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Abstract

:

Seaweed can be a desirable source of renewable energy or fuel after it has been processed by combustion, thermochemical conversion by gasification, pyrolysis, or hydrothermal liquefaction (HTL) or biochemical conversion routes like anaerobic digestion (AD). This work explores how well the measured properties of seaweed pellets match the specifications for the various fuel and energy conversion options listed. Blends of hay, wood chips, sawdust, and seaweed were pelletized. Eight pellet blends with dominant seaweed content and minimum acceptable mechanical strength and stability were produced and their physical and chemical properties were reported. The seaweed pellets had an energy content of around 14 MJ/kg, and each pellet could withstand almost 200 N of compression force. Their water content was around 5% or less and their ash content was around 20–34%. According to the results, a higher wood content increased the energy content of the pellets. Among those properties measured in this project, none of them contradicted the typical specifications of combustion, HTL, and AD. However, the low water content and low strength of some pellet types were unable to meet the specifications for certain types of gasification and pyrolysis.






Keywords:


seaweed pellet; feedstock; combustion; gasification; pyrolysis; hydrothermal liquefaction; anaerobic digestion












1. Introduction


The notion that switching from fossil fuels to more sustainable sources of energy is necessary to reduce emissions for future generations has recently become more prominent. Seaweed is a potential source of organic fuel due to its high growth rates, effectiveness as a carbon sink, and pH resilience. Seaweed can be processed into pellets, a ready-to-use form of feedstock for energy extraction. In this study, seaweed pellets are introduced, and their main properties are investigated. To address this goal a blend of seaweed, sawdust, woodchips, and hay is pelletized, and eight different types of pellets are produced. It is discussed whether or not the physiochemical properties of seaweed pellets can satisfy the needs of various process options. The five process options this paper considered included combustion, gasification, pyrolysis, hydrothermal liquefaction (HTL), and anaerobic digestion (AD) as these options can potentially consume seaweed pellets as feedstock.



Seaweed aquaculture now accounts for 27% of all marine aquaculture production [1]. Strongly autotrophic seaweed populations around the world take up 1500 million tons of carbon per year through their net production, making seaweed harvesting from both wild stocks and aquaculture a proven approach for removing CO2 from the atmosphere [2]. Seaweed aquaculture can aid in reducing emissions from agriculture by enhancing soil quality, replacing synthetic fertilizers, and lowering methane emissions from cattle when it is included in the feed [3]. In addition, seaweed aquaculture helps climate change adaptation by reducing wave energy, defending shorelines, raising pH levels, and adding oxygen to water, which mitigates the local consequences of ocean acidification and deoxygenation [4].



Wood chips, sawdust, and hay were selected to mix with seaweed in pelletizing to improve the physiochemical properties of pellets. Wood chips and sawdust were used since they are the most common biomass types for making pellets [5]. Hay was selected to be added to the mixture for two reasons. First, it was assumed that hay could increase the strength of the pellets due to its lignocellulosic content. Second, hay is widely available in Iceland and many other countries [6,7]. All things considered, some processes are necessary for biomass to be used as fuel or for any other purposes.



Pelletizing is a process that can be used to prepare seaweed for use as fuel or animal feed. In this process, the temperature of biomass rises significantly due to the high pressure, and the lignin’s minor plasticization creates a natural glue that keeps the pellet together as it cools [8,9]. The most important properties for categorizing pellets include their size, hardness, water content, energy content, and ash content [10,11]. Due to their lower water content and higher density than other forms of biomass, the transportation and storage of pellets are more convenient as well [12,13].



It is essential to formulate pellets quality standards to guarantee the safe consumption of the pellets. Some of the most common wood pellets quality standards schemes are ENplus, American Pellet Fuels Institute Standards Program, CANplus (Canada), the French NF system, Ö-Norm (Austria), and DINplus (Germany). The Enplus is one of the most famous standards, which is mostly used in Europe. Ash content, ash melting temperature, length, diameter, bulk density, dust content, heating value, moisture content, mechanical durability, nitrogen, sulfur, chlorine, and heavy metal content are some of the main aspects of pellets in Enplus. This study aims to utilize available equipment and evaluate the seaweed pellets with standard criteria [14,15].



Orla Williams et al. investigated the hardness of biomass pellets at high and low strain rates. They applied axial compression, diametral compression, three-point bending, and dynamic mechanical strength (Split Hopkinson Bar) tests on mixed wood, eucalyptus, sunflower, and miscanthus pellets to evaluate their durability. Their results indicated that pellet rigidity is greater at higher strain rates. They concluded that varying torrefaction tactics have different impacts on the hardness of pellets [16]. This study applies the axial compression test to evaluate the strength of seaweed pellets. Moreover, the density, water content, energy content, and ash content of pellets are investigated to assess their suitability as feedstock in different process options.



In general, it is possible to combust any kind of pellet in combined heat and power (CHP) plants [17,18]. Although several researchers have previously investigated the use of biomass pellets as feedstock in gasifiers, they concluded that pellets are not the best feedstock in downdraft gasifiers. One of the main obstacles to feeding pellets to gasifiers is thought to be their low strength [19,20,21]. Biomass pellets deform easily when exposed to moisture and can create a large mess of mud-shaped biomass inside the feeding duct. Consequently, less air can penetrate particles. Another consequence of the lower air content in biomass pellets is slower pyrolysis [22,23]. Therefore, the size, density, rigidity, water content, and mechanical flow of pellets are influential parameters in combustion, gasification, and pyrolysis.



Theoretically, any biomass, independent of its water content, can be turned into bio-crude via HTL [24]. HTL can create bio-crude of excellent quality and easily manage the qualities of woody biomass waste, agricultural plant waste, animal waste, and the biogenic fraction of municipal solid waste streams [25]. The HTL of biomass pellets has not been investigated much, however, the properties of seaweed pellets can be considered to be used as feedstock in this process.



A variety of feedstocks or biomass types, such as sewage, animal slurry, and food waste, can be used in AD [26]. The AD system can produce more biogas when the feedstock is more digestible [27]. Lignin is a persistently aromatic component of biomass in this process. However, the AD of plant-based material, which contain lignin, is feasible in case of proper pre-treatment and the presence of a microbial community [28]. Vilis Dubrovskis et al. investigated the yield of biogas and methane from hay pellets through AD. They produced grass pellets with 8–12% water content and highly dry organic matter content. They also fermented hay pellets anaerobically in batch mode at 38 °C for 46 days. Their results showed that grass hay pellets have a high specific methane production and that using them in biogas plants may be beneficial due to the initial biomass’s high dry organic matter content [29].



As an advanced renewable source of fuel with numerous environmental benefits, seaweed can be used in various practices after processing. The pelletizing process is applied to compress the biomass and normalize its size and shape. Furthermore, the transportation and storage of biomass in the form of pellets is more convenient. Each of the process options mentioned above requires fuels with specific properties. In this study, several combinations of hay, wood chips, sawdust, and seaweed were processed to make pellets with different properties. Seaweed was the dominant ingredient in all pellets. The density, size, water content, mechanical strength, energy content, and ash content of the pellets were measured. To our knowledge, this is the first study to have assessed the properties of seaweed pellets to check the feasibility of consuming this fuel for combustion, gasification, pyrolysis, HTL, and AD.




2. Materials and Methods


In this project, four types of biomass were used to produce pellets. Hay was supplied from a horse stable in Reykjavik, wood chips and sawdust were prepared from pine woods, and seaweed was harvested from a seashore in Reykjavik. There are various types of seaweed in different parts of the world. Bladderwrack seaweed grows on rocky shores in Iceland and is abundant on the northern Atlantic coasts. As shown in Figure 1, bladderwrack seaweed is made up of leaves, stems, and bladders.



In this project, eight types of pellets with different compositions were produced and investigated. The raw materials used for producing the pellets included seaweed, sawdust, wood chips, and hay. Figure 2 shows the four different biomasses after they were dried and shredded. Drying, shredding, and mixing of the materials are necessary before pelletizing.



2.1. Equipment


Various equipment was used to execute this project. The most important machines that helped us to conduct the experiments included a pelletizer, biomass drying cabinet, hydraulic compression testing unit, bomb calorimeter, moisture analyzer, a kitchen blender, caliper vernier, and kitchen scale.



2.1.1. Pelletizer


After pre-processing, the biomass is fed to a pellet mill, where it is pushed by two rollers through a flat die with holes (typically 6–8 mm) for extrusion. The friction between the walls of the holes and the biomass increases the temperature and pressure, which causes the lignin to plasticize and glue the biomass particles together. A Pellet Mill from NOVA Pellets (N-PICO, 7.5 kW) was used in the current study.




2.1.2. Biomass Drying Cabinet


A biomass drying cabinet was used to dry seaweed. In this dryer, which was constructed at the University of Iceland, the direct drying method for heat transfer is applied, and the air is the medium used to separate moisture from the biomass. Warm air is pumped into the cabinet by a 9-kW electric heater (Termo 570094, Kompass, Gnosjö). Humid air with lower temperatures leaves the cabinet at the top. Aluminum mesh plates were used as shelves for seaweed in the cabinet. A plastic sheet was used to cover the cabinet and create a closed compartment.




2.1.3. Hydraulic Compression Testing Unit


A hydraulic compression testing unit was employed to measure and compare the hardness of pellets. This unit consists of a chassis, a 10-ton hydraulic jack, a force meter, and a data converter that is connected to a computer. The lower jaw, which is connected to the hydraulic cylinder, is the moving jaw. The upper jaw of the unit, which is connected to the force meter, is the fixed jaw. By placing the sample between the jaws and using the handle to apply pressure, the maximum force and momentary force are displayed on the monitor.




2.1.4. Bomb Calorimeter


Energy content is a major feature of pellets. A bomb calorimeter was used to measure the energy value of each type of pellet. This device measures the temperature change in a specific volume of water after burning a small amount of material. A calorimeter from the Parr brand (6725) was used in the current project. This calorimeter is composed of a thermometer, monitor, explosion capsule (i.e., the bomb), insulated water container, temperature sensor, electric wires, stirrer, and a process chamber.




2.1.5. Moisture Analyzer


A moisture analyzer (BMX H50) from the Boecobrand (Hamburg) was used to measure the water content of the seaweed and pellets. This machine uses a halogen emitter to heat the biomass. An aluminum pan is placed inside the machine below the halogen emitter to weigh and dry the sample inside it. Depending on the mass and humidity of the samples, each test may last between 10 and 30 min.




2.1.6. Muffle Furnace


To measure the ash content of seaweed pellets a muffle furnace was used. In this furnace, the subject material is kept separate from the fuel and all combustion byproducts, such as gases and flying ash. The furnace was made by WEST Gardian brand (QPR-657-BC) that can supply 1–1200 °C.





2.2. Equations


The following equation is used to calculate the density of materials:


  ρ =  m V  ,  



(1)




where ρ is the density (g/cm3), m is the mass of material (g), and V is the volume of the material [30].



The quadratic mean value is often calculated to measure the effective magnitude of a set of non-negative numbers. The other name of this value is the root mean square. The formula is defined below:


   X m  =     ∑   i = 1  n       x i 2   n      ,  



(2)




where Xm is the quadratic mean value, n is the number of data, i is a counting variable, and xi is a datum among the n number of data [31].



A sample standard deviation method is used to measure the spread of the data distribution when the whole data are not accessible. Its formula is defined below:


  S =       ∑   i = 1  n       x i  −  X m     2    n − 1     ,  



(3)




where S is the sample standard deviation, xi is a datum, Xm is the quadratic mean value, i is the counting variable, and n is the number of data [32].



Equation (4) comes from the law of the conservation of mass. In this equation, the summation of the four energies is equal to zero. These four energies include the required energy to heat the water, the produced energy after burning the pellet, the required energy for burning the wire, and the energy that the bomb absorbs. This equation is used to calculate the energy of a pellet and is written as follows:


  Δ U =    C W  ∗  m W  ∗ Δ T +  C B  ∗ Δ T + Δ  U  W i r e   ∗   W 1 − W 2    m  ,  



(4)







In this equation, ΔU is the energy content of the pellet (kJ/g); CW is the specific heat of the water, which was 0.004182 kJ/g °C in our calculations; mW is the mass of water, which was 466 g in our tests; ΔT is the temperature change (°C) of water; CB is the specific heat of the bomb, which was 0.357 kJ/°C in our experiments; ΔUWire is the energy content of the wire, which was 5.858 kJ/g according to the material of the wire; m is the mass of the pellet, and W1 and W2 are the mass of the wire before and after the explosion [33].




2.3. Pelletizing Procedure


After drying the seaweed, a kitchen blender was used to shred seaweed, hay, and wood chips. The particles should be small enough to be able to make a homogeneous mixture of different types of biomass. Although after feeding the mixture into the machine, the pelletizer crushes the biomass mixture and cuts the particles into smaller pieces. More details about the grain size can be found in Appendix A.



Several mixtures of biomass with different percentages based on the mass of each one were prepared. Using materials that are too dry can increase friction, raise the temperature beyond the pelletizer design limits, and damage the pelletizer machine. Contrarily, high-humid biomass mixtures just pass through the holes without being pelletized. Therefore, a biomass mixture with 10–20% water content is best to be fed into the pelletizer.



After feeding the low-humid material into the pelletizer, the amperemeter reaches 15 amp, and the hopper warms up. At the same time, part of the moisture evaporates and leaves the mixture in the form of steam. By applying this pelletizing procedure, rigid pellets with shiny surfaces begin to come out of the machine [34].




2.4. Compression Test Procedure


Quasi-static axial compression test according to ASTM D695-15 was applied in this study to evaluate the strength of pellets. [35]. For each type of pellet, 30 samples were tested. The pellets were 16 mm in length (twice the diameter, which was 8 mm) and were placed between the jaws of the machine for compression. After measuring 30 samples, an average of 30 forces was considered to be the resistance of the pellet. Figure 3 illustrates how the pellets were tested.




2.5. Energy Content Measurement Procedure


To measure the energy content of the pellets, certain parameters should be measured over several steps. The material is burned inside an explosion capsule (i.e., the bomb), and the temperature change of water due to this explosion is logged to calculate the energy content of the material. The steps of energy content measurement are mentioned in Appendix B.




2.6. Ash Content Measurement Procedure


To measure the ash content of the pellets a laboratory analytical procedure was applied [36]. In this method, the samples are kept at 575 °C in a muffle furnace for a couple of hours according to a specific protocol. The mass of samples is recorded before and after the burning process to measure the ash content of the material.





3. Results


3.1. Composition of Pellets


As mentioned earlier, eight different types of pellets were produced and evaluated. The first three types were composed of seaweed, sawdust, and hay. All three types had 20% hay and differed in their seaweed content. The next five pellet types were composed of seaweed and wood chips. Table 1 presents the composition of each pellet type.



Figure 4 shows the appearance of Plt1, Plt2, and Plt3. According to this figure, Plt3 had a darker color due to its higher seaweed content. By comparison, Plt1 had the roughest surface. The average length of the Plt1 pellets was much shorter than other pellets, and small particles of sawdust could be found frequently in the pellet storage. In other words, the dust content for Plt1 was very high.



Figure 5 compares the appearances of Plt4, Plt5, Plt6, Plt7, and Plt8. These pellets differed in seaweed content. Plt8 was composed of 100% seaweed. This pellet was darker and shinier than the other types because raw seaweed is much darker than wood chips. Moreover, lignin in the pelletizing process rises to the surface, and for this reason, pellets look smooth and shiny. Plt4 had 45% wood chip content. Wood particles can clearly be seen on its surface. Wood chips have larger particle sizes than seaweed, sawdust, and hay.




3.2. Physical Properties of Pellets


The physical properties of the eight types of pellets are presented in Table 2. In the last row of the table, the physical properties of standard wood pellets (ENplus A1, A2, & B) have been presented. CANplus and ENplus have the same specifications for wood pellets [15]. To measure the water content of each type of pellet, 10 g of each type was measured in the moisture analyzer. According to the data, all pellets have low water content roughly between 3 to 5 percent. By considering different ambient humidity during the pelletizing process and inevitable measurement errors, the 2% difference is justifiable. To measure the density and diameter of the pellets, three samples were selected, and their diameters were measured with a caliper vernier. By measuring the volume and mass of each sample, the density of each piece was calculated using Equation (1). For every pellet type, the average density of the three samples was added to the table.



According to the table above, the water content of the pellets was a little less than 5%. The diameters of all the pellets were around 8 mm, and the density of one piece of all the pellets was around 1.1 g/cm3. By comparing the data, it can be concluded that the physical properties of the seaweed pellets, produced in this project, are in the range of ENplus wood pellets.



The approximate size and shape of a random pellet can be seen in Figure 6. As is obvious in this image, almost all pellets have bowed shapes. Pellets with a length of 16 mm (the length of samples in the compression test) have negligible bowing. Varying conditions that can affect the shape of pellets can be investigated in future studies.




3.3. Mechanical Strength of Pellets


To evaluate the rigidity of pellets, the axial compression test was applied. Three-point bending test, due to the bowed shape of pellets, was impractical. Figure 7 compares the resistance of the eight different types of pellets in the compression test. As can be seen in the graph, the pellet with 50% seaweed (Plt2) showed the highest strength, and the pellet with 25% seaweed (Plt1) showed the weakest strength. The Plt1 pellets were shorter and smaller than the other pellet types. The low strength of the Plt1 pellets justified their small size.



The other types of pellets represented in Figure 7 were made of seaweed and wood chips. According to this graph, Plt4, Plt5, Plt6, Plt7, and Plt8 had almost the same resistance in the compression test. They were able to resist around 200 N. The sample standard deviation method was applied to draw the error bars in this graph. Plt2 and Plt6 appeared stronger than the other pellets. Plt3 and Plt6 both had 75% seaweed content. However, Plt6 showed more resistance to compression force.




3.4. Energy Content of Pellets


Figure 8 compares the energy content of three types of pellets made from seaweed, sawdust, and hay. The sample standard deviation method was used to draw the error bars in this graph. According to this graph, sawdust has a higher energy content than seaweed since Plt1 has a higher energy content than Plt2 and Plt3. Figure 9 compares the energy content of five types of pellets made from seaweed and wood chips. Plt4, Plt5, Plt6, Plt7, and Plt8 differed in their percentages of seaweed and wood chips. It can be determined from Figure 9 that pellets with higher seaweed content have lower energy content. Plt3 and Plt6 both had 75% seaweed content. They differed only in their percentages of sawdust and hay. Plt6 had a higher energy content than Plt3. Therefore, it can be concluded that a pellet with more wood content has a higher energy content than a pellet with more hay content.



According to ENplus and CANplus, the minimum energy content of standard wood pellets is 16.56 MJ/kg [15]. The average energy content of seaweed pellets is very close to the minimum energy content of standard wood pellets.




3.5. Ash Content of Pellets


The amount of residue after the combustion of biomass fuel is a key parameter when assessing a fuel. The ash content of all eight pellets was measured and is presented in Figure 10. According to the graph, the seaweed content directly correlates with the ash content of pellets. Plt1 has the lowest seaweed content, and Plt8 has 100% seaweed content. The data suggest that ash content increase with the seaweed fraction. This might be because of the high salt or chlorine content of seaweed. The ash content (dry basis) of standard wood pellets (ENplus B), according to ISO 18122, is less than 2%, which is much lower than all types of seaweed pellets [15].





4. Discussion


The result section presented some of the major mechanical and chemical properties of the eight types of pellets produced in this project. In the current section, it is discussed how effectively seaweed pellets can meet the requirements for various biomass fuel processing options.ENplus and CANplus were applied as the most common criteria to assess the quality of seaweed pellets. The physical properties of seaweed pellets were completely in the range of standard wood pellets. The Energy content of seaweed pellets was very close to the minimum bound of standard wood pellets, and the ash content of seaweed pellets was very high in comparison with the standard wood pellets. The method of testing the mechanical durability of standard wood pellets is completely different from the method applied in this study.



A number of conclusions can be reached by analyzing Figure 7 and Figure 8. First, according to Figure 8, Plt1 has more energy content than Plt2, and Plt2 has more energy than Plt3. Hence, more sawdust content in the pellets increased their energy content. Second, Figure 9 illustrates a gradual decrease in energy content from left to right. This energy reduction is in line with the reduction of wood chip content within the pellets. Third, when the energy content of Plt3 is compared with Plt6, it can be concluded that hay has lower energy content than wood because Plt3 and Plt6 both have 75% seaweed content. Lastly, by comparing the energy content of Plt1 (20 MJ/kg) with 25% seaweed and Plt8 (14 MJ/kg) with 100% seaweed, it can be concluded that the idea of applying seaweed as the main material for making pellets is because of its environmental advantages rather than its energy content. Generally, woods have higher energy content than Bladderwrack seaweed and hay, and in the pelletizing process, no chemical reactions occur between compositions to change the energy content of raw materials after pelletizing.



Pellets have a high mass and energy density when compared to unprocessed biomass. As such, the transportation of pellets occupies less space and is more economical than unprocessed biomass. According to Table 3, Plt8 had the highest moisture levels, with 5.68% water content, among the eight pellet types. Due to the slower growth of mold and fungi in the absence of moisture, the low moisture of pellets can increase the storage time. Similarly, the high strength of pellets prevents them from breaking up or falling apart during storage and transportation. According to Table 3, all but Plt1 of the pellets produced in this study were strong enough to resist pressure during storage and transportation [12,13].



When compared to other common feedstocks, such as charcoal, manure, or waste food, the mechanical flow of seaweed pellets is superior. This feature helps the fuel move more smoothly inside the equipment [13,22].



Some of the potential applications of the produced pellets include combustion, gasification, pyrolysis, HTL, and AD. In general, the combustion of any kind of pellets is possible in CHP plants. The water content, the number of voids, particle size, and energy content of the fuel are some of the main parameters that affect the efficiency of this process [37]. All eight pellets that were produced in this project had low water content, a sufficient number of voids, and an adequate degree of hardness to provide efficient combustion.



The ash content of seaweed pellets, measured in this study, is around 20–34%. In spite of having higher ash content than optimal for many conversion techniques, this range of ash content does not reject the feasibility of using seaweed pellets as feedstock in any of the applications. The increase of the ash content in the fuel causes a slower fuel combustion rate. At the same time, char particles exit the furnace before being entirely consumed, resulting in a reduction in combustion efficiency [38].



For gasification and pyrolysis energy content, water content, hardness of the fuel particles, quality of mechanical flow, the potential for bridging problems, number of void spaces in the fuel, and the amount of each volatile substance and fixed carbons in the fuel structure are more important than other parameters [22]. The mechanical strength of fuel particles prevents them from breaking under pressure and preserves the voids between the particles. Gasification and pyrolysis are more efficient when there are more empty spaces between fuel particles [39]. As shown in Figure 6, all the produced pellet types had acceptable strength except Plt1. Therefore, Plt1 did not meet mechanical strength specifications for gasification and pyrolysis, and the use of this type of pellet will likely result in feedstock disintegration, related operational issues, and operational instability resulting from poor air-fuel mixing [22]. In addition to not meeting the mechanical specifications, the water content of this feedstock would fail the relevant moisture specification for many gasifiers where the medium contains no steam. Caution is warranted since even if steam was present, the injection of steam could alter the mechanical properties of unreacted pellets.



As illustrated in Table 3, almost all the pellets had low water content. It was found that low water content is a prerequisite for achieving suitable mechanical strength in pellets with high seaweed content. Some types of gasifiers, such as downdraft gasifiers, which use air as a gasification agent, are not designed to gasify biomass with a water content of less than 5% [23,40,41,42]. Nonetheless, 15% to 20% is the ideal water content for feedstock in these types of gasifiers [43,44]. The gasification process includes drying, pyrolysis, combustion, cracking, and reduction [23,43]. In the reduction process, H2O reacts with carbon and produces hydrogen plus carbon monoxide [45]. Inadequate water in the reactor reduces the production of H2 and increases the amount of intact carbon in the residues [43]. The possible increase in unwanted tar during gasification is particularly troubling.



According to previous studies on the ash content of feedstocks, the heating value of syngas decreases with an increase in ash content in the gasification process [46]. The optimized ash content of feedstock in this process is less than 5%, and higher ash content increases the risk of forming slag and clinkers in the equipment [47]. In pyrolysis, higher ash contents reduce the bio-oil yields [48].



The particle size and cellulose or hemicellulose content of biomass are critical parameters when considering HTL [24]. In this process, the lower ash content of feedstock improves the heating value of the bio-crude oil [49]. All pellets in this project were produced with the same die in the pelletizer. Accordingly, all of them were nearly the same size (8 mm in diameter and 30 mm in length). The small particle sizes of pellets are an advantage in combustion, gasification, pyrolysis, and HTL [22,24]. Plant-based fuels, such as seaweed pellets, contain cellulose or hemicellulose. While this type of structure in the biomass often resists biological processes and slows them down [28], higher cellulose content in fuel yields more heat, syngas, bio-oil, and bio-crude in combustion, gasification, pyrolysis, and HTL [24].



The bacteria content, cellulose or hemicellulose structure, and the nitrogen-to-carbon ratio of the fuel are some of the major factors in AD [28]. The ash content of seaweed pellets is less than 34%. Feedstocks with more than 40% ash content are not so worthy for AD [50]. Due to their lack of bacteria content and high cellulose content, seaweed pellets need suitable catalysts to be digested. Table 3 summarizes the main properties of eight pellet types and verifies the possibility of using each type of pellet in various processing options.



The energy efficiency of the pelletizing process is sometimes questioned. Energy inputs in the pre-processing steps of drying, chopping, and pelletizing of wood chips, hay, sawdust, and seaweed were measured and estimated—see Table 4. The calorific value of the pellets is the chemical potential energy of the pellets when used as fuel.



Seaweed was the only biomass in this work that needed drying before pelletizing. For reducing the water content of 1 kg of fresh seaweed to less than 20% of water content, 9.72 MJ was consumed in a custom system without heat recovery [53,54]. The thermodynamic minimum heat required for water heating and evaporation is around 2 MJ/kg [55]. Hence, a system optimized for energy efficiency rather than speed of drying likely could operate with heat input in the range of 3 to 5 MJ/kg.



Sawdust was assumed as a waste material from carpentry, and, therefore, the practical pre-processing energy consumption was zero, just pelletizer energy was expended. While for dry seaweed and hay, the same chopping time was applied, chopping wood chips down to optimal pellet size needed a much longer time. This too can likely be improved with custom-designed equipment.



A concern over, or even criticism against, the use of seaweed as a biofuel feedstock is the high energy demand for seaweed drying [53,54,55]. As shown by our data in Table 4, the MJ of heat energy input is roughly equal to the chemical energy of the seaweed content in the final pellet produced. Clearly, seaweed is not an attractive option for biofuel pellets if electrical heating or fossil fuel-fired heating is used. However, many other drying options, like natural or solar drying, or drying using waste heat or renewable and low-temperature geothermal heat, can have good economics and favorable overall environmental footprints. [53,54,55] Ultimately, 1 MJ of chemical energy in the pellets can have much higher value and utility than 1 MJ of low-cost waste or geothermal heat.



This paper innovated an advanced biomass fuel and investigated the possibility of using this fuel in various applications. While a rough estimate might approve that the net energy production in this process might be close to zero, the idea of making pellets out of seaweed is valuable and economical depending on the price of energy in the location of production, the efficiency of the applied techniques, and the abundance of biomass in the place.




5. Conclusions


In this study, eight different types of pellets from seaweed, sawdust, wood chips, and hay were produced and some of their main properties were measured. On average, the seaweed pellets were 30 mm long and 8 mm in diameter. Their particle density was approximately 1.1 g/cm3. They could resist around 200 N of compression force, and their energy content was roughly 14 MJ/kg. The moisture levels of the seaweed pellets were nearly 5% or less. The ash content of all pellets was around 20–34%. Due to their low humidity and high density, the storage as well as transportation of pellets, are more convenient and economical than unprocessed biomass. The results showed that the pellets with more seaweed content had darker, shinier, and softer surfaces. Additionally, a greater wood content improved the energy levels of the pellets. Ash content is also higher in the pellets with a higher seaweed content.



By assessing the seaweed pellet as a feedstock for different processing options, it was concluded that all eight types of pellets can be combusted to generate heat in CHP plants. The gasification and pyrolysis of all pellets but Plt1 are feasible due to their high mechanical strength. However, their low water content may disqualify them as suitable feedstocks for certain gasification methods. Among the categories, measured for the pellets in this project, none violated the HTL and AD specifications.
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Appendix A


To be able to make homogeneous mixtures from seaweed, sawdust, hay, and wood chips, it was necessary to chop them to smaller grain size. Figure A1 illustrates three shapes of seaweed in this project. Figure A2 shows the appearance of materials after shredding and before pelletizing.
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Figure A1. (a) Fresh seaweed; (b) Dried and chopped seaweed; (c) Seaweed pellets. 
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Figure A2. (a) Sawdust; (b) Wood chips; (c) Hay. 






Figure A2. (a) Sawdust; (b) Wood chips; (c) Hay.
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The typical stalk diameter of hay is 0.6 mm and the unchipped lengths varied from 10 cm to 30 cm. After chopping the average stalk segment was about 0.5 cm and the maximum around 1.2 cm. The average stalk diameter of fresh seaweed is 3 mm and their length on average is between 20 to 30 mm. After drying and chopping the size of seaweed grains is less than 5 mm. Wood chips before shredding with the kitchen mixer had a 4 mm diameter and 3 cm length on average. The average size of wood chips after shredding was 2 mm and 1.5 cm in diameter and length respectively. Sawdust was powder shape and as small as granulated sugar. Their size did not need to be processed.



After preparing the raw material with desirable sizes, scaling, and mixing the materials based on planned compositions were done just by stirring the materials by hand in a plastic container. The mixing continued as long as attaining a mixture which looks visually homogeneous and picking a specific particle in the mixture was difficult. Figure A3 shows the appearance of one of the mixtures.
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Figure A3. A mixture of seaweed, sawdust, and hay. 






Figure A3. A mixture of seaweed, sawdust, and hay.
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Appendix B


In this section, the procedure for measuring the energy content of the material is presented. A tiny amount of the pellet is connected to the negative and positive terminal of a capsule, pressurized, and placed inside a water container. After exploding the material, its energy content is calculated by finding the temperature change of water. Figure A4 shows the bomb calorimeter. More details of this process are explained here:




	1.

	
Weighing the pellet (0.1–0.2 g) (m);




	2.

	
Weighing the piece of wire (6–8 cm) (W1);




	3.

	
Adding 466 g of water to the water container;




	4.

	
Placing the pellet inside the bomb and connecting it to the ports with the wire;




	5.

	
Pressurizing the bomb (around 30 bars);




	6.

	
Placing the bomb inside the water container;




	7.

	
Attaching the electric wires to the ports of the bomb;




	8.

	
Covering the chamber with a sensor and stirrer;




	9.

	
Attaching the stirrer belt;




	10.

	
Turning on the stirrer;




	11.

	
Monitoring the temperature graph for a few minutes to find a stable tempera-ture;




	12.

	
Pressing the ignite button on the monitor (it takes 60 s to ignite);




	13.

	
Writing down the primary temperature right before ignition (T1);




	14.

	
Monitoring the temperature graph after ignition to find the maximum temperature (T2);




	15.

	
Turning off the stirrer;




	16.

	
Taking out and disassembling the bomb;




	17.

	
Weighing the rest of the wire (W2);




	18.

	
Using Equation (4) to calculate the energy content;
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Figure A4. Bomb calorimeter. 






Figure A4. Bomb calorimeter.
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Figure 1. Bladderwrack seaweed. 
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Figure 2. (a)Wood chips; (b) Hay; (c) Seaweed; (d) Sawdust. 
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Figure 3. The sample in the compression test. 
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Figure 4. The appearance of three types of pellets composed of seaweed, hay, and sawdust. 
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Figure 5. Five types of pellets composed of seaweed and wood chips. 
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Figure 6. Dimension of a random pellet. 
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Figure 7. Comparison of the hardness of the eight pellet types. 
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Figure 8. Comparison of the energy content of pellets composed of seaweed, sawdust, and hay. 
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Figure 9. Comparison of the energy content of pellets composed of seaweed and wood chips. 
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Figure 10. The ash content of the eight types of pellets. 
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Table 1. The composition of the eight pellet types.
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	Name of

Pellet
	Seaweed

Content (%)
	Hay

Content (%)
	Sawdust

Content (%)
	Wood Chips Content (%)





	Plt1
	25
	20
	55
	0



	Plt2
	50
	20
	30
	0



	Plt3
	75
	20
	5
	0



	Plt4
	55
	0
	0
	45



	Plt5
	65
	0
	0
	35



	Plt6
	75
	0
	0
	25



	Plt7
	85
	0
	0
	15



	Plt8
	100
	0
	0
	0
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Table 2. Average diameter, length, water content, and density of seaweed pellets produced in this project. The last row presents the specifications of standard wood pellets [15].
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	Name of

Pellet
	Average Diameter (mm)
	Average

Length (mm)
	Water Content

10 g-(%)
	The Density of One Piece (g/cm3)
	Bulk Density (g/cm3)





	Plt1
	7.47
	3.15 ≤ L ≤ 20
	2.95
	1.110
	0.526



	Plt2
	8.04
	3.15 ≤ L ≤ 40
	2.98
	1.025
	0.718



	Plt3
	8.05
	3.15 ≤ L ≤ 40
	4.38
	1.062
	0.724



	Plt4
	7.87
	3.15 ≤ L ≤ 40
	1.97
	1.076
	0.641



	Plt5
	8.08
	3.15 ≤ L ≤ 40
	3.34
	1.057
	0.657



	Plt6
	7.72
	3.15 ≤ L ≤ 40
	5.43
	1.126
	0.558



	Plt7
	7.92
	3.15 ≤ L ≤ 40
	3.39
	1.077
	0.728



	Plt8
	7.82
	3.15 ≤ L ≤ 40
	5.68
	1.092
	0.702



	ENplus (A1, A2, & B)
	8 ± 1
	3.15 ≤ L ≤ 40
	≤10
	
	0.600 ≤ BD ≤ 0.750
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Table 3. Comparison of the ash content, water content, compression resistance, energy content, and usage potential of different seaweed pellets.
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Name of Pellet

	
Water

Content

	
Compression

Resistance (N)

	
Energy

Content (MJ/kg)

	
Ash

Content

	
Possibility of Usage in




	
Combustion

	
Gasification

	
Pyrolysis

	
HTL

	
AD






	
Plt1

	
2.95%

	
55

	
19.84

	
19.4%

	
Yes

	
No

	
No

	
Yes

	
Yes




	
Plt2

	
2.98%

	
231

	
16.23

	
26.7%

	
Yes

	
Possibly

	
Yes

	
Yes

	
Yes




	
Plt3

	
4.38%

	
183

	
12.84

	
32.1%

	
Yes

	
Possibly

	
Yes

	
Yes

	
Yes




	
Plt4

	
1.97%

	
174

	
16.60

	
25.5%

	
Yes

	
Possibly

	
Yes

	
Yes

	
Yes




	
Plt5

	
3.34%

	
210

	
15.77

	
26.5%

	
Yes

	
Possibly

	
Yes

	
Yes

	
Yes




	
Plt6

	
5.43%

	
227

	
15.76

	
27.7%

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Plt7

	
3.39%

	
160

	
14.36

	
34.1%

	
Yes

	
Possibly

	
Yes

	
Yes

	
Yes




	
Plt8

	
5.68%

	
209

	
14.42

	
33.8%

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes








To clarify the possibility of usage, ‘yes’ means that none of the categories, measured in this study, would violate the typical application specifications, and ‘possibly’ means that there are some properties of a specific type of pellet that will, in some cases, not meet the specifications for a given conversion technique. Whether the pellets labeled ‘possibly’ can be used for this conversion approach depends on the specific design of equipment or process details of the fuel production plant. For example, pellets that have a water content below 5% may cause failure, instability, or poor syngas quality in certain simple air-fed downdraft gasifiers, or whenever the medium contains no steam. The same pellets might be used and perform well in appropriately designed steam gasifiers [43,51,52].
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Table 4. Energy consumption for processing versus calorific values pellet products.
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Pellet

	
Energy (MJ/kg)






	

	
Drying

	
Chopping

	
Pelletizing

	
Total input

	
Calorific value (output)




	

	
(Heat)

	
(Electric)

	
(Electric)

	
(Heat)

	
(Electric)

	
(Sum.)

	
(Chemical)




	
100% Wood chip

	
0

	
11.52

	
1.80

	
0

	
13.32

	
13.32

	
19.26




	
100% Hay

	
0

	
0.72

	
1.80

	
0

	
2.52

	
2.52

	
3.13




	
100% sawdust

	
0

	
0

	
1.80

	
0

	
1.80

	
1.80

	
27.98




	
100% Seaweed (Plt8)

	
9.72

	
0.72

	
1.80

	
9.72

	
2.52

	
12.24

	
14.42




	
Plt2

	
4.86

	
0.50

	
1.80

	
4.86

	
2.30

	
7.16

	
16.23




	
Plt4

	
5.35

	
5.58

	
1.80

	
5.35

	
7.38

	
12.73

	
16.60




	
Plt7

	
8.26

	
2.34

	
1.80

	
8.26

	
4.14

	
12.40

	
14.36








All electrical energy estimates in this table are based on the wattage of the equipment used in this project. A 9-kW heater was used to prepare 10 kg of dry seaweed. An 800 W blender was used for chopping materials. The pelletizer operates at 15 A and 400 V. The capacity of the pelletizer is 12 kg per hour. The calorific values for the pellets with 100% wood chips, 100% hay, and 100% sawdust were not measured directly, but instead estimated based on the calorific values of other pellets.
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