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Abstract

:

Recently, under COP26, several countries agreed to phase-out coal from their energy systems. The torrefaction industry can take advantage of this, as the fuel characteristics of torrefied biomasses are comparable to those of coal. However, in terms of economic feasibility, torrefied biomass pellets are not yet competitive with coal without subsidies because of the high price of woody biomass. Thus, there is a need to produce torrefied pellets from low-cost feedstock; pulp industry sludge is one such feedstock. In this context, this study was focused on the torrefaction of pulp industry sludge. Torrefaction experiments were carried out using a continuous reactor, at temperatures of 250, 275, and 300 °C. The heating value of the sludge increased from 19 to 22 MJ/kg after torrefaction at 300 °C. The fixed carbon content increased from 16 wt.% for dried pulp sludge to 30 wt.% for torrefied pulp sludge. The fuel ratio was in the range of 0.27 to 0.61. The ash content of the pulp sludge was comparable to that of agricultural waste, i.e., around 12 wt.% (dry basis). The cellulose content in the sludge was reduced from 35 to 12 wt.% at 300 °C. Ash related issues such as slagging, fouling, and bed agglomeration tendency of the sludge were moderate. This study shows that torrefaction treatment can improve the fuel properties of pulp industry sludge to a level comparable to that of low-rank coal.
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1. Introduction


Since the end of 19th century, the earth’s average surface temperature has increased by around 1.8 °C [1]. This global warming is mainly due to the increase of greenhouse gases content in the atmosphere, which has been linked to the extensive usage of fossil fuels. Today, our energy systems are largely dependent on fossil resources. Among other fossil fuels, coal plays a major role in global energy production [2]. According to IEA energy statistics, global energy production from coal in 2019 was around 163 EJ, i.e., 26.8% of the total [3]. In the same year, the share of coal in the global CO2 emission production was around 44% [3]. At a regional level, the role of coal in energy production can be much higher than the global average. For example, in China, more than half of the primary energy is still produced from coal [4]. Realizing the role of coal in greenhouse gas emissions, under COP26, several countries agreed to phase out its use from their energy production [2]. One alternative to coal could be biomass. However, the characteristics of biomass fuel are not comparable to those of coal [5]. Thus, there is a need to pretreat biomass prior to its application in energy production; torrefaction is one such pretreatment. Torrefaction is a mild pyrolysis which is carried out in the temperature range of 200–300 °C [6]. Although torrefied biomass pellets can be compared with coal in terms of their fuel characteristics, they are not yet economically competitive. The main reason for this is the high price of the woody biomass. According to Doddapaneni et al. [7], the raw biomass itself accounts for 80% of the total production costs of torrefied pellets. Thus, producing torrefied pellets from low cost or no-cost organic residues could be helpful to improve the economic feasibility of the torrefaction process.



On the other hand, pulp industries produce large quantities of sludge during wastewater treatment, commonly known as primary, secondary and tertiary sludge, depending on the stage and waste water treatment approach. Pulp industry sludge contains undigested wood fibers, fines, fillers, clays, plastics, and metals, depending on the type of pulping process, i.e., virgin fibers or reused waste paper [8,9]. Because of strict environmental regulations, sustainable methods to handle such large quantities of sludge are needed. Today, pulp industry sludge is disposed of through composting, landfill combustion, agricultural field application, and anaerobic digestion [10]. Considering its organic fraction and availability in large quantities, alternatively, pulp industry sludge could be used as a raw material for the production of torrefaction pellets and, subsequently, in energy production.



Previously, Mondoza Martinez et al. [11] studied the hydrothermal carbonization (HTC) of chemical and biological pulp mill sludges and reported that the physiochemical properties of the pulp sludge improved with HTC treatment, where dehydration and demethylation were the dominant reaction pathways. In the same study, the authors observed that the heating value of the sludge increased by 1 MJ/kg and 5 MJ/kg for primary and biological sludges, respectively. Recently, Liu et al. [12] studied the applicability of paper mill sludge char as a catalyst to improve the quality of pyrolysis gas; those authors observed that the Ca present in pulp sludge had a significant effect on the composition and energy content of the pyrolysis gas. Tarelho et. al. [13] studied the slow pyrolysis of biological sludge from pulp from the paper industry and reported a biochar, dry sludge yield in the range of 0.40 to 0.73 kg/kg. Grimm et. al. [14] studied the co-combustion of pulp industry chemical sludge and Scots pine bark and observed increasing NOx and SO2 emissions in the flue gas and reduced ash slagging and fouling tendency. Latva-Somppi et al. [15] studied ash related issues during pulp sludge combustion in an industrial scale bubbling fluidized bed and circulating fluidized bed. They concluded that pulp and paper industry sludge can be combusted in fluidized beds at a temperature range of 800–900 °C. Huang et al. [16] studied the torrefaction of pulp sludge from a pulp factory in Taiwan and observed that torrefaction treatment improved the fuel properties of the sludge. The authors reported that the heating value of pulp sludge increased by 25% following 60 min. of torrefaction at 300 °C.



A considerable number of studies are available on the combustion and pyrolysis of pulp sludge, but very few are available on low temperature thermal treatments such as torrefaction, hydrothermal carbonation, and hydrothermal liquefaction. Notably, not much data is available on the torrefaction of pulp industry sludge, and to the knowledge of the authors, only one study is available on the torrefaction of pulp industry sludge. Thus, the main aim of the present study is to understand the influence of torrefaction treatment on the fuel characteristics of pulp sludge. Torrefaction experiments were carried out using a continuous torrefaction reactor setup at 250, 275 and 300 °C. The influence of torrefaction on the chemical composition of biomass fibers is also discussed. Pulp sludge is known for its high ash content. Thus, the ash melting behavior of the dried and torrefied sludge was also studied. Finally, a SWOT analysis on the torrefaction of pulp industry sludge is presented.




2. Materials and Methods


2.1. Pulp Sludge


Pulp sludge was collected from AS Estonian Cell, Estonia, where pulp is produced from Aspen wood through a chemical-thermo-mechanical pulping process. The collected pulp sludge was a mixture of both primary and secondary sludges which had been mechanically dewatered. The dry matter content of the as-received pulp sludge was around 20%. After collecting, the sludge was stored in a freezer at −20 °C in order to avoid further microbial degradation. Prior to torrefaction, the sludge was dried at 105 °C using a UF1060 oven (Memmert GmbH, Büchenbach, Germany) until it was moisture free. The dried samples were stored in air-tight plastic containers for further use.




2.2. Torrefaction Experiments


Torrefaction of the dried sludge was carried out in a continuous reactor setup, as shown in Figure 1. The material flowrate was maintained at 1 kg/h. Torrefaction experiments were carried out at temperatures of 250, 275, and 300 °C, with residence times of 30 and 60 min. An inert environment was maintained in the reactor by venting nitrogen at a flow rate of 10 L/min initially for 10 min before starting the reactor and 4 L/min while running the reactor. The reactor temperature was recorded using a TC-08 data logger (Picotech, Saint Neots, UK) and the temperature was maintained within the limit of ±5 °C throughout the operation.




2.3. Analytical Methods


2.3.1. Heating Value


The higher heating values (HHV) were measured using an IKA calorimeter C5000 based on EVS-EN ISO 18125:2017. The authors referred to [17,18] for details regarding the heating value measurement procedure.




2.3.2. Proximate and Ultimate Analysis


An elemental analysis was carried out using an Elementar Vario Macro Cube elemental analyzer, based on EVS-EN ISO 16948:2015. The oxygen content was measured by difference, i.e., O = 100 − (C + H + N + S). The moisture content was measured using a Kern MLS-50-3D (Kern & Sohn GmbH, Balingen, Germany) moisture analyzer.



Volatile matter was measured using a muffle furnace, according to the standard EVS-EN ISO 18123:2015. Briefly, about one gram of the sample was loaded into crucible with a lid and heated at 900 °C for 7 min. The volatile matter content was calculated based on the weight before and after heating. The fixed carbon content was calculated using Equation (1). The amount of ash was measured using a muffle furnace at 550 °C for 4 h, according to EVS-EN ISO 18122:2015.


  F i x e d   c a r b o n = 1 − v o l a t i l e   m a t t e r − a s h          



(1)








2.3.3. Composition Analysis


A fiber analysis of sludge before and after torrefaction was carried out using an ANKOM 2000 fiber analyzer (ANKOM Technology, Macedon, NY, USA), following the standard methodology defined by ANKOM Technology. The cellulose, hemicellulose and lignin contents were measured in terms of acid detergent fibers (ADF), neutral detergent fibers (NDF) and acid detergent lignin (ADL) and using Equations (2)–(4). The digesting process was carried out using premixed chemical solutions supplied by ANKOM Technology and following the methodology presented in our previous studies [17].


  H e m i c e l l u l o s e = N D F − A D L                          



(2)






  C e l l u l o s e = A D L − A D F                        



(3)






  L i g n i n = A D L                                



(4)








2.3.4. Ash Composition and Ash Melting Behavior


The composition of the ash was analyzed using an external lab Oil Shale Competence Center, Fuel Technology Research and Testing Laboratory, TalTech, Estonia, according to the standard EVS-EN ISO-16967 part A. The ash melting behavior of both dried and torrefied pulp sludge was tested using a Hesse Heating Microscope E.M. 201-17K (Hesse Instruments, Osterode am Harz, Germany) based on CEN/TS 15370-1:2006. A detailed description of the method is presented in [17]. Briefly, a cylindrical ash test piece was heated to a final temperature (up to 1750 °C) at a rate of 80 °C/min up to 550 °C and later at 10 °C/min. A high-speed camera connected to the system recorded images for every 10 °C and also when the dimensions of the sample changed by 12% for the corner angle, 5% for the shape factor, and 5% in terms of area.



The different evaluation indices presented in Table 1 were used for the theoretical evaluation of ash related issues.






3. Results


3.1. Mass and Energy Yield


Mass and energy yields are key parameters which are commonly used to evaluate the performance of the torrefaction process. The mass and energy yields of the pulp sludge at different torrefaction conditions are presented in Figure 2a. As expected, mass yield decreased with increasing torrefaction temperature. For example, when temperature increased from 250 °C to 300 °C, the mass yield decreased from 87 to 60 wt.%, respectively, at a residence time of 60 min. The mass loss during torrefaction was mainly because of the loss of volatile matter, which was ultimately the result of the degradation of biomass components. It is worth noting that, in terms of thermal stability, hemicellulose is the fraction that degrades the most during torrefaction, while cellulose and lignin degrade only partially. A literature survey showed that the mass yield during torrefaction was in the range of 90–25 wt.%, depending on the operating conditions and the feedstock composition. Compared to other parameters, temperature was the most influential parameter on mass yield. Other than temperature, biomass composition, particle size, and reactor setup also showed significant effect on mass yield. For example, previously, Phanphanich et al. [18] reported a mass yield of 52 wt.% for the torrefaction of pine wood chips at 300 °C for 30 min. In another study, Barta-Rajnai et al. [21] and Gucho et al. [22] reported a mass yield of 46 wt.% for spruce stump and 40 wt.% for beech wood for torrefaction at 300 °C. Compared with biomass, the mass yield for pulp sludge was relatively higher under the same operating conditions. In this study, a mass yield of around 71 and 61% was observed at 275 and 300 °C, respectively, at 60 min residence time. Huang et al. [16] also reported similar mass yield values for the torrefaction of pulp mill sludge, i.e., around 75 and 65 wt.% under the same torrefaction conditions. In another study, Lin et. al. [23] reported a mass yield of around 60 wt.% for the torrefaction of municipal wastewater sludge at 300 °C for 60 min. The relatively increasing ash content was the main reason for the higher mass yield in the case of pulp sludge compared with biomass. However, when ash free, the degradation rate of organic matter is higher and the final mass yield lower in the case of pulp sludge because of the catalytic effect of the ash. The same phenomenon was observed by Zhang et al. [24] in a comparative analysis of raw and leached (inorganics removal) torrefaction of rice husk.



The energy yield was in the range of 91% to 72% for the temperature range of 250–300 °C, respectively. Following the mass yield, the energy yield was also reduced with increasing torrefaction temperature. However, with respect to temperature, the rate of mass loss was higher compared with energy loss during torrefaction. This may have been because of the loss of low energy content volatiles. This is one of the major advantages of the torrefaction process, which ultimately increases the energy density. The energy density values for the pulp sludge torrefaction are presented in Figure 2b. From the same figure, it can be observed that the energy density of torrefied pulp sludge increased with increasing torrefaction temperature. The energy density increased from 1.05 to 1.18 when the torrefaction temperature was increased from 250 to 300 °C. Compared with temperature, residence time showed little effect on energy density. Regarding energy density, the torrefaction of pulp sludge can be carried out with shorter residence times in order to improve the feasibility of the process. Previously, Huang et al. [16] reported energy density values of 1.34 and 1.14 for torrefied pulp sludge at 300 °C and 60 min.




3.2. Ultimate Analysis and Proximate Analysis


Table 2 shows the results from an elemental analysis of pulp sludge before and after torrefaction treatment. The carbon content of the sludge increased with increasing torrefaction treatment, while the oxygen, hydrogen, and sulfur contents were reduced. The carbon content in the dried sludge was around 45%, but this increased to 53% when pulp sludge was treated at 300 °C for 60 min. Deoxygenation is one of the advantages of the torrefaction process. Similar to previous studies, [18,25], the oxygen content in the torrefied sludge was reduced with increasing torrefaction temperature. The maximum oxygen loss was observed following torrefaction at 300 °C and 60 min.



Deoxygenation during the torrefaction of biomass mainly occurs due to dehydration and depolymerization. According to a previous study [25], oxygen in biomass during torrefaction was released in the form of volatiles, such as CO2, CO, H2O, acids, phenols, furans, and ketones. Among the other compounds, the majority of the oxygen migrates in the form of CO2. Ma et. al. [25] observed that around 82% of oxygen distribution is in the form of CO2. The contents of other elements, such as hydrogen, nitrogen, and sulfur, were also reduced with increasing torrefaction temperature. However, their concentrations were not significant compared to those of carbon and oxygen.



The volatile matter content in the torrefied sludge was reduced by 32% at 300 °C and 60 min, compared with dried pulp sludge. Under the same torrefaction conditions, the fixed carbon content increased relatively by 18%. The volatile matter and fixed carbon contents of the pulp sludge were in a comparable range to those of several biomasses reported in the literature [18,22].




3.3. Energy Content


The heating values of dried and torrefied pulp sludge are presented in Table 2. The heating value of the dried pulp sludge was around 19.18 MJ/kg. Previously, Mendoza Martinez et al. [11] reported heating values of 17.50 MJ/kg and 19.78 MJ/kg for dried primary and secondary sludge, respectively. As expected, the heating value of the pulp sludge increased with increasing torrefaction temperature. For example, at 300 °C and 60 min, the energy content of the pulp sludge increased by 18% compared with that of dried pulp sludge. As mentioned in Section 3.1, the loss of low heating value volatiles could be the main reason for the increased energy content with torrefaction temperature. Compared with woody biomass, the increase in the heating value with torrefaction treatment was lower in the case of pulp sludge. This may have been due to the higher ash content of the pulp sludge compared with woody biomass. Previously, Phanphanich et al. [18] reported an increase of 35% in the energy content of pine wood chips when torrefied at 300 °C. Under the same operating conditions, the gain in energy content for pulp sludge was around 18%.



Van Krevelen diagrams are a commonly used tool to depict fuel quality based on the atomic ratios of O/C and H/C. A Van Krevelen diagram of pulp sludge at various torrefaction conditions is presented in Figure 3. It was observed that with increasing torrefaction severity, the H/C and O/C ratios decreased, moving toward the lower left region. Generally, fuels with lower H/C and O/C ratios are classified as high-ranking (i.e., high heating value). As shown in Figure 3, the H/C and O/C ratios of the pulp sludge after torrefaction moved close to those of lignite. In terms of energy content, torrefied pulp sludge closely matched low ranking coals, such as lignite and sub-bituminous. For comparison, the heating value of lignite and sub-bituminous coals varies between 9–19 MJ/kg and 19–24 MJ/kg respectively [26,27], while the heating value of torrefied pulp sludge varied between 20–22 MJ/kg.




3.4. Fuel Ratio


The fuel ratio is a commonly used index to rank coals; it provides theoretical information about combustion efficiency. It is commonly represented as a ratio between fixed carbon (%) and volatile matter (%). The fuel ratio for dried sludge was found to be 0.22, while that of torrefied pulp sludge was in the range of 0.27–0.61. From Table 3, it can be observed that the fuel ratio increased with increasing torrefaction temperature. Compared with dried sludge, the fuel ratio increased by around 2.6 times following torrefaction at 300 °C and 60 min. Previously, Pitak et al. [29] reported fuel ratios in the range of 0.3–0.6 for different biomasses. In another study, Ibitoye et al. [30] reported a fuel ratio of 1.29 for torrefied corn cobs at 260 and 60 min. Sarker et. al. [31] reported a fuel ratio in the range of 0.4 to 0.8 following microwave torrefaction of canola residue. In another study, Huang et al. [32] reported comparatively high fuel ratios i.e., 0.32 to 3.57, for leucaena wood. For the sake of comparison, the fuel ratio of lignite and anthracite coal are in the range of 0.8–1.5 and 9–29, respectively [33]. The fuel ratio of the studied torrefied sludge at 300 °C was close to that of lignite coal. The boiler efficiency for high-fuel-ratio coals is lower because of the increased content of unburnt char during combustion. Thus, coals with fuel ratios in the range 0.8 to 3.0 are often preferred in power plants [34]. In that regard, torrefied pulp sludge (300 °C and 60 min) with a fuel ratio of 0.61 is close to the lower limit of the optimal fuel ratio.




3.5. Ash Composition and Ash Melting Behavior


3.5.1. Ash Composition


The influence of torrefaction treatment on the ash content and composition of pulp sludge is summarized in Table 4. From the same table, it can be observed that the ash content increased with increasing torrefaction temperature. This was mainly because of the loss of the organic fraction. The ash content in the dried sludge was around 13 wt.%. Previously, Budzyń and Tora et. al. [35] reported an ash content of 15.4% for sludge from a Polish paper mill. In another study, Wang et al. [36] observed an ash content of pulp sludge in the range of 11.9 to 16 wt.%. Some studies have reported significantly higher ash contents in pulp sludge than those observed in this study. For example, Coimbra et al. [37] and Grimm et al. [14] reported ash contents in the range of 25–33 wt.%. This variation could be attributed to the wastewater treatment methods applied and whether the pulp mill used recycled paper or not. The ash content for torrefied pulp sludge was around 17, 19 and 22 wt.% for 250, 275 and 300 °C, respectively, at 60 min residence time, which is a significant increase compared with dried pulp sludge. Notably, at 300 °C, the ash content increased by 76.4%, compared with that of dried sludge.



The oxide compositions of ash for both dried and torrefied pulp sludge are presented in Table 4. The ash of dried pulp sludge mainly contained SiO2 (45.59 wt.%), CaO (16.53 wt.%) and Na2O (12.05 wt%). It also contained other oxides, such as MgO, Al2O3, Fe2O3, K2O, TiO2, and ZnO in small quantities. From Table 4, it can be observed that the concentration of ash components increased with increasing torrefaction temperature. Notably, the SiO2 and Fe2O3 contents increased by 1.75 and 2.46 times, respectively, following torrefaction of 300 °C and 60 min. Again, the reason for increasing ash content could be the greater loss of volatiles compared to ash content with increasing torrefaction. Previously, Simão at al. [38] reported similar values for the ash composition of pulp sludge, except for Al2O3. Their Al2O3 concentration was much higher (13.24 wt.%) than that observed in this study (4.2 wt.%). In another study, Mitikie et al. [39] reported an ash composition similar to that reported here for paper industry sludge, with the exception of the CaO (53.14 wt.%) content, which was higher than in the pulp sludge used in this study (16.53 wt.%). This difference may be attributable to the wastewater treatment and pulping processes. Specifically, different coagulants and flocculants, such as alum, lime, ferric chloride, and ferric sulfate [40], are used in wastewater treatments in the pulp industry, and these compounds influence the composition of the resulting ash.




3.5.2. Ash Melting Behavior


The ash melting temperatures of dried and torrefied pulp sludge, presented in Figure 4, ranged from 720 to 1229 °C. The initial deformation temperature (IDT) varied between 720–770 °C. Compared with biomass, the IDT values of pulp sludge were lower and closely matched those of agricultural wastes. For example, Niu et al. [41] reported DT values in the range of 590–730 °C for cotton stalks and wheat stalks. Although the DT values were reduced with torrefaction temperatures of 275 and 300 °C, not much influence of torrefaction treatment was observed on softening temperature (ST) or hemisphere temperature (HT). The flow temperatures were in increasing order with increasing temperature. Previously, Wang et al. [42] also observed reducing IDT values with increasing temperature for the ash produced from maize straw char. In another study, Adeleke et al. [43] observed no significant influence of torrefaction treatment on ST and HT values for tropical woody biomass. In contrast, Cahyanti et al. [17] and Muizniece et al. [44] observed increasing IDT values with torrefaction treatment. The variation in the ash melting behavior with torrefaction treatment could be attributed to the composition of inorganics in the biomass and could be further linked to the origin of the biomass. The lower ash melting temperatures of pulp sludge could be linked to its high SiO2 and lower Al2O3 contents. According to Niu et al. [45] and Kopczyński et al. [46], IDT values increase with increasing Al2O3 and decrease with increasing SiO2 and K2O.



Different indices calculated to understand the ash behavior during combustion are presented in Table 5. In general, the basic oxides reduce the ash melting temperatures and acidic oxides increase it [19,20]. In that view, basic to acidic ratio could be used to understand the slagging tendency of the ash. From Table 1 and Table 5, it can be observed that both dried and torrefied sludge show medium slagging tendency according to basic to acidic ratio. The slagging viscosity index is also one of the useful tools to understand the slagging tendency of the ash. According to Lachman et al. [19], the slagging tendency in the range of 65 < Sr < 72 is considered as the medium range. For both, dried pulp sludge and torrefied pulp sludge, the slagging tendency is in the medium range.



According to another index based on SiO2 (%) content, the SiO2 (%) higher than 25% is considered as a threshold for slagging and fouling tendencies. However, it is worth to note that the slagging tendency is not solely dependent on silica content but also depends on other components, such as K, Na, Mg, Fe, Al [47]. The alkali compounds K, Na react with Si and from low melting or softening Na-silicate and K-silicate eutectic mixtures, such as Na2SiO5 (874 °C) and K2O4SiO2 (764 °C). In case of pulp sludge, although silica content is in the range of high slagging tendency, the potassium content is relatively very low.



The fouling index (Fe) for both dried and torrefied pulp sludge was also in the medium range. The potassium and sodium together with chlorine and sulphur produce alkali chlorides and alkali sulfates, which play a major role in the fouling and corrosion of the heat exchanger surfaces in the boiler. For example, alkali chlorides with low melting point (NaCl—801 °C and KCl—770 °C) condense on boiler surfaces and facilitate fouling. Compared with biomass, pulp sludge showed several times lower fouling index. For the studied pulp sludge, the potassium content was relatively lower. This could be the main reason for the lower fouling index compared with biomass. A detailed review by Garcia-Maraver et al. [20] on the ash composition of various biomass shows that majority of the biomass contains higher potassium and chlorine contents than pulp sludge. K2O content of the pulp sludge ash is closely matching the sewage sludge ash, which is also having very low fouling index.



Bed agglomeration is also one of the serious concerns in case of fluidized bed combustion and gasification. From the Table 1 and Table 5, it can be observed that the bed agglomeration probability is lower for both dried and torrefied pulp sludge. As noted earlier in this section, the lower concentration of K and Na could be the reason for the lower tendency of bed agglomeration in case of the studied pulp sludge. In addition, higher Ca content in the pulp sludge could also play a role in this. According to Niu et al. [48], the increasing Ca content increases the ash melting towards high temperatures.





3.6. Chemical Composition Analysis


The chemical composition of dried and torrefied pulp sludge is presented in Table 6. Cellulose, hemicellulose, and lignin contents of dried pulp sludge were around 35.5, 10.6, and 9.7 wt.%, respectively. Previously, Deeba et al. [49] reported similar composition of pulp sludge i.e., cellulose 32.8%, hemicellulose 13.9%, and lignin 14.6%. Biomass components in the sludge mainly come from undigested wood chips, fines (short fibers), and the wood chips entered during the sludge handling. Concentration of the biomass components in sludge varies depending on the pulping process. Coming to torrefied pulp sludge, as expected, the concentrations of hemicellulose and cellulose reduced with increasing torrefaction temperature and residence time. Hemicellulose was completely degraded at 275 and 300 °C. The cellulose content degraded by 66.2 % at 300 °C and 60 min. At the same time, thermal stability of lignin was higher compared with hemicellulose and cellulose and thus, its degradation was limited in torrefaction. Thus, lignin content in pulp sludge after torrefaction increased relatively with increasing torrefaction temperature. The lignin content in the sludge after torrefaction increased by 83.9%, 87.4%, and 187.9% at 250, 275, and 300 °C (30 min residence time), respectively. Previous studies [17,18] observed the same trend of biomass component’s degradation during torrefaction. For example, Phanphanich et al. [18] reported that during torrefaction of pine chips at 300 °C, cellulose and hemicellulose contents reduced by 73% and 96.3%, respectively while lignin content increased by 205.77%.



Hemicellulose degradation during torrefaction mainly depends on temperature and its degradation level is similar for all the biomass and with little variation depending on the biomass composition. In case of cellulose, the degradation mainly depends on two parameters i.e., temperature and ash content, especially alkali and alkaline elements in ash. According to Giudicianni et al. [50], both, alkali and alkaline metals lower the cellulose degradation temperatures. The same was experimentally observed by Zhao et al. [51]. Literature survey shows that the cellulose degradation during torrefaction is higher for biomass with high ash content, such as agricultural waste and bark, and lower in case of woody biomass because of the lower ash content in the latter. However, in case of studied pulp sludge, the cellulose degradation followed the woody biomass irrespective of its high ash content. The reason could be the lower amount of K, Na, and Mg compared with agricultural waste. Interestingly, in case of lignin, the degradation was higher for the studied pulp sludge compared with biomass i.e., agricultural (high ash) and woody biomass (low ash). The main reason could be higher amount of Ca in the pulp sludge. Previously Wang et al. [52], observed the increased degradation of lignin during pyrolysis with Ca compared with K and Fe. It is worth to note that, in addition to temperature and inorganics, other parameters, such as particle size, reactor setup, and heat transfer limitations could play a critical role in biomass components degradation. The authors also want to highlight that the composition of biomass components are the representative of acid soluble and insoluble fibers of the biomass. As the biomass components are charring with increasing torrefaction temperature, the solubility of these components could have altered. As presented by [17], they might also have contained impurities and/or undigested fibers.





4. Summary


Our study clearly showed that torrefaction treatment improved the fuel characteristics of the pulp industry sludge. In order to give a comprehensive perspective of the opportunities and challenges of pulp sludge torrefaction, a SWOT analysis is presented in Figure 5. In the authors’ opinion, producing torrefied pellets from pulp sludge could be a win-win strategy for both the torrefaction and pulp industries. For the torrefaction industry, the production cost of torrefied pellets could be reduced compared with the use of woody biomass because of the reduced material costs. For the pulp industry, sludge can be handled in an effective way and ultimately, the resource efficiency and sustainability of the industry could be significantly improved.



In this study, it was observed that torrefied pulp sludge has better fuel characteristics compared with other biomasses, especially in terms of its energy density and ash melting behavior. Although the studied pulp sludge contained more ash, the concentrations of problematic compounds, such as chlorine, phosphorous, and potassium, were lower in comparison with those of other biomasses, especially agricultural waste, which is also an organic residue that, like pulp sludge, is available at low cost.



Although the torrefied sludge showed better fuel characteristics, there could also be some challenges. The authors foresee two immediate difficulties, i.e., the high energy input requirements during drying and the high ash content. As the sludge contained around 20% dry weight, drying requires higher energy input compared with biomass. Alternatively, pulp sludge, after mechanical dewatering, can be air-dried in subtropical and tropical regions. However, air-drying may not be practically possible in other regions. The excess heat energy produced in pulp mills could also be used to dry the sludge. It is worth noting that at present, industrial energy recovery processes are well established, and thus, part of the required energy could be recovered from drying volatiles. The higher ash content of the torrefied sludge could create operational issues and increase ash handling costs. However, torrefied sludge is comparable with low grade coals such as lignite, which have been used in power plants for a long time. At the same time, high ash agricultural waste, like straw, is already being used for energy production in countries like Denmark. Thus, the authors believe that torrefied pulp sludge could be effectively used in existing power plants.



The authors also want to stress that the properties of pulp sludge vary significantly based on the operating conditions from which the material is sourced. As such, the properties of the torrefied sludge would also vary. At the same time, future studies are required to determine the overall feasibility of the torrefaction of pulp sludge. Although the theoretical indices showed moderate values for ash fouling and slagging, there is a need for the experimental evaluation. The energy balance of the overall process needs to be established. These will be the topics of our future study.




5. Conclusions


This study described the torrefaction of pulp industry sludge using a continuous torrefaction reactor setup. Torrefaction treatment was found to significantly improve the fuel characteristics of pulp industry sludge. The energy density of the torrefied pulp sludge increased by 17% compared with that of dried pulp sludge. The ash content increased by 76% with torrefaction treatment at 300 °C. However, regarding the studied pulp sludge, not much effect of torrefaction treatment was observed on ash composition or melting behavior. A theoretical evaluation of different indexes showed that the slagging and fouling tendency of the ash was moderate. Compared with woody biomass, the degradation of cellulose, hemicellulose, and lignin was higher in the case of pulp sludge. This may have been due to the catalytic effect of the ash. In terms of chemical composition and physiochemical properties, torrefied pulp sludge can be compared to low-grade coal like lignite.
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Figure 1. Continuous torrefaction reactor setup used in this study. 
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Figure 2. Mass and energy yield during torrefaction of pulp industry sludge; (a) Mass yield (wt.%) and (b) energy yield (%) and energy density. 
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Figure 3. Van Krevelen diagram of dried and torrefied sludge. The data for anthracite, coal and lignite are from [28]. 
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Figure 4. Ash melting temperatures of dried and torrefied pulp sludge. IDT = initial deformation temperature, ST = spherical temperature, HT = hemispherical temperature, FT = fluid temperature. 
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Figure 5. SWOT analysis of the torrefaction of pulp industry sludge. 
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Table 1. Slagging and fouling indices to understand ash related issues [19,20].
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Slagging and Fouling Degree




	
Evaluation Index

	
Evaluation Criteria

	
Low

	
Medium

	
High

	
Severe






	
Base/acid ratio

	
    B A  =   F  e 2   O 3  + C a O + M g O + N  a 2  O +  K 2  O   S i  O 2  + A  l 2   O 3  + T i  O 2      

	
<0.5

	
05–1

	
1–1.75

	
>1.75




	
Slag viscosity index

	
    S r  =     S i  O 2    F  e 2   O 3  + C a O + M g O     × 100   

	
>72

	
65–72

	
≤65

	




	
Silica content (SiO2 %)

	
SiO2 content in ash

	
<20

	
20–25

	
>25

	




	
Fouling index

	
    F u  =     F  e 2   O 3  + C a O + M g O + N  a 2  O +  K 2  O   S i  O 2  + A  l 2   O 3  + T i  O 2        ×     N  a 2  O +  K 2  O     

	
≤0.6

	
0.6–40

	
>40

	




	
Bed agglomeration index

	
   B A I =     F  e 2   O 3    N  a 2  O +  K 2  O       

	
high when BAI < 0.15
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Table 2. Ultimate analysis, proximate analysis and heating values of dried and torrefied pulp industry sludge.
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Ultimate Analysis (Dry Basis)

	
Proximate Analysis (Dry Basis)

	
HHV (MJ/kg)




	

	
C (%)

	
H (%)

	
N (%)

	
S (%)

	
O (%)

	
VM (%)

	
FC (%)

	
Ash (%)






	
DPS

	
45.43 ± 0.29

	
5.41 ± 0.04

	
2.21 ± 0.24

	
0.46 ± 0.10

	
46.49 ± 0.62

	
71.05 ± 0.22

	
16.25 ± 1.06

	
12.70 ± 0.85

	
19.18 ± 0.03




	
TPS-250-30

	
47.75 ± 0.09

	
5.16 ± 0.02

	
2.26 ± 0.01

	
0.33 ± 0.02

	
44.50 ± 0.12

	
66.12 ± 0.14

	
18.06 ± 0.25

	
15.82 ± 0.11

	
19.72 ± 0.03




	
TPS-275-30

	
49.15 ± 0.31

	
4.96 ± 0.02

	
2.32 ± 0.06

	
0.33 ± 0.01

	
43.23 ± 0.35

	
60.25 ± 0.08

	
22.56 ± 0.007

	
17.19 ± 0.93

	
21.34 ± 0.18




	
TPS-300-30

	
51.76 ± 0.15

	
4.66 ± 0.03

	
2.51 ± 0.04

	
0.35 ± 0.01

	
40.72 ± 0.22

	
52.72 ± 0.51

	
26.27 ± 0.52

	
21.01 ± 0.01

	
22.08 ± 0.806




	
TPS-250-60

	
48.62 ± 0.11

	
5.07 ± 0.02

	
2.31 ± 0.04

	
0.32 ± 0.01

	
43.68 ± 0.16

	
64.09 ± 0.13

	
18.95 ± 0.04

	
16.96 ± 0.09

	
20.11 ± 0.03




	
TPS-275-60

	
49.37 ± 0.14

	
4.80 ± 0.01

	
2.36 ± 0.01

	
0.33 ± 0.01

	
43.15 ± 0.14

	
57.80 ± 0.3

	
23.25 ± 0.35

	
18.95 ± 0.06

	
21.87 ± 0.05




	
TPS-300-60

	
53.05 ± 0.11

	
4.46 ± 0.02

	
2.62 ± 0.03

	
0.37 ± 0.02

	
39.50 ± 0.16

	
48.07 ± 0.1

	
29.51 ± 0.84

	
22.41 ± 0.95

	
22.61 ± 0.14








DPS = dried pulp sludge, TPS = torrefied pulp sludge, HHV = higher heating value.
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Table 3. Fuel ratios of dried and torrefied pulp industry sludge.
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	Fuel Ratio





	DPS
	0.23



	TPS-250-30
	0.27



	TPS-275-30
	0.36



	TPS-300-30
	0.50



	TPS-250-60
	0.30



	TPS-275-60
	0.40



	TPS-300-60
	0.61







DPS = dried pulp sludge, TPS = torrefied pulp sludge.
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Table 4. Ash composition of dried and torrefied pulp industry sludge.
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Oxides (g/kg of Pulp Sludge)

	
Oxides (%) Normalized to Ash Content




	

	
DPS

	
TPS-250-60

	
TPS-275-60

	
TPS-300-60

	
DPS

	
TPS-250-60

	
TPS-275-60

	
TPS-300-60






	
CaO

	
21

	
25.2

	
28

	
36.3

	
16.53

	
14.86

	
14.77

	
16.20




	
MgO

	
2.9

	
3

	
3.4

	
4.4

	
2.28

	
1.77

	
1.79

	
1.96




	
SiO2

	
57.9

	
72.2

	
80.4

	
101.4

	
45.59

	
42.56

	
42.42

	
45.24




	
Al2O3

	
5.4

	
6.4

	
7.7

	
9.8

	
4.25

	
3.77

	
4.06

	
4.37




	
Fe2O3

	
2.8

	
5.1

	
6.3

	
6.9

	
2.20

	
3.01

	
3.32

	
3.08




	
K2O

	
2.1

	
2.5

	
3

	
3.7

	
1.65

	
1.47

	
1.58

	
1.65




	
Na2O

	
15.3

	
18.9

	
22.4

	
28.5

	
12.05

	
11.14

	
11.82

	
12.72




	
TiO2

	
0.009

	
0.009

	
0.015

	
0.018

	

	

	

	




	
ZnO

	
0.191

	
0.235

	
0.283

	
0.283

	

	

	

	








DPS = dried pulp sludge, TPS = torrefied pulp sludge.
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Table 5. Ash fusion indexes of dried and torrefied pulp industry sludge.
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Ash Fusion Indexes




	

	
DPS

	
TPS-250-60

	
TPS-275-60

	
TPS-300-60






	
Base/acid ratio

	
0.70

	
0.70

	
0.72

	
0.72




	
Slag viscosity index

	
68.44

	
68.44

	
68.08

	
68.05




	
Silica content (%)

	
45.59

	
42.56

	
42.42

	
45.24




	
Fouling index

	
12.12

	
14.89

	
18.19

	
23.10




	
Bed agglomeration index

	
0.16

	
0.24

	
0.25

	
0.21








DPS = dried pulp sludge, TPS = torrefied pulp sludge.
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Table 6. Chemical composition of dried and torrefied pulp industry sludge in terms of major biomass components.
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	Torrefaction Condition
	Cellulose
	Hemicellulose
	Lignin





	DPS
	35.58 ± 0.02
	10.65 ± 4.05
	9.72 ± 0.45



	TPS 250-30
	31.73 ± 1.64
	3.95 ± 2.49
	17.88 ± 0.81



	TPS 275-30
	23.77 ± 2.66
	ND
	18.22 ± 2.15



	TPS 300-30
	17.11 ± 1.86
	ND
	27.99 ± 0.44



	TPS 250-60
	33.53 ± 1.56
	ND
	16.33 ± 2.06



	TPS 275-60
	28.93 ± 1.54
	ND
	23.95 ± 1.47



	TPS 300-60
	12 ± 1.525
	ND
	29.76 ± 0.76







DPS = dried pulp sludge, TPS = torrefied pulp sludge, ND = not detected.
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