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Abstract

:

The search for different forms of biomass that can be used as an alternative to those more traditional ones has faced numerous difficulties, namely those related to disadvantages that the majority of residual forms present. However, these residual forms of biomass also have advantages, namely the fact that, by being outside the usual biomass supply chains for energy, they are usually much cheaper, and therefore contribute to a significant reduction in production costs. To improve the less-favorable properties of these biomasses, thermochemical conversion technologies, namely torrefaction, are presented as a way to improve the combustibility of these materials. However, it is a technology that has not yet demonstrated its full potential, mainly due to difficulties in the process of scale-up and process control. In this article it is intended to present the experience obtained over 5 years in the operation of a biomass torrefaction plant with an industrial pilot scale, where all the difficulties encountered and how they were corrected are presented, until it became a fully operational plant. This article, in which a real case study is analyzed, presents in a descriptive way all the work done during the time from when the plant started up and during the commissioning period until the state of continuous operation had been reached.
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1. Introduction


The incessant search for new forms of energy that can replace the use of non-renewable sources of fossil origin by renewable sources led to an increase in the number of technical studies and fundamental research, mainly related to the possibility of reproducing natural processes, which are in the origin of different forms of fossil energy, such as coal, oil or natural gas, since the entire global energy system is based on the conversion and use of these fossil forms [1,2,3,4]. Thus, guidelines for many research and development projects related to energy conversion have been launched, among which biomass is already playing a very important role, as it is the form of energy that makes it possible to meet the global energy needs, based on liquid and gaseous fuels for mobility, and solid fuels for the production of electricity, usually static, and for the production of industrial thermal energy [5,6,7,8].



Biomass also makes it possible to compensate the intermittency associated with the production of energy through renewable sources, namely the forms that are associated with meteorological elements, such as solar, wind or water, because, depending directly on the weather conditions these may or may not allow energy production. Therefore, it is necessary to have a form of back-up production that, if required, can ensure the continuity of the energy supply service [4,9,10,11].



However, the disadvantages associated with the use of biomass as a primary source of energy are already well documented, as it is the most widely used form of renewable energy worldwide, and is also the one that mankind has been using for the longest time [12,13,14,15]. In fact, biomass can be considered as the first source of energy that mankind learned to master, using combustion, which was most likely discovered accidentally, but which humans quickly learned to replicate whenever necessary [16,17,18]. Nevertheless, despite disadvantages that biomass presents, such as low density, high moisture content, low calorific value, high dispersion and all the problems associated with logistics and handling, it still offers the possibility of serving as a reserve of energy, always being available and ready to be used when necessary, and it can therefore be considered a form of energy storage [19,20,21,22,23].



This is the main characteristic that has aroused so much recent interest in the potential for using biomass as an energy source. That associated with the fact that it can be converted into different forms made the interest even greater. In other words, it was soon understood that it was possible to obtain from biomass a renewable equivalent for any element of the fossil fuel family. For example, gasoline can be replaced by ethanol, diesel by biodiesel, mineral coal by charcoal or by torrefied biomass, natural gas by biogas, among others [24,25,26].



A space for the development of new forms of renewable energy has been emerging, leaving the path open for next step, which is the industrialization of processes, since in reality, despite the potential that exists for the use of different conversion technologies and the valorization of the different forms of biomass, in fact, very little has been achieved on a scale that can be considered industrial and that has real impact as a contribution to the decarbonization of the economy and energy production [27,28,29,30,31].



While on the one hand conversion technologies such as fermentation and anaerobic digestion are already capable of operating successfully at scales considered as being of industrial sizes, on the other hand technologies such as torrefaction, pyrolysis and gasification are not yet capable of presenting convincing results, and do not yet guarantee the capacity of continuous, homogeneous and permanent supply that energy systems need [32,33,34]. The main reason identified for this is the difficulty in successfully and efficiently progressing from laboratory scale, or from a small industrial pilot, to a productive industrial scale, since many problems still cannot be observed, modeled or even understood yet, as they only occur precisely when processes occur at larger scales [29,35,36,37].



For this reason, many projects, mainly associated with the production of torrefied biomass, which were initially considered as disruptive, become profound failures, as demonstrated by the various news reports on the internet. These reports have presented several examples of biomass torrefaction companies that had to close due to technical difficulties [29,35,38]. However, other cases, which started at smaller scales, and which kept the processes running for extended periods of time, have managed to evolve. This is because it was possible to foresee certain problems, namely the difficulty in pelletizing torrefied material when it exceeded a determined torrefaction temperature, or residence time of the material inside the reactor. The latter, in addition to the difficulty in the pelletizing process, was also responsible for the abnormal wear of some components in the pelletizing equipment. Perhaps the most serious problem was the phenomenon of self-heating or self-ignition, which causes safety problems during the transport and storage of torrefied materials [34,39,40].



This article describes and presents the solutions found during the 5-year period of continuous operation of a torrefied biomass pellet production unit, installed in Portugal, on a pilot-industrial scale, with the main objective of acquiring knowledge on the torrefaction process and on torrefied products, with a view to the possibility of moving to an industrial scale unit in the short term. This article, which should be understood as a case study analysis, will focus mainly on describing the processes in which problems and bottlenecks such as those listed above are expected to occur, in order to later present a possible solution, which has then been implemented and proven to be successful. Today, this article can be considered the corollary of a research-action methodology, fully implemented over 5 years, beginning from the awareness of problems to their understanding and resolution.




2. Materials and Methods


2.1. Framework


The process began in 2012 with the creation of the company YGE—Yser Green Energy SA, with headquarters in Oliveira de Azeméis (Northern Portugal). Once this company had been created, biomass torrefaction equipment was acquired supported by the research carried out on available technologies, which at the time were already known and widely discussed, and also on a deep analysis of the market expectations for new products, and how it could offer an alternative to others, including renewable forms already in use, such as biomass pellets, but mainly as an alternative to coal for the production of thermal and electric energy.



Starting with the analysis of the technologies available at the time, it was clear that several were advertised as being able to fulfill a set of assumptions concerning production capacity, but also quality criteria and product characteristics. To measure these capacities, several international manufacturers were visited, at a time when the United States presented itself as the birthplace of a group of companies that presented turnkey solutions to the market. These had reduced production capacities, fitted into pilot-industrial scale, which was undoubtedly a fundamental requirement, in order to be able to study all the conditions associated with production on an industrial scale and in a continuous process. This contrasts with the laboratorial scale, from where it is possible to check the characteristics of the products, but where it is difficult, or even impossible, to check process conditions.



After the comparative analysis between the different technologies available in the market, it was decided to use a rotary drum torrefaction reactor, in this case with an indirect heating biomass fueled system supplied by the North American company ECPI—Earth Care Products Inc. (Independence, KS, USA). The equipment was installed during 2013, with a theoretical production capacity of 720 kg/h of torrefied biomass. This unit did not initially include the densification unit for the torrefied material. However, still during the installation phase, pelletizing equipment from the Italian company La Meccanica was added, with a production capacity of 1200 kg/h. The choice for this equipment, with a production capacity greater than that of the torrefaction equipment, raised a problem, since there was a decrease in the pelletizing capacity due to the fluctuations in the properties of the torrefied material, as was later verified as worthy of special attention. Figure 1 shows an aerial view of the YGE production plant in full operation.



However, even before the work on the installation of the equipment at the YGE industrial unit was completed, research work began, mainly related to the pelletization of torrefied material. This work was carried out with torrefied material, composed by woodchips from Picea spp., produced in the United States in a demonstration unit owned by the manufacturer and similar to that acquired and being installed in Portugal. The pelletization tests were carried out during 2012 and 2013 in another biomass pellets production plant located in North Portugal as well, with and without additives, and with different granulometries, in order to start the development of a torrefaction biomass pelletization procedure.



In these first pelletizing tests, samples of torrefied biomass, consisting of material with a particle size smaller than 16 mm, were received in bags, and subsequently mixed and homogenized. Then, the moisture content of the material was measured in order to quantify the water that needed to be added during the pelletization process. In these tests, a hammer mill was used for grinding, associated with a pneumatic conveying system that transported the material after grinding to a silo, which served as intermediate storage to supply the pelletizer. Figure 2 shows the pneumatic conveying system and the hammer mill. At the bottom of the hammer mill is the connection that leads to the intermediate storage silo and the connection to the pelletizer.



Figure 3 shows the sequence of events in the production of pellets with the different mixtures made. In these mixtures, moisture content, granulometry and use, or not, of additives were varied. In the pelletizing tests, equipment from the German manufacturer Muench-Edelstahl was used, with a theoretical production capacity of 1200 kg/h.



Figure 4 shows an example of the pelletized material. As can be seen, pellets of torrefied biomass with a shiny metallic appearance, with high density, above 750 kg/m3, and a durability greater than 99%, were obtained. However, it was found that, during the period of testing, the effort required for pelletizing was very intense, as verified by the amperage of the equipment, which was always above the expected level during the test, and also proven by the low production index, which never exceeded 150 kg/h.



As verified during the pelletization tests, difficulties immediately arose in the process, which caused great wear in parts of the pelletizer, which had an impact on the roller shells and the die. At the time, while still not understanding the cause of the problems arising, it was immediately understood that it would be necessary to create a line of investigation to develop a procedure that would allow the pelletization of torrefied material without the effort observed during the test, but essentially without the production break that occurred. In a first analysis, it was understood that this difficulty in pelletizing was essentially due to the high degree of torrefaction that the material presented, since the production parameters of this torrefied material were unknown and the production temperature could, therefore, be too high or the residence time too long.




2.2. Process Description


2.2.1. Overview


With the conclusion of the installation and assembly of the equipment, the start-up and commissioning of the torrefaction unit began, in order to identify the weaknesses of the production line. This production line is divided into several parts, considered essential to the correct processing of the raw material.




2.2.2. Biomass Shredding Section


Biomass arrives at the production unit in the form of logs which, after weighing and checking moisture, are discharged and stored in the raw materials park. This is an open-air park, not covered, where the trunks are deposited in parallel piles approximately 60 m long and 4 to 5 m high. It is from these piles that the shredding equipment is supplied, in this specific case, an Austrian MUS MAX equipment with a production capacity of 12 t/h. The material, after shredding into the form of chips with a G30 dimension, is placed into a single pile, with a sufficient amount to allow the operation for a continuous period of 48 h. This was intended to avoid any problem associated with the risk of fire caused by the fermentation of the shredded material.




2.2.3. Productive Process


As previously mentioned, this production line, in the final stage of assembly, included pelletizing equipment. The line can be divided into several sections, as shown in Figure 5, which correspond to the different stages of the process.



After the raw material shredding unit, which can be considered a pre-processing step, since it is in this step that the material is received directly from the forest in the form of logs and is transformed into an acceptable format for the production process, the second phase of the process begins. The material, now in the form of chips, is placed in the self-feeder, whose main function is to feed the hammer mill, where chips will undergo a reduction in size of approximately 50% and will be transported to the dryer. The purpose of drying is to reduce the moisture content to levels below 25% and, thus, allow a more efficient torrefaction process.



Then, the material is transported again to another hammer mill, where it undergoes a further reduction in size to obtain a dimension on the largest axis of 6 mm or less. This material is sent to a sieve, where it is separated into two fractions. The fraction between 0 and 2 mm is taken to a silo, where it is stored and later used in biomass furnaces that supply thermal energy to the dryer and to the torrefaction reactor. The fraction between 2 and 6 mm is sent to another silo, from where the torrefaction reactor is fed.



The torrefaction reactor is the central equipment of the entire process. As already mentioned, this is a rotary drum reactor with indirect heating. In other words, the drum where the raw material circulates is heated from the outside, with no direct contact between the hot air stream, resulting from the combustion of biomass, and the raw material. The heat transfer is by means of thermal conduction, while the material circulates inside the central tube, covering the distance between the entry point and the exit point in a determined residence time. This residence time can be reduced by simply increasing the drum’s rotation speed so that the material circulates more quickly.



During the torrefaction process, parts of the constituent material of biomass, namely hemicellulose, are volatilized, which, in fact, defines the process temperature ranges. The volatilized material appears in the form of gases, consisting of two groups. The first is composed by permanent gases, that is, compounds that remain in the gaseous state whatever the pressure and temperature conditions. The second group is composed by condensable gases, which, when there is a change in pressure or temperature conditions, condense and return to the liquid state, which is their natural state of stability, at least within a certain temperature range, and may subsequently exhibit high viscosity, as in the case of tars, or even solidify.



Figure 6 shows schematically the different types of compounds that are formed during the torrefaction process. Contrary to what happens during the pyrolysis process, where the ratio tends to the side of the formation of gaseous and liquid compounds, in torrefaction the ratio tends to the side of the products in the solid state. This solid fraction is formed essentially by the remaining material, from lignin and cellulose, that is not volatilized during the process, since the gas fraction derives mainly from hemicellulose, which is the compound most affected by the increase in temperature. However, in addition to this solid material, there is still a percentage that corresponds to the mineral fraction, namely the ashes. This fraction of ash is directly related to the content of metallic elements present in the biomass used in the torrefaction process, and can vary, even within the same type of biomass, depending on the type of soil or contamination to which it was exposed.



The gas fraction is composed of a diverse number of compounds, the so-called condensable gases, which will convert to the liquid fraction, consisting essentially of water, sugars, acids, alcohols, furans, ketones, terpenes, phenols, waxes and tannins. The permanent gases are made up of hydrogen, carbon monoxide, carbon dioxide, methane, other simple hydrocarbons, toluene and benzene. Other compounds may appear, such as furfural, but the amount is usually less, although its presence is often noted by the sweet aroma that denotes the beginning of its formation.



These gaseous compounds that form during the biomass torrefaction process are commonly referred to as volatile organic compounds (VOCs). However, as can be seen, not all of them correspond to this designation, but are used in industry for practical reasons and for the uniformity of the gases formed. It is also common to all processes with an industrial dimension that these VOCs are valued energetically, so that the process is more energy-efficient, since it is necessary to provide thermal energy for both drying and torrefaction. In reality, the quantities of these gases can reach a level that can cause difficulties in their management, creating flows that are difficult to eliminate. Figure 7 presents an example of these condensed gases, collected in a container placed before these materials are injected for recovery in the furnace of the drying system.



The torrefaction reactor ends in the discharge chamber, which is a section that has two main functions for the process. The first function is the elimination of gases released during the process. This is done by extracting the gases from the upper part of the discharge chamber, and directing them for energy recovery in the drying system furnace. The second function involves the transfer of the solid fraction to the cooling system, composed of a sequence of double-walled augers, where chilled water circulates using a cooling tower placed outside.



The cooling system, composed of the augers, will reduce the temperature from approximately 300 °C to a temperature close to the ambient temperature. This is intended to make the product reach a safe temperature for the following steps, avoiding the ignition of the material when in direct contact with the ambient air. After traveling through the cooling system, the material is poured into a mixing tank, which also functions as intermediate storage, and which controls the admission of material to the conditioning pelletizer auger. It is in the conditioner that the moisture level of the material is corrected, since the moisture content is a determining factor for the pelletization process, working as a lubricant, on the one hand, and in reducing the pellet mill die temperature, on the other.



The pelletizers available on the market, from numerous manufacturers, are divided into two fundamental types: pelletizers with a horizontal axis with a ring die, and pelletizers with a vertical axis with a flat die. The most representative models of the first type are produced by Andritz (Graz, Austria), Salmatec (Gödenstorf, Germany), CPM (Crawfordsville, IN, USA), Bühler (Appenzell, Switzerland) and Prodesa (Zaragoza, Spain), which dominate most of the market, mainly that of the large conventional biomass pellet plants. However, a large number of other manufacturers are disputing the market for small and medium-sized biomass pellet production units. Examples of such companies are La Meccanica (Cittadella, Italy), Muench-Edelstahl (Hilden, Germany) and Mabrik (Barcelona, Spain). The manufacturers identified here, which are all European and North American, are accompanied by a wide range of others, mainly from Asian countries, which are conquering their local markets, mainly due to their lower prices. The flat die pelletizers are represented mainly by the German company Amandus Kahl, but there is also a wide range of other brands, mainly Asian, that use the same system. It should be noted that practically all manufacturers of pelletizers for biomass began with the pelletization of feed for animal consumption, and subsequently moved into biomass, through the structural reinforcement of the equipment to allow them to support greater efforts.



In this YGE production line, La Meccanica equipment was installed, with a production capacity of 1200 kg/h, in other words, a pellet production capacity 40% above the capacity of the torrefaction reactor, which is 720 kg/h. The pellets produced fall directly onto a vibrating channel, which in turn leads them to a conveyor belt and from this to a screen, where dust and non-pelletized materials are separated, to be returned to the mixing tank via a cup conveyor, ensuring recirculation in the process. The sieved material goes to storage in two external silos for later dispatch, as shown in Figure 1.




2.2.4. Support Structures


Support structures are those structures essential to the correct operation of the industrial unit, and in this specific case consist of a 630 kVA transformation station, a cooling tower, nitrogen generating equipment (used to make the atmosphere inside the reactor inert in the case of need or risk of ignition), a compressor, and two furnaces, respectively 3 MW and 1.5 MW, for the drying system and the reactor. All gases extracted from the torrefaction process are taken to the 3 MW furnace for energy recovery. The external storage silos are equipped with an automatic unloading system and raised for direct loading of heavy vehicles.





2.3. Identification of Faults, Malfunctions and Process Conditions


2.3.1. Start-Up and First Testing Phase (2013–2014)


After the completion of the construction and equipment assembly work, the unit was started with the first tests and tests to fine-tune the process. However, it quickly became apparent that the unit was not able to operate efficiently in a continuous process, since there was a set of considerations that, despite being apparently minor, in reality threatened to endanger the entire operation. An example of this was the sample collection windows, located in the main transitions between equipment, which caused several ignitions during the operation, because they were not watertight and thus allowed oxygen-rich air to enter the system in areas where the temperature was high.



It was also quickly verified that the cooling system installed was neither sufficient nor efficient to reduce the temperature, since there was ignition of the material, even after the cooling zone, which was initially constituted only by a double-walled auger, where water circulated and was cooled by a radiator with air ventilation, thus demonstrating that the temperature reduction was not sufficient for the amount of mass and heat present in the system.



All these issues indicating that it was not possible to operate the system safely led to the decision to stop the tests and to correct the problems identified. Therefore, changes were made to the cooling system, with three more double-walled augers (Figure 8). The cooling system was also replaced using a radiator with ventilated air, with a cooling tower. Finally, all the non-watertight sampling windows were eliminated, and these were replaced by a watertight sampling system.



Regarding the quality of the final product, at this stage, no results were obtained that would allow the process to be fine-tuned, since the permanent insecurities caused by ignitions made it necessary to interrupt the process many times. Therefore, it was difficult to maintain its stability and thus guarantee the repeatability of the results obtained for the final product. As the temperature considered to be optimal for the process was often exceeded, and the material appeared more carbonized than torrefied, there were frequent problems in pelletizing, causing great wear and tear to the components of the pelletizing equipment. Figure 9 shows examples of this wear caused by the abrasiveness of excessively torrefied material.



This information was extremely important, as it prompted the development of a line of research on the pelletization of the torrefied biomass. At this stage, a lot of data were collected, both on the process itself, namely temperatures and other system variables related to the individual operation of each equipment, and also on the products at different stages of the process. These data were subsequently analyzed and led to the first optimizations of the pelletization process, namely the definition of the type of die to be used for the processing of torrefied biomass.



Initially, the degree of torrefaction was defined only by the temperature of the process, since in this testing phase the residence time and the type of raw material used, which was always Pinus pinaster wood, were kept constant. As all previous experience was based on the production of conventional biomass pellets, the first matrices used in the tests were the same, with high compression rates. After this verification, a relationship was established between the quantitative parameters of the holes in the die and the compression rate as shown in Figure 10.



Thus, the different parameters relate to each other in different ways, allowing a quantification of the compression rate. In this way, with the experience gained, it was possible to empirically define which die is suitable for the torrefied material. At the same time, this enabled the matrices to be replaced by adapting the compression rate, whatever the type, diameter or thickness, since it is sufficient to guarantee the desired value for compression rate, while varying or determining any of the other terms of the equation. Thus, the different lengths of the die hole are related to each other through the equation:


   T   l       = C     l       + R   l   








where Tl is total length, Cl is compression length and Rl is relief length. This quantity is expressed in millimeters.



Likewise, the diameter is related to the compression rate through the equation:


   C R   =     C l   d   








where CR is the compression rate and d is the diameter. This value is dimensionless.



With these relationships, and after defining the ideal compression rate for the different degrees of torrefaction, it became possible to change, for example, the diameter of torrefied biomass pellets to be produced, or to verify whether a die, after rectification, is capable of producing torrefied biomass pellets with the desired quality. However, despite this development that allowed the production of high-quality torrefied biomass pellets, it was not yet possible to stabilize the production process in order to keep the material homogeneous, and there were many fluctuations in quality, mainly with regard to the degree of torrefaction.



This difficulty in maintaining the homogeneity of the production process was essentially due to the fact that biomass is used as a source of thermal energy for the process. Or rather, it was due to the fact that biomass has a high thermal inertia and, therefore, does not allow rapid rises or falls in the temperature of the reactor to stabilize its temperature and, thus, the torrefaction process. This situation, together with the fact that the technology used is a rotary drum reactor with indirect heating, was immediately registered as disadvantageous for the selection of a torrefaction technology for an industrial-scale biomass torrefaction plant, since the greater the quantities of biomass processed, the greater and more difficult to control the problem will be.




2.3.2. Second Testing Phase (2014–2015)


After solving the problems identified during the first testing phase, the second phase started, with the objective of having the unit in operation for the maximum possible continuous time. The intention was to identify other problems that might only occur after some time, and that might somehow condition the operation of the production unit. In this way, the process began, stipulating a temperature considered low, so as to more easily control any sudden temperature rises. Over the following days, with the process stabilized and with the product presenting some interesting characteristics without, however, achieving the desired results as torrefied biomass pellets, it was possible to verify and prove the success of the improvements introduced in the system, since none of the situations described above occurred again during the second testing phase.



Meanwhile, the monitoring of aspects related to the mechanical functioning of the production unit was intensified in order to identify any situation that might be considered critical for normal functioning. It was found that, after about four days of continuous operation, the first auger of the cooling system, which connects the discharge chamber to the second auger, began to show an increase in amperage, indicating an abnormal effort that had not been registered thus far. For this reason, the decision was made to interrupt the test, initiating the stopping procedure and ensuring the safe cooling of the system.



In order to gauge the reason for the large effort, and because it was thought that it could be caused by a warping of the central shaft, it was disassembled, as shown in Figure 11. As is clearly visible in the image, there was a layer of carbonized material mainly in the corresponding section of the shaft that was in contact with the discharge chamber area of the reactor. This situation immediately raised a suspicion regarding the origin of this encrustation of carbonized material located in this area of the auger, mainly because another indication appeared at several points of the production line, associated with the permanent exhaustion of gases in transition zones. This revealed multiple leaks, through which gases escaped, condensing along the surface of the equipment, as can be seen in Figure 12 and Figure 13, where the atmosphere inside the production unit is perfectly visible, completely filled with exhaled gases, as well as runoff along the surfaces of the equipment.



The verification of the two situations, first, the fact that something was agglutinating the solid material, causing it to adhere to the propeller and the central shaft of the first cooling auger and, second, the fact that there were gas leaks along the entire production line, indicated that the volume of gases produced during the torrefaction process was higher than what had initially been admitted. Above all, it was evident that the gas extraction system had been dimensioned in a deficient way and was, therefore, not able to eliminate all the gases produced. This allowed them to follow the solid fraction, since the temperature difference of approximately 80 °C was sufficient to condense some of the gases when they passed from the reactor to the discharge chamber. The liquid formed then dripped on the solid material, creating a paste that, although the temperature being already lower than in the reactor, usually around 300 °C (±10 °C), suffered the effects of a long residence time and was carbonized.



This carbonized material created a thick covering over the shaft and the helix which, in the course of time, became detached, leaving the fragments trapped in the space between the helix and the inner wall of the auger, creating friction and even stopping the movement of the auger, as verified several times when the continuous operation time of 4 to 5 consecutive days was exceeded. This made it necessary to develop a solution to prevent this deposition from happening, because of the more important fact shown in the laboratory that this condensed material impregnated the torrefied biomass pellets, significantly increasing the risk of self-heating and ignition, mainly after the further heating to which the material is then subjected after pelletization, since 94 °C is easily reached when leaving the die.



The tests in the laboratory were carried out in a simple way but were capable of simulating a real situation that could easily happen. That is, the torrefied biomass pellets impregnated by the liquid resulting from the condensation of the torrefaction gases could be subjected to a significant increase in temperature, volatilizing again, and this situation could become dangerous if there was an ignition source nearby, or if the auto-ignition temperature of any of the gases was reached. Figure 14 shows the results of laboratory tests, where a set of pellets of torrefied biomass were deposited on a tray and placed inside a greenhouse previously heated to 95 °C, leaving the door open. The torrefied biomass pellets started igniting immediately, burning without visible flame, demonstrating that the same could easily happen, for example, in material stored in a silo on a summer day.



Another experiment was carried out with a large amount of torrefied biomass pellets, which were collected immediately after leaving the pelletizer. This material was deposited outside, ensuring a safe distance, and was left exposed to the weather. After 4 days, the pile of pellets ignited and had to be extinguished with water. The process was repeated several times, including on several rainy days, when the auto-ignition again occurred and rekindled, even after apparently being extinguished with water. Figure 15 shows one of those moments, with one of the operators of the industrial unit extinguishing another ignition, which occurred on a rainy day.



This situation of self-heating and auto-ignition is associated with the existence of black particles, which, despite being cooled on the outer surface, continue to have a heated core, which slowly transmits the heat stored by thermal conduction to the outside, volatilizing the condensed materials; if there are many black particles, this can cause the materials to auto-ignite. This phenomenon occurs when the particles are not completely cooled. Currently, there is technology available for the detection and control of this type of particle, even in motion, preventing them from accumulating and becoming a problem. However, the best option will always be to cool the particles effectively.



In addition to the danger associated with the self-heating and auto-ignition phenomena, there is also the possibility that the condensed materials will again volatilize and recondense, forming runoff in storage and use areas. Examples of this are shown in Figure 16 and Figure 17, where, respectively, runoff of condensed material from the deposit of a boiler, and runoff on the outer surface of the storage silos of the torrefied biomass pellet production unit itself, can be observed.



After analyzing all the data collected, it was concluded that, despite all the changes made after the first testing phase, it would still be necessary to make some more changes in order to eliminate these problems related to the lack of gas extraction in torrefaction, which were at the origin of the problems of self-heating and auto-ignition, in addition to the problems related to the carbonization of material in the discharge box and in the first cooling auger, as previously described. It was thus decided to conclude this second phase of testing in order to proceed with a new stage of corrections. Of these corrections, two stand out for their importance and dimension.



The first change in the background was to replace the existing discharge chamber with one that is capable of maintaining a high temperature inside, thus preventing gases condensing before they can be sucked up efficiently. This new discharge chamber, with a double wall, allows the circulation of hot air flow from the reactor heating, keeping the temperature high, according to the scheme shown in Figure 18. In Figure 19 the initial and final situation is presented, after installing the new discharge chamber.



The second change involved the cooling of the pelletized material, with the installation of a new cooling auger after the vibrating channel, replacing the conveyor belt, which connected the channel to the fine cleaning screen. Figure 20 shows the operating scheme of the cooling auger.




2.3.3. Third Testing Phase (2015–2016)


After the completion of the alteration work corresponding to the second test phase, a new phase was initiated. The initial objective was the same as in the previous phase, that is, to have the unit in continuous operation for as long as possible, firstly to confirm the efficiency of the changes made, and secondly to check if there would be any more situations that needed intervention.



It was found that the changes were successful and that the unit was able to work continuously for long periods, and it remained at this pace for approximately one and a half years. During this period, data were collected on the functioning and operation of the process, the main objective at this stage being to improve the properties of the final product.




2.3.4. Other Developments (2016–)


After optimizing the process and the product using maritime pine (Pinus pinaster) biomass as raw material, we proceeded to develop a research line on the torrefaction of alternative raw materials, namely exotic forest species that exhibit invasive behavior, such as acacia, but also small and shrubby tree species. Importance was also given to the forms of the residual biomass, namely from the pulp industry and the agro-industrial sector. During this period, the possibility of torrefaction could also be used as a pre-processing technology for other processes, namely other conversion technologies and energy recovery of biomass.






3. Results and Discussion


From the analysis of the cases described in the previous sections, it is possible to understand the main problems associated with increasing the scale of the biomass torrefaction units, namely those associated with the production of torrefied biomass pellets. It was found that the difficulties encountered by many of the industrial projects over the past few years, especially those related to the ability to produce continuously, without forced stops due to contingencies in the process itself, and to the ability to produce pellets of torrefied biomass with good quality, meeting, for example, the requirements presented in ISO/TS 17225-8: 2016 (Solid biofuels—Fuel specifications and classes—Part 8: Graded thermally treated and densified biomass fuels), are fundamentally due to the fact that not all the variables associated with the thermochemical conversion process used, such as biomass torrefaction, were understood and taken into account. Moreover, the intrinsic characteristics of the raw material, namely their chemical and structural composition, and the behavior of each of these compounds during the torrefaction process, were neglected.



If, on the one hand, as seen above, issues related to the elimination of torrefaction gases can interfere with the normal functioning of the industrial process, on the other hand, issues related to the incorrect definition of process parameters directly influence the quality of the final product, being decisive for obtaining good or bad products. In addition to the calorific value, the quality of the final product is also dependent on other factors, such as mechanical durability, bulk density or fines content, all of which are related to operational aspects of the industrial process, but also dependent on the chemical composition of the product’s raw material and, above all, on the correct definition of the operating intervals of the fundamental parameters of the torrefaction process, the temperature and the residence time.



It is the combination of these two factors that will determine the success or failure of the process, so it is essential, before any other corrective measure, to know exactly all the conditions and specificities related to biomass torrefaction, in order to be able to define correctly the torrefaction concept itself. Currently, it is possible to find dozens of definitions available in the most varied types of publication. However, although the vast majority of them are not incorrect, it can be said that they are at least incomplete, focusing only on the issue of temperature and the absence of oxygen, which, as mentioned above, is manifestly insufficient, as this type of definition can be misleading and give the impression that the greater the temperature or residence time the better, as long as the oxygen-poor atmosphere is maintained.



In reality, this may seem true if the objective is only to obtain a product with a high calorific value, but, as already mentioned, this temperature will cause profound changes to the molecular structure of the compounds that make up most of the biomass of vegetable origin. As lignin is a material with an amorphous structure and is the main compound responsible for the agglutination of the particles during the pelletization process, it is important that its structure does not change, because otherwise difficulties will occur during this process. The structural change of lignin from amorphous to crystalline state is widely described in the literature, with temperature and subsequent cooling changing its behavior from ductile to brittle, since the bonds established between the molecules are stronger [41,42,43]. A similar situation occurs with cellulose, which adds to the difficulty of the pelletizing process, making the whole set more friable [44,45,46].



From this perspective, based on the behavior of the main compounds that make up the biomass of vegetable origin as the temperature rises, as shown in Figure 21, the definition of torrefaction should be assumed to be a thermo-chemical conversion technology for biomass, which occurs in a temperature range between 220 and 320 °C, under conditions of atmospheric pressure and in the absence of oxygen, where hemicellulose disintegrates, keeping lignin and cellulose in structural states very close to the original. In other words, with this definition, the torrefaction process takes place within the temperature range where only, or at least mostly, the disintegration of hemicellulose occurs, without affecting, or affecting very little, the other main biomass compounds, lignin and cellulose.



Based on the above and as presented in the previous sections, it can be said that the correct definition of the torrefaction parameters is the main factor that leads to obtaining products with different qualities. An example is given Figure 22, where it is possible to observe on the left side of the figure, pellets produced before the measures related to the extraction of torrefaction gases and post-pelletizing cooling have been corrected, and the temperature and residence time intervals to be used as the basis for the operational procedure defined for the process, and, on the right side of the figure, other pellets produced after implementing these measures during the third testing phase. Obviously, it is still essential to correct any problems related to the operation of the equipment, which are almost always caused by the lack of knowledge and mastery of the torrefaction process, because only after these corrections is it possible to fine-tune the process for a certain type of raw material, with its own specificities and characteristics, referring to the chemical and structural composition of the biomass in question in each case.



Throughout the different phases of testing and fine-tuning the process, data were collected on the product characterization, which are summarized in Table 1. In Table 2 are presented the results obtained from the analysis of the raw materials used to serve as a point of comparison. Another outcome resulting from the performance of these tests was to be able to create an operational procedure that would lead to production in a continuous and repeatable form of pellets of torrefied biomass with good quality, as defined in ISO/TS 17225-8: 2016 (Solid biofuels—Fuel specifications and classes—Part 8: Graded thermally treated and densified biomass fuels). This being the only standard that addresses the technical characteristics of thermally treated biomass for energy applications, it is very important that the material produced meets the parameters established in this regulatory document since, most likely, when the market for torrefied products for energy purposes develops, producers will be asked to prove that they meet these requirements.



There are still few data available on the quality of industrially produced torrefied biomass pellets, as there are still very few successful cases on an industrial scale [29,31,34,47,48]. However, there are already some documented cases of tests carried out involving the substitution of mineral coal in thermoelectric plants with pellets of torrefied biomass [49,50,51,52,53,54]. The data obtained during the testing phases allowed the collection of quantities of data that allowed the delimitation of the intervals within which, with a high degree of certainty, the pellets produced with the selected parameters for the operational procedure will fit. For the remaining values, average values are presented, since these values will depend on the chemical composition, and often even on variations of a local or regional nature.



As can be seen from the values presented, these torrefied biomass pellets are already very close to the values presented by ISO/TS 17225-8: 2016 (Solid biofuels—Fuel specifications and classes—Part 8: Graded thermally treated and densified biomass fuels), lacking only the refinement and improvement of some aspects related to the production process. For example, the debarking of logs before processing will contribute to the reduction of the silica content and, subsequently, to the reduction of the ash content. This is a very important aspect, since the elimination of the bark may also contribute to the reduction of other elements, namely the group of alkali metals, and thus contribute to the increase in the fusibility temperature of the ashes, reducing the problems associated with this situation.




4. Conclusions


Biomass torrefaction is presented as a process capable of improving the properties and combustibility of biomass. However, it is a technology that has not yet been able to prove its concept and definitively prove its potential. The lack of knowledge about the process and the technologies and its operation caused a delay in the implementation of torrefaction as a technology capable of improving the properties of biomass and making it an alternative to fossil fuels, mainly coal.



The realization of studies like the one presented here becomes even more important, because there are no other similar reports which help the industrial sector of torrefied biomass to take the necessary steps for large-scale industrialization through the sharing of experiences and solutions, as this is the only way to create a true market for torrefied biomass.



As regards expanding the size of a torrefaction unit, raising the scale from the laboratory to pilot dimension or from pilot to industrial dimension, further studies are needed, mainly in terms of knowledge of the kinetics of the reactions that occur during the process. This information is essential to help in the design of a larger-scale production unit as it is based on this knowledge of the reaction kinetics that the behavior of certain constituents of biomass can be defined, and based on these, to identify some important parameters, such as the residence time and operating temperature required to obtain a product with specific characteristics.



Although most of the main problems related to the technical operation of a production unit have been largely corrected, there is still a lot of research work on the different forms of biomass and the model of how they react to the torrefaction process. At the same time, it is also necessary to understand how torrefaction can be integrated into other pre-processing and biomass-processing systems, namely gasification.
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Figure 1. Exterior of the YGE—Yser Green Energy SA torrefied biomass production unit in full operation, in the locality of Oliveira de Azeméis, in the district of Aveiro (North of Portugal). 
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Figure 2. Left: the suction unit and the feed to the hammer mill. The material after grinding is sent to the intermediate storage silo to supply the pelletizer. Right: suction of the torrefied material into the grinding system. 
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Figure 3. Sequence of events during the pelletization tests. Left: the pile already mixed and homogenized. Center: a view of the pelletizer used in the tests. Right: the product at the exit. 
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Figure 4. Appearance of the final product. Despite the excellent appearance, this material is not feasible with the equipment currently available on the market. 
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Figure 5. Different sections that form the production line of YGE—Yser Green Energy SA. 






Figure 5. Different sections that form the production line of YGE—Yser Green Energy SA.



[image: Applsci 10 02546 g005]







[image: Applsci 10 02546 g006 550] 





Figure 6. Main constituent compounds of each of the fractions formed during the torrefaction process. 
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Figure 7. Liquid fraction made up mostly of water. Despite being a product with low calorific value, its valorization allows the reduction of the energy costs of the process, at the same time that it allows the elimination of products that cannot be simply emitted into the atmosphere or dumped in the public domain. 
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Figure 8. Cut of one of the double-walled augers of the cooling system, in which the chamber where the cooling water circulates is visible. The heat is dissipated by conduction through the cooled walls of the auger in contact with the material that circulates inside. 
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Figure 9. Left: the appearance of a new layer of a pelletizer roll. Center: the wear caused on the cover of a pelletizer roll after 200 h in the production of conventional biomass pellets. Right: the wear caused on the cover of a pelletizer roller after 50 h of processing torrefied biomass. 






Figure 9. Left: the appearance of a new layer of a pelletizer roll. Center: the wear caused on the cover of a pelletizer roll after 200 h in the production of conventional biomass pellets. Right: the wear caused on the cover of a pelletizer roller after 50 h of processing torrefied biomass.



[image: Applsci 10 02546 g009]







[image: Applsci 10 02546 g010 550] 





Figure 10. Scheme of the relationship between the constituent parameters between the holes in a pellet mill die, where Cl is the compression length, Rl is the relief length, Tl is the total length and d is the diameter. 
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Figure 11. Propeller of the first auger in the cooling system. Both the shaft and the propeller are covered in a black material, similar to coal, indicating that the material may have been exposed to high temperatures, or an excessive residence time. 
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Figure 12. View of the atmosphere inside the production unit, with the gases occupying the space completely and exiting through several holes along the production line. 
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Figure 13. Condensation of gases forming runoff along the surface of the equipment. Left: runoffs from the manhole door of the reactor discharge chamber. Right: runoffs on the door of the pelletizer itself, that is, in the final section of the production line. 
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Figure 14. Torrefied biomass pellets submitted to a temperature of approximately 95 °C. 






Figure 14. Torrefied biomass pellets submitted to a temperature of approximately 95 °C.



[image: Applsci 10 02546 g014]







[image: Applsci 10 02546 g015 550] 





Figure 15. Production plant operator extinguishing an auto-ignition in a pile of torrefied biomass pellets. 
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Figure 16. Condensate runoff in a boiler where the torrefied biomass pellets were being tested. 
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Figure 17. Condensate runoff in the silos of the torrefied biomass pellet production unit. 
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Figure 18. Layout of the double-walled discharge chamber to ensure heating and prevent condensation of the torrefaction gases. 
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Figure 19. Left: the original unloading chamber, with a simple wall. As shown, the reactor heating gases were already conducted to guarantee the heating of the torrefaction gases. Right: in the new discharge chamber, gases started to be conducted from the bottom of the chamber, ensuring that the high temperature was maintained. 
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Figure 20. Scheme of operation of the cooling auger for the torrefied biomass pellets. 
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Figure 21. Exemplary model of the behavior of the main components of biomass of vegetal origin with the increase of the temperature. Blue square figure represents the temperature range where torrefaction occurs, when considered the definition of torrefaction as being a thermochemical conversion process occurring in a temperature range between 220 and 320 °C, under atmospheric pressure conditions and in the absence of oxygen, where the molecular disintegration of the hemicellulose occurs, maintaining lignin and cellulose in its original state and structures. This definition was developed during the development to refine the torrefaction process in the pilot unit under analysis. 
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Figure 22. Left: pellets produced with torrefied biomass before the problems caused by poor extraction of the torrefaction gases have been solved. Visual analysis shows that they have a poorly consolidated appearance, despite the low degree of torrefaction indicated by the brownish color. Right: pellets of torrefied biomass produced after the implementation of the aforementioned corrective measures. 
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Table 1. Summary of the results obtained during the different phases of tests carried out between 2013 and 2016.
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Properties

	
Units

	
Values

	
Test Reference






	
Dimensions

	
Diameter

	
mm

	
6–10

	
EN16127




	
Lenght

	
mm

	
3.15–35

	
EN16127




	
Thermogravimetric Analysis (db)

	
Moisture

	
%

	
3–8

	
EN14774-2




	
Volatiles

	
%

	
60–68

	
EN15148




	
Fixed Carbon

	
%

	
25–30

	
------




	
Ashes

	
%

	
<3

	
EN14775




	
Elemental Analysis (db)

	
C

	
%

	
52–58

	
EN15104




	
H

	
%

	
4–6

	
EN15104




	
O

	
%

	
37–39

	
EN15104




	
N

	
%

	
<0.500

	
EN15104




	
S

	
%

	
<0.03

	
EN15289




	
Cl

	
%

	
<0.02

	
EN15289




	
Heating Value

	
HHV (ar)

	
MJ/kg

	
22–23

	
EN14918




	
LHV (ar)

	
MJ/kg

	
19.5–22

	
EN14918




	
Bulk Density

	
kg/m3

	
650–750

	
EN15103




	
Mechanical Durability

	
Durability

	
%

	
97.5–99

	
EN15210-1




	
Fines

	
%

	
<3

	
EN15210-1




	
Minor Elements Analysis—ICP (db)

	
Al

	
mg/kg

	
3500

	
EN15290/EN15297




	
As

	
mg/kg

	
<1

	
EN15290/EN15297




	
Cd

	
mg/kg

	
<0.5

	
EN15290/EN15297




	
Ca

	
mg/kg

	
1500

	
EN15290/EN15297




	
Cr

	
mg/kg

	
<10

	
EN15290/EN15297




	
Cu

	
mg/kg

	
<10

	
EN15290/EN15297




	
Fe

	
mg/kg

	
2800

	
EN15290/EN15297




	
Pb

	
mg/kg

	
<10

	
EN15290/EN15297




	
Mg

	
mg/kg

	
2000

	
EN15290/EN15297




	
P

	
mg/kg

	
200

	
EN15290/EN15297




	
K

	
mg/kg

	
2000

	
EN15290/EN15297




	
Na

	
mg/kg

	
200

	
EN15290/EN15297




	
Si

	
mg/kg

	
13,000

	
EN15290/EN15297




	
Ti

	
mg/kg

	
250

	
EN15290/EN15297




	
Mn

	
mg/kg

	
180

	
EN15290/EN15297




	
Hg

	
mg/kg

	
<0,1

	
EN15290/EN15297




	
Ni

	
mg/kg

	
<10

	
EN15290/EN15297




	
Zn

	
mg/kg

	
<100

	
EN15290/EN15297




	
Ashes Fusibility—Oxidizing Atmosphere

	
Shrinking T.

	
°C

	
1100

	
CEN/TS15370-1




	
Softening T.

	
°C

	
1250

	
CEN/TS15370-1




	
Hemispherical T.

	
°C

	
1250

	
CEN/TS15370-1




	
Fluid T.

	
°C

	
1250

	
CEN/TS15370-1




	
Ashes Fusibility—Reducing Atmosphere

	
Shrinking T.

	
°C

	
800

	
CEN/TS15370-1




	
Softening T.

	
°C

	
1250

	
CEN/TS15370-1




	
Hemispherical T.

	
°C

	
1250

	
CEN/TS15370-1




	
Fluid T.

	
°C

	
1250

	
CEN/TS15370-1








Notes: HHV—High Heating Value; LHV—Low Heating Value; ar—as received; db—dry basis.
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Table 2. Summary of the results obtained for raw materials used during the different phases of tests carried out between 2013 and 2016. Raw material was exclusively maritime pine woodchips.
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Properties

	
Units

	
Values

	
Test Reference






	
Thermogravimetric Analysis (db)

	
Moisture

	
%

	
10–25

	
EN14774-2




	
Volatiles

	
%

	
60–70

	
EN15148




	
Fixed Carbon

	
%

	
16–20

	
------




	
Ashes

	
%

	
<2

	
EN14775




	
Elemental Analysis (db)

	
C

	
%

	
50–56

	
EN15104




	
H

	
%

	
4–6

	
EN15104




	
O

	
%

	
36–38

	
EN15104




	
N

	
%

	
<0.500

	
EN15104




	
S

	
%

	
<0.03

	
EN15289




	
Cl

	
%

	
<0.02

	
EN15289




	
Heating Value

	
HHV (ar)

	
MJ/kg

	
18–19

	
EN14918




	
LHV (ar)

	
MJ/kg

	
16–17

	
EN14918




	
Bulk Density

	
kg/m3

	
250–350

	
EN15103




	

	
As

	
mg/kg

	
<1

	
EN15297




	
Cd

	
mg/kg

	
<0.5

	
EN15297




	
Cu

	
mg/kg

	
<10

	
EN15297




	
Pb

	
mg/kg

	
<10

	
EN15297




	
Mg

	
mg/kg

	
2000

	
EN15297




	
Ni

	
mg/kg

	
<10

	
EN15297




	
Zn

	
mg/kg

	
<100

	
EN15297




	
Ashes Fusibility—Oxidizing Atmosphere

	
Shrinking T.

	
°C

	
1100

	
CEN/TS15370-1




	
Softening T.

	
°C

	
1200

	
CEN/TS15370-1




	
Hemispherical T.

	
°C

	
1200

	
CEN/TS15370-1




	
Fluid T.

	
°C

	
1200

	
CEN/TS15370-1




	
Ashes Fusibility—Reducing Atmosphere

	
Shrinking T.

	
°C

	
800

	
CEN/TS15370-1




	
Softening T.

	
°C

	
1200

	
CEN/TS15370-1




	
Hemispherical T.

	
°C

	
1200

	
CEN/TS15370-1




	
Fluid T.

	
°C

	
1200

	
CEN/TS15370-1
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