
JOINT MEETING 

THE GERMAN AND ITALIAN SECTIONS 

OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

 

TORREFACTION OF A LIGNIN-RICH RESIDUE 

IN A SOLAR FLUIDIZED BED REACTOR 
 

C. Tregambi*, F. Montagnaro**, P. Salatino*, R. Solimene*** 
claudio.tregambi@unina.it 

*Dipartimento di Ingegneria Chimica, dei Materiali e della Produzione Industriale, 

Università degli Studi di Napoli Federico II, Piazzale V. Tecchio 80, 80125 Napoli (Italy). 

**Dipartimento di Scienze Chimiche, Università degli Studi di Napoli Federico II, 

Complesso Universitario di Monte Sant’Angelo, 80126 Napoli (Italy). 

*** Istituto di Ricerche sulla Combustione, Consiglio Nazionale delle Ricerche, 

Piazzale V. Tecchio 80, 80125 Napoli (Italy). 

 

 

Abstract 

The thermochemical conversion of solar power to energy carriers provides an 

attractive pathway to energy storage. The present study aims at demonstrating the 

solar-driven thermochemical processing of a lignin-rich residue derived from a 

second-generation bioethanol production process. The influence of operational 

conditions on the quality of the torrefied biomass has been assessed. 

 

Introduction 

Concentrating Solar Power (CSP) may effectively be exploited in solar-driven 

thermochemical processes aimed at the production of solar fuels and chemicals [1]. 

A pathway currently being explored is aimed at upgrading the properties of 

conventional/alternative solid fuels by means of pyrolysis, gasification and 

torrefaction processes driven by solar energy [2–4]. More into detail, torrefaction is 

a thermal treatment of biomass performed at temperature in the 200–300 °C range 

under an inert atmosphere. It aims at maximizing the yield in solid char and at 

upgrading its properties for subsequent utilization. Torrefied solid products are 

sterilized and stabilized, feature a higher heating value as a consequence of the 

reduction of H/C and O/C ratios and of the H2O content, and display enhanced 

grindability [5–6]. Biomass torrefaction can be conveniently performed in 

Fluidized Bed (FB) solar reactors. However, the chemical-physical properties of 

torrefied materials are quite sensitive to the reaction temperature and care must be 

paid to thorough control peak temperatures in the bed under highly concentrated 

solar flux [7]. In this work, a waste biomass material consisting of a lignin-rich 

residue derived from a second-generation bioethanol production process [8] was 

torrefied in both a conventional FB reactor and a directly irradiated FB reactor. 

Chemical-physical analyses were performed on the product materials in order to 

investigate changes in the elemental composition and volatile matter content as a 

function of the reaction temperature. The influence of operational conditions on the 

quality of the torrefied biomass has been assessed, with a close-up on the possible 

role of uncontrolled particle overheating under high-flux conditions. 
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Experimental Apparatus 

Two different FB reactors were used in this work, one to perform the tests under 

solar simulated heating conditions (solar tests), the other to perform the tests under 

conventional (i.e. electrical) heating conditions (non-solar tests).  

The first FB reactor (solar tests) is depicted in Figure 1-a. It has both bed internal 

diameter and height equal to roughly 0.1 m. The freeboard is conically shaped and 

hosts at its upper extremity a transparent window. The FB surface is exposed to a 

12 kWel simulated solar furnace made by an array of three short-arc Xe-lamps 

coupled with elliptical reflectors. Each Xe-lamp has a dimmer to reduce the power 

by a multiplicative factor of 0.75 or 0.50. For low-temperature processes, the use of 

a single Xe-lamp is sufficient. In this condition, the peak flux and the total power 

on the FB surface are of roughly 1200 kW m
–2

 and 1 kWth. Two semi-cylindrical 

radiant heaters surround the FB to both heat and insulate the reaction chamber. A 

gas preheater is also provided. Two mass flow controllers supply the air and N2 

required for the reactor operation. Concerning the diagnostic tools, two K-type 

thermocouples are located inside the FB to measure the inner temperatures: one  

0.05 m above the distribution grid and 0.05 m from the reactor wall, and the other 

at 0.01 m under the bed surface and 0.01 m from the reactor wall. 

 

  

Figure 1. Outline of the reactor used for the solar (a) and non-solar (b) tests. 

 

The second reactor (non-solar tests) is depicted in Figure 1-b. It has an internal 

diameter of 0.04 m and an overall height of about 1.4 m. The first part of the 

reactor, 0.6 m long, represents the windbox, whereas the second part of the reactor, 

0.8 m long, consists of the reaction plus freeboard zone. Gas leaves the system at 

the top of the reactor. Two semi-cylindrical radiant heaters in ceramic fiber, driven 

by an ON/OFF PID controller, surround both the windbox and the reaction zones 

for a length of 0.3 m each. Two mass flow controllers supply the air and N2 

required for the reactor operation. Concerning the diagnostic tools, a single K-type 

thermocouple is located inside the FB reactor to measure the bulk bed temperature. 

An Advance Optima ABB AO2020 gas analyzer was used to monitor the 

a) b) 
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concentration of CO, CO2, CH4 and H2 at the exhaust. The gas collection is realized 

through a probe made of a 6 mm stainless steel pipe inserted for approximately 

0.1 m from the top of the reactor. A bubble column and a filter between the reactor 

and the analyzer remove the condensable gases and the entrained solid particles. 

 

Materials 

The materials used for the experimental tests were an inert silica sand (0.4–0.6 mm) 

and the waste biomass material consisting of a lignin-rich residue [8]. The waste 

biomass was pelletized into cylindrical pellets (diameter: 6 mm, length: 5–20 mm). 

The chemical properties of the pelletized material, as obtained from proximate and 

elemental analyses, are summarized in Table 1. The Higher Heating Value (HHV), 

estimated with a bomb calorimeter, is reported too. Only a small reduction in the 

water content was observed as a consequence of the pelletization process. 

 

Table 1. Main chemical properties of the pelletized waste biomass residue. 

M=Moisture, V=Volatile, FC=Fixed C, A=Ash. HHV is on a dry ash-free basis.  

 

 

Experimental Procedure 

Solar and non-solar torrefaction tests were performed on the pelletized biomass 

samples at different temperatures (250 °C, 275 °C, 300 °C) and for a fixed reaction 

time (30 min, a typical reaction time for torrefaction processes). The inlet gas 

velocity was always kept at 0.4 m s
–1

 and the fluidizing gas was pure N2 (99.999%). 

During a typical solar test, the reactor was charged with about 850 g of sand and 

heated up to the scheduled temperature by using the electric gas preheater and a 

single Xe-lamp. Once the scheduled temperature was reached, a sample of roughly 

20 g of pellets was fed to the system and the reaction was carried out for the pre-set 

time of 30 min. When the process was completed, the Xe-lamp was powered off 

and the system was cooled down as fast as possible. Finally, the bed was 

discharged and the torrefied pellets were recovered. The fraction of heat provided 

by the gas preheater was far low or even negligible (it was powered off for the test 

at 250 °C, while gas were preheated up to 100 °C for the test at 300 °C). 

During a typical non-solar test, the reactor was initially charged with about 150 g 

of sand. The reactor was then heated up to the scheduled temperature by using the 

radiant heaters. Once the scheduled temperature was reached, a sample of roughly 

15 g of pellets was fed to the system and the reaction was carried out for the pre-set 

time of 30 min. When the process was completed, the reactor was cooled down and 

the pellets were removed and collected. During these non-solar tests, exhaust gases 

were continuously sampled and analyzed. This was instead not possible during the 

Proximate analysis, 

 as received [%wt] 

Elemental analysis, 

 dry basis [%wt] 

Elemental ratios 

[–] 
HHV 

[MJ/kg] 
M V FC A C H N O H/C O/C 

57.6 25.9 9.4 7.0 47.6 5.3 1.6 38.5 0.112 0.810 23.4 
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solar test as a consequence of a strong dilution effect of the exhaust gas (similar 

quantity of pellets were fed to the two reactors despite the different reactor ID). 

Pellets recovered from both the solar and non-solar tests were grinded and 

subjected to proximate and elemental analyses. HHV values were estimated too. 

 

Results: In-Bed Temperature and Concentration-Time Series of Exhaust Gas  

Analysis of the temperature profiles showed a good temperature control for both 

solar and non-solar tests. Altogether, the following mean values were obtained: 

250 ± 4 °C, 275 ± 3 °C and 301 ± 4 °C (solar tests) and 251 ± 1 °C, 278 ± 3 °C and 

303 ± 2 °C (non-solar tests). 

Figures 2-a and 2-b report the time-series of the concentration of CO, CO2, CH4 

and H2 obtained at the exhaust gas during the non-solar torrefaction tests. It can be 

observed that the major non-condensable gaseous species released, among the 

detectable ones, were CO and CO2. More into detail, the CO and CO2 peak values 

raised from about 70 to 425 ppm and from 400 to 1800 ppm, respectively, when 

the torrefaction temperature was increased from 250 to 300 °C. 

 

a) 

 
b) 

 
Figure 2. Time series of the concentration of CO and CH4 (a) and CO2 and H2 (b) 

at the exhaust gas during the three non-solar torrefaction tests. 
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It is also interesting to observe that the production of CO and CO2 became evident 

at longer time from the pellet feeding as the torrefaction temperature was 

decreased, probably owing to a slower reaction rate of the process. CH4 

concentration remains practically constant for the whole duration of the tests. The 

H2 profile shows instead a peak, but its shape is less smooth and defined with 

respect to the one of CO and CO2. 

 

Results: Chemical-Physical Analyses on the Torrefied Residue 

Table 2 reports the results of the proximate and elemental analyses performed on 

the torrefied residues, as well as the HHV values (dry ash-free basis) estimated 

with the bomb calorimeter. In both solar and non-solar tests, the proximate 

analyses highlight a decrease in the volatile fraction and an increase in the fixed C 

and ash content, as the torrefaction temperature increases and with respect to the 

unprocessed material. Moreover, the moisture content becomes negligible in all the 

samples. On the other side, the elemental analyses highlight a reduction in both the 

H/C and O/C ratios when increasing the torrefaction temperature as expected from 

the application of more severe reaction conditions. Lastly, the HHV values of the 

torrefied pellets show an increasing trend with the torrefaction temperature and, 

even more important, the values obtained are always higher than the one of the 

untorrefied material. It is important to underline that, in order to disclose the higher 

HHV values of the torrefied pellets, it was necessary to evaluate the HHV values 

on an ash-free basis. Indeed, as a result of the intimate mixing between the inert 

sand and the biomass pellets in the FB reactor, some sand particles were 

encapsulated in the torrefied pellets at the end of the torrefaction tests. This can be 

easily observed by looking at a picture of the torrefied pellets (Figure 3). As a 

consequence of this phenomenon, the ash content in the torrefied pellets increases 

more than it would have been resulted from the sole torrefaction process. 
 

Table 2. Main chemical properties of the torrefied pellets. 

 

 

Interesting results are highlighted when comparing the data between solar and 

non-solar tests performed at the same operating temperature. For each of the 

temperature values investigated, the solar tests produce a more severe torrefied 

T 

[°C] 

Proximate analysis 

[%wt] 

Elemental analysis  

[%wt] 

Elemental 

Ratios [–] HHV 

[MJ/kg] 
M V FC A C H N O H/C O/C 

250 2.5 46.9 23.3 27.3 42.2 4.4 1.5 24.5 0.103 0.58 25.7 

275 2.3 40.0 26.7 31.0 46.1 4.3 1.6 17.0 0.094 0.37 25.9 

300 3.0 31.4 31.7 33.9 49.5 3.9 1.7 11.0 0.079 0.22 28.9 

250 3.1 37.4 31.6 27.9 47.1 4.1 1.6 19.2 0.088 0.41 26.5 

275 3.1 32.3 32.0 32.6 47.3 3.6 1.4 15.1 0.075 0.32 29.4 

300 3.1 28.3 35.3 33.3 48.2 3.4 1.6 13.5 0.071 0.28 30.5 
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product as it can be easily inferred by the volatile fraction or by the H/C and O/C 

ratios. This phenomenon is probably a result of the higher temperature values that 

are achieved on the FB surface following the high concentrated beam impinging on 

the bed surface [7]. Visual observation of the bed surface showed that the pellets 

tend to segregate to the top of bed during the torrefaction. This evidence, coupled 

to the dark colour of the pellets (which makes them good absorber of the impinging 

light), corroborates the previous argument in explaining the more severe 

torrefaction conditions experienced during the solar tests. 

 

 
Figure 3. Pellets of the lignin-rich biogenic waste after torrefaction. 
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