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ABSTRACT

Biomasses in the forms of agricultural and forestry residues are gaining attention as alternative sources of energy due to various limitations of conventional sources of energy. Their applications as energy sources should be renewable and eco-friendly. The selection of biomass needs pairing with a suitable thermochemical process for the generation of biofuels and their precursors. This article communicates the investigation of acacia nilotica branch, bagasse, berry branch, coconut coir, corn cob, cotton stalk, groundnut shell, rice husk, rice straw and wheat straw as biomasses, for their considerations to ther-mochemical transformations. The authors explored the residues for their bulk density, calorific values, proximate analysis, ultimate analysis, ash fusibility characteristics and thermogravimetric analysis. The bulk density and calorific values of materials considered were quite low compared to that of conven-tional solid fuels. Therefore, they required palletisation for their economical utilisation as feedstocks for thermochemical conversions to energy carriers. The proximate analysis indicated that the fixed carbon:volatile matter of acacia nilotica branch was highest at 0.35, suggesting it as the most preferred feedstock for pyrolysis. The ultimate analysis showed that H/C (molar element ratios) of all residues were near to a constant value indicating the emissions of volatiles/gases were close to same quality after their specific thermochemical transformation. Ash deformation and fusion temperatures of mate-rials lied in the range of 900–1500°C, fixing the operating temperature limits for their transformations through combustors and gasifiers. Thermogravimetric analysis in the N atmosphere indicated that 2 the rate of pyrolysis was highest for all residues, in the temperature range of 300–500°C, suggesting the sufficiency of one reactor to carry out pyrolysis for the individual biomass. Thus, the analysis of biomasses for their thermochemical transformations is the prerequisite for their effective utilisations. Keywords: ash deformation temperatures, ash fusion temperatures, biofuels, biomasses, bulk density, calorific values, proximate analysis, thermochemical transformations, thermogravimetric analysis, ultimate analysis.

 

1  INTRODUCTION

India has an ideal environment for biomass production due to its geographical location. As per record, the country generates more than 500 million tons of agricultural and forestry wastes under the category of biomass [1–2]. Rural population is mainly dependent on the biomass as a traditional fuel, which is utilised inefficiently and generates greenhouse gases [3]. A small percentage of the resource is utilised to generate electricity (which is less than 1% of the total electricity generation in the country) [2]. The surplus residues are just burnt as a solution to the disposal problem, causing massive air pollution in the surrounding areas. There is a great need to develop suitable technologies to utilise the abundant biomass resource available after its harvest. The knowledge of properties of biomass (which vary with geo-graphical locations) is essential [4].

Energy generation by biomass is mainly through biochemical and thermochemical ways. 

Much has been reported about energy generation by biochemical means through fermenta-tion and anaerobic digestion [5–8]. However, energy production through the thermochemical pathway is promising. Thermochemical transformation is a process of controlled heating or the oxidation of biomass to produce biofuels or its precursor [9–10]. These technologies can be applied to any type of biomass as a feedstock with the almost complete conversion with 
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multiple by-products. Also, the conversions are independent of ambient conditions as the operations take place at a much higher temperature range [11].The thermochemical conver-sion technologies cover combustion, gasification pyrolysis and liquefication [12–16]. Combustion is considered an accessible bioenergy pathway all over the world [17]. A com-plete transformation of biomass yields heat energy due to oxidation of its carbon and hydrogen 

content, to CO and H O. Imperfect combustion results in environmental air pollutants, CO 2 2

and particulate matters. Also, the presence of S and N may lead to the emissions of SOx and NOx gases [18]. Biomass gasification is the partial oxidation of the material with controlled process conditions to maximise the yield of gaseous products which are syngas or producer 

gas, rich in CO, H , CH and CO [11]. Pyrolysis is the thermal degradation of biomass in the 2 4 2 

absence/limited supply of oxygen to produce a mixture of solid, liquid and gas. The products of gasifiers and pyrolysers can be used directly as biofuels or cleaned/upgraded to fuels.

The performance of biomass-based combustors, gasifiers and pyrolysers depends upon the 

characteristics of the biomass as feedstocks used [3]. In general, the biomass (agricultural and forestry residues) consists of 50% carbon, 6% hydrogen and 44% oxygen on a dry basis with moisture content up to 90%, on a wet basis. Ash content varies from 0.5 to 22% [19]. Biomass needs to be characterised in terms of their bulk density, calorific values, proximate analysis, ultimate analysis, ash deformation and fusion temperatures and thermogravimetric analysis [3]. Bulk densities and calorific values of the residues decide about their transporta-tion economics. Proximate analysis is the determination of percentages of volatile matter (VM) (gases and vapours driven off during pyrolysis), fixed carbon (FC) (non-volatile car-bon) and ash on a dry basis [20]-[22]. Ultimate analysis expresses the composition of biomass in terms of percentages of carbon, hydrogen, nitrogen, oxygen and sulphur in the elemental form [11]. The estimation of sulphur in biomass may be ignored as it has negligible sulphur content. The rest is ash which is accurately determined in the proximate analysis. Ash defor-mation and fusion temperatures are established as per standard methods to fix the design temperatures of combustors and gasifiers. Thermogravimetric analysis of biomass describes its thermal degradation (in a controlled atmosphere) with temperature. 

In this work, we investigated biomasses in the forms of agricultural and forestry wastes for 

their suitability for conversion to biofuels through thermochemical transformations of pyrol-ysis, gasification and combustion. Biomasses analysed were acacia nilotica branch (ANB), bagasse, berry branch, coconut coir, corn cob, cotton stalk, groundnut shell, rice husk, rice straw and wheat straw. The basis of analysis was investigations of bulk density, calorific val-ues, proximate analysis, ultimate and associated properties, ash deformation and fusion temperatures and variation of weight remaining with temperature in the nitrogen atmosphere. Bulk densities and calorific values of all biomasses were low. Proximate and ultimate analysis results were categorised in low, medium and high ash biomasses. ANB had highest FC:VM. Hydrogen to carbon elemental ratios (H:C) for all biomasses were appreciably constant. Bio-masses under investigations recorded lowest ash deformation temperature at 900°C and the highest ash fusion temperature at 1500°C. Thermographs of biomasses in the nitrogen atmos-phere had similar trends. Based on the observations and analysis of biomasses, authors suggest specific thermochemical conversions for their transformations to biofuels and its precursors.

 

2  MATERIALS AND METHODS

 

2.1  Bulk densities and calorific values of biomasses

 

Biomasses considered were subjected to the determinations of bulk densities through the standard method. A glass cylinder (50 ml) was filled to a fixed volume of oven-dried biomass. 
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The cylinder, along with the specific biomass, was tapped for 1–2 min to compact it [19]. Bulk density was determined using the following formula:

Bulk density = (W                  3 /V ) × 1000 kg/m                      (1)

d    d

where W 3  is the weight of the biomass (g) and V  is the volume of packed biomass (cm).

d                                               d

The biomasses were also tested for their calorific values as per ASTM D2075-77 using 

calorie meter (IKA C 200 model).

 

2.2  Proximate analysis of biomasses

 

The proximate analysis was completed for the biomasses using ASTM D3173-75 (methods recommended for coal and sparkling fuel). It involved the determinations of VM, FC and ash content on a moisture-free basis [19]. The muffle furnace and hot air oven along with the electronic balance were used to complete the analysis.

 

2.3  Ultimate analysis and associated properties of biomasses

 

The ultimate analysis was undertaken using ASTM D3174-76 (Vario Micro CHNS superuser analyser) [19]. The diagnosis determined the elemental percentages of carbon, hydrogen and nitrogen along with the ash content (which was determined through proximate analysis as mentioned in Section 2.2) present in specific biomass. The difference took the oxygen con-tent. Determination of sulphur was ignored as biomasses contain negligible sulphur [3]. Percentages of H and C (with atomic weights of H as 1.008 and C as 12.011) enabled the estimations of H/C molar ratios of materials considered.

 

2.4  Ash deformation and fusion temperatures of biomasses

 

The ash deformation and fusion temperatures of biomasses were investigated based on the guidelines of ASTM D1857-03 [19]. The ash was taken in the form of a cone using a mould. The ash deformation temperature reached when the apex of cone started rounding off. Ash fusion temperatures of respective biomasses were recorded at higher temperatures when the ash mass took the form of a hemispherical lump. Both the temperatures were detected using AF-600 & AF-700 (LECO).

 

2.5  Generation of thermographs for biomasses

 

Thermographs of all 10 biomasses were generated individually by taking 10 mg of ground biomass sample in Perkin Elmer STA 6000 TGA, at a constant heating rate of 40°C/min, up to 1000°C [19]. The thermogravimetric analysis was undertaken in the presence of nitrogen gas.

 

3  RESULTS AND DISCUSSION

 

3.1  Bulk densities and calorific values of biomasses

 

Bulk densities of biomasses were determined, as explained in Section 2.1. It is the ratio of the bulk of particles of biomasses to the volume they occupy. The total volume included space occupied by particles, void volumes and internal pore volumes of the particles. The bulk densities of various biomasses were determined using Equation (1). All biomasses consid-ered had low bulk density (Fig. 1). ANB had the highest bulk density (207.3 kg/m3), whereas 118        P. Jha & B. Dass, Int. J. of Energy Prod. & Mgmt., Vol. 5, No. 2 (2020) 

 

Figure 1: Bulk densities of biomasses.

 

wheat straw had the lowest value (55.1 kg/m3). The results indicate that bulk densities of biomasses considered are little lower than the average density of wood, confirming that all residues require palletisation for their economical transportation [23]. Calorific values of biomasses indicate their gross heating values. They were estimated, as mentioned in Section 2.1. The calorific values are compared in Fig. 2. They are all close to 4000 cal/g, which is lower than the reported value for wood (4800 cal/g) [3]. To make them more effective as fuel, they need palletisation [24]. 

 

3.2  Proximate analysis of biomasses

 

The biomasses were subjected to proximate analysis where they were subjected to investiga-tions for the presence of moisture content, VM, FC and ash content (Table 1). As the moisture content keeps varying in biomass (due to variation in the surrounding atmosphere), the anal-ysis was completed on a dry basis. The results were classified based on the extent of ash content: low ash, medium ash and high ash biomasses [3]. ANB, berry branch corn cob and cotton stalk were low ash biomasses having ash contents less than 5%. Bagasse, groundnut 
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Figure 2: Calorific values of biomasses.
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Table 1: Proximate analysis of biomasses.

Biomasses        VM (%)      FC (%)        Ash (%)        FC:VM

Low ash biomasses

ANB         72.03       24.97         3.00          0.35

Berry branches     78.60          19.10            2.30             0.24

Corn cob          78.51          18.63            2.86             0.24

Cotton Stalk        76.00           20.24            3.76              0.27

Medium ash biomasses

Bagasse           80.27          14.72           5.01             0.18

Groundnut shell     72.70          21.20            6.10             0.29

Wheat straw        72.50          17.60            9.90             0.24

High ash biomasses

Coconut coir       70.13          16.70            13.17            0.24

Rice husk          61.95          21.00            17.05            0.34

Rice straw          65.50          14.65            19.85            0.22

 

shell and wheat straw were medium ash biomasses with ash compositions in the range of 5–10%, whereas coconut coir, rice husk and rice straw formed the category of high ash bio-masses with ash contents greater than 10%. The results suggest that higher ash content will increase the catalytic activity towards formations of char and gaseous products though pyrol-ysis of biomasses. Lower ash will promote the peak combustion rate of residues at higher temperatures while the same will promote gasification at the highest rate at lower tempera-tures [11]. FC:VM ratio of ANB is 0.35, which is highest, whereas the same for bagasse is lowest at 0.18. Higher FC:VM implies higher formations of char and lower formations of gases in pyrolysis and gasification transformations. Hence ANB should be most preferred for char generation through pyrolysis, whereas bagasse should be utilised for gas generation through gasification [25].

 

3.3  Ultimate analysis and associated properties of biomasses

 

Ultimate analysis on biomasses was completed, as mentioned in Section 2.3. The results (Table 2) indicate appreciably high percentages of carbon and oxygen in the materials under consideration, justifying their application for energy generation [4]. The percentages of hydrogen in various residues are almost constant. The values lie in the range of 5.27% (rice husk) to 6.02% (corn cob). Calculating H/C (molar element ratio) leads to the fact that they are almost constant at a value of 1.52 (Fig. 3). For convenience acacia nilotica branch, bagasse, berry branch, coconut coir, corn cob, cotton stalk, groundnut shell, rice husk, rice straw and wheat straw are abbreviated as ANB, Bag, BB, CNC, CC, CS, GNS, RH, RS and WS, respectively, in Fig. 3. Thus, we infer that thermochemical transformations of residues through gasification and combustion will produce the same quality of combustible gases if they are thermally treated with the same heating rate [3]. Percentages of nitrogen were less than 1% in most of the biomasses concluding the fact that NOx gases will be in traces if bio-masses are subjected to thermochemical conversions. 
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Table 2: Ultimate analysis.

Biomasses        C (%)        H (%)          N (%)          O (%)

Low ash biomasses

ANB         47.42       5.79          0.87          42.92

Berry branches     45.81          5.94             0.61             45.34

Corn cob          46.46          6.02             0.36             44.29

Cotton Stalk        46.04           5.71              0.47              44.01

Medium ash biomasses

Bagasse           45.76          5.91             0.10             43.23

Groundnut shell     50.58          5.72             0.57              37.03

Wheat straw        40.36          5.28             1.44             43.02

High ash biomasses

Coconut coir       46.52          5.50             0.17             34.64

Rice husk          40.02          5.27             0.29             37.37

Rice straw          36.98          5.46             0.63              37.08
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Figure 3: H/C (molar element ratio) of biomasses.

 

3.4  Ash deformation and fusion temperatures of biomasses

 

As mentioned in Section 2.4, ash deformation and fusion temperatures were determined using standard methods and shown in Fig. 4 (biomasses are abbreviated in the same way as explained in Section 3.3). As expected, ash fusion temperatures of all biomasses were higher than ash deformation temperatures. Ash deformation temperature of ANB, which is low ash biomass, is 1350°C, whereas its ash fusion temperature is 1500°C. Both the temperatures are among one of the highest for ANB. Thus, the biomass, ANB, is most suitable for combustion or gasification, because energy can be generated at the highest temperatures without the pos-sibilities of clinker formations [11]. Thermochemical reactors should be designed in such a way that the temperatures within the converters do not rise beyond the ash deformation and fusion temperatures for specific biomass. 
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Figure 4: Ash deformation and fusion temperatures of biomasses.

 

3.5  Generation of thermographs for biomasses

 

Thermographs for biomasses (as explained in Section 2.5) were generated. The graphs are categorised under low ash (Fig. 5), medium ash (Fig. 6) and high ash (Fig. 7) biomasses. They show the variation of weight per cent remaining with temperatures. Drying of bio-masses takes place till 100°C. In all biomasses, torrefaction (low-temperature pyrolysis to remove moisture and volatiles) takes place in the temperature range of 200–300°C. Also, for all residues weight per cent remaining starts falling at a much higher rate in the temperature range of 300–500°C. After 500°C, the rate of pyrolysis slows down and becomes constant beyond 600°C. The data generated through thermogravimetric analysis can be used for esti-mation of the rate of pyrolysis and associated kinetic constants [26]. As temperature ranges for drying, torrefaction and pyrolysis, almost coincide for the individual biomasses under investigation, their pyrolysis may be carried out in the same converter.
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Figure 5: Thermographs of low ash biomasses.
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Figure 6: Thermographs of medium ash biomasses.
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Figure 7: Thermographs of high ash biomasses.

 

4  CONCLUSIONS

Analysis of biomasses in terms of their bulk density, calorific values, proximate analysis, ultimate analysis, ash deformation and fusion temperatures and thermogravimetric analysis is prerequisite for their paring with a specific thermochemical conversion to a biofuel or its precursor. Biomasses considered need palletisation for their effective utilisation as biofuels. ANB as a residue has highest FC:VM, making it most suitable for the production of char, whereas bagasse has lowest FC:VM, suggesting the biomass should be most preferred for the gasification purpose. High percentages of carbon and oxygen in all biomasses confirm that they are suitable for their thermochemical transformations to biofuels. H:C (molar element ratio) of all biomasses are approximately constant at 1.52, indicating that almost same quality of combustible gases/vapours will be generated by any biomass as a feedstock through a specific thermochemical transformation. Ash deformation and fusion temperatures were recorded in the range of 900–1350°C and 1040–1500°C, respectively, which fixes the 
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operating temperatures of combustors and gasifiers. Similar trends of thermographs for bio-masses indicate that a single pyrolyser can be utilised for biomasses. 
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ABSTRACT
Biomasses in the forms of agricultural and forestry residues are gaining attention as alternative sources
of energy due to various limitations of conventional sources of energy. Their applications as energy
sources should be renewable and eco-friendly. The selection of biomass needs pairing with a suitable
thermochemical process for the generation of biofuels and their precursors. This article communicates
the investigation of acacia nilotica branch, bagasse, berry branch, coconut coir, corn cob, cotton stalk,
groundnut shell, rice husk, rice straw and wheat straw as biomasses, for their considerations to ther-
mochemical transformations. The authors explored the residues for their bulk density, calorific values,
proximate analysis, ultimate analysis, ash fusibility characteristics and thermogravimetric analysis. The
bulk density and calorific values of materials considered were quite low compared to that of conven-
tional solid fuels. Therefore, they required palletisation for their economical utilisation as feedstocks
for thermochemical conversions to energy carriers. The proximate analysis indicated that the fixed
carbon:volatile matter of acacia nilotica branch was highest at 0.35, suggesting it as the most preferred
feedstock for pyrolysis. The ultimate analysis showed that H/C (molar element ratios) of all residues
were near to a constant value indicating the emissions of volatiles/gases were close to same quality
after their specific thermochemical transformation. Ash deformation and fusion temperatures of mate-
rials lied in the range of 900-1500°C, fixing the operating temperature limits for their transformations
through combustors and gasifiers. Thermogravimetric analysis in the N, atmosphere indicated that
the rate of pyrolysis was highest for all residues, in the temperature range of 300-500°C, sugg

: ash deformation temperatures, ash fusion temperatures, biofuels, biomasses,
lues, proximate analysis, thermochemical transformations, thermogravimetric analy
ultimate analysis.

1 INTRODUCTION

India has an ideal environment for biomass production due to its geographical location. As
per record, the country generates more than 500 million tons of agricultural and forestry
wastes under the category of biomass [1-2]. Rural population is mainly dependent on the
biomass as a traditional fuel, which is utilised inefficiently and generates greenhouse gases
[3]. A small percentage of the resource is utilised to generate electricity (which is less than
1% of the total electricity generation in the country) [2]. The surplus residues are just burnt
as a solution to the disposal problem, causing massive air pollution in the surrounding areas.
There is a great need to develop suitable technologies to utilise the abundant biomass resource
available after its harvest. The knowledge of properties of biomass (which vary with geo-
graphical locations) is essential [4].

Energy generation by biomass is mainly through biochemical and thermochemical ways.
Much has been reported about energy generation by biochemical means through fermenta-
tion and anaerobic digestion [5-8]. However, energy production through the thermochemical
pathway is promising. Thermochemical transformation is a process of controlled heating or
the oxidation of biomass to produce biofuels or its precursor [9-10]. These technologies can
be applied to any type of biomass as a feedstock with the almost complete conversion with
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