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Abstract

:

The present study deals with the issue of bio-briquette fuel produced from specific agriculture residues, namely bamboo fiber (BF) and sugarcane skin (SCS). Both materials originated from Thừa Thiên Huế province in central Vietnam and were subjected to analysis of their suitability for such a purpose. A densification process using a high-pressure briquetting press proved its practicability for producing bio-briquette fuel. Analysis of fuel parameters exhibited a satisfactory level of all measured quality indicators: ash content Ac (BF—1.16%, SCS—8.62%) and net calorific value NCV (BF—16.92 MJ∙kg−1, SCS—17.23 MJ∙kg−1). Equally, mechanical quality indicators also proved satisfactory; bio-briquette samples’ mechanical durability DU occurred at an extremely high level (BF—97.80%, SCS—97.70%), as did their bulk density ρ (BF—986.37 kg·m−3, SCS—1067.08 kg·m−3). Overall evaluation of all observed results and factors influencing the investigated issue proved that both waste biomass materials, bamboo fiber and sugarcane skin, represent suitable feedstock materials for bio-briquette fuel production, and produced bio-briquette samples can be used as high-quality fuels.
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1. Introduction


With the increasing prices and various environmental impacts created by the use of fossil fuels, the importance of biofuel production has subsequently increased. Such production has reached unprecedented volumes over the last 20 years [1]. In addition, the world’s population is expected to continue growing, with the total population calculated to be almost ten billion by mid-2050 [2]. This population growth will lead to a deepening requirement for energy, and therefore, global energy demand will subsequently increase. Energy is considered a key source for the future and plays an important role in socioeconomic development because affordable energy is an essential ingredient for such development [3,4].



With deforestation comprising a major problem in many parts of the developing world, there is increasing demand for fuelwood for household cooking. This phenomenon particularly affects remote rural communities that have no access to fuels such as liquid petroleum gas (LPG) and that depend substantially on burning locally-collected biomass [5]. Such a demand for fuel could be covered by bio-briquettes, which may provide necessary energy from waste materials because biomass is globally recognized as a renewable and sustainable energy source [6]. In addition, agricultural residues have recently been posited as a major fuel source for many potential bio-energy projects in developing countries [1].



Biomass is now considered a primary global energy resource, providing 14% of the world’s energy needs. It comprises at least one third of energy consumption in some developing countries. In addition, biomass combustion can be considered CO2 neutral because during production, it removes CO2 from the atmosphere by photosynthesis and is later released during combustion [7]; this aspect was however contradicted in Cherubini et al. [8], who analyzed CO2 emissions from biomass combustion for bioenergy.



1.1. Bamboo and Sugarcane as a Source of Herbaceous Biomass


Bamboo (Bambusoideae spp.) and sugarcane plants (Saccharum officinarum) are members of the grass family Poaceae (also known as Gramineae). Both grasses are widely spread in tropical and subtropical climate regions. As a strongly growing species, their cultivation provides several advantages. Bamboo plants are the fastest growing plant species on Earth (approximately 91–122 cm per day); thus, significant potential for herbaceous biomass production is indicated. Moreover, the subfamily Bambusoideae contains 1100–1500 different bamboo species, with their classification and identification being complicated; approximately 69 naturally-occurring species were monitored in Vietnam alone [9,10].



Historically, bamboo is a traditional and widely-used plant in Asia; its utilization has lasted for centuries in different industries, for building various parts of houses, furniture production, as well as medicinal, food [10], clothing and home craft purposes, among others [11]. Concurrently, sugarcane plants cultivated for agricultural purposes provide 70% of sugar worldwide (having the most calories per unit area of cultivation of any plant), with a large amount of the herbaceous waste biomass being left behind after plant processing, for example sugarcane skin [12]. Such material is one of the by-products of the sugarcane processing industry [13]. Today, biological residues from sugarcane plants are a particular point of interest of different scientific fields [14,15]; thus, its potential seems significant. However, sugarcane skin reuse in Southeast Asia, namely in Vietnam, is not ensured; the open field burning or ejection into municipal waste is a common practice in rural areas when individuals or small processing plants are treating sugarcane crop. In an attempt to meet increasing energy demands and maintain an appropriate waste management strategy, waste biomass originated from processing of both mentioned grasses could be reused and utilized; for example, as a feedstock material for various biotechnological processes [13,16,17]. Bamboo plants commonly provide waste cuttings of bamboo logs or bamboo fiber (BF), while sugarcane processing results in the production of sugarcane bagasse. Utilization of such residues is not secured, and they are often left behind as useless waste or burned without a purpose. Occasionally, bamboo fiber is used as a fire starter and sugarcane skin for combustion purposes.




1.2. Biomass Availability in Vietnam


In Vietnam, biomass is considered an important source of energy, comprising approximately 90% of domestic energy consumption in rural areas [18], as well as being an important source of energy for small industries and farms, often located in rural areas [19]. Further, it has significant potential as a renewable energy source, even though the agricultural sector currently accounts only for approximately 20% of the country’s GDP [19]. Agricultural residues, as described in Schirmer [19], and animal waste, as described in Roubík et al. [20], are offering significant potential for the generation of electricity, sources that have so far been insufficiently tapped. Currently, biomass is mainly used by households, and waste biomass is usually not used at all, or very ineffectively and with potential harmful consequences.



Agricultural residues (including bamboo fiber and sugarcane skin) are important sources of biomass in Vietnam and can be taken from residues left directly on fields or from the processing of agricultural products. The wider use of such residues may be relatively difficult because this agricultural waste usually occurs locally (for example, rice husk residues are produced in large quantities only in the local rice mills). As mentioned by Schirmer [19], there is a need for a reliable supply of biomass, its efficient collection, transportation and storage, meaning well-established supply chains, which currently do not exist.



Agricultural Waste Utilization through Briquetting


One technology for the utilization of agricultural wastes is biomass briquetting [21,22], which involves the densification of the biomass through the use of pressure [23,24]. The advantages of briquetting include the following: increased bulk density of the material, making it easier to transport and store, higher energy content per unit volume and the production of homogenous product fuel from various raw materials [22,25]. Therefore, as concluded by Chen et al. [23], densified solid biofuel (meaning bio-briquettes) could be an important route for efficient utilization of agro-residues.






2. Methodology


The present section details research activities performed for the collection of selected waste biomass (both materials represented by herbaceous biomass) in raw form and its initial processing in the target area of Huế city and surrounding villages in Thừa Thiên Huế province, central Vietnam. There is a detailed description of the investigated waste biomass laboratory preparation (drying, grinding) and laboratory testing of its fuel properties. Further, the utilization of selected waste biomass as a feedstock material for bio-briquette fuel production using a high-pressure briquetting press is described, together with the determination of their suitability for such a purpose. Finally, the complete evaluation of stated mechanical and chemical quality indicators of produced bio-briquette samples is performed.



In general, the production of bio-briquette fuel for commercial purposes is conducted to mandatory technical standards (stated by the country of bio-briquette fuel production) ensuring the quality and safety of such products. Thus, all procedures of experimental testing were performed in accordance to related European technical mandatory standards stated by the European Committee for Standardization, namely: EN 14918 (2010) [26], ISO 1928 (2010) [27], EN 15234-1 (2011) [28], EN ISO 16559 (2014) [29], EN ISO 17225-1 (2015) [30], EN ISO 17831-2 (2015) [31], EN ISO 18122 (2015) [32], EN ISO 18134-2 (2015) [33], EN ISO 16948 (2016) [34] and EN ISO 18123 (2016) [35].



2.1. Materials and Samples


Both investigated waste materials, bamboo fiber (Bambusoideae spp.) and sugarcane skin (Saccharum officinarum), were identified as herbaceous biomass due to their membership in the grass family Poaceae. Collection activities were performed at small processing plants in central Vietnam in June of 2017. Bamboo fiber samples originated from rural areas in Thừa Thiên Huế province; the collections were performed during several field trips; thus, samples originated from different villages, whereas sugarcane skin samples originated from one specific processing plant in Huế city. Nevertheless, unprocessed raw sugarcane stalks were harvested in surrounding rural areas of Huế city. The target area of the materials’ collection is illustrated in Figure 1.



Both investigated materials were chosen because they represented commodities frequently processed in large quantities in the target area, and their processing results in the production of a significant amount of waste biomass.



Bamboo stalks were already sundried prior to the fiber being manually separated in processing plants; thus, final waste biomass occurred in ideal conditions for combustion purposes (low level of moisture content); as shown in Figure 2.



In contrast, sugarcane stalks occurred in the raw state before their skin was manually removed in the processing plant; thus, produced waste biomass occurred in its initial high moisture content, as shown in Figure 3.



The drying process of sugarcane skin was thus necessary prior to its subsequent utilization, and therefore, the material was sundried in open fields in local conditions. Thereby, the drying process was ensured without the need for any other energy source investment. Moreover, local insects were not interested in such materials, which represents a significant advantage if considering that such materials contained residual sugars. Unfortunately, precise initial moisture content of both materials was not determined due to the fact that primary research activities were performed in conditions of rural areas of Vietnam without proper measuring equipment. Further, both materials were properly stabilized and stored in special hermetically-sealed bags for transportation.



After the materials’ transportation to the laboratories at the target destination of Prague, Czech Republic, both materials were appropriately prepared for subsequent experimental measurements; their particle size and moisture content were modified to the required form. Primarily, both materials were dried in a laboratory dryer LAC, Type S100/03 (Rajhrad, Czech Republic), for 24 hours at a temperature of 105 °C until their moisture content was constant. Disintegration of feedstock materials was also performed using a grinding hammer mill Taurus, Type VM 7,5 (Chrudim, Czech Republic), with a vertical shaft with eight hammers as a working unit (see Figure 4).



A sieve with holes of 8 mm in diameter was used to unify the faction of both disintegrated feedstock materials. The final form of properly prepared samples is expressed in Figure 5.



Nevertheless, the bamboo material occurred in the fibrous form, and hence, the fibers that fell through sieve holes were prevalently slightly longer than 8 mm. In contrast, sugarcane skin (SCS) material also contained tiny particles in the form of dust; thus, the prevalent particle size was smaller than 8 mm. Due to such differences between the investigated materials, brief microscopic measurements were performed to describe the particle size and shapes of investigated materials (measurement scale 5 mm). A stereoscopic microscope Arsenal, Type 347 SZP 11-T Zoom (Prague, Czech Republic) was used for image analysis; the resulting images are shown in Figure 6.



Despite the fact that both investigated materials were represented by the top layer of plant stem (the epidermis), the variability in materials’ behavior during disintegration and particle size were detected during microscopic analyses (Figure 6); such variability was related to the taxonomy of processed plants.




2.2. Fuel Analysis of Feedstock Materials


Samples were subjected to analysis of their fuel properties, which defined their basic chemical parameters, energy potential and elementary composition. Such measurements were performed to determine the materials’ suitability for the process of direct combustion. At least two or three repetitions of all of the following tests were performed for all investigated samples to ensure the correctness of measurement processes and observed data; data were recorded and evaluated using supporting software. Final data exhibited in the Results and Discussion Section are expressed as average values of all observed data with standard deviations.



2.2.1. Basic Parameters and Energy Potential (Mc, Ac, GCV, NCV)


Samples were initially milled into the required particle size (<0.1 mm) using a cutting mill. Moisture Mc (%) and ash content Ac (%) analysis was performed with a thermogravimetric analyzer LECO, Type TGA 701 (Saint Joseph, MO, USA). Experimental tests complied with related standards, namely EN 18134-2 (2015): Solid biofuels—Determination of moisture content—Oven dry method—Part 2: Total moisture-Simplified method and ISO 18122 (2015): Solid biofuels—Determination of ash content.



The principal parameters of fuel properties, gross calorific value (GCV) (MJ∙kg−1) and net calorific value NCV (MJ∙kg−1) express the energy potential of the investigated materials. Gross calorific values (GCV) (MJ∙kg−1) were primarily measured using an isoperibol calorimeter LECO, Type AC 600 (Saint Joseph, USA) and secondarily analyzed by related software. Net calorific values (NCV) (MJ∙kg−1) were calculated using relations between those two parameters. The complete process of analyses used standards EN 14918 (2010): Solid biofuels—Determination of calorific value and ISO 1928 (2010): Solid mineral fuels—Determination of gross calorific value by the bomb calorimetric method and calculation of NCV.




2.2.2. Elementary Composition (C, H, N, S, O)


Materials content of carbon C (%), hydrogen H (%), nitrogen N (%), sulfur S (%) and oxygen O (%) represented the last measured fuel parameters. Experimental testing was performed using laboratory equipment LECO, Type CHN628+S (Saint Joseph, MO, USA), while the testing process corresponded to requirements stated by related standard EN ISO 16948 (2016): Solid biofuels—Determination of total content of carbon, hydrogen and nitrogen.





2.3. Mechanical Analysis of Bio-Briquette Samples


When the suitability of investigated materials for the process of direct combustion was proven, they were utilized as a feedstock for bio-briquette fuel production. Subsequently, the produced bio-briquette samples were subjected to the determination of their mechanical quality represented by the following indicators: bulk density ρ, mechanical durability DU and rupture force RF. Specific methods of the mentioned experimental measurements are described in the following sections. The present section is divided into four sections: The first section is related to the production factors of the densification process and to the entire process of bio-briquette sample production. The remaining three sections describe bio-briquette sample quality testing and determination of specific mechanical quality indicator results.



2.3.1. Bio-Briquette Sample Production


As mentioned previously, high-pressure briquetting technology was used for densification of two different types of herbaceous waste biomass: bamboo fiber and sugarcane skin. Namely, a laboratory hydraulic piston high-pressure briquetting press Briklis, Type BrikStar 30-12 (Malšice, Czech Republic), was used as a pressing device (shown in Figure 7).



This press was operated with an automatic setting during feedstock compression with a specific focus on ensuring a similar level of bulk density ρ of all produced bio-briquette samples. However, such settings resulted in different lengths of final products. The device is equipped with a pressing chamber and matrix with a diameter of 50 mm, thus producing bio-briquette samples (expressed in Figure 8) of a diameter equal to approximately 50 mm; the dimensions of bio-briquette samples are provided in Table 1.



In general, the dimensions of bio-briquette fuel influence its final mechanical quality. Thus, its monitoring represents an important production parameter that needs to be considered.




2.3.2. Bulk Density ρ


The first investigated indicator, bulk density ρ, describes both the final mechanical quality of produced bio-briquette samples, as well as the ability of tested feedstock materials to be densified. Thus, it evaluates the efficiency of the densification process in the case of such specific feedstock materials. Calculation of bio-briquette sample bulk density ρ (kg·m−3) used its dimensions, namely its volume V (m3) and mass m (kg), and the following Equation (1).


    ρ =  m V     



(1)




where ρ is the bulk density (kg·m−3), V the bio-briquette samples’ volume (m3) and m the bio-briquette sample mass (kg).




2.3.3. Mechanical Durability DU


The produced bio-briquette samples were subjected particularly to the determination of mechanical durability DU (%), which is the main indicator of bio-briquette fuel mechanical quality and which is defined by standard EN ISO 17831-2 (2015): Solid biofuels—Determination of mechanical durability of pellets and briquettes—Part 2: Briquettes. This standard states several quality levels of bio-briquette fuel and establishes the lowest acceptable level (DU > 90%) for commercial bio-briquette fuel production. Experimental observation and measurements were performed repeatedly using an electrically-powered special dust–proof rotating drum (Figure 9) with a rectangular steel partition. The principle of such a test consists of projected impacts of tested bio-briquette samples in the rotating drum; thereby, the samples prove their durability.



In practice, several groups of bio-briquette samples of a specific weight (2 ± 0.1 kg) were separately placed inside the drum and subjected to controlled impacts for a specific time (4 minutes 17 seconds), which was equal to the specific number of rotations (105 ± 5 rotations). Subsequently, bio-briquette samples were weighed prior to and after such testing, and their final resistance was determined by Equation (2).


    D U =    m a       m e    · 100  



(2)




where DU is mechanical durability (%), me the sample weight before testing (g) and ma the sample weight after testing (g).




2.3.4. Rupture Force RF


The methodology of the last tested mechanical quality indicator, the rupture force RF, does not correspond to any mandatory technical standard. It was developed on the basis of previous scientific research focused on the pressing technology and measurement of the physical and mechanical properties of pressed items [36,37,38]. The stated methodology determined the hardness of tested bio-briquette samples, thus simulating their possible damage in practice.



The principle of measurement lies in the plate-loading test (Figure 10), which was performed using a universal hydraulic machine WPM, Type ZDM 5 (Leipzig, Germany) with a loading speed v equal to 20 mm∙min−1. The measurement ended when bio-briquette samples disintegrated due to the influence of force loading; thus, the maximal force loaded to the samples before their disintegration was noted. The number of tested bio-briquette samples was equal to 64 in the case of bamboo fiber and to 57 in the case of sugarcane skin.






3. Results and Discussion


The complex evaluation of the investigated bio-briquette production efficiency was based on the set of quality indicators of both feedstock materials and produced bio-briquette samples. All chosen indicators described the suitability of the investigated bio-briquette fuel for commercial production. Therefore, required indicator levels occurred at a high level in an attempt to ensure the highest quality of produced bio-briquette fuel. Nevertheless, mandatory requirements for solid biofuel commercial production differ within each country; the obtained results were compared with the European standards.



The present research aimed to answer the question of whether the chosen waste materials were suitable for bio-briquette production. In general, it was a complex process containing several necessary steps and could be influenced by many factors. Thus, before answering the main question posed, the following specific issues must be answered: (a) Is there a sufficient amount of such waste materials? Is there any functional existing way of its subsequent utilization? (b) Are those materials suitable for direct combustion processes? Is their fuel analysis positive for such purposes? (c) Are the materials suitable for drying and disintegration processes or do such steps involve difficulties? Is it possible to produce bio-briquette fuel from those materials? What is the final mechanical quality of such biofuel?



Answers to all of these questions are noted in the following sections or were explained in the Methodology Section.



3.1. Feasibility and Practicability of Production


The conditions of investigated materials production and potential reuse were primarily monitored in the target area. Both materials originated from plants that abundantly grow and are processed in the target area, with the only difference being that sugarcane plants are purposely cultivated as an agriculture crop, while bamboo plants grow wildly throughout the target area. Specifically, processed bamboo culms originated from the forests in the surrounding areas.



Both plants were nevertheless processed in the target area at a large-scale. Sugarcane plants were used for juice production by individual sellers; plants stems were skinned before squeezing of juice, which resulted in the production of sugarcane skin. Dried bamboo stems were manually skinned by small storekeepers and subsequently used for the production of various commercial items. As observed, both produced waste materials, bamboo fiber and sugarcane skin, were not reused properly in the target area (Figure 11).



Bamboo processing plants were located in rural areas. Thus, bamboo fiber was burned as waste without any purpose in the fields or individuals used it as a fire lighter at a small-scale. Sugarcane plants were processed directly in the streets of Huế city, thus leading to part of the produced sugarcane skin ending up in garbage bins for municipal waste (Figure 11). It is worth mentioning that the generation and amount of monitored waste materials were considerable and daily. In contrast, subsequent utilization of materials was rarely observed.



Bamboo plant populations or their cultivation were difficult to monitor because prevalent parts of the population are growing wildly. Focused on sugarcane plants, specific data of its production in Vietnam were available and are shown in Table 2. Meanwhile, according to a statistical database of the United Nations Food and Agriculture Organization (FAO), world sugarcane crop cultivation in 2016 provided the following data: harvested area 26,774,304 ha, production quantity 1,890,661,751 t and yield 706,148 hg·ha−1.



As observed in this table, sugarcane production in Vietnam has occurred at a high level in recent years. Thus, the production of sugarcane residues has also increased. Sugarcane plants are prevalently used for production of juice or sugar in Vietnam, and thus, sugarcane skin represents a considerable percentage ratio of produced waste biomass.




3.2. Fuel Analysis of Feedstock Materials


The present section describes the chemical parameters of the investigated materials, the required levels of which must be respected in practice, otherwise their burning (in the form of bio-briquette fuel) could cause environmental pollution. With respect to the data expressed in Table 3, it is clear that moisture content Mc (%) during experimental measurements occurred at a suitable level for bio-briquette production (i.e., Mc < 15%) [30]. Mentioned values of moisture content Mc do not represent a material’s moisture content in their initial form (at the moment of creation or collection) due to the necessary treatment within their transportation. However, as mentioned in the Methodology Section, bamboo fiber was removed from already sundried culms; thus, their (required) lower level of moisture content Mc was expected. Such a factor evaluated the amount of energy input positively within the entire process of bio-briquette production, which in contrast to others, also contains feedstock drying. Moreover, if moisture content Mc exceeds the suitable level, it complicates the densification process or makes it completely impossible to realize it.



When comparing the values of ash content Ac (%), it is clear that bamboo fiber exhibited a good result, while sugarcane skin exhibited a result that was at the margin of tolerance (i.e., Ac < 10%) [30]. Such a result represents a disadvantage of sugarcane material; however, it is still accepted by the mandatory requirements. Commonly, when a high level of ash content is detected, it can be caused by contamination of material due to external impurities (dust, soil). Nevertheless, sugarcane skin samples tested in the present research did not contain any impurities. Table 4 provides a comparison of fuel property data obtained within the present research with data from other studies.



A higher level of ash content Ac is commonly related to complications during biomass burning, which can result in low burning efficiency or damage to burning devices. In general, both materials represented herbaceous biomass, which prevalently exhibited a higher level of ash content Ac in comparison to wood biomass [43,44]. However, the results of bamboo fiber samples were very good, thus proving the significant potential of such material, which were qualitatively comparable with wood biomass [45,46].



Energy potential expressed by calorific value is the most important indicator of fuel chemical quality, which indicates the amount of energy released from fuel during burning [47]. The obtained NVC data for both tested materials exhibited a high level of such an indicator; thus, these results were satisfactory. For commercial sale, bio-briquette fuel must exhibit NVCs of at least 14.50 MJ∙kg−1 for non-woody bio-briquette fuel and at least 15.00 MJ∙kg−1 for woody bio-briquette fuel [30]. Every biomass kind exhibits different levels of calorific value, as well as the requirements on each specific biomass kind of bio-briquette fuel differing (Table 5).



The results of elementary composition (Table 6) primarily proved the higher level of oxygen content O (%) in the case of bamboo fiber, which is undesirable, while results for sugarcane skin were at a satisfactory level. In general, biomass elementary composition can influence final calorific value of produced biofuel, as well as influencing biofuel behavior during combustion. Higher levels of oxygen O (%) influence consumption of air during biofuel burning and production of flue gas [58].



Observed values were also converted into dry ash-free state to express results without the influence of ash presence (Table 7).




3.3. Mechanical Analysis of Briquette Samples


Both investigated materials proved their suitability for bio-briquette production. For the densification process, it was possible to produce bio-briquette samples from them. Such a statement may not be a matter of course because the success of bio-briquette sample production is not guaranteed in advance.



Specific data evaluating the efficiency of the densification process were observed immediately following bio-briquette sample production. Thus, their bulk density ρ (kg·m−3) was stated. The results of the first investigated mechanical quality indicator are noted in Table 8, together with the results of other investigated indicators.



Observed bulk density ρ data proved satisfactory results in both cases, which indicates high quality bio-briquette fuel. As noted previously, bio-briquette fuel mechanical quality increases with increasing bulk density ρ [49,59,60] because it indicates bio-briquette fuels’ longer burning time and larger amount of produced heat [61]. According to other published research, the level of bulk density ρ of high quality bio-briquette fuels should occur at approximately 1000 kg·m−3 [56,62,63].



The results of the next investigated indicator, bio-briquette sample DU (%), were obtained during experimental laboratory testing. A statement regarding bio-briquette fuel DU (%), also termed abrasion resistance, is necessary and required within commercial production and represents a major deciding factor [49,62,64]; thus, its performance was a pivotal point of mechanical analysis. Data noted in Table 8 expressed extremely good results; measured DU exceeded 97% for both materials, while the mandatory required level is a DU ≥ 90% [31]. Figure 12 illustrates the conditions of bio-briquette samples after abrasion testing.



As observed in Figure 12, tested bio-briquette samples were in very good condition; only the edges of their bodies were abraded. Such positive results were caused by the structural characteristics of the materials, which were able to create strong bonds between particles.



Such excellent results correspond to the highest level of DU stated by related standards (i.e., DU ≥ 95%). Table 9 shows a comparison of the result values of other investigated bio-briquette fuels sorted according to specific mechanical durability levels.



The level of DU is prevalently influenced by the specifications of pressed feedstock materials, but also, a considerable influence of the forming pressure used was proven. DU clearly increased with increasing forming pressure applied by pressing the briquetting press into the feedstock material [65]. Applying such a process in practice could improve the unsuitable lower levels of other specific bio-briquette’s DU.



The last monitored indicator was rupture force RF, which is not defined by any mandatory standard. Thus, the evaluation of the observed results was performed only by comparison between the investigated materials. Data in Table 9 indicate the marked differences observed. BF bio-briquette samples had an RF = 143.30 N·mm−1, while sugarcane skin bio-briquette samples exhibited an RF equal to 46.50 N·mm−1. The conditions of bio-briquette samples after RF testing are visible in Figure 13.



The considerably better strength of bamboo fiber bio-briquette samples was caused by the positive behavior of fibers during pressing; above that, fibers made strong bonds already during feedstock preparation. Thus, it can be concluded that fibrous materials have significant potential for bio-briquette production. In addition, the overall evaluation of both tested materials proved satisfactory when compared with other published data [72,73,74].





4. Conclusions


The main question investigated in the present research was to determine whether specific agriculture waste residues, namely bamboo fibers and sugarcane skin, are suitable for bio-briquette fuel production. The answer to this question, based on all observed results, is ‘Yes’. Both investigated materials proved suitable as complete feedstocks for bio-briquette fuel production. Monitoring of their production (quantity) and poor practice in terms of their reuse (in local conditions of the target area) indicated high potential of such waste biomass for any further meaningful utilization.



Fuel parameter analysis found satisfactory levels of all tested quality indicators; the only identified limitation was observed in the case of sugarcane skin ash content (Ac = 8.05%), but even that result is acceptable. Comparatively good results were obtained during determination of bio-briquette fuel mechanical quality indicators. Extremely high levels of mechanical durability (DU > 97%) strongly supported the statement that utilization of investigated materials for bio-briquette fuel production will result in high quality biofuel production.



In general, all measurements and tests performed within the present research provided satisfactory results, and hence, the utilization of bamboo fiber and sugarcane skin for bio-briquette fuel production can be highly recommended.



It is hoped that this research will also extend knowledge regarding appropriate waste management principles and reuse of all potential waste biomass for the production of environmentally-friendly solid biofuels.
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Nomenclature




	Ac
	Ash content (%)



	ρ
	Bulk density of bio-briquette samples (kg∙m−3)



	C
	Carbon (%)



	DU
	Mechanical durability (%)



	F
	Compressive force (N)



	GCV
	Gross calorific value (MJ∙kg−1)



	H
	Hydrogen (%)



	m
	Mass of bio-briquette samples (kg)



	ma
	Mass of bio-briquette samples after DU testing (g)



	Mc
	Moisture content (%)



	me
	Mass of bio-briquette samples before DU testing (g)



	N
	Nitrogen (%)



	NCV
	Net calorific value (MJ∙kg−1)



	O
	Oxygen (%)



	RF
	Rupture force (N∙mm−1)



	S
	Sulfur (%)



	V
	Volume of bio-briquette samples (m3)



	v
	Loading speed (mm∙min−1)







References


	



Popp, J.; Lakner, Z.; Harangi-Rákos, M.; Fári, M. The effect of bioenergy expansion: Food, energy, and environment. Renew. Sustain. Energy Rev. 2014, 32, 559–578. [Google Scholar] [CrossRef]

	



World Population Prospect. 2017. Available online: http://www.un.org/en/development/desa/population/publications/index.shtml (accessed on 28 May 2018).

	



Owusu, P.A.; Asumadu-Sarkodie, S. A review of renewable energy sources, sustainability issues and climate change mitigation. Cogent Eng. 2016, 3, 1167990. [Google Scholar] [CrossRef]

	



Mboumboue, E.; Njomo, D. Potential contribution of renewables to the improvement of living conditions of poor rural households in developing countries: Cameroon’s case study. Renew. Sustain. Energy Rev. 2016, 61, 266–279. [Google Scholar] [CrossRef]

	



Liao, H.; Tang, X.; Wei, Y.M. Solid fuel use in rural China and its health effects. Renew. Sustain. Energy Rev. 2016, 60, 900–908. [Google Scholar] [CrossRef]

	



Liu, Z.; Mi, B.; Jiang, Z.; Fei, B.; Cai, Z.; Liu, X. Improved bulk density of bamboo pellets as biomass for energy production. Renew. Energy 2016, 86, 1–7. [Google Scholar] [CrossRef][Green Version]

	



Werther, J.; Saenger, M.; Hartge, E.-U.; Ogada, T.; Siagi, Z. Combustion of agricultural residues. Prog. Energy Combust. Sci. 2000, 26, 1–27. [Google Scholar] [CrossRef]

	



Cherubini, F.; Peters, G.P.; Berntsen, T.; Stromman, A.H.; Hertwich, E. CO2 emissions from biomass combustion for bioenergy: Atmospheric decay and contribution to global warming. Glob. Chang. Biol. Bioenergy 2011, 3, 413–426. [Google Scholar] [CrossRef]

	



Ohrnberger, D. The Bamboos of the World: Annotated Nomenclature and Literature of the Species and the Higher and Lower Taxa; Elsevier Press: New York, NY, USA, 1999. [Google Scholar]

	



Akinlabi, E.T.; Anane-Fenin, K.; Akwada, D.R. (Eds.) Bamboo: The Multipurpose Plant; Springer International Publishing: Cham, Switzerland, 2017; pp. 1–37. Available online: https://www.springer.com/la/book/9783319568072 (accessed on 6 July 2018).

	



Owen, A. Bamboo!! Improving island economy and resilience with Guam College students. J. Mar. Isl. Cult. 2015, 4, 65–75. [Google Scholar] [CrossRef]

	



Hofsetz, K.; Silva, M.A. Brazilian sugarcane bagasse: Energy and non-energy consumption. Biomass Bioenergy 2012, 46, 564–573. [Google Scholar] [CrossRef]

	



Pandey, A.; Soccol, C.R.; Nigam, P.; Soccol, V.T. Biotechnological potential of agro-industrial residues. I: Sugarcane bagasse. Bioresour. Technol. 2000, 74, 69–80. [Google Scholar] [CrossRef]

	



Ramirez, J.A.; Brown, R.; Rainey, T.J. Techno-economic analysis of the thermal liquefaction of sugarcane bagasse in ethanol to produce liquid fuels. Appl. Energy 2018, 224, 184–193. [Google Scholar] [CrossRef]

	



Xiong, W. Bagasse composites: A review of material preparation, attributes, and affecting factors. J. Thermoplast. Compos. Mater. 2018, 31, 1112–1146. [Google Scholar] [CrossRef]

	



Brienzo, M.; Siqueira, A.F.; Milagres, A.M.F. Search for optimum conditions of sugarcane bagasse hemicellulose extraction. Biochem. Eng. J. 2009, 46, 199–204. [Google Scholar] [CrossRef]

	



Jayapal, N.; Samanta, A.K.; Kolte, A.P.; Senani, S.; Sridhar, M.; Suresh, K.P.; Sampath, K.T. Value addition to sugarcane bagasse: Xylan extraction and its process optimization for xylooligosaccharides production. Ind. Crops Prod. 2013, 42, 14–24. [Google Scholar] [CrossRef]

	



Zwebe, D. Biomass Business Opportunities Viet Nam, SNV Netherlands Development Organization Vietnam. 2012. Available online: https://english.rvo.nl/sites/default/files/2013/12/Biomass_Opportunities_Viet_Nam.pdf (accessed on 10 July 2018).

	



Schirmer, M. Biomass and waste as a renewable and sustainable energy source in Vietnam. J. Vietnam. Environ. 2014, 6, 4–12. [Google Scholar] [CrossRef]

	



Roubík, H.; Mazancová, J.; Phung, L.D.; Dung, D.V. Quantification of biogas potential from livestock waste in vietnam. Agron. Res. 2017. Available online: http://agronomy.emu.ee/wp-content/uploads/2017/05/Vol15nr2_Roubik.pdf (accessed on 29 May 2018).

	



Maninder; Kathuria, R.S.; Grover, S. Using agricultural residues as a biomass briquetting: An alternative source of energy. IOSR J. Electr. Electron. Eng. 2012, 1, 11–15. Available online: http://www.iosrjournals.org/iosr-jeee/Papers/vol1-issue5/C0151115.pdf (accessed on 29 May 2018).

	



Brand, M.A.; Jacinto, R.C.; Antunes, R.; da Cunha, A.B. Production of briquettes as a tool to optimize the use of waste from rice cultivation and industrial processing. Renew. Energy 2017, 111, 116–123. [Google Scholar] [CrossRef]

	



Chen, L.; Xing, L.; Han, L. Renewable energy from agro-residues in China: Solid biofuels and biomass briquetting technology. Renew. Sustain. Energy Rev. 2009, 13, 2689–2695. [Google Scholar] [CrossRef]

	



Zhang, G.; Sun, Y.; Xu, Y. Review of briquette binders and briquetting mechanism. Renew. Sustain. Energy Rev. 2018, 82, 477–487. [Google Scholar] [CrossRef]

	



Arelano, G.M.T.; Kato, Y.S.; Bacani, F.T. Evaluation of Fuel Properties of Charcoal Briquettes Derived from Combinations of Coconut Shell, Corn Cob and Sugarcane Bagasse. DLSU Research Congress, Manila, Philippines. 2015. Available online: http://www.dlsu.edu.ph/conferences/dlsu_research_congress/2015/proceedings/SEE/033-SEE_Bacani_FT.pdf (accessed on 12 July 2018).

	



EN 14918. Solid Biofuels—Determination of Calorific Value; ISO: Geneva, Switzerland, 2010. [Google Scholar]

	



ISO 1928. Solid Mineral Fuels—Determination of Gross Calorific Value by the Bomb Calorimetric Method, and Calculation of Net Calorific Value; ISO: Geneva, Switzerland, 2010. [Google Scholar]

	



EN 15234-1. Solid Biofuels—Fuel Quality Assurance—Part 1: General Requirements; ISO: Geneva, Switzerland, 2011. [Google Scholar]

	



EN ISO 16559. Solid Biofuels—Terminology, Definitions and Descriptions; ISO: Geneva, Switzerland, 2014. [Google Scholar]

	



EN ISO 17225-1. Solid Biofuels—Fuel Specifications and Classes—Part 1: General Requirements; ISO: Geneva, Switzerland, 2015. [Google Scholar]

	



EN ISO 17831-2. Solid Biofuels—Determination of Mechanical Durability of Pellets and Briquettes—Part 2: Briquettes; ISO: Geneva, Switzerland, 2015. [Google Scholar]

	



ISO 18122. Solid Biofuels—Determination of Ash Content; ISO: Geneva, Switzerland, 2015. [Google Scholar]

	



EN 18134-2. Solid Biofuels—Determination of Moisture Content—Oven Dry Method—Part 2: Total Moisture—Simplified Method; ISO: Geneva, Switzerland, 2015. [Google Scholar]

	



EN ISO 16948. Solid Biofuels—Determination of Total Content of Carbon, Hydrogen and Nitrogen; ISO: Geneva, Switzerland, 2016. [Google Scholar]

	



EN ISO 18123. Solid Biofuels—Determination of the Content of Volatile Matter; ISO: Geneva, Switzerland, 2016. [Google Scholar]

	



Seifi, M.R. The moisture content effect on some Physical and Mechanical Properties of Corn. J. Agric. Sci. 2010, 2, 125–134. [Google Scholar] [CrossRef]

	



Altuntas, E.; Yıldız, M. Effect of moisture content on some physical and mechanical properties of faba bean (Vicia faba L.) grains. J. Food Eng. 2007, 78, 174–183. [Google Scholar] [CrossRef]

	



Yahya, A.; Hamdan, K.; Ishola, T.A.; Suryanto, H. Physical and Mechanical Properties of Jatropha curcas L. Fruits from Different Planting Densities. J. Appl. Sci. 2013, 13, 1004–1012. [Google Scholar] [CrossRef]

	



Dietenberger, R. Eigenschaftsuntersuchungen von Bambus Zur Energetischen Verwertung [Analysis of Bamboo Characteristics for Energy Recovery]. Ph.D. Thesis, University of Freiburg, Freiburg, Germany, 2009. [Google Scholar]

	



Engler, B.; Schoenherr, S.; Zhong, Z.; Becker, G. Suitability of Bamboo as an Energy Resource: Analysis of Bamboo Combustion Values Dependent on the Culm’s Age. Int. J. For. Eng. 2012, 23, 114–121. [Google Scholar] [CrossRef][Green Version]

	



Phichai, K.; Pragrobpondee, P.; Khumpart, T.; Hirunpraditkoon, S. International Prediction Heating Values of Lignocellulosics from Biomass Characteristics. J. Chem. Mol. Eng. 2013, 7, 532–535. Available online: https://waset.org/Publications/prediction_heating_values_of_lignocellulosics_from_biomass_ characteristics/16408 (accessed on 12 July 2018).

	



Guar, S.; Reed, T.B. Thermal data for Natural and Synthetic Fuels; Marcel Dekker, Inc.: New York, NY, USA, 1998. [Google Scholar]

	



Gürdil, G.A.K.; Selvi, K.C.; Malaťák, J.; Pinar, Y. Biomass Utilization for Thermal Energy. Am. Agric. Mech. Asia Afr. Lat. Am. 2009, 40, 80–85. Available online: https://www.researchgate.net/publication/290695799_Biomass_Utilization_for_Thermal_Energy (accessed on 10 May 2018).

	



Johansson, L.S.; Leckner, B.; Gustavsson, L.; Cooper, D.; Tullin, C.; Potter, A. Emission characteristics of modern and old-type residential boilers fired with wood logs and wood pellets. Atmos. Environ. 2004, 38, 4183–4195. [Google Scholar] [CrossRef]

	



McKendry, P. Energy production from biomass (part 1): Overview of biomass. Bioresour. Technol. 2002, 83, 37–46. [Google Scholar] [CrossRef]

	



Stolarski, M.J.; Szczukowski, S.; Tworkowski, J.; Krzyzaniak, M.; Gulczyński, P.; Mleczek, M. Comparison of Quality and Production Cost of Briquettes Made from Agricultural and Forest Origin Biomass. Renew. Energy 2013, 57, 20–26. [Google Scholar] [CrossRef]

	



Tumuluru, J.S.; Sokhansanj, S.; Wright, C.T.; Boardman, R.D.; Yancey, N. A Review on Biomass Classification and Composition, Co-Firing Issues and Pretreatment Methods. 2011. Available online: https://s3.amazonaws.com/academia.edu.documents/43368530/A_review_on_biomass_classification_and_c20160304-21801-1dvq0xm.pdf?AWSAccessKeyId=AKIAIWOWYYGZ2Y53UL3A&Expires=1531690192&Signature=qz4Y%2FadxiRqfCDsquKYyE6dKRDE%3D&response-content-disposition=inline%3B%20filename%3DA_review_on_biomass_classification_and_c.pdf (accessed on 15 May 2018).

	



Nasser, R.A.; Salem, M.Z.M.; Al-Mefarrej, H.A.; Abdel-Aal, M.A.; Soliman, S.S. Fuel Characteristics of Vine Prunings (Vitis vinifera L.) as a Potential Source for Energy Production. 2014. Available online: https://bioresources.cnr.ncsu.edu/wp-content/uploads/2016/06/BioRes_09_1_482_Nasser_SMAS_Fuel_Charac_Vine_Prunings_Alt_Wood_Source_4840.pdf (accessed on 11 July 2018).

	



Karunanithy, C.; Wang, Y.; Muthukumarappan, K.; Pugalendhi, S. Physiochemical characterization of briquettes made from different feedstocks. Biotechnol. Res. Int. 2012, 165202. [Google Scholar] [CrossRef] [PubMed]

	



Telmo, C. and Lousada, J. The Explained Variation by Lignin and Extractive Contents on Higher Heating Value of Wood. Biomass Bioenergy 2011, 35, 1663–1667. [Google Scholar] [CrossRef]

	



Brunerová, A.; Roubík, H.; Brožek, M.; Velebil, J. Agricultural residues in Indonesia and Vietnam and their potential for direct combustion: With a focus on fruit processing and plantation crops. Agron. Res. 2018, 16, 656–668. [Google Scholar] [CrossRef]

	



Gravalos, I.; Xyradakis, P.; Kateris, D.; Gialamas, A.T. An Experimental Determination of Gross Calorific Value of Different Agroforestry Species and Bio-Based Industry Residues. Nat. Resour. 2016, 7, 57–68. [Google Scholar] [CrossRef]

	



Nasrin, A.B.; Choo, Y.M.; Lim, W.S.; Joseph, L.; Michael, S.; Rohaya, M.H.; Astimar, A.A.; Loh, S.K. Briquetting of Empty Fruit Bunch Fibre and Palm Shell as a Renewable Energy Fuel. J. Eng. Appl. Sci. 2011, 6, 446–451. [Google Scholar] [CrossRef]

	



Wilaipon, P.; Trirattansirichai, K.; Tangchaichit, K. Moderate Die–Pressure Banana–Peel Briquettes. Int. J. Renew. Energy 2007, 2, 53–58. Available online: http://www.sert.nu.ac.th/IIRE/V2N1(6).pdf (accessed on 10 July 2018).

	



Brunerová, A.; Roubík, H.; Brožek, M.; Herák, D.; Šleger, V.; Mazancová, J. Potential of Tropical Fruit Waste Biomass for Production of Bio-Briquette Fuel: Using Indonesia as an Example. Energies 2017, 10, 2119. [Google Scholar] [CrossRef]

	



Obi, O.F.; Okongwu, K.C.H. Characterization of fuel briquettes made from a blend of rice husk and palm oil mill sludge. Biomass Convers. Biorefinery 2016, 6, 449–456. [Google Scholar] [CrossRef]

	



Jittabut, P. Physical and Thermal Properties of Briquette Fuels from Rice Straw and Sugarcane Leaves by Mixing Molasses. Energy Procedia 2015, 79, 2–9. [Google Scholar] [CrossRef]

	



Demirbas, A. Combustion characteristics of different biomass fuels. Prog. Energy Combust. Sci. 2004, 30, 219–230. [Google Scholar] [CrossRef]

	



Tumuluru, J.S.; Tabil, L.G.; Song, Y.; Iroba, K.L.; Meda, V. Impact of process conditions on the density and durability of wheat, oat, canola, and barley straw briquettes. Bioenergy Res. 2015, 8, 388–401. [Google Scholar] [CrossRef]

	



Lindley, J.A.; Vossoughi, M. Physical properties of biomass briquettes. Trans. ASABE 1989, 32, 361–366. [Google Scholar] [CrossRef]

	



Obernberger, I.; Thek, G. Physical characterisation and chemical composition of densified biomass fuels with regard to their combustion behaviour. Biomass Bioenergy 2004, 27, 653–669. [Google Scholar] [CrossRef]

	



Kaliyan, N.; Morey, R.V. Factors affecting strength and durability of densified biomass products. Biomass Bioenergy 2009, 33, 337–359. [Google Scholar] [CrossRef]

	



Wakchaure, G.C.; Mani, I. Effect of binders and pressures on physical quality of some biomass briquettes. J. Agric. Eng. 2009, 46, 24–30. Available online: https://www.researchgate.net/profile/G_C_Wakchaure/publication/235944947_Effect_of_Binders_and_Pressures_on_Physical_Quality_of_Some_Biomass_Briquettes/links/02e7e51499eca04887000000.pdf (accessed on 10 July 2018).

	



Muazu, R.I.; Stegemann, J.A. Effects of operating variables on durability of fuel briquettes from rice husks and corn cobs. Fuel Process. Technol. 2015, 133, 137–145. [Google Scholar] [CrossRef][Green Version]

	



Kaliyan, N.; Morey, R.V. Densification characteristics of corn stover and switchgrass. Trans. ASABE 2009, 52, 907–920. [Google Scholar] [CrossRef]

	



Li, Y.D.; Liu, H. High-pressure densification of wood residues to form an upgraded fuel. Biomass Bioenergy 2000, 19, 177–186. [Google Scholar] [CrossRef]

	



Repsa, E.; Kronbergs, E.; Pudans, E. Durability of compacted energy crop biomass. Eng. Rural. Dev. 2014, 13, 436–439. Available online: http://www.tf.llu.lv/conference/proceedings2014/Papers/74_Repsa_E.pdf (accessed on 10 July 2018).

	



Wachira, G.G.; Gitau, A.N.; Kimani, M.W.; Njoroge, B.N.K. Mechanical Properties of Saw Dust Briquettes of EucalyptusTree Species of Different Binders and Press Machines. Int. J. Emerg. Technol. Adv. Eng. 2015, 5, 532–538. Available online: https://pdfs.semanticscholar.org/100b/555644b59e9473181650d73509c067a7454a.pdf (accessed on 11 July 2018).

	



Rajkumar, D.; Venkatachalam, P. Physical properties of agro residual briquettes produced from Cotton, Soybean and Pigeon pea stalks. Int. J. Power Eng. Energy 2013, 4, 414–417. Available online: http://infomesr.org/attachments/JO-P-0039.pdf (accessed on 10 July 2018).

	



Eissa, A.H.A.; Alghannam, A.R.O. Quality Characteristics for Agriculture Residues to Produce Briquette. World Acad. Sci. Eng. Technol. 2013, 78, 166–171. Available online: https://www.researchgate.net/profile/Ayman_Amer_Eissa/publication/257357240_WASET_AyA2013v78-29/links/0046352500e5a91346000000.pdf (accessed on 10 July 2018).

	



Brunerová, A.; Pecen, J.; Brožek, M.; Ivanova, T. Mechanical durability of briquettes from digestate in different storage conditions. Agron. Res. 2016, 14, 327–336. Available online: http://agronomy.emu.ee/wp-content/uploads/2016/05/Vol14-_nr2_Brunerova.pdf#abstract-4144 (accessed on 12 July 2018).

	



Brunerová, A.; Brožek, M.; Müller, M. Utilization of waste biomass from post–harvest lines in the form of briquettes for energy production. Agron. Res. 2017, 15, 344–358. Available online: http://agronomy.emu.ee/wp-content/uploads/2017/05/Vol15nr2_Brunerova.pdf (accessed on 10 July 2018).

	



Brožek, M. Evaluation of selected properties of briquettes from recovered paper and board. Res. Agric. Eng. 2015, 61, 66–71. [Google Scholar] [CrossRef]

	



Brožek, M. The effect of moisture of the raw material on the properties briquettes for energy use. Acta Univ. Agric. Silvic. Mendel. Brun. 2016, 64, 1453–1458. [Google Scholar] [CrossRef]








[image: Energies 11 02186 g001 550] 





Figure 1. Area of sample collection: Huế district, Thừa Thiên Huế province. 
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Figure 2. Bamboo processing in Thừa Thiên Huế province, central Vietnam: (a) manual removing of fiber; (b) produced waste biomass: bamboo fibers. 
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Figure 3. Sugarcane processing in Huế city, central Vietnam: (a) manual removing of skin; (b) produced waste biomass: sugarcane skin. 
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Figure 4. The disintegration device used, the hammer grinding mill: (a) scheme; (b) in practice. 
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Figure 5. The form of samples prepared for chemical and mechanical analysis: (a) bamboo fiber; (b) sugarcane skin. 
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Figure 6. Microscopic analysis of investigated samples: (a) bamboo fiber; (b) sugarcane skin. 
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Figure 7. Briklis high-pressure briquetting press: (a) scheme; (b) in practice. 
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Figure 8. Produced bio-briquette fuel samples from: (a) bamboo fiber; (b) sugarcane skin. 
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Figure 9. Equipment used for the determination of mechanical durability: (a) in practice; (b) scheme. 
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Figure 10. The equipment used for the determination of rupture force RF: (a) in practice; (b) plate, loading test principle (F compressive force (N)). 
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Figure 11. Untapped waste biomass potential in the target area: (a) sugarcane skin in municipal waste; (b) bamboo fiber in a fireplace. 
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Figure 12. Bio-briquette fuel samples after mechanical durability testing: (a) bamboo fiber; (b) sugarcane skin. 
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Figure 13. Bio-briquette fuel samples after rupture force testing: (a) bamboo fiber; (b) sugarcane skin. 
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Table 1. Basic mechanical properties of investigated briquette samples (±standard deviation).
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	Sample
	Weight (g)
	Height (mm)
	Diameter (mm)





	Bamboo fiber
	79.68 ± 20.71
	37.73 ± 10.61
	51.55 ± 0.37



	Sugarcane skin
	120.61 ± 12.85
	53.35 ± 5.55
	51.96 ± 5.40
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Table 2. Sugarcane production in Vietnam in 2010–2014.
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	Year
	Harvested Area (ha)
	Production Quantity (t)
	Yield (hg·ha−1)





	2016
	256,322
	16,313,145
	636,432



	2015
	284,262
	18,337,227
	645,083



	2014
	304,969
	19,822,851
	649,996



	2013
	310,264
	20,131,088
	648,757







t, tonne; ha, hectare; hg, hectogram. Source: FAO, 2018.
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Table 3. Basic chemical parameters of waste biomass samples (in w.b.) (± standard deviation).
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	Sample
	Mc (%)
	Ac (%)
	GCV (MJ∙kg−1)
	NCV (MJ∙kg−1)





	Bamboo fiber
	7.62 ± 0.47
	1.16 ± 0.13
	18.15 ± 0.03
	16.92



	Sugarcane skin
	8.05 ± 0.52
	8.62 ± 0.18
	18.47 ± 0.50
	17.23







Mc, moisture content; Ac, ash content; GCV, gross calorific value; NCV, net calorific value; w.b., wet basis.
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Table 4. Fuel properties of bamboo and sugarcane residues.
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Ac (%)

	
GCV (MJ∙kg−1)

	
Research






	
Bamboo culm

	
3.74

	
19.62

	
[39]




	
3.70

	
18.32

	
[40]




	
Sugarcane bagasse

	
6.16

	
18.20

	
[41]




	
11.27

	
17.33

	
[42]








Ac, ash content; GCV, gross calorific value.
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Table 5. Comparison of various biomass kind energy potential.






Table 5. Comparison of various biomass kind energy potential.





	
Biomass Kind

	
Feedstock Material

	
NCV (MJ∙kg−1)

	
Research






	
Woody

	
Vine pruning

	
19.19

	
[48]




	
Pine sawdust

	
18.14

	
[46]




	
Sycamore wood

	
15.62

	
[49,50]




	
Wild cherry wood

	
15.55




	
Herbaceous

	
Banana leaf

	
17.76

	
[41]




	
Wheat straw

	
17.30

	
[45]




	
Bamboo leaf

	
16.71

	
[51]




	
Rice straw

	
15.07

	
[41]




	
Fruit

	
Grape seeds

	
20.39

	
[52]




	
Oil palm empty fruit bunch

	
18.16

	
[53]




	
Banana peel

	
18.89

	
[54]




	
Durian peel

	
17.61

	
[55]




	
Aquatic

	
Water hyacinth

	
16.65

	
[41]




	
Mixed

	
Rice husk, oil palm sludge

	
21.68

	
[56]




	
Tropical hardwood sawdust

	
18.94

	
[57]




	
Rice straw, sugarcane leaves

	
17.83








NCV, net calorific value.
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Table 6. Elementary composition of waste biomass samples (in w.b.) (±standard deviation).
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	Sample
	C (%)
	H (%)
	N (%)
	S (%)
	O (%)





	Bamboo fiber
	46.31 ± 0.14
	6.19 ± 0.03
	0.44 ± 0.02
	0.04 ± 0.03
	42.15



	Sugarcane skin
	45.85 ± 0.11
	6.36 ± 0.02
	0.96 ± 0.03
	0.18 ± 0.01
	34.02







C, carbon; H, hydrogen; N, nitrogen; S, sulfur; O, oxygen; w.b., wet basis.
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Table 7. Composition of samples in dry ash-free state (d.a.f.).
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	Sample
	C (%)
	H (%)
	N (%)
	S (%)
	O (%)
	GCV (MJ∙kg−1)
	NCV (MJ∙kg−1)





	Bamboo Fiber
	51.01
	5.82
	0.49
	0.04
	42.65
	20.00
	18.73



	Sugarcane Skin
	54.95
	6.46
	1.15
	0.21
	37.23
	22.14
	20.73







C, carbon; H, hydrogen; N, nitrogen; S, sulfur; O, oxygen; GCV, gross calorific value; NCV, net calorific value; d.a.f., dry ash-free state.
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Table 8. Mechanical quality indicators of the investigated bio-briquette samples (±standard deviation).
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	Sample
	ρ (kg·m−3)
	DU (%)
	RF (N·mm−1)





	Bamboo fiber
	986.37 ± 181.18
	97.80 ± 0.04
	143.30 ± 1.70



	Sugarcane skin
	1067.08 ± 39.08
	97.70 ± 0.08
	46.50 ± 0.80







ρ, bulk density; DU, mechanical durability; RF, rupture force.
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Table 9. Mechanical durability DU of different bio-briquette fuel kinds.
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DU (%)

	
Feedstock Material

	
Research






	
<90

	
Big bluestem sawdust

	
[59]




	
Canola straw




	
Switchgrass

	
[65]




	
Corn stover




	
>90

	
Pine sawdust

	
[66]




	
Canary grass

	
[67]




	
Rice husk

	
[64]




	
Corncob




	
≥95

	
Eucalyptus sawdust, paper

	
[68]




	
Soybean stalk

	
[69]




	
Cotton stalk

	
[70]




	
Digestate

	
[71]








DU, mechanical durability.
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