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Abstract 
Steam assisted pyrolysis could represent a valuable technique of processing mixed 
herbaceous biomass wastes for both matter and combustion based energy recovery.  
The set-up of efficient and sustainable technologies exploiting steam pyrolysis to 
this aim requires both the definition of optimal operating conditions and the build 
up of a well-established corpus of knowledge on the effects of these conditions and 
of feedstock composition and preparation on final products and overall energetic 
balances. To this aim a multi-plate laboratory reactor has been realized and a 
systematic experimental work is currently carried out. Methodology of this 
approach is here briefly discussed in relation to the peculiar design of the test 
reactor that allows for realization of steam pyrolysis of biomasses quantities, under 
quasi-kinetic controlled conditions, enabling a thorough quantitative 
characterization of gaseous, liquid and solid products yields and characteristics 
otherwise impossible in standard thermogravimetric systems. One of the key points 
of the proposed methodology is the exploitation of a systematic exploration of 
pyrolysis process of elementary biomasses constituents.  
In the present paper thermal analysis of cellulose degradation, aimed at evaluate 
influence of pressure on cellulose degradation in terms of products yields and gas 
composition in the range 2-5bar, is reported and compared to TGA experiments in 
order to test the reactor performances in terms of thermal control. 
 
Introduction 
Biomass has been extensively studied as renewable, carbon-neutral resource for 
energy production. Most of the previous literature dealing with concerns about the 
optimization of thermochemical and biochemical conversion processes aimed to 
the production of bio-oil and biogas capable to replace conventional fossil fuels. As 
for thermochemical processes, extensive information is available on the production 
of lignocellulosic char [1], bio-oil via fast pyrolysis [2, 3] and syngas through 
gasification [4, 5]. 
A Solid Self-Reforming of biomass with Separation Optimization of Organic Part 
from H2O and Inorganic Atoms (S3O2PHIA process) can be considered a more eco-
compatible biomass exploitation process allowing energy and matter recovery 
through the combined production of a renewable vapor phase fuel suitable to be 
used in non conventional combustion systems (e.g. MILD combustion) and a solid 
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carbon rich residue, with soil amending and fertilizing properties, capable to lock 
carbon in the soil [6]. 
In order to demonstrate the feasibility of such a process an experimental set-up has 
been proposed to investigate the effect of the main operating parameters (pressure, 
heating rate and final temperature) on the yields and on the chemical and physical 
properties of gaseous and solid products. 
The variety of physical/chemical/biological properties for a single biomass species 
as well as for a category of mixed biomasses, make hard the study of  
thermal/oxidative evolution of biomass, because of numberless parameters 
involved in the analysis. Usually this is performed by exploiting major  component 
with implementation referred to few additional variable. Furthermore the 
numberless parameters pertain to myriads of complex cellular and istological 
structures which make even more difficult the analysis in terms of robust reference 
parameters.  
The multiplate reactor and the experimental procedures have been designed with 
the purpose to try to face with this problem in the study of thermochemical 
conversion of single composite biomass and mixed biomass, particularly for 
herbaceous categories. 
The method consists in choosing single species which should be representative of a 
class of vegetal tissue in the case of  single biomass analysis and of a single kind of 
waste in the case of waste mixture. Then the study is addressed in the pyrolysis 
characterization of single species and a mixture of them (surrogate) which can be 
considered representative of the biomass. 
 
Set-up of the experimental apparatus 
In the set-up of the experimental apparatus the main design steps have been the 
choice of the pyrolysing agent, the definition of the main operative parameters to 
be controlled and the corresponding variation ranges to be examined and the best 
reactor configuration allowing for control the above mentioned operative variables. 
In the following sections a brief description of the experimental apparatus is given, 
while details have been presented in a previous work [7]. 
Variation ranges of temperature, heating rate and pressure (Tab.1) have been 
selected on the basis of their effect on both products yields and composition and 
morphology of residual char in order to select the optimal conditions to obtain both 
a solid and a vapor phase (gas and liquid) with the desired characteristics [7]. 
 
Table 1. Operative conditions of temperature, heating rate and pressure in cellulose 

steam pyrolysis experiments. 
 

Tf (°C) 429 543 600 700 

HRSP (°C/min) 5 5 5 5 

P (bar) 2 2 2, 3, 5 2 



 
XXXIV Meeting of the Italian Section of the Combustion Institute 

3 

In order to allow an effective control of the thermal conditions in the reaction 
chamber, sample size (d<600 m), mass (m=6 g) and reaction configuration, 
depicted in fig.1, have been properly selected.  

 
Figure 1. 3D view of the reactor for the study of S3O2PHIA process. 

 
The biomass is placed on a multiplate sample tray in 2 mm thick layers. The 5 
sample tray plates are placed uniformly along the rectangular cross-section 
(width=0.04 m, height=0.052 m) of the reaction chamber (length=0.024 m). The 
steam produced by the steam generator passes through a super heater where it is 
heated at a controlled heating rate and then enters the reactor. Biomass sample is 
heated in a N2 atmosphere from ambient temperature up to 110-150°C (depending 
on the operative pressure), then it is invested by a flow of steam which heats the 
sample up to the final temperature. To limit external heat loss the reactor chamber 
is jacketed so that the steam flows in the jacket, equipped with baffles to allow a 
uniform air distribution, before reversing its flow to enter the reaction environment 
where measured temperature is used as reference value to regulate the heater. At 
the exit of the reaction chamber temperature and pressure are also monitored. 
Constant steam mass rate along the sample tray plates that correspond to an 
average residence time of gas phase in the reactor varying in the range 1.5-3 s in 
dependence on the reactor temperature. The effluent gas passes through a 
condensation device where condensable volatiles cool down and condense. At the 
exit of the condenser the aqueous fraction of condensed volatiles is collected for 
off-line chemical characterization, while permanent gases flow, driven by a stream 
of N2 (0.0139 Nl/s) for on line sampling. Non-polar fraction of condensable 
volatiles in the condenser device are collected washing it with 150 ml of THF. 
Char yield is determined as weight loss of the original feedstock, gas yield is 
obtained by on-line monitoring of gas composition carried out with of a Micro-GC 
3000 (Agilent) equipped with 2 chromatographic modules and 2 TCD.  
Finally char surface area (BET surface) has been evaluated by mean of 
physiosorption analyses (Autosorb-1, Quantachrome) applying N2 as adsorbate.  
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Results and discussion 
Thermal analysis of cellulose steam pyrolysis (fig.1) show that CO and CO2 
releasing rate has a maximum, representative of cellulose primary degradation, at 
T=380-400°C and can be considered closed at T=500°C. Condensable volatiles 
resulting from primary degradation, at T>450°C undergo to secondary 
decomposition reactions responsible for CO, CH4, C2 and H2 release whose flow 
rate reaches a maximum at T=500-550°C. This observation leads to believe that 
real gas residence time in the reaction chamber is higher than the nominal one 
probably due to mass transfer resistance of the 2 mm thick cellulose plate and they 
allow the onset of condensables secondary degradation.  

 
Figure 2. Gas species releasing rate (ml/s) in the steam pyrolysis of cellulose 

(Tf=600 °C, HRSP=5°C=min, P=2 bar). 
 
At T>650°C a rapid increase of H2, CO e CH4 flow rate is observed. At this 
temperature the presence of steam probably induces the onset of heterogeneous 
gasification reactions. These observations support the results obtained ad varying 
final temperature in terms of products and gas species yields (tabs.1-2) showing an 
increase with final temperature of gas yield at the expense of condensable and char. 
 

Table 1. Products yield at different Tf (P=2 bar, HRSP=5°C/min). 
 

 Tf=429°C Tf=543°C Tf=600°C Tf=700°C 
gas 6.8 12.0 15.3 22.5 

condensabili 73.7 71.6 68.9 65.0 
char 19.5 16.4 15.8 12.5 
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Table 2. Gas species yield at different Tf (P=2 bar, HRSP=5°C/min). 
 

 Tf=429°C Tf=543°C Tf=600°C Tf=700°C 
H2 0.52 0.97 1.83 3.26 
CO 2.84 5.6 7.35 11.5 
CO2 3.35 5.02 5.59 7.02 
CH4 0.03 0.29 0.44 0.64 
C2H4 0.02 0.06 0.07 0.07 
C2H6 0.02 0.04 0.04 0.04 

 
It is worth to be noted that the increase of gas yield is due from 545 to 600 °C is 
due mainly to condensables yield decrease (char yield does not change in this 
temperature range) confirming that primary cellulose degradation is concluded at 
500°C and at higher temperature condensable degradation determines an increase 
in gas species yield typical of secondary degradation (CO, H2, CH4 and C2). The 
good agreement of proposed thermal analysis of cellulose degradation in presence 
of steam with literature TGA data [8] confirms the effectiveness of thermal control 
in the experimental apparatus proposed for this study. A preliminary analysis of 
solid residue show that surface area is not measurable for char produced at 
Tf=429°C due to the vacuum conditions (at T=200°C) undergone by the char 
sample during BET surface analysis that could promote the incomplete 
devolatilization process experienced by cellulose at this temperature. The small 
increase of surface area from 543 to 600°C gives evidence of the completion of 
cellulose devolatilization at lower temperatures , while the onset of heterogeneous 
gasification reactions could be responsible of the consistent increase of the surface 
area observed between 600 and 700°C. 
 

Table 3. BET surface of char obtained at different Tf (P=2 bar, HRSP=5°C/min). 
 

 Tf=429°C Tf=543°C Tf=600°C Tf=700°C 
BET surface (m2/g) - 451 468 619 

 
The results presented in tabs. 4 and 5 show that an increase in the pressure fro 2 to 
3 bar does not influence char yield but determines an increase of gas yield (mainly 
CO and H2) at the expense of condensables yield. A small increment in the 
operative pressure does not influence the primary cellulose degradation but 
emphasize the secondary condensables reactions probably due to an increment of 
the mass transfer resistance through the cellulose sample. 
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Table 4. Products yield at different P (Tf=600°C, HRSP=5°C/min). 
 

 P=2bar P=3bar P=5bar 
gas 15.3 19.3 15.9 

condensabili 68.9 64.7 66.6 
char 15.8 16.0 17.5 

 
Table 5. Gas species yield at different P (Tf=600°C, HRSP=5°C/min). 

 
 P=2bar P=3bar P=5bar 

H2 1.83 2.26 1.28 
CO 7.35 10.89 5.61 
CO2 5,59 5.46 8.11 
CH4 0.44 0.53 0.68 
C2H4 0.07 0.08 0.11 
C2H6 0.04 0.05 0.11 

 
A further increase of the pressure up to 5 bar cause an increase of char yield 
connected to an increase in CO2 yield and a decrease of CO and H2 yield in 
agreement with the qualitative model proposed by Antal and Mok [9]. The analysis 
of BET surface of solid residue (tab.6) show a small influence of pressure (in the 
esamine range) on char morphology, although the decrease of BET surface with 
pressure support the emphasis of charring reactions with respect to devolatilization 
proposed by Antal and Mok [9]. 
 
Table 6. BET surface of char obtained at different P (Tf=600°C, HRSP=5°C/min). 

 
 P=2 bar P=3 bar P=5 bar 

BET surface (m2/g) 468.33 464.93 427.54 
 
Conclusions 
Thermal analysis of cellulose degradation has shown fulfilled performances of the 
experimental apparatus in terms of thermal control of the processed sample. 
Preliminary data at varying pressure in the range 1-5 bar support the influence of 
pressure on both primary cellulose degradation and secondary reactions of 
condensables, while only a slight increase in char surface area has been observed. 
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