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[bookmark: _Hlk495475023]Various agri-food residues were taken into consideration in this work in a dedicated experimental program centered on lab-scale fluidized bed torrefaction. They include some “difficult” feedstocks for fluidization (e.g., Industrial Cherry Cake and Coffee silverskin) or unusual ones (e.g., spent Lemon peels and Tomato seeds), for their upcycling to solid biofuels. Three different temperature levels (200, 250 and 300°C) were considered under a constant residence time (5 min) under actual torrefaction conditions of a biomass batch in the bed. 
A drawback induced by the biomass torrefaction mechanism, i.e., the definitive "capture" of the small bed inert solids on the surface of the particles undergoing torrefaction, was overcome by a bed switch from fine but rather heavy solids (100-250 µm quartz sand) to coarser and lighter ones (expanded clay 1000-1400 μm). This yielded torrefied products of a better quality as solid biofuels being free of “extraneous” inert particles.
As far as the ranking of the feedstocks, Industrial Cherry Cake and Grape Marc performed better in terms of Energy Densification Index (IED even larger than 1) and Energy Yield (EY close to 100%). 
Introduction
It is well-known that wastes of biogenic origin, including agri-food residues, are more and more considered valuable sources of both bioactive substances and biofuels, whatever their original moisture content is.
The authors started their work on the chemical valorization of industrial hazelnut by-products (Zainutdinova et al., 2022), thanks to the conventional lab-based Soxhlet extraction technique, for the recovery of polyphenolic compounds. Then, they focused on torrefaction as a technological stage to further valorize the spent post-extraction solid residues (Miccio et al., 2023) and upcycle them to solid biofuels, in an integrated biorefinery perspective. In fact, biomass torrefaction is perhaps the best mild thermal process to produce solid biofuels from relatively dry feedstocks (Chen et al., 2021), even under the occurrence of irregular, loose or flat particle shape. 
The agri-food residues taken into consideration here are divided in two groups according to the “level of novelty” they introduced in either the type of feedstock or the lab-scale fluidized bed torrefaction adopted by the authors. 
A first group of them, here referred to as “Group I”, consists of: A) Spent lemon peels; B) Dry tomato seeds; C) Industrial cherry cake. They represent potential feedstocks for fluidized bed torrefaction that are new (e.g., Spent lemon peels) or unconceivable (e.g., Dry tomato seeds) so far for such an application; in addition, they are unpractical for direct fluidized torrefaction because of the high content of liquids (e.g., Spent lemon peels and Industrial cherry cake) or the challenging shape, either irregular (e.g., Spent lemon peels) or fibrous (e.g., Industrial cherry cake), as it can be seen in Fig. 1. 
Actually, tomato seeds already have a potential technological and market destination. Rossini et al. (2013) stated that the separation of components that constitute tomato pomace (mostly peels and seeds) makes sense in case of production and exploitation of oil from tomato seeds. Casa et al. (2021) simulated in AspenPlus® the biodiesel production by transesterification just starting from tomato seeds and discussed the benefits of a transition from the conventional alkaline catalyst to an inexpensive ‘green’ one. 
Regarding sweet cherries for juice production, during the industrial processing of red fruits large amounts of press cakes are inevitably produced (Pataro et al., 2017). These cakes often pose environmental challenges, through landfilling or their utilization as low-value products such as animal feed and compost. Despite this, numerous studies have sought new methods to add value to red fruit press cakes. For instance, research has been conducted on extracting natural pigments and phenolic compounds with beneficial health properties (Pataro et al., 2017; Rrucaj, et al., 2023). However, a gap appears to be in the literature about the possible use of the final residue, i.e., the spent press cake left after the extraction process, for sustainable biofuel production. 
The second group of feedstocks, here referred to as “Group II”, includes: D) Coffee silverskin; E) Grape marc from winemaking. In addition, Industrial cherry cake is also endorsed into Group II.  
These latter agri-food residues finally proved to be good candidates for a dedicated lab torrefaction treatment for their upcycling to solid fuels, especially after a suitable tuning of the fluidization technique, which will described later in detail.
Fig. 1 reports, row by row, pictures of raw/torrefied Group I and II particles employed in this work. 
[image: ]
Coffee silverskin is the film wrapping the green coffee bean, which detaches from it upon heating during the roasting process and is separately collected. The research activities on this feedstock mostly concentrated on the recovery of bioactive compounds. For instance, Guglielmetti et al. (2017) conducted a comparative study between microwave and ultrasound technologies for extracting phenolic compounds and caffeine. 
Despite being considered environmentally friendly, winemaking generates a substantial amount of waste materials, e.g., vine stems, grape pomace and wine lees (Maicas et al., 2020; Cascone et al., 2023). Grape pomace, which accounts for approximately 20 to 25% of the weight of grapes, is produced from white grapes before fermentation and from red grapes after fermentation (Monteiro et al., 2021; Muhlack et al., 2018). It contains a rich concentration of bioactive molecules, with around 70% of the grapes' phenolic compounds remaining in the pomace after winemaking (Cascone et al., 2023; Chiavaroli et al., 2021). Due to their proven antioxidant, anti-inflammatory and anti-aging properties, grape pomace-derived products hold great potential for incorporation into the human diet (Monteiro et al., 2021). 
Almost all the above agri-food wastes become a source of valuable components through a suitable extraction process, although the mass yield is expected to be small and a costly drying pre-treatment appears necessary. On the other side, all of them deliver a spent solid residue that is worth of upcycling to a solid biofuel: this is investigated here for torrefaction. 
Materials and Methods
Feedstocks
The spent lemon peels were simply the residues of a lab extraction carried out in ethanol with the Soxhet apparatus for production of an experimental “limoncello”. After the test, they were dried by keeping them for more than 24 h under the lab fume hood (see Fig.1A). The resulting final equilibrium moisture was ~10% wt. 
The tomato seeds were provided already separated from peels and dry (see Fig.1B) as a courtesy of the De Clemente company in Fisciano (Salerno, IT). Their moisture content was measured to be 1.84% wt.
Fresh cherry pomace was achieved from a company in the Salerno (IT) province in July 2023, following the extraction of juice from sweet cherries. The samples were promptly conveyed to the laboratory and frozen. Then, they were thawed and dried by keeping them for more than 24 h under the fume hood of the lab. The resulting final equilibrium moisture was in the range 6-9% wt. Finally, they were sieved to the prefixed size interval for the torrefaction tests, i.e., 2-4 mm (see Fig.1C). 
The coffee silverskin was obtained from Area Science Park (Trieste, IT) in July 2023. Their “as received” moisture was in the range 3.8-5.2% wt. Before torrefaction, they were sieved to the 2-4 mm interval (see Fig.1D). 
The grape pomace (Vitis vinifera L., Aglianico cultivar) was provided by the Mastroberardino winery in Atripalda (Avellino, IT) in October 2023; they were frozen on the same day as the wine was produced. They were thawed before use; then, they were dried by keeping them for more than 24 h under the fume hood of the lab; the resulting final equilibrium moisture was about 13.5% wt. Finally, they were used “as received” in torrefaction. 
Experimental technique
Torrefaction experiments were carried out in a lab-scale, nitrogen-fluidized bed apparatus consisting of a tubular steel column, 38 mm ID and 350 mm high, surrounded by an electric heating tape. For more details about the experimental apparatus and procedure please refer to Brachi et al. (2019). 
Three different temperatures (i.e., 200, 250 and 300°C) were investigated while keeping constant the biomass residence time in the bed (5 min) under conditions of automatic temperature control. 
The bed material was either quartz sand 100-250 µm or expanded clay 1000-1400 μm. The torrefaction tests were in batch mode with respect to biomass while keeping a biomass-to-inert mass ratio in the range 4-8%. 
After the completion of each test, the torrefied particles were accurately separated from the inert solids by gentle sieving, weighed and safely stored for the subsequent characterization as solid fuels. This separation turned out straightforward in the case of quartz sand 100-250 µm because of the much lower size with respect to biomass (typically 2-4 mm). Vice versa, in the case of expanded clay 1000-1400 μm, some torrefied particles remained trapped within the size fraction of the inert solids (1-1.4 mm): in order to account for them and determine their mass, it was necessary to burn them in a lab muffle furnace. 
The properties as a fuel of both raw and torrefied feedstocks were determined by means of proximate analysis (TGA 701 LECO thermogravimetric analyzer) and ultimate analysis (CHN 2000 LECO analyzer), hence, calculation of the Lower Heating Value (LHV) by means of the Channiwala and Parikh (2002) correlation. The results of these analyses, which were performed in triplicate at least, are not reported here for brevity. 
Equations of performance indexes
The performance of the torrefaction process is expressed through three well-known indexes. 
The initial and final weights of the samples undergoing torrefaction allow for determining the mass yield MY with the equation (Brachi et al., 2019):
MY (%, db) = (mass of torrefied solids)/(mass of dry sample)  100	(1)
[bookmark: _heading=h.17dp8vu]The knowledge of LHV values allows for determining the energy densification index IED and, hence, the energy yield EY with the equations (Brachi et al., 2019):
	(2)
	(3)
Results and Discussion
Early tests and related issues
The Group I feedstocks were all torrefied in a bed of quartz sand 100-250 µm. 
The tests with Lemon Peels and Tomato Seeds simply had a preliminary and exploratory character, basically just to assess the feasibility of fluidized bed torrefaction of such “new” feedstocks. Only two temperature levels were investigated (see Fig. 2). However, the general trends are those expected for the torrefaction performance indexes as a function of temperature (Chen et al., 2021; Brachi et al., 2019): when T is raised, MY decreases and IED increases, respectively, the first one because of the mass loss and the second one because such a loss just involves low-calorific organic compounds; quantitatively, this is explained by the fact that LHV is always referred to the unit mass of dry solids, for both raw materials and torrefied solids. The two opposite trends as a function of T do not perfectly compensate: therefore, EY decreases with T (see Fig. 2).
However, the tests with tomato seeds disclosed an undesired result, which is hard to be quantitatively determined in the performance indexes, but is documented in Fig. 1B. The contact of the fine quartz sand with the seeds undergoing torrefaction in the reactor resulted in the "capture" of numerous sand particles on the surface of the torrefied particles. This is to be considered as a "contamination", with evident and unwanted "loss of quality" as a torrefied product, i.e., as a solid biofuel. 
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Figure 2: Performance indexes of different feedstocks as a function of temperature: bed material made of 100-250 μm quartz sand: A) Lemon peels after extraction with ethanol for production of “limoncello”; B) De Clemente Tomato Seeds; C) Industrial cherry cake 
The same occurred with Lemon Peels to a minor extent and with Industrial Cherry Cake, as once more documented in Fig. 1C. In this latter case, such a "capture" is likely to be enhanced at the highest test temperature (T=300 °C): this is made evident in Fig. 2C for MY and IED. MY displays a non-monotonic pattern with an unexpected rise at T=300 °C, which is an anomalous trend; IED shows a decreasing trend, with a peak down at T=300 °C, which is contrary to expectation (Chen et al., 2021; Brachi et al., 2019). 
Effectual fluidized bed torrefaction
To overcome the above-discussed issue, the switch to another type of inert material for the bed was pursued, such as to gather the advantage of a much coarser inert particle size while maintaining the bed superficial fluidization velocity still at acceptable values to avoid particle elutriation. To achieve this goal, expanded clay in the size range of 1000-1400 μm and with a particle density of 1055.7 kg/m3 (lower than that of quartz sand: 2813.5 kg/m3) was adopted, which determined a minimum fluidization velocity of 30 cm/s at T=300 °C. 
The torrefaction tests could run smoothly with such a new bed inert material at the fluidization number of 1.2 and the phenomenon of “bed particle capturing" disappeared, as documented in Fig. 1E. 
The results of the Group II feedstocks are shown in Fig. 3. The torrefaction performance indexes follow the expected trends as a function of temperature (Chen et al., 2021; Brachi et al., 2019). Most of the experimental tests were carried out in duplicate and the standard deviation of the related results appears quite low (see the vertical bars on data points in Fig. 3). 
It is noteworthy that IED turns out larger than 1 at whatever T for Industrial Cherry Cake and at T≳250 °C for Grape Marc. This means that the torrefied solids are more “energetic” than the raw materials, of course without considering the burden of the original moisture content in these latter, that is by referring to the unit mass on a dry basis. In turn, this determines high values of EY, which appear close enough to 100% at T= 200 °C, even at T= 250 °C in the case of Industrial Cherry Cake.
Coffee Silverskin appears to perform worse (see Fig. 2D). In particular, the IED values are quite small and, hence, determine low and almost constant values of EY as a function of T, despite appreciably good results for MY. The previous finding might be related to a different pattern of chemical decomposition during torrefaction, with a larger loss of “calorific” components from particles undergoing torrefaction to generate torgas. In any case, Coffee Silverskin particles, even though correctly torrefied, appear more problematic to be used as a solid biofuel because of their “leafy” shape, thin thickness and light weight. Vice versa, they should undergo further treatment after torrefaction, e.g., pelletization, to be upcycled to a standard-like solid fuel. 
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Figure 3: Performance indexes of different feedstocks as a function of temperature: bed material made of 1000-1400 μm expanded clay: C) Industrial cherry cake; D) Coffee silverskin; E) Grape marc from winemaking 
Conclusions
An experimental program based on a comparative, lab-scale fluidized bed torrefaction of various agri-food residues, here referred to as Group I and Group II feedstocks, allowed to assess the feasibility of the torrefaction process in some cases, e.g., spent Lemon Peels after ethanol extraction for “limoncello” production, and to discriminate the best-performing feedstocks, i.e., Industrial Cherry Cake (after squeezing for juice) and Grape Marc (after pressing for winemaking). A change in the fluidized bed operating conditions, i.e., a switch from 100-250 µm quartz sand to 1000-1400 μm expanded clay as inert solids forming the bed, has been a decisive step in both ranking the performance of the feedstocks and producing torrefied solids of a better quality because free of “extraneous” inert particles. 
The present paper, as a continuation of the authors’ previous work and in view of future activities, is a “piece” in a “mosaic composition” leading to a more thorough exploitation of the value chain of agri- and food residues. Therefore, the idea of a sequential investigation pattern will be pursued. As future work, while keeping the best performing raw feedstocks (i.e., Industrial Cherry Cake and Grape Marc) as a reference, the experimental torrefaction program will be continued on new samples of spent solid residues after recovery of bioactive compounds, e.g., an extraction treatment by means of a “green” solvent aided by pulsed electric fields (PEF) in a first stage and ultrasound (US) in a second stage, to boost the recovery yield. 
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Figure 1: Pictures of different
feedstocks: raw and torrefied: A)
Lemon peels after extraction with
ethanol for  production of
‘limoncello”; B) De Clemente
Tomato Seeds; C) Industrial cherry
cake torrefied in a quartz sand 100-
250 ym bed; D) Coffee silverskin; E)
Grape marc (\inacce) from wine
making
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