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Abstract 

The torrefaction treatment, which is a technically feasible method for converting any 

lignocellulosic material into a high-energy density, hydrophobic, compactable, 

easily grindable, and biochemically stable coal-like solid, suitable for commercial 

and residential combustion and gasification applications, has been adopted to 

valorize wastes from agro-industrial activities.  A review on the activities carried out 

by our research group will be reported. In particular, the role played by the main 

process variables (i.e., torrefaction temperature and reaction time) on the properties 

of the solid products (e.g., elemental composition, calorific value, ash content, etc.) 

and the process performances in terms of mass yield, energy yield and energy 

densification index has been evaluated. The effect of the reactor configuration (fixed 

bed vs. fluidized bed reactor) has also been investigated. Findings of this research 

work are useful to provide some guidelines for optimizing the process operating 

conditions yielding high quality energy carriers from low-value agro-industrial 

residues. 

 

Introduction 

The concept of exploiting wastes from agro-industrial activities to produce energy 

by thermo-chemical route is not new [1]. However, the high costs associated with 

handling, storing, and processing such feedstocks, characterized by low heating 

value, high moisture content, hygroscopic behavior, and putrescible nature, have, to 

date, hampered the development in this sector [2]. 

Over the past 10 years, a lot of attention has been devoted to the torrefaction process 

as suitable option to overcome the above-mentioned barriers. Torrefaction is a 

relatively new thermochemical treatment where biomass is heated (typically < 50 

°C/min) in an inert environment up to a temperature of about 200-300 °C for a 

relatively long reactor residence time (from 30 min to 120 min, depending on the 
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specific feedstock) [3]. During the process, a combustible gas (‘torgas’) consisting 

of different organic compounds is also produced in addition to the torrefied solid. 

In a properly designed and operated torrefaction system the torgas may be combusted 

in a burner and the flue gas used to directly or indirectly (via heat exchangers supply) 

supply the process heat demand which basically consists of the energy needed for 

biomass the pre-drying heating, drying, post-drying heating and torrefaction. 

Whether or not auto-thermal operation is conceivable for any specific case depends 

on the moisture content of the incoming biomass feedstock and the severity of the 

torrefaction settings [4]. In particular, the larger is the moisture content in the 

incoming biomass, the higher is the amount of torgas required to achieve auto-

thermal operation, and consequently, the lower are the mass and the energy yields of 

the solid product [4]. Therefore, an economic optimum between biomass properties 

and energy yield is typically sought. Thanks to the torrefaction pre-treatment 

technology, the following advantages can be achieved: a. to convert any hydrophilic 

lignocellulosic raw materials into a hydrophobic solid, which can be stored outdoors; 

b. to decrease the biological activity of biomass, thus preventing loss of quality and 

off-gas emissions; c. to realize a sort of standardization of chemical properties of the 

various kinds of biomass; d. to produce a solid product having a higher energy 

content with respect to the raw biomass reducing the transportation costs. In this 

paper, a summary of the research activities performed in the field of torrefaction by 

our research group is presented. These activities, in particular, began performing a 

preliminary screening of the agro-industrial residues that are largely available in 

Campania region (Italy).  

 

Experimental 

Agro-industrial residues such as tomato processing residues [2,4-7], olive mill 

residues [2,8,9] and orange peels [10, 11] were selected as biomass feedstocks for 

torrefaction studies. The main chemical and physical properties of the selected agro-

industrial residues were analyzed before and after the torrefaction treatment by 

means of a TGA 701 LECO thermogravimetric analyzer, CHN 2000 LECO analyzer, 

a Parr Model 6200 calorimeter. A new laboratory scale experimental set-up was 

purposely designed and built for torrefaction tests (see Fig. 1). It consists of a gas 

supply unit, a gas heating system, a torrefaction unit, a tor-gas treatment unit, where 

the volatile stream is split into a liquid and a gas phase, and a data acquisition system. 

The apparatus and the experimental technique are already described elsewhere [2]. 

 

Results 

The results obtained showed that the torrefaction treatment of agro-industrial 

residues is a promising pre-treatment route for upgrading their properties as a fuel 

[2, 4, 8, 10]. In particular, for all the investigated residues, the torrefaction treatment 

led to a significant improvement of their chemical and physical properties (see data 

in Fig.2 relative to the specific case of tomato peels). More specifically, it was found 

that the hydrogen-to-carbon (H/C) and oxygen-to-carbon ratio (up to approximately 
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40 % for the biomass torrefied at 285 °C and 30 min)  decrease with increasing 

torrefaction temperature, as can be seen in Fig. 2a showing the Van Krevelen plot 

(i.e., a diagram obtained by plotting the data from ultimate analysis in term of H/C-

ratio versus O/C-ratio, daf basis) for parent and torrefied tomato peels.  

 

 
Figure 1. Schematic of the fluidized bed experimental apparatus used for 

torrefaction tests 

 

Again, results show that higher temperatures and longer holding times lead to 

a significant increase in the calorific value (by a factor of 1.2 for the biomass 

treated at 285 °C and 30 min, see Fig.2b) and an improved hydrophobicity of 

the torrefied tomato peels with respect to the parent ones (see Fig 2c), while 

maintaining the mass yield (approximately between 75 and 94 %, daf) and 

energy yield (approximately 90 and 96 %, daf, see Fig. 2d) at satisfactory 

levels. The effect of the reaction temperature was overall more pronounced 

than that of the holding time within the tested conditions. Outcomes of our 

research activities also highlighted that fluidized-bed torrefaction concept is 

particularly suitable to cope with the exothermicity associated with the 

thermal degradation of agro-industrial residues, which have the tendency to 

carbonize easily during torrefaction. In fact, due to the high heat transfer rate 

and large thermal inertia within the dense bed of sand, this technology was 

able to ensure a uniform and consistent quality of the solid product (Fig. 3), 

which is generally difficult to obtain in other torrefaction reactors [2, 5]. The 

non-uniform color of torrefied tomato peels (TPs) arising from fixed bed 

reactor torrefaction tests (Fig. 3) was interpreted as evidence of the non-

uniform temperature profile inside the packed bed reactors, while the 

presence of dark-black particles was considered to be the result of the 

occurrence of hot spots in the reactor as a consequence of the combined effect 

of the exothermic decomposition reactions of TPs and low heat-transfer 

coefficients in packed bed [5]. 
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Figure 2. Van Krevelen diagram (a), energy yield (b), energy densification index 

(c) and (d) equilibrium moisture content (EMC at 80 % relative humidity and 

ambient temperature.) of raw and torrefied tomato peels from fluidized bed 

torrefaction tests. 
 

However, the use of fluidized bed reactor is restricted by the need to ensure a proper 

fluidization behavior and mixing of the bed components; if the operating conditions 

are not opportunely chosen, several undesired phenomena can occur, which include 

in-bed channelling, small and/or big lump formation (i.e., localized accumulation of 

biomass particles), and bed cracks, thus worsening the thermochemical 

performances of the fluidized bed technology [2, 10].  For this purpose, ad hoc 

studies aimed at investigating the fluidization and segregation behavior of poly-

disperse binary mixtures consisting of small and dense inert particles (Coarse Ticino 

sand (CS), fine quartz sand (FS), fine alumina powder (FA), coarse alumina spheres 

(CA))  mixed with less dense and coarse pieces of biomass fuels (orange peel, OP) 

has been also carried in order to determine the maximum batch loading, i.e. the 

critical value of the biomass weight fraction in the bed (XB) beyond which the 

fluidization quality deteriorate (e.g., channelling, irreversible segregation, slugging, 

see Fig. 4). The main results of this activity show that the bed components’ density 

difference prevails over the size difference in determining the mixing/segregation 

behavior of binary fluidized bed and that the velocities of minimum and complete 

fluidization increase with the increase of the biomass weight fraction in the bed [10]. 
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Figure 3. Solid product homogeneity and color change during torrefaction of 

tomato peels (TPs) in fluidized bed and fixed bed [5]. 
 

Finally, outcomes of our research activities suggest that the thermal integration of a 

torrefaction unit with any other plant making process heat available for the treatment 

of high moisture agro-industrial residues may be the best option to achieve an 

acceptable energy efficiency. A full integration between the mass and energy flows 

of torrefaction and gasification processes appears a promising option and hence 

deserves further analysis [4]. 

 
Figure 4. Segregation and slug phenomena in : a. FS/OP (XB = 6.1 %wt); b. CS/OP 

(XB = 7.1 %wt.); c. CA/OP (XB = 18.4 %wt.); and d. FA/OP (XB = 20.7%wt.) 

binary mixtures at high fluidization number (Ug/Umf). 
 

Conclusions 

Fluidized bed batch torrefaction tests performed in this research work at a lab-scale 

with different biomass types (e.g., tomato peels, olive husks and orange peels) have 

highlighted that, due to the large thermal inertia and the high heat transfer rate within 

a dense bed of granular solid, the fluidized bed torrefaction concept offers a viable 

solution to cope with the exothermicity associated with the thermal degradation of 

non-woody biomass, providing an even product quality that is generally difficult to 

attain in many other conventional laboratory scale systems (i.e., ovens and fixed beds 

reactors both directly and indirectly heated). 

Moreover, the efficient heat transfer rate to the biomass particles within the dense 

bed of granular solid offers a viable option to shorten the reaction time, typically 

ranging from 15 to 120 minutes depending on the specific feedstock, technology and 
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temperature, down to 5-15 min, which may beneficial for industrial application. In 

addition, outcomes of a study focused on the segregation and the fluidization 

behavior of polydisperse binary mixtures in a cold flow fluidization column  

highlighted that replacing sand with lower density materials, such as porous alumina, 

results in an improvement of the fluidized bed operability through a remarkable 

increase in the maximum allowed biomass-to-inert ratio in the bed, namely the 

biomass weight fraction that still ensures an acceptable quality of fluidization 

without undesired segregation phenomena.   
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