 [57] that conforms with the highest quality of graded 
wood pellet for residential and industrial uses. The same species, spruce 
feedstock supplied by a local sawmill in the form of wood chips, was first 
torrefied and then densified to obtain TP. The wood, harvested in the fall 
of 2023 and cut into pieces, was shredded and stored for several months 
under laboratory conditions. Thereafter this shredded material was 
sieved to separate it into different sizes. Specimens larger than 4 mm but 
less than 12 mm were selected before proceeding with their 

characterization, torrefaction and pelletizing treatments.

2.2. Torrefaction

A bench torrefaction pilot plant was specifically assembled to pre
pare the torrefied material for this gasification campaign. The torre
faction reactor has been built according to a previous reactor design 
whose description is detailed in the Authors’ publication [58]. To in
crease the production of the torrefied material the new bench scale 
reactor has been enlarged to 1500 mm in length and 60 mm in diameter. 
This allows to treat an amount of about 300 g of the selected woodchips 
with respect to the limited capacity of 45 g of the previous plant. Before 
torrefaction, the woodchips were dried at 105 ◦C for several hours and 
their MC determined in triplicate according to AOAC standard method 
930.15 [59]. A direct heating approach has been adopted integrated also 
with electrical heaters positioned all around the external surface of the 
reactor to achieve a better control of the torrefaction temperature to 
avoid, in particular, overshoot conditions. This control has been inten
sified with further thermocouples regularly positioned inside and 
around the external surface of the reactor as well as at the inlet section of 
the reactor to monitor the temperature of nitrogen used as heating 
carrier. This has allowed to pursue a high homogeneity degree for the 
resulting torrefied material and to test the very satisfactory reproduc
ibility of the experimental runs required to achieve the final amount of 
10 kg of torrefied biomass. The woodchips charge has been maintained 
for 50 min at a selected torrefaction temperature of 290 ◦C. The resulting 
mass yield can be referred to a target value close to 80 %. Further details 
of the process can be found on the cited paper [58]. The material ob
tained after each torrefaction run has been collected into sealed bags, 
mixed and milled by a Cutting Mill Pulverisette 19 (Fritsch, Germany) to 
provide a final fineness of the particles below 0.5 mm. Before pelletizing, 
the grinded material was re-wetted with a sprayer and mixed inside a 
plastic storage container to achieve a homogeneous MCdb (dry basis) 
nearby 30 %. Successively, to maintain this condition, the material was 
placed into sealed bags for 48 h and transferred to a conditioned room 
with a constant temperature of 27 ◦C.

2.3. Densification

Densification of the torrefied material was performed through 
pelletization by using a pellet mill flat ring die Model PLT-100 (Smartec, 
Italy). This machine is characterized by the fact that the die, through 
which the raw material is forced, is flat like a plate. It is usually turned 
by a set of gears called “ring and pinion gear”. In this model, widely 
diffuse, the material is force by two electrically driven rollers while the 
die is stationary. The die has a diameter of 12 cm and a thickness of 3,8 
cm. It presents approximately one hundred holes of 6 mm diameter 
drilled in the die so that the formed pellets are approximately 6 mm in 
diameter and 18 mm in length. According to manufacturer’s specifica
tions, this model has a productivity ranging from 40 to 70 kg/h. To 
determine the dimensions and unit mass of the obtained TP, they were 
randomly selected before each gasification run. Using a digital vernier 
caliper with a 10− 2 resolution, the following value for length (L) and 
diameter (D) were measured: L = 18,42 ± 0,40 mm; D = 6,04 ± 0,002 
mm. The mass of each TP was determined with a digital balance (10− 4 g 
resolution). From these measurements the density of TP pellet and, 
similarly, of WP has been estimated: ρTP = 1,21 ± 0,009 (g/cm3) and WP 
ρWP = 1,14 + 0,005(g/cm3).

2.4. Material characterization

Ultimate Analysis (UA) including ash content and Lower Heating 
Value (LHV) have been determined for both WP and TP. Carbon, 
hydrogen, nitrogen and sulphur (CHNS) content was measured by using 
the Elemental Analyzer Mod. Vario Macro Cube-Elementar (Elementar 
Analysen Systeme GmbH, Hanau, D) while the oxygen content was 
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calculated by difference from the total. The ash content was determined 
according to the standard method DD CEN/TS 14775:2004 [60] while 
the LHV was measured by the Oxigen Bomb Calorimeter Mod. IKA 
C5000 (Isoperibolic Calorimeter). All these anaes have been performed 
by triplicate and the resulting average values reported in Table 1. The 
MC percentage (%), on a wet basis (MCwb), has been measured for each 
sample before starting each gasification test, according to the cited 
method [60], and the values included in Table 3 of section 3.3.

3. Gasification pilot-plant

3.1. Description of the updraft fix bed gasifier

A laboratory-scale batch micro-gasifier has been specially developed 
for this investigation. The reactor consists of a cylindrical vessel of 
stainless steel of 60 mm in diameter and 1300 mm in length and operates 
at atmospheric condition. Before each test, an amount of about 2 kg of 
pellets is fully loaded from the top of the reactor. The material is 
propped up by a grid placed at a distance of 100 mm from the bottom of 
the reactor. By means of a controlled compressed air line, the air flow 
rate, used as gasification agent (primary air), enters the reactor at the 
bottom through a hole drilled in the centre of the base of the reactor. 
Making reference both to the air (bottom entry) and syngas (top exit) 
flow rates, this reactor looks like an updraft fixed-bed gasifier [61]. On 
the other side, since the biomass is not fed according to a continuous 
flow configuration, the reactor could also be traced back to a fixed bed 
batch type. It should be noted that the biomass bed does not move except 
for the shrinkage of volume caused by the process itself. In fixed-bed 
gasifiers, the gasification process occurs in several stages, each one 
taking place in specific sections of the biomass bed. The configuration of 
the bed sections depends on the type of gasifier (updraft, downdraft, 
cross-draft) that, in turn, affects the quality of the obtained syngas. The 
configuration of the stages that characterizes this gasifier is represented 
in the diagram of Fig. (1) and refers to a generic working condition 
which, as explained in the next paragraph, can be traced back to a steady 
state working condition. After loading the reactor, an excess air flow rate 
is initially introduced into the reactor to promote the combustion pro
cess by igniting the biomass bed from above. In a very short time the air 
flow is reduced to bring the combustion back to a sub-stoichiometric 
condition to oxidize the biomass only partially. The air (gasification 
agent), which flows upwards through the biomass, feeds the combustion 
zone whose front moves, therefore, from the top to the bottom through 
the unburned biomass bed (stage 1). The combustion reactions raise the 
temperature around this area which, as detected by the monitoring 
carried out during the tests, settles at a maximum value close to 1000 ◦C. 
In the scheme this stage is identified as oxidation, stage 2. This condition 
activates the pyrolysis process (stage 3), a thermochemical breakdown 
that converts the biomass components into: a volatile fraction, light 
hydrocarbons, CO, CO2 and tars, a condensable fraction that develops at 
low temperature in oxygen-free zones with the temperature ranging 
from 200 to 450 ◦C; a solid fraction, named char, whose layer constitutes 
the reduction zone, usually named gasification stage and indicated as 
stage 4 in Fig. (1).

This section of the biomass bed represents the core of the gasification 
process since the flow of the gaseous compounds, generated in the 

Table 1 
UA including ash % and LHV for WP and TP.

Sample* C [wt. 
%]

H 
[wt. 
%]

N 
[wt. 
%]

S [wt. 
%]

O [wt. 
%]a

Ash 
[wt. 
%]

LHV 
[MJ/kg]

WP 50,22 6,12 0,01 0,11 43,22 0,32 17,21
TP 53,77 5,98 0,11 0,01 39,03 1,10 19,67

* All values are expressed as mass fraction on a dry basis.
a Oxygen fraction calculated by difference.

Table 2 
Sequence of stages and corresponding reactions for the proposed gasifier scheme 
(Fig. 1). ΔH values are referred to standard conditions [29].

stage type of stage reactions

1 Unburned 
biomass

– ​

2 Oxidation Heterogeneous Reactions ​
Complete 
oxidation: 
Partial 
oxidation:

C + O2 → 
CO2: 
C+0.5 O2 → 
CO:

ΔH = - 
393.7 
kJ/mol 
ΔH =
− 119.6 “

[29,65,
66]

Homogeneous Reactions
Water gas shift 
reaction: 
(WGS)

CO +
H2O↔CO2 +

H2: 
H2 + 0.5 O2 

↔H2O: 
CO+ 0.5 O2 

↔CO2:

ΔH = - 
41.2 
ΔH = - 
241.1 
ΔH = - 
283.0

Methanation 
reactions:

2CO+ 2H2 

↔CH4 +

CO2: 
CO + 3H2 

↔CH4 +

H2O:

ΔH = - 
247.3 
ΔH = - 
206.2

Methane ref. 
reactions:

CH4 + 1.5 O2 

↔CO + 2H2O 
CH4 + H2O↔ 
CO + 3H2

ΔH = - 
36.2 
ΔH = +

206.2
3 Pyrolysis Biomass → heavy and light species + gases +

H2O + tars + char ΔH> 0
[67–69]

4 Gasification 
(reduction)

Boudouard 
reaction: 
Carbon steam 
reforming: 
Hydrogasific. 
reaction: 
Tar reforming: 
Tar cracking:

C + CO2 

↔2CO; 
C +
H2O↔CO +
H2 

C+ 2H2 

↔CH4 tars +
H2O→CO +
H2 

tars +
O2→CO +
H2O 
tars +
CO→CO2 +

H2 + CH4

ΔH = +

175.52 
ΔH = +

131.20 
ΔH = - 
74.87 
ΔH > 0 
ΔH > 0 
ΔH > 0

[70–72]

5 No reactive 
char

– ​

Table 3 
Biomass charge and corresponding MC % values. V̇a,wb. values and monitored ṁbl 

results for WP and TP tests. Solid symbols ●, ■, ▴: tests carried out at the same 
V̇a,wb.

Biomass specification Basic process quantities

Tests mb (charge) 
[kg]

MCwb [% 
wt.]

V̇a,wb (ṁa,wb) [Nl⋅min− 1] 
(kg⋅h− 1)

ṁbl 
[kg⋅h− 1]

WP- 
1●

1.90 6.92 15(1.10) 0.63

WP-2 1.85 6.48 17(1.25) 0.67
WP- 

3■
1.85 7.00 19(1.40) 0.71

WP-4 1.85 6.99 21(1.54) 0.74
WP- 

5▴
1.85 6.87 23(1.69) 0.78

WP-6 1.85 6.56 25(1.84) 0.80
TP-1● 1.80 3.90 15(1.10) 0.66
TP-2■ 1.80 3.85 19(1.40) 0.74
TP-3▴ 1.85 3.89 23(1.69) 0.84
TP-4 1.78 5.59 27(1.98) 0.89
TP-5 1.75 5.62 30(2.20) 0.93

* wet basis.
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underlying stages and flowing upwards, in contact with the high tem
peratures of this char layer, undergo endothermic reduction reactions 
that convert it into syngas, the final product of the gasification process. 
Furthermore, in this stage, the radicals released during oxidation can 
react both in gas phase to reform the tar species and with the solid 
matrix to release further combustible gases [50,62–65].

The heat absorbed by the endothermic reactions progressively re
duces the temperature of the char layer as one moves upwards, giving 
rise to the inert zone indicated as stage 5 (Fig. 1). For sake of clarity, it is 
to point out that the proposed description and the corresponding scheme 
of Fig.(1) provide a useful but simplified schematization of the 
complexity of the process under consideration.

In particular, it should be considered that the identified phases are 
never perfectly separated from each other as emerges from the proposed 
description but overlapped. This condition, in particular, involves the 
combustion and pyrolysis stages. It follows that the attribution of spe
cific reactions to each single phase reported in Table 2 must be 
considered in the context of a simplified schematization to help the 
comprehension of the different steps of the process.

3.2. Description of the overall pilot-plant

The novelty of this work consists in the continuous monitoring of the 
mbl during the entire gasification process by positioning the reactor on a 
suitable scale. A laboratory Helmac digital scale, Mod. ASW30, has been 
utilized. This scale has a maximum weighing capacity of 30 kg and an 
accuracy of three digits after the decimal point (0.001 kg). The experi
mental quantities has been monitored by equipping the pilot plant with 
suitable instrumentation. The primary air flow rate (V̇a,wb) to the gasifier 
is supplied from an air compressor and is measured by a variable air flow 
meter (Bronkhorst, Mod. F-201AB) covering the range from 0,4 to 70 
Nl⋅min− 1 (accuracy 1 %). Temperatures are monitored by four k type 
thermocouples with a measurement range from − 10 ◦C to 1000 ◦C 
(uncertainty ± 0,75 %), connected to a data logger acquisition device 
(Agilent 34972A LXI). They are positioned inside the biomass bed along 

the axis of the reactor and equally spaced at a distance of 10 cm. The 
entire external surface of the reactor is insulated by a continuous 
ceramic wool swab. A sampling line, located at the upper part of the char 
section, sucks an appropriate syngas flow whose composition is detected 
and recorded on line by electrochemical sensors equipped on a syngas 
monitor device (MRU GmbH Delta 1600). Prior to analysis, the syngas 
sample flows through a cleaning section consisting of three small con
tainers (bottles) located upstream of the syngas analyser and acting as a 
trapping device for condensable compounds (water and tars). In addi
tion, to protect the MRU device, the clean syngas, before being inserted 
into the analyser, is passed through a final filter to remove carbon soot 
particles. The indicated instruments and connections have been equip
ped to avoid interferences with the biomass loss monitoring. The 
following Figs. (2a, 2b) depict the results of the on-line monitoring both 
of the biomass loss (2a) and of the molar fraction percentage (%) (2b) of 

Fig. 1. Scheme of the reactor stages in correspondence to a generic time-set.

Fig. 2a. Trend of the biomass loss for a complete gasification test including the 
R2 parameter of the linear regression.
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the syngas components referred to the overall time frame of a generic 
test. This clearly shows how these quantities maintain a nearly constant 
trend throughout the entire process. As proposed below, this behaviour 
has allowed to elaborate an innovative procedure to express the mass 
and energy balances of the gasifier conforming to those pertaining to a 
continuous steady-state updraft fixed-bed configuration. Among studies 
involving both batch and continuous gasifier, significant experimental 
research activities have investigated the comparison of the two config
urations [73–75] Others studies have compared the performances be
tween steady-state and transient conditions imposed to batch gasifier 
[76,77]. To Authors’ knowledge, a significant research work that in
troduces an experimental approach similar to that followed in this work 
is that proposed by Carmona et al. [78] in which, in particular, the mass 
loss is measured by placing the reactor on a load cell.

3.3. Experimental planning

Six tests have been carried out for WP, named from WP-1 to WP-6, 
and five for TP named from TP-1 to TP-5. The following Table 3 reports 
the V̇a,wb used for each test: starting from 15 to 25 Nl⋅min− 1 with regular 
increments of 2 Nl⋅min− 1 for WP; starting from 15 to 30 Nl⋅min− 1 with 
regular increments of 3 Nl⋅min− 1 for TP. To better understand the reason 
of this choices, reference is made to paragraph 5, Results and Discussion. 
The number in brackets indicates the air mass flow rate on a wet basis 
(ṁa,wb) expressed as kg⋅h− 1. This has been obtained by converting the 
V̇a,wb through the wet air density value: ρa,wb = 1,224 kg m− 3 in turn 
referred to the specific humidity value of air: x = 0.01 kgMC/kga,db 
corresponding to the average environment conditions of the laboratory 
during the tests. As far as possible we tried to charge the reactor with the 
same amount of biomass (≈1,75-1,90 Kg). A Helmac digital scale, Mod. 
ASW3 (maximum weighing capacity 3 kg, accuracy 0.001 kg) has been 
used to weigh the biomass to be treated. These data are reported in 
Table 3 with their corresponding MCwb measured before starting each 
test. This Table includes also the biomass loss flow rate (ṁbl) obtained 
from the elaboration of the data trends as that depicted in previous 
Fig. (2a). To make reading the data simpler and more immediate, in all 
the Tables the values are approximated to two digits after the decimal
point. Regarding the analysis of the experimental measurements, 
reference is made to paragraph 6 dedicated to their statistical analysis.

4. Proposed procedure

4.1. Mass balance

4.1.1. Overall mass balance
Making reference to the resulting steady state condition of the pro

cess, the overall gas mass flow rate production of gas (ṁogp) can be 
expressed as sum of the ṁbl and ṁa,wb quantities whose values are re
ported in the previous Table 3: 

ṁogp = ṁbl + ṁa,wb (1) 

As detailed in the following Eq. (5), the term ṁogp includes the MC 
ṁw→ogp and the tars ṁtars→ogp mass flow rates in the produced gas. Since 
the amount of char (mchar) present inside the reactor at the end of each 
test has been rigorously weighed, also the produced char can be 
expressed in terms of char mass flow rate (ṁchar) considering the 
following reasonable assumption: 

- the ratio between the char flow rate and the biomass lost flow rate 
ṁchar/ ṁbl can be assumed equal to the ratio between the quantity of 
char produced and the treated biomass charge,

mchar/ mb, so obtaining the ṁchar as: 

ṁchar =
mchar

mb
⋅ṁbl (2) 

Thus estimated the ṁchar and ṁbl quantities, also the amount of 
biomass treated in the batch reactor can be expressed in terms of 
biomass flow rate (ṁb) feeding a continuous steady-state updraft fixed- 
bed gasifier: 

ṁb = ṁbl + ṁchar (3) 

Rearranging Eqs. (1) and (3), the resulting Eq. (4): 

ṁb + ṁa,wb = ṁogp + ṁchar (4) 

corresponds to the one that would be obtained by applying the mass 
balance to a continuous steady state reactor configuration. Fig. (3)
shows a scheme of the gasification plant. All quantities are expressed in 
terms of mass flows including, in brackets, the quantities converted to 
"virtual" mass flow rates by applying the proposed approach.

For each test, the following Table 4 reports the results of the elabo
rations including the measured mch/ mb ratio (% wt).

Eq. (4) can be rearranged into a more detailed form to highlight the 
contributions of the individual quantities in the overall mass balance. 
The term ṁb can be split into two contributions: one to account for the 
dry biomass (ṁb,db), the other for the MC in biomass (ṁw→b).

The same can be done for the term ṁa,wb, splitting it into the dry air 

Fig. 2b. Trends of the mole fractions of the syngas components for a complete 
gasification test.

Fig. 3. Scheme of the overall gasification plant.
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contribution (ṁb,db) and that pertaining to the MC, ṁw→a. Analogously, 
the quantity ṁogp can be expressed as sum of three contributions: the first 
accounts for the final syngas amount ṁs. In this analysis this quantity is 
determined by expressing the ṁogp on a dry and tar free basis: ṁs =

ṁogp,dtf ; the second accounts for its MC, ṁw→ogp; the third for the tars, 
ṁtars→ogp. The ṁchar can likewise be subdivided into the ash and the 
unconverted carbon (UC) flow rates contributions, ṁash→char and 
ṁUC→char respectively.

Eq. (4) can then be rewritten into the following explicit Eq. (5): 

ṁb,db + ṁw→b + ṁa,db + ṁw→a = ṁs + ṁw→ ogp + ṁtars→ ogp + ṁash→ char

+ ṁUC→ char (5) 

4.1.2. Elementary mass balance
Eq. (5) facilitates the elaboration of both the elementary mass bal

ance and the determination of some specific parameters of the process. 
In particular, it allows to utilise directly the data of the syngas compo
sition which, as described in Section 3.2, is detected on a dry and tar-free 
basis. It is important to observe that, in addition to the gaseous com
pounds, moisture and tars, the ṁogp quantity includes also traces of 
minor CxHy compounds, HCl, HCN, NH3, metals and alkali components. 
Sulphur is converted mainly into H2S, then into Carbonyl Sulphide 
(COS) that, interacting with O2, leads to SO2 [79]. Some sulphur com
pounds can be found into ashes but their concentration, as reported by 
Kaewluan et al. [80], are normally around few ppm. Since the amounts 
of these species are extremely small, they have not been taken into ac
count in the continuation of this elaboration.

As proposed in the following Eq. (6), Eq. (5) can be further rewritten 
by including the chemical elements of the biomass and of the gaseous 
species of the syngas: 

ṁb,db(zC + zH + zO + zN + zash)+ ṁa,db + ṁw→b = ṁs ⋅

(
∑

i
xi ⋅

Mi

Ms

)

+mw→ogp + ṁtars→ogp + ṁash→char + ṁUC→char

(6) 

The zj term indicates the mass fraction of each of the chemical ele
ments (j=C,H,O,N, ash) of the biomass whose values are reported in 
Table 1. The MRU device provides the composition of the syngas, 
expressed in terms of molar fraction xi (dtf basis), for each of the ith 
compound (i = CO, CO2, CH4, H2, N2) of the ṁs. To keep Eq. (6)
consistent, the syngas composition is converted into the mass fraction 
knowing the molar mass of each species (Mi) and that of the syngas (Ms). 

- Nitrogen mass balance:

Following the widely adopted assumption [29] that, in gasification 
processes involving biomass, nitrogen can be considered as an inert gas, 
the steady state equation of the mass balance of nitrogen (N2 input = N2 

output) can be solved with respect to the unknown ṁs term: 

ṁa,db ⋅ yN2 + ṁb,db⋅zN = ṁs⋅xN2 ⋅
MN2

Ms
(7) 

where yN2 is the mass fraction of N2 in air. This quantity allows to 
calculate a parameter considered significant for the performance of the 
gasification process: the syngas yield (Ys), defined as the ratio of the 
volumetric syngas production V̇s (Nm3⋅h− 1) to the biomass flow rate 
feeding the reactor: 

Ys =
V̇s

ṁb
(8) 

The V̇s has been obtained by converting the ṁs using the Ms and, as 
molar volume, the value equal to 22.414 Nm3/kmol assuming the syngas 
as ideal gas at normal temperature and pressure conditions (NTP). These 
data are reported in the following Table 5. 

- Hydrogen mass balance.

The following Eq. (9a) takes into account the total inflow of 
hydrogen into the gasifier due to biomass, the moisture in biomass and 
in the air: 

ṁH2,input = ṁb,db ⋅ zH +
(
ṁw→b + ṁa,db ⋅ x

)/
9 (9a) 

where x indicates the specific humidity of air.
Eq. (9b) accounts the hydrogen leaving the gasifier as H2 and CH4: 

ṁH2,output =
(
xH2 +2 ⋅ xCH4

)
⋅ 2
/

Ms⋅ṁs (9b) 

According to Basu [29], the MC in the ṁogp is associated with the 
hydrogen balance between the inlet and outlet flow from the reactor and 
is therefore determined as: 

ṁw →ogp =
(
ṁH2, input − ṁH2,output

)
⋅18
/

2 (10) 

Considering the three contributions of the overall produced gas 
introduced into Eq. (5), once the syngas ṁs and moisture ṁw→ogp have 
been determined, Eqs. 7 and 10, the tars flow rate (ṁtars,db) can be esti
mated as: 

ṁtars,db = ṁogp − ṁs − ṁw→ogp (11) 

- Carbon mass balance:

Rigorously, the carbon (C) mass balance cannot be performed since 
the UA for tars and char has not been carried out. However, the carbon 
conversion efficiency, ηCC, defined as the ratio between the C content in 
syngas to that in the loaded biomass: 

ηCC =
ṁC→s

ṁC→b
(12) 

can be calculated by the following two equations: 

ṁC→b=ṁb,db⋅zC (13) 

ṁC→s=
(
xCO + xCO2 + xCH4

)
⋅ Mc⋅

ṁs

Ms
(14) 

The results of these elaborations are reported on the following 
Table 5. Following the conventional indications, the MC in syngas 
(ṁw→ogp) is here expressed as specific humidity xs, defined as the ratio 
between the quantities ṁw→ogp and ṁs. Besides the generated ṁtars→ogp, 
Table 5 includes also the concentration of tars, expressed as ratio 

Table 4 
Results of the quantities in terms of mass flow rate [kg⋅h− 1] as results of the 
proposed procedure.

Testsa ṁogp 

[kg⋅h− 1]
mchar/ mb [% 
wt.]

ṁchar 
[kg⋅h− 1]

ṁb 
[kg⋅h− 1]

WP- 
1●

(15) 1.73 9.17 0.058 0.690

WP-2 (17) 1.92 8.38 0.056 0.728
WP- 

3■
(19) 2.10 6.34 0.045 0.751

WP-4 (21) 2.29 3.31 0.025 0.769
WP-5▴ (23) 2.47 1.21 0.009 0.790
WP-6 (25) 2.65 0.50 0.004 0.810
TP-1● (15) 1.76 19.81 0.131 0.791
TP-2■ (19) 2.14 16.52 0.123 0.868
TP-3▴ (23) 2.53 10.05 0.085 0.927
TP-4 (27) 2.87 5.81 0.052 0.942
TP-5 (30) 3.13 2.10 0.019 0.952

a In brackets the air flow rate V̇a,wb (Nl⋅min− 1); symbols ●, ■, ▴: tests carried 
out at the same V̇a,wb.
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between the generated tars with respect to the Nm3⋅h− 1 of syngas 
produced.

4.2. Energy quantities

The syngas Lower Heating Value (LHVs), expressed in MJ⋅Nm− 3, is 
determined according to the following equation [29]: 

LHVS =12,696⋅xco + 10,769⋅xH2 + 35,866⋅xCH4 (15) 

The Power of the gasification reactor (Pgr), alternatively named po
tential energy output, is determined by the product of the ṁs by the cor
responding LHVs, obtained by converted the quantity LHVs into MJ⋅kg− 1 

by assuming, as normal molar density of the syngas (ideal gas), the value: 
0,0466 kmol⋅Nm− 3: 

Pgr = ṁs⋅LHVs (16) 

Another parameter indicative of the gasification performance is the 
Power to biomass yield (Ypb), defined as the ration between the Pgr and the 
feeding biomass flow rate (ṁb): 

Ypb =
Pgr

ṁb
(17) 

Among the various options used to define the efficiency of the gasifi
cation process, the cold gasification efficiency ηC is, usually, the most 
utilized due to low temperatures (ambient condition) reached by the 
syngas during cleaning processes. The ηC is defined as the ratio of the Pgr 

to that of the feeding biomass excluding, so that, the sensible heat 
contribution of the syngas at the gasifier output conditions: 

ηC =
Pgr

ṁb⋅LHVb
(18) 

The values of these parameters and the xi of the compounds involved 
in LHV calculation are reported for each test in the following Table 6.

5. Results and discussion

First of all, it is important to underline that the maximum values of 
V̇a,wb have been fixed equal to 25 Nl⋅min− 1 and 30 Nl⋅min− 1for WP and 
TP respectively. These limits are due to the presence of a fluid-dynamic 
drag/fluidization regime that is triggered following the increase of the 
air speed for V̇a,wb beyond the indicated limits. This quantity is of pri
mary importance, not only because the dynamic regime of the fluid that 
is established depends primarily on the V̇a,wb values but, as in this work, 
air constitutes the gasification agent of the process. The basic idea that 
guided this experimental work was, primarily, to assess the role of the 
V̇a,wb on the performances of the process and, furthermore, to evaluate 
the impact that biomasses, presenting different structures as WP and TP, 
have on these. For this reason, in almost all the diagrams shown below, 

the V̇a,wb is assumed as independent variable.
The order followed for the presentation of the Figures aims to 

highlight, in particular, the following: 

- to compare, for the two biomasses, the trends of the quantities 
resulting from the proposed procedure;

- to assess the impact of the progressive reduction of char amount on 
the quality of the produced syngas and on the performances of the 
gasifier.

For sake of clearness, it was deemed more appropriate to present first 
the results related to mass balance (section 5.1) and, subsequently, those 
related to energy balances (section 5.2).

5.1. Mass balances results

The following Fig. (4) provides a preliminary overview, both for WP 
and TP, of ṁogp, ṁs and ṁbl trends Vs. V̇a,wb. First of all it is found that 
these quantities presents almost overlapping profiles for both biomasses, 
with a slight increasing difference as V̇a,wb increases. Considering tests of 
Tables 3–5 presenting the same V̇a,wb (values equal to 15, 19 and 23 
Nl⋅min− 1), the maximum percentage difference between WP and TP 
stands at 7.8 %. This outcome indicates that torrefaction has a moderate 

Table 5 
Results of the quantities obtained from the elementary and mass balance.

Testsa ṁs (Ms) [kg⋅h− 1] V̇s [Nm3⋅h− 1] Ys [Nm3⋅kg− 1] xs ṁtars→ogp [kg⋅h− 1] ṁtars→ogp/ V̇s [kg⋅Nm− 3] ηCC

WP-1 ● 1.44 (26.40) 1.22 1.77 0.16 0.064 0.052 0.64
WP-2 1.63 (26.22) 1.39 1.91 0.14 0.061 0.044 0.69
WP-3 ■ 1.81 (26.10) 1.56 2.07 0.12 0.065 0.042 0.75
WP-4 1.99 (25.98) 1.71 2.23 0.11 0.079 0.046 0.81
WP-5 ▴ 2.15 (25.61) 1.88 2.38 0.10 0.095 0.050 0.84
WP-6 2.27 (26.46) 1.93 2.38 0.11 0.110 0.057 0.83
TP-1 ● 1.48 (25.67) 1.29 1.63 0.16 0.057 0.044 0.54
TP-2 ■ 1.86 (25.59) 1.62 1.87 0.12 0.061 0.038 0.62
TP-3 ▴ 2.22 (25.44) 1.96 2.11 0.10 0.095 0.049 0.70
TP-4 2.55 (25.41) 2.25 2.39 0.09 0.101 0.045 0.80
TP-5 2.80 (25.54) 2.46 2.58 0.08 0.108 0.044 0.87

a Solid symbols ●, ■, ▴: tests carried out at the same V̇wet air.

Table 6 
Molar fractions of compounds involved in LHV calculation and Energy param
eters results.

Tests xco 

[%]
xH2 

[%]
xCH4 

[%]
LHVs 

[MJ⋅Nm− 3]
Pgr 

[kW]
Ypb [Kw/ 
(kgb⋅h− 1]

ηC

WP- 
1

15.46 13.9 2.31 4.28 1.45 2.10 0.47

WP- 
2

16.10 14.4 2.08 4.33 1.68 2.30 0.51

WP- 
3

16.75 14.58 1.85 4.35 1.88 2.50 0.56

WP- 
4

17.89 14.53 1.58 4.39 2.10 2.72 0.61

WP- 
5

18.37 14.08 1.35 4.32 2.26 2.86 0.64

WP- 
6

18.10 12.29 1.31 4.08 2.18 2.70 0.60

TP- 
1

15.40 16.57 2.57 4.66 1.66 2.10 0.39

TP- 
2

16.73 16.32 2.37 4.72 2.13 2.46 0.46

TP- 
3

18.51 16.08 2.08 4.82 2.62 2.82 0.54

TP- 
4

20.58 15.37 1.48 4.78 3.00 3.18 0.61

TP- 
5

21.59 14.50 1.22 4.73 3.23 3.40 0.66
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impact on these quantities.
For ṁb, the difference (%) between TP and WP is more relevant as 

V̇a,wb increases, moving from 14.64 % to 17.34 % for 15 Nl⋅min− 1 to 23 
Nl⋅min− 1 respectively (Table 4). Considering the mass balance defined 
by Eq. (3) and the small difference between TP and WP for the ṁbl 
(Fig. 4), the increasing difference of ṁb between TP and WP is sub
stantially attributable to ṁchar as evidenced in following Fig. (5).

Further interesting observations can be drawn by analysing in details 
the trend of the generated ṁchar: 

- taking into account the very weak dependence of the quantity ṁogp 

from the type of biomass (Fig. 4), for tests carried out at the same 
V̇a,wb the global mass balance, Eq. (4): ṁb + ṁa,wb = ṁogp + ṁchar can 
be rewritten as follows:

(ṁb)TP − (ṁb)WP ≈(ṁchar)TP − (ṁchar)WP (19) 

where the symbol ≈ accounts for the limited discrepancies of ṁogp for TP 
and WP. This is evidence also in Fig. (5) in correspondence of the three 
common values of V̇a,wb. 

- Fig. (5) highlights that, for WP, the ṁchar practically disappears at the 
higher acceptable values of V̇a,wb (from Table 4: ṁchar = 0,009–0,004 
kg h− 1 for V̇a,wb = 23–25 Nl⋅min− 1) while, for TP, the ṁchar presents 

an order of magnitude higher also at higher V̇a,wb values (ṁchar =

0,052–0,019 kg h− 1 for V̇a,wb = 27–30 Nl⋅min− 1). As a direct 
consequence of the observed ṁchar trends, the evolution of the ṁbl 
and ṁb. quantities present the trends depicted in Figs. (6a, 6b). For 
clarity of the representation, two separate diagrams have been pro
vided for the two biomasses: Fig. (6a) for WP, Fig. (6b) for TP.

For WP, these diagrams show how, as the V̇a,wb increases, the dif
ference between ṁb and ṁbl decreases rapidly (Fig. (6a)). Corre
spondently, the ṁchar values are almost equal to zero already for V̇a,wb 

close to 21 Nl⋅min− 1, a condition that involves equality of the two 
quantities ṁb and ṁbl. This is an indirect proof of the fact that, as the 
V̇a,wb increases, the gasification stage evolves towards a regime gradu
ally dominated by combustion. As this condition prevails, a progressive 
reduction of the char layer is observed. This entails a progressive 
decrease of the combustion products conversion into syngas that occurs 
mainly in the char layer. As will be clear in the next session, this evo
lution of the process has a direct impact on the "energy quality" of the 
generate ṁs, i.e. on the decrease of its LHV. Furthermore, the progressive 
establishment of the combustion regime leads to an increase of volatile 
ash particles and particulate matter. The combined effects of high V̇a,wb 

values and the consequent reduction of the char layer acting also as a 
filter, leads to a progressive dragging/fluidization regime of particulate 
matter and ash. This behaviour, compromising the stability of the 
biomass loss measurement, limits the choice of the maximum acceptable 
values for V̇a,wb that, in this study, set at 25 and 30 Nl⋅min− 1 for WP and 
TP respectively. These questions would deserve to be analysed more in 
depth. Since this is not the primary purpose of this work, reference is 
made to the following works [81–83] specifically dedicated to evaluate 
the impact of high V̇a,wb on the propagation rate of the pyrolysis front. 
The conclusions formulated here do not take into account that the 
measurements are influenced by errors due to the accuracy of the in
struments used. To avoid burdening this discussion, these issues are 
addressed within the statistical analysis proposed in paragraph 6. As 
reported, the progressively reduced quantity of char introduces signifi
cant errors to the point that a description based solely on the reported 
measurements can prove to be partially unreliable.

Alongside these observations, a further interesting elaboration can 
be proposed starting from the overall mass balance, Eq. (4), and 
substituting the ṁogp and ṁchar terms as expressed by Eqs. (1) and (2)
respectively.

Eq. (4) can be rewritten in the following form: 

Fig. 4. ṁogp, ṁs and ṁbl for TP and WP Vs. the selected V̇a,wb values.

Fig. 5. ṁb and ṁchar trends for WP and TP Vs. V̇a,wb. Fig. 6a. ṁb, ṁbl. and ṁchar for WP Vs. V̇a,wb
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ṁb

ṁbl
=

(

1+
mchar

mb

)

(20) 

Referring to the assumption introduced in Eq. (2), the ratio (mchar/ mb.) 
can be substituted with the ration ṁchar/ ṁb., Eq. (20) can be rearranged 
to provide an alternative to determine the ṁbl: 

ṁbl =
ṁb

(

1 +
ṁchar
ṁb

) (21) 

This equation allows to determine the ṁbl by the knowledge of the ṁb 

feeding the gasifier, usually available, and of the unloaded ṁchar. Once 
these quantities are determined, it is possible to estimate the ṁogp 

through Eq. (1). Trends depicted of previous Figs. (6a,6b) can also be 
reconsidered by evaluating the impact that the ṁb has on ṁogp and, 
consequently, on ṁs. This clearly emerges from the following Fig. (7)
which depicts the ṁogp Vs. ṁb highlighting, with solid symbols, the three 
tests involving WP and TP carried out at the same V̇a,wb.

This representation integrates the contents of previous Fig. (4) con
cerning ṁs or ṁogp quantities as follows: by working at the same V̇a,wb, 
Figs. (4,7), an almost similar amount of ṁogp (ṁs) can be obtained both 
from WP and TP but, from Fig. (7), it emerges that for TP this implies the 
increase of ṁb; from a different point of view, at the same ṁb, the gasifier 

working with WP produces a higher quantity of ṁogp with respect to that 
obtained by using TP, a condition that is achieved for higher values of 
V̇a,wb. The process involving TP, for which the performances seem worse 
than using WP (higher ṁb to produce similar ṁogp at the same V̇a,wb), has 
the advantage to be able to work at higher values of ṁb with respect to 
WP producing, correspondingly, increasing ṁogp (ṁs). For the case of 
WP, it is important to observe that the limitation is not dictated by a 
limit value of ṁb but by the constraint imposed by the maximum 
acceptable value of V̇a,wb that, for the so design reactor, sets below the 
maximum one (marked with ← symbol), in Fig. (7) for V̇a,wb = 25 
Nl⋅min− 1). As mentioned above discussing about Fig. 6a and b, this is 
due to the condition that, for WP, the ṁchar is close to zero even for V̇a,wb 

values lower than 23 Nl⋅min− 1.
The following Fig. (8) reports the concentration trends of tars in the 

obtained syngas (ṁtars→ogp/ V̇s) and the tars to biomass ratio (ṁtars→ogp/ 
ṁb) both for WP and TP. This plot highlights that, within the common 
range of V̇a,wb: 15–23 Nl⋅min− 1, the concentration profiles present a 
similar trend for both biomasses with a minimum reached in corre
spondence to the same value of V̇a,wb = 19 Nl⋅min− 1. Within this V̇a,wb 

range, the difference of tars concentration between the two biomasses 
decreases with the increasing of V̇a,wb while, beyond this range, this 
difference seems to diverge significantly. However, it must be observed 
that, due the limited number of experimental data, it becomes difficult 
to recognize a reasonable trend as emerges for the other quantities. Due 
to these tars concentration trends and the results of ṁb previously dis
cussed, the resulting profiles of the ratio ṁtars→ogp/ ṁb, included in the 
same figure, represent an expected trend. It is important to observe that, 
at the same V̇a,wb, this ratio reaches lower values for TP than for WP. This 
is due to the higher value of the ṁb in correspondence to the same V̇a,wb 

and not to an intrinsic characteristic of the torrefied biomass. Indeed, as 
evidenced in Table 5, for tests involving the same V̇a,wb, the ṁtars→ogp is 
practically the same for the two biomass species.

5.2. Energy balance results

The plots proposed in this section depict the trends of the energy 
parameters introduced in paragraph 4.2. To make the discussion clearer, 
the results are presented according to an appropriate sequence of topics. 

- Gasification Reactor Power (Pgr) and Power to Biomass Yield (Ypb).

The following Fig. (9) reports the trends of the Pgr and Ypb quantities 
Vs. V̇a,wb. At the same V̇a,wb, the Pgr present higher values for TP than for 
WP with an increasing trend for both Pgr and Ypb as V̇a,wb increases. For 

Fig. 6b. ṁb, ṁbl and ṁchar for TP Vs. V̇a,wb

Fig. 7. ṁogp Vs. ṁb. for WP and TP. Solid symbols refer to tests carried out at the 
same V̇a,wb. Fig. 8. Tars concentration and tars/biomass ratio for WP and TP Vs. V̇a,wb
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both these quantities, the WP trend presents a maximum achieved in 
correspondence to V̇a,wb = 23 Nl⋅min− 1. It is interesting to note that at 
low V̇a,wb values, while the Ys parameter referred to TP performs worse 
with respect to those achieved for WP (see data of Table 5), within low 
V̇a,wb range the Ypb parameter reaches similar results for both biomasses 
(Fig. 9). 

- Syngas Low Heating Value (LHV) trends.

The Pgr results can be better understood when they are correlated to 
the corresponding ones pertaining to LHV as proposed in Fig. (10). Over 
the entire V̇a,wb range, the LHV reaches higher values for TP than for WP. 
For both biomass, a maximum is observed for LHV, for TP in corre
spondence to slightly higher values of V̇a,wb.

Beyond the maximum, the LHV of syngas obtained from WP de
creases more rapidly than that from TP, which entails a corresponding 
decrease of the Pgr profile within the V̇a,wb range 23–25 Nl⋅min− 1. For TP, 
the slight decrease of LHV beyond the maximum is, however, offset by 
the continuous increase of ṁs also at higher V̇a,wb (Fig. 4) which, at the 
end, entails an increasing trend of Pgr. On the next point the discussion 
will therefore be focused on the analysis of the results of the LHV trends. 
Due to the very similar value observed for ṁs at the same V̇a,wb values 
(Figs. 4), Fig. 10 clearly shows that the higher values of Pgr achieved for 
TP than for WP is clearly due to the contribution of the LHV. 

- Syngas Low Heating Value (LHV) analysis

Fig. (11) depicts the molar fractions trends for CO, H2 and CH4 

compounds Vs. V̇a,wb monitored in correspondence of the line exiting the 
gasifier after the traps (Fig. 3). The plotted values, included in Table 6, 
are the average of the xco, xH2 and xCH4 molar fractions recorded during 
each test and are implemented in Eq. (15) to calculated the LHV of the 
syngas. For CO and, to a lesser extent, for CH4, the trends are practically 
overlapping up to V̇a,wb equal to 19 and 23 Nl⋅min− 1 for WP and TP 
respectively. Regarding CO, its trend increases continuously for TP 
while, for WP, it reaches the maximum of xco = 18,37 % for V̇a,wb = 23 
Nl⋅min− 1. For WP, the maximum for xH2 = 14,48 % is achieved around 
20–21 Nl⋅min− 1 and, all over the V̇a,wb range, its trend sets below that 
achieved by TP. For both species, within the higher ranges of V̇a,wb the 
xH2 profile decreases, more rapidly for WP. The contribution of these 
three compounds leads to the LHV trends highlighted by the continuous 
lines conferring, thereby, to the syngas obtained from TP, a “higher en
ergy” quality compared to that generated from WP. A more in-depth 
analysis on the evolution of the obtained LHV trends is proposed in 
the next point. 

- Impact of char on LHV

At this point of the discussion it seems of some interest to resume 
what was proposed in section 6.1 regarding the evolution of the ṁchar as 
function of the V̇a,wb, a topic discussed as a commentary on Figs. (6a, 6b). 
The following Fig. (12) integrates the graphs now cited, in the sense that 
it highlights the impact that the evolution of the char layer has, not only 
in the resulting mass flow rates trends (ṁbl., ṁb: Fig. 6a and b) but, in a 
more relevant way, in enhancing the energy content of the syngas, i.e. in 
the evolution of the its LHV.

Fig. (12) highlights how the trend of CO is correlated to the evolution 
of the layer of char (in this figure normalized with respect to the biomass 
charge) through which the combustion products are converted into 
syngas mainly due to the Boudouard and Carbon steam reforming re
actions, Table 2. It is interesting to note that the xco profile referred to TP 
increases also at higher values of V̇a,wb due to the presence of a layer of 
char still active, unlike what happens for WP for which the xco starts to 
decrease due to significant reduction or absence of the char layer in 
correspondence to the higher V̇a,wb range acceptable for this biomass. 
For TP this contributes to limits the decrease of its LHV with respect to 
what happens for the case of the syngas generate from WP, as depicted in 
previous Fig. (11). 

- Carbon Conversion (ηCC) and Cold Gassifiction (ηC) Efficiencies

Fig. 9. Pgr and Ypb trends for TP and WP Vs. V̇a,wb

Fig. 10. Pgr and LHV trends for TP and WP Vs. V̇a,wb.
Fig. 11. CO, H2 and CH4 molar fraction profiles and syngas LHV obtained from 
TP and WP Vs. V̇a,wb.
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The following Fig. (13), showing the trends of the two parameters: 
ηCC and ηC, represents a synthesis of the discussions carried out so far in 
presenting the previous diagrams. Considering the ηC, this diagram 
highlights how, although the Pgr values are more performing for TP than 
for WP (Fig. 9), the resulting ηC trend is worse within the lower V̇a,wb 

range compared to WP. Considering Eq. (18), this is explained by the 
effect of the increase of the ṁb required to achieve similar gaseous 
production at the same V̇a,wb (Fig. 7) and to the higher LHV of this type of 
biomass (Table 1). On the other hand, at high flow rates, the ηC reaches a 
maximum for WP while, for TP, it continues to grow. A similar trend is 
observed for the ηCC parameters.

6. Statistical analysis

Making reference to Eqs. (1)–(5), the elaboration proposed in this 
work requires, as input data, the values of ṁbl and ṁchar quantities. The 
ṁbl is determined by monitoring the biomass loss during each test, while 
ṁchar is calculated through Eq. (2) knowing the amount of char (mchar) 
measured at the end of each test. The tests carried out during this study, 
given the operational complexity, have not been repeated. Therefore, 
data reported in the manuscript relate to the individual measurements 
taken during each test. Therefore, the error of the measurements of ṁbl 
and mchar can only be calculated with respect to the accuracy of the 
utilized scales (10− 3 kg for the scale used for ṁbl; 10− 4 kg for that of 
mchar), while systematic and random errors cannot evidently be 
considered. The following Figs. 14 and 15 reports the trends of the 

accuracy error bars % (in percentage to enhance the vision of bars) for 
ṁbl and mchar quantities. While for ṁbl the errors trends are comparable 
and almost constant for WP and TP over the entire V̇a,wb range, for mchar 

the difference increases due to the rapid extension of the error bars 
following the decrease of char amount that tends to 0 as V̇a,wb increases, 
as described in sub-section 5.2: Impact of char on LHV. Fig. (15) high
lights that, at high values of V̇a,wb, the measurements of mchar, and 
consequently of ṁchar, present an unacceptable accuracy error as evi
denced by the negative value of the bars, a condition that becomes 
particularly evident for WP. This means that the conclusions reported in 
the cited paragraph on the importance of the char layer in characterizing 
the “quality” of syngas, deduced by considering only the measurement 
trends, as emerges from this analysis have to be understood as a “qual
itative” trend, while a definitive quantitative assessment would require 
repeated measurements taken using high-precision instruments.

Despite the criticality due to the limited number of experimental 
data, the Standard Deviation (St. Dev.) value has been calculated in any 
case for each of the quantities addressed in the introduced procedure. 
The results are reported in the following Tables 7 and 8 for mass flow 
rate quantities and energy parameters respectively. In addition, the 
corresponding St. Dev. trends are depicted in Figs. 16 and 17. It is to 
observe that, in this context, these trends do not indicate how much the 
data of a distribution deviate from the average value. Since, for a 
selected quantity, each data is referred to different conditions (different 
V̇a,wb, Figs. 14 and 15), the average values reported in these Tables are 
not, rigorously, actual ’average’ values. Therefore, the St. Dev. bars 
trends reported in Figs. 16 and 17 do not account for the deviation errors 
of the data as usual, but an indication of the distribution, with respect to 
V̇a,wb, of the experimental measurements of a quantity around the 
“average” value. As general outcome, these diagrams provide an imme
diate comparative view of the explained St. Dev. distribution between 
TP and WP for each of the reported quantities. In details, Fig. (16)
highlights the small distribution range for quantities as ṁbl, ṁb and ṁchar 
whose result can be traced back to the mass balances involving only 
solid (biomass) quantities, Eqs. (2) and (3). Quantities as ṁogp, ṁs and Ys 

are determined by solving the mass balance, Eqs. (1), (7) and (8), 
including the contribution of mass or volumetric air flow rate. This 
makes it clear how the growing trends of ṁogp and ṁs with V̇a,wb, Fig. (4), 
are mainly due the contribution of the air amount than that of the 
gasification of the solid quantities that, moreover, remains limited. The 
St. Dev. range for the power parameter Pgr is, correspondingly, the 
higher one within the Energy indexes, Fig. (17), since it accounts for the 
relevant distribution range of ṁs that, in turn, is mainly due to that of the 
V̇a,wb. The St. Dev. range of LVH is not very different for WP and TP 

Fig. 12. Char % trend and corresponding xco profile Vs. for TP and WP.

Fig. 13. ηC and ηCC trends for WP and TP Vs. V̇a,wb. Fig. 14. Accuracy error bars % trends of ṁbl for WP and TP Vs. V̇a,wb.
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(Fig. 17), but the higher average value of both LHV and ṁs for the TP 
contributes to set the distribution range of Pgr at higher values for TP 
than WP.

7. Limits of the proposed experimental procedure

The most significant criticality found in this experimentation lies in 
the fact that, due to the complexity of the tests to be performed, the 
measurements were not repeated. The availability of data, while 
providing interesting insights on the emerging issues, is therefore 
limited. A statistical elaboration has been proposed, but the results 
cannot be widely utilized to obtain further reliable trends. Some con
clusions, based solely on direct measurements and not supported by 
statistical information, have to be critically accepted. This should be 
particularly accounted for measurements made by imposing high air 
flow rates, for which the data for char amount is affected by substantial 
inaccuracies.

From a methodological point of view, the work does not propose, at 
this step, a comparison between the proposed calculation procedure, 
defined for a batch configuration, and the experimental results obtained 
from the exercise of a continuous reactor. This would provide an inde
pendent experimental feedback on the effective reliability of the pro
posed method. In addition to this, a further limitation is made up by the 
small size of the adopted batch prototype, which does not allow to 
extend the air flow rates to a wider range of experimental conditions, 
currently limited. From an operational point of view, it would be 

appropriate to integrate or develop, through models, the problems 
related to the onset of the fluidization regime that occurs at high air flow 
rates. This is a critical aspect because it affects the amount of char 
present in the reactor that could be removed, due to the presence of 
fluidization effects, reducing so that its functionality.

Fig. 15. Accuracy error bars % trends of mchar for WP and TP Vs. V̇a,wb.

Table 7 
Average and Standard Deviation for WP and TP quantities derived from mass balance.

Quantities derived from mass balance [kg⋅h− 1]

ṁbl ṁogp ṁs ṁchar ṁb Ys [Nm3⋅kg− 1] ṁtars/ V̇s [kg⋅Nm− 3]

WP TP WP TP WP TP WP TP WP TP WP TP WP TP

Aver. 0.723 0.812 2.193 2.486 1,882 2,182 0.033 0.082 0.757 0.894 2.123 2.116 0.049 0.044
St.Dev. 0.067 0.111 0.344 0.550 0.316 0.528 0.024 0.047 0.043 0.065 0.252 0.383 0.006 0.004

Table 8 
Average and Standard Deviation values for composition and energy parameters of WP and TP.

Syngas composition and energy parameters

xCO xCH4 xH2 LHV ηCC Pgr ηC

WP TP WP TP WP TP WP TP WP TP WP TP WP TP

Aver. 0.171 0.186 0.017 0.019 0.140 0.158 4.292 4.745 0.760 0.706 1.925 2.528 0.566 0.532
St.Dev. 0.012 0.026 0.004 0.006 0.009 0.008 0.110 0.070 0.081 0.133 0.315 0.640 0.065 0.109

Fig. 16. St. Dev. distribution bars for quantities referred derived from 
mass balance.

Fig. 17. St. Dev. distribution bars for quantities derived from energy balance.
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8. Conclusions

This paper presents the results of an innovative experimental elab
oration applied to mass and energy balances of a pilot plant batch 
gasifier using air as gasification agent and working with raw and tor
refied biomass densified in form of pellet. The novelty consists in the 
continuous monitoring of the biomass loss by exploiting the steady-state 
conditions detected during the process evolution. By using as input 
variables: the air flow rate, suitable chosen within a define range, and 
the char flow rate, estimated from the measurements of the overall char 
production amount, all the mass flow rates quantities involved in the 
process have been determined as if they accord to those of a continuous 
updraft fixed-bed gasifier configuration. By including the monitoring of 
the composition of the syngas compounds, the performances of the en
ergy quantities have been calculated as well. As important outcome, the 
proposed approach demonstrates the relevant role of airflow rate as 
guiding parameter from which depends the optimal achievements of the 
process.

Additionally, this work confirms the increasing performances of the 
process powered by torrefied biomass, although the optimal ones are 
achieved for higher mass flow rate than those required using raw 
biomass. The results emerging from this research look promising to 
improve the design and control procedures of biomass gasifier and to 
consolidate the potentialities of biomass exploitation within the current 
renewable energy scenarios.
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