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Abstract

:

The valorization of untreated municipal waste (MSW) biochar for energetic uses, through its co-gasification with olive stone (OST) biochar under a steam or carbon dioxide atmosphere, was investigated. The experiments were conducted in a fixed bed unit and a thermal analysis–mass spectrometer system. The thermal behavior, reactivity, conversion, product gas composition, syngas yield and energy potential were determined, while the influence of the fuel’s internal structure, chemical functional groups and operating conditions were examined. The concentrations of H2 and CO2 in the product gas mixture under a steam atmosphere were increased with steam/biochar ratio, while that of CO was reduced. At a steam/biochar = 3 H2 yield, the higher heating value and conversion for the OST were 52.8%, 10.8 MJ/m3 and 87.5%; for the MSW, they were 44.4%, 9.9 MJ/m3 and 51.5%, whereas for their blend, they were 50%, 10.6 MJ/m3 and 76.6%, respectively. Under a carbon dioxide atmosphere, the reactivity and conversion of the OST biochar (84%) were significantly higher as compared with the MSW biochar (50%). The higher heating value of the product gas was 12.4–12.9 MJ/m3. Co-gasification of the MSW with OST (in proportions 30:70) resulted in the enhanced reactivity, conversion, syngas yield and heating value of product gas compared with gasification of solely MSW material.
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1. Introduction


The amount of municipal solid waste (MSW), which is generated by virtually every activity in modern society, is continuously rising around the world due to the growth of the population and urbanization. About 2 billion tons of MSW is produced each year worldwide [1]. The high costs of land application and the environmental and health problems of this kind of disposal, caused by leaching of hazardous pollutants into the groundwater and emissions of toxic gases and dust into the atmosphere [2], are motivating effective sustainable management strategies for this waste as an alternative to deposition. The policies of the European Union and most other countries foster a reduction in MSW landfilling, according to recycling and reuse [3]. In view of the global energy crisis nowadays and the circular economy, energy recovery from these wastes, achieving the above goals, is a highly promising solution. Its direct and permanent availability, zero cost and high content in organic materials make MSW a potential feedstock for sustainable energy via waste-to-energy conversion processes.



Although the range of urban organic waste that could contribute to energy consumption worldwide varies between 1 and 3 EJ/y [4], its diverse composition, unlike other biomass materials, may create technical and environmental barriers in energy applications [5]. MSW is a combination of waste, such as food, plastics, paper, woody materials, fabrics, etc., holding high moisture, volatiles and ash deriving from dirt or soil, with a significant heavy metal content [6,7,8]. All these components fluctuate greatly from district to district and their characteristics may lead to slagging/fouling phenomena from ash, tar problems and a low heating value, making its exploitation for energy purposes a difficult task. The high compositional variation of MSW requires it to be blended with higher-quality residues in order to obtain an improved feedstock configuration for energy systems. As such, agricultural woody waste, abundantly found in most countries (especially those of South Europe), with low moisture and ash, a higher heating value and a carbon-neutral footprint in the environment, seem advantageous for co-processing [9,10]. In Greece, agricultural residues possess a high potential (~3.8 Mtoe), with olive by-products accounting for about 70% [4,10].



Thermal treatment techniques not only reduce the volume of waste but also recover energy in a more environmentally favorable way than landfilling [2]. The gasification of waste materials instead of incineration, which generates several harmful pollutants, including dioxins [11], is an environmentally friendly technology [12,13]; at the same time, it offers higher efficiency and flexibility in the feedstock and end-products [13,14,15]. The syngas produced can be used for heat or power generation, as well as for the synthesis of biofuels and chemical substances [10,14,16,17,18]. When the gasification process—with either steam or carbon dioxide from a residual stream to minimize the greenhouse gas effect used as the gasifying agent—is combined with a pre-pyrolysis step, the reactivity of the charcoal is increased, and operational or downstream tar problems are eliminated [10,13,19,20,21,22,23].



The effectiveness of the process depends on many factors, such as the feedstock composition, gasifier type and operating conditions. A higher specific surface area [14] and inherent alkali or alkaline earth metals [6,13,21,24,25] have been found to increase the reactivity of the char. Silicon and aluminum have been claimed to have an inhibitory effect [6,26], whereas a higher amount of steam or a higher temperature have been reported to enhance the hydrogen production and calorific value of the syngas [20,27,28].



Past research on the gasification of MSW is limited throughout the literature. Most investigations have performed experiments using air as the gasifying medium, which produces a low-heating-value gas [26,29,30,31,32]. For example, the co-gasification of MSW with pine sawdust or switchgrass in air showed that by increasing the proportion of agricultural or forest biomass, the hydrogen fraction in the product stream increased, whereas that of carbon monoxide decreased, recording a higher heating value of the gas at 6.7 MJ/m3 and at a blending ratio of 40% MSW [11,33]. Others considered a single-component or model MSW composition, to avoid complications owing to feed heterogeneity [26,34]. Some researchers studied the steam gasification of MSW using catalysts and found that calcium-based catalysts showed a good capacity for carbon dioxide adsorption or tar reduction [35,36]. However, there is a lack of information on MSW co-gasification with olive by-products. In one study [37], the effect of the waste-to-polymer ratio on the yield of the MSW gasification products was investigated for various concentrations of carbon dioxide. In addition to the authors of [38], the reactivities of char samples from components of MSW to carbon dioxide were characterized by other investigators [15,26] as part of a wider study into the gasification behavior of waste streams. On the other hand, a mixture of carbon dioxide and steam was used [35] to determine the characteristics of hydrogen and syngas formation as a function of temperature, and it was found that the H2 and CO yield increased when the CO2/H2Ov ratio was 0.5–2.5. Concerning olive by-products, the kinetics of steam gasification have been calculated [39,40] by performing thermogravimetric analysis experiments. More recently, olive kernels were gasified under pure CO2 or 10%H2Ov/He in a fixed bed [10]. The optimum performance was obtained for the slowly pyrolyzed samples, as compared to the torrefied ones.



Based on the above discussion, the current study aims to investigate the valorization of untreated municipal wastes for energetic uses, through their co-gasification with olive stones, under a steam or carbon dioxide atmosphere. The experiments were conducted in a fixed bed unit and a thermal analysis–mass spectrometer system. Thermal behavior, reactivity, conversion, product gas composition, syngas yield and energy potential were determined, and the influence of fuel internal structure, chemical functional groups and operating conditions were examined.




2. Experimental Procedures


2.1. Raw Materials and Characterization


The agro-industrial waste studied in this work, olive stone (OST), was provided by an olive mill factory, ABEA, while MSW consisting of food waste and some woody materials was collected every month during a whole year from the solid waste management company DEDISA, both located in West Crete. MSW average composition was 50% food waste materials, 30% paper, 12% woody wastes, and 8% inerts and other materials. Glasses, metals and plastic had been removed by shredding, magnetic separation and sieving by the industry for recycling. Following air drying and riffling, raw materials were ground in a cutting mill to a particle size below 1 mm. Fuel characterization of representative samples in terms of proximate analysis, ultimate analysis and calorific value was performed according to CEN/TC335 European standards [41]. For proximate analysis, high-temperature programmable furnaces were used in order to determine moisture, volatile materials and the content of ashes. For ultimate analysis, an analyzer model Flash 2000 CHNS was employed, whereas for the measurement of calorific value, a bomb calorimeter, model Leco AC-300, was used.




2.2. Biochar Production by Pyrolysis and Characterization


Pyrolysis of biomass samples was carried out in a stainless steel, fixed-bed reactor system, described in detail by the authors in a previous investigation [21]. A stainless steel basket with a rod supported the sample. The reactor was surrounded by a high-temperature furnace, with a controller of ±3 °C accuracy. After flushing the reactor with nitrogen for 30 min, the temperature was set by the furnace controller to 600 °C and monitored by a Ni-Cr-Ni thermocouple in contact with the sample bed. The heating rate was 10 °C/min, retention time at the final temperature was 30 min and flow rate of nitrogen was 150 mL/min. Pyrolysis gases were continuously passed through salt–ice baths to collect condensable volatiles and, after reactor cooling under nitrogen, a mass balance was performed.



Biochars were characterized as before, following the CEN/TC335 standards, whereas those destined for carbon dioxide gasification tests were ground to a particle size below 200 μm in order to conduct the experiments in a kinetic regime. Structural characteristics were determined by applying the BET method to liquid nitrogen adsorption data, at relative pressures of 0.03–0.3. Samples were out-gassed overnight under vacuum in a Nova 2200 analyzer (Quantachrome) before being measured. An FTIR (Fourier-Transform Infrared) spectrophotometer, model Spectrum 1000 (Perkin Elmer), was employed for the characterization of the chemical functional groups of biochars at wave numbers 400–4000 cm−1 with a resolution of 4 cm−1. The samples were mixed with KBr at a weight ratio of 1/100 and pelletized for the tests. A blend of OST and MSW biochars was prepared at a mass ratio of 70:30, taking into consideration the low quality of MSW, requiring a higher quality material for improving the gasification performance.




2.3. Gasification Experiments


2.3.1. Under Steam


Gasification experiments of the samples under steam were carried out in the fixed bed unit. Following charging of each biochar (5 g) in the reactor, the system was sealed, introduced into the furnace and flushed with nitrogen to eliminate air for 30 min as before. Then, it was pre-heated at 600 °C under nitrogen, at which temperature-distilled water was injected through an automatic syringe pump, passed through a 2 m pipe inside the furnace to obtain a uniform flow of steam and continued through the biochar bed. The steam-to-biochar ratio ranged between 1 and 3 for current tests. Final gasification temperature was 850 °C, heating rate was 10 °C/min and retention time was 1 h to assure complete conversion. Product gas was cooled down and dried via a cold trap and a silica gel filter, respectively. Sampling was conducted periodically using a PTFE Luer Lock special gas syringe. The results reported below are the average of replicates conducted to evaluate their reproducibility.




2.3.2. Under Carbon Dioxide


Gasification experiments of the samples under carbon dioxide were carried out in a differential thermogravimetric analyzer (TG/DTG Perkin Elmer; sensitivity < 5 μg, temperature precision ±2 °C). Particle size was below 200 μm in order to conduct the experiments under a chemical reaction control. The flow rate of carbon dioxide was 35 mL/min, the flow rate of purge gas was 45 mL/min, the heating rate was 10 °C/min and the final gasification temperature was 1000 °C. The analyzer continuously recorded the mass of each sample during heating; the derivative weight and the corresponding thermograms were also processed and evaluated. Gas analysis was conducted online, as described below. The reproducibility of the tests was high, as expressed by the relative standard deviation (RSD) reported below.




2.3.3. Gas Analysis


For the qualitative and quantitative analysis of product gases, a quadrupole mass spectrometer (MS QME-200 Balzers), coupled online with the thermogravimetric analyzer, was used. The transfer line (fused silicon capillary i.d. 0.32 mm, encased with a stainless steel sheath) was heated to 200 °C to prevent condensation of species, whereas high-purity argon with flow rate 35 mL/min was used as the purge gas. Detection of ions, which were separated in terms of their mass-to-charge ratio (m/z), was performed by a secondary electron multiplier (SEM) operating at 82 eV within an atomic mass range of 1–400, and data processing was performed by Pyris v.3.5 and Quadstar 422 software. A series of TG/MS experiments with calcium oxalate monohydrate of varying mass was carried out in order to check and confirm the flow stability and the linearity of the capillary response by comparison of the DTG and MS profiles. Calibration factors were calculated using high purity gases in argon, taking into consideration the intensity of fragments from the compounds analyzed at each m/z ratio. Calibration factors for CO, CO2 and H2O were also determined from the experiments with calcium oxalate monohydrate.






3. Results


3.1. Physical and Chemical Characteristics of Raw Materials and Biochars


Table 1, comparing the proximate and ultimate analyses of raw fuels and biochars, shows that the content of volatiles of raw materials was high, while that of the MSW sample represented most of the organic matter. The lower carbon and hydrogen contents of MSW, in conjunction with its higher amount of ash, resulted in a lower heating value. The concentration of sulfur in both fuels was very low; however, that of nitrogen was considerable, implying possible toxic emissions during thermal processing.



The yield of biochar was higher for OST, which was enriched in carbon and minerals after decomposition of H- and O- bearing organic compounds, implying the development of stable aromatic structures. On the other hand, the carbon content of MSW was reduced upon pyrolysis and the higher heating value decreased accordingly, suggesting that carbon was bound in volatile species in this case.



The specific surface area of both fuels, one of the principal factors affecting the reactivity of the materials during the gasification process [14,16], increased after evolution of the volatile species (Figure 1). For OST, the increase with respect to the raw material was about five-fold, while for MSW, this was about 95-fold. Nevertheless, these values were quite low, most probably associated with the high ash content of biochars, which could prevent the access of pyrolytic gas to the pores [19].



The chemical functional groups of devolatilized samples, identified from the FTIR spectra (Figure A1 and Figure A2, Appendix A) obtained at wave numbers of 400–4000 cm−1, are represented in Table 2. The small peaks at wavelengths of 700–900 cm−1 are attributed to C-H stretching vibration from substituted benzene derivatives. The broad bands at 1006 cm−1 and 1017 cm−1 are assigned to C=C, C–-O and C–-N groups, characteristic of alkenes, alcohols, and ethers and amines, respectively. Small peaks obtained for OST at 1626 cm−1 and for MSW at 1798 cm−1 correspond to C=C bending vibrations of cyclic alkenes and C-H/C=O aromatic compounds, respectively. The sharp peak obtained at 1398 cm−1 and 1420 cm−1 and the smaller peak at 2517 cm−1 are characteristic of –OH bending vibration from alcohols or carboxylic acids. On the other hand, the absence of bands above 1650 cm−1 for OST biochar, corresponding to aliphatic, hydroxyl or carboxyl functional groups, indicates the higher aromaticity of this fuel in comparison with MSW after heat treatment [42], also confirmed by the ultimate analysis shown above.




3.2. Gasification under Steam


During endothermic gasification reactions, temperature is very important for the increased conversion and composition of product gas. Table 3 shows these variations, by keeping the steam/biochar ratio constant. When the temperature increased from 650 °C to 850 °C, the concentration of hydrogen in the product mixture rose from 45.1% mol to 52.8% mol for OST, whereas it rose from 35.6% mol to 44.4% mol for MSW. On the other hand, the concentration of carbon monoxide was reduced from 39.2% mol to 31% mol for OST and from 41.4% mol to 29.5% mol for MSW, respectively. Taking into consideration that carbon dioxide was also enriched in the product gas, reactions (2) and (5) presented below were favored in this case.



Methane and light hydrocarbons were produced in small amounts. As conversion of fuels was low at temperatures below 800 °C, in order to investigate the optimum distribution of gases of the fuels studied in terms of syngas production and its higher heating value, the steam/biochar ratio was varied between 1 and 3. The results at 850 °C are depicted in Figure 2. At steam/biochar = 1, the product gas mixture was enriched in CO followed by H2, lower quantities of CO2 and minor quantities of CH4 and hydrocarbons. According to the principal reactions taking place under an atmosphere of steam, presented below, reactions (1), (3) and (5) were dominant in this case. As the steam/biochar ratio increased up to 3, the concentrations of H2 and CO2 rose, while that of CO dropped, agreeing with earlier data [8,36]. Therefore, under a high steam flow, endothermic reactions (1) and (2) and water–gas shift reaction (5) were promoted. The nearly constant concentration of CO2, as a function of steam/biochar ratio for MSW fuel (Figure 2b), suggests that Boudouard reaction (3) was less favored in this case. The maximum hydrogen yield, which occurred at steam/biochar = 3, at 850 °C, was 52.8% mol for OST and 44.4% for MSW (Table 3). The composition of gas mixture generated by blending OST with MSW was in between the ones corresponding to each fuel component (Figure 2c). Although in the literature there are several data on steam gasification of agricultural residues for comparison with current results, reporting hydrogen concentration in product gas to vary between 48% mol and 58% mol, and that of carbon monoxide between 15% mol and 25% mol, at steam/biochar = 3 and temperatures 800–900 °C [8,43,44], there are quite limited studies on the steam gasification of MSW. In such studies, which are noted to differ in experimental equipment and conditions used, the hydrogen and carbon monoxide contents were found to be 32–57% mol and 15–17% mol, respectively [8,36]. For experiments in air at about 800 °C, these values were found to be 7–27% mol for hydrogen and 19–33% mol for carbon monoxide [7,30].



Principal gasification reactions:


C + H2O → CO + H2 ΔH = 131 kJ/mol



(1)






C + 2H2O → CO2 + 2H2 ΔH = 90 kJ/mol



(2)






C + CO2 → 2CO ΔH = 172 kJ/mol



(3)






C + 2H2 → CH4 ΔH = −75 kJ/mol



(4)






CO + H2O ↔ CO2 + H2 ΔH = −41 kJ/mol



(5)






CH4 + H2O → CO + 3H2 ΔH = 206 kJ/mol



(6)







The higher heating value of product gases upon steam gasification, as a function of steam/biochar ratio, as well as final conversion and syngas yield, are exhibited in Table 4. As can be seen, when the steam/biochar ratio increased from 1 to 3, the higher heating value of OST gas decreased; this is because, as previously shown, despite the enhancement in H2 content, CO concentration was significantly reduced. However, for MSW material, the balance between H2, CO2 and CO concentrations in the generated gas had a small positive effect on its higher heating value, which exceeded the value reported in literature of 8.2 MJ/m3 [34]. Co-gasification of MSW with OST resulted in a product gas with increased heating value, in comparison to that from the gasification of sole MSW material.



Concerning conversion, Table 4 shows that a higher value was achieved for OST biochar, ranging between about 76% and 88%. Although the specific surface area was quite low for this fuel, its carbon and hydrogen contents and degree of aromatization were higher than those of MSW fuel, whereas the amount of ash was lower (Table 1 and Table 2). MSW biochar, shown to consist of alcohols and carboxylic acids (Table 2), and to exhibit high ash content, presented a conversion of about 41–52%. However, when MSW was gasified together with OST, a higher conversion was achieved, ranging from 64.9% to 76.6%. The yield of syngas in Table 4 was calculated as follows:


Ysyn = xsyn × Vg (m3/kg)



(7)




where xsyn is the volume fraction of syngas in the product mixture and Vg is the volume of total gas produced at 850 °C. A comparison of Figure 2 and Table 4 explains the higher syngas yield of OST, which was directly correlated to its higher conversion. Accordingly, the maximum values were obtained at steam/biochar = 3, where conversion was increased.




3.3. Gasification under Carbon Dioxide


The DTG gasification profiles of OST and MSW biochars and their mixture, under an atmosphere of carbon dioxide, are displayed in Figure 3. Table 5 summarizes the characteristic parameters derived from the processing of these profiles. As can be observed, char gasification occurred between 650 °C and 950 °C. MSW biochar, being a more heterogeneous material than the lignocellulosic OST, presented a bimodal DTG curve; decomposed earlier than OST biochar, but with a lower rate; and its maxima (Tmax) was centered at ~805 °C. The reactivity (expressed as Rmax/Tmax) and conversion of OST biochar were significantly higher (two-fold and 84% vs. 50%, respectively). The characteristic parameters of the OST/MSW 70:30 mixture remained close to the weighted average values. The results show that when MSW was blended with the higher-quality woody fuel, OST upgraded fuels were produced, enriched in organic matter, which exhibited enhanced gasification reactivity and conversion compared to MSW.



As previously discussed in the introduction section, the most important factors affecting the gasification reactivity are the physical and chemical structure of the chars, as well as inherent potassium and sodium alkali metals. Although OST biochar presented a lower specific surface area than MSW biochar, it had a much lower ash content, higher potassium and sodium concentrations (39.8 g/kg as compared to 16.3 g/kg for MSW) [5] and increased aromaticity, according to the FTIR spectra shown above. These could explain the enhanced reactivity and conversion of this fuel, as compared to MSW material.



Concerning the composition of the gas produced, Table 5 indicates that this consisted principally of CO, i.e., the product of the Boudouard reaction (3). The minor amounts of H2, H2O, CH4 and CxHy were generated through reactions (1), (5) and reverse (6). The yield of syngas produced, being directly related to the composition of gas and the final conversion, was 0.75 m3/kg for OST, as opposed to 0.44 m3/kg for MSW. A pyro-gasification study of MSW using carbon dioxide as the gasifying agent showed a yield of 0.71 m3/kg; however, the reactor design was different [45].




3.4. Comparison


By comparing the results of Table 4 and Table 5, it can be noticed that gasification efficiency in terms of conversion, under steam with steam/biochar = 3 or under carbon dioxide, was about the same for the fuels studied. Furthermore, as Figure 4 shows, the higher heating value of generated gas was higher when the gasifying agent was carbon dioxide and practically the same for both materials and their mixture, as the main gas component was CO. Therefore, for MSW fuel, which generated almost the same volume of syngas under a steam and carbon dioxide atmosphere, the overall heat was higher when this was gasified by carbon dioxide. However, the increased syngas yield of OST under steam compensated the lower heating value of gas in this case, so that the overall heat was higher when the gasifying agent was steam. This trend was also observed for the blend of the two materials.





4. Conclusions


When gasification was conducted under a steam atmosphere, the concentrations of H2 and CO2 in the product gas mixture increased with steam/biochar ratio, while that of CO decreased. The Boudouard reaction was less favored in the case of MSW fuel. At steam/biochar = 3, H2 yield, higher heating value and conversion were 52.8%, 10.8 MJ/m3 and 87.5%, respectively, for OST biochar; 44.4%, 9.9 MJ/m3 and 51.5% for MSW biochar; and 50%, 10.6 MJ/m3 and 76.6% for their blend.



When gasification was conducted under a carbon dioxide atmosphere, the reactivity and conversion of OST biochar (84%) were significantly higher compared with MSW biochar (50%), due to its higher alkali content and aromaticity, while a lower amount of ash was present. The higher heating value of product gas was 12.4–12.9 MJ/m3. The gasification parameters of the OST/MSW mixture remained close to the weighted average values.



Co-gasification of MSW biochar with OST biochar (at a ratio of 30:70) resulted in enhanced reactivity, conversion, syngas yield and heating value of product ga compared with gasification of solely MSW material.
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Figure A1. FTIR spectra of OST biochar. 






Figure A1. FTIR spectra of OST biochar.
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Figure A2. FTIR spectra of MSW biochar. 






Figure A2. FTIR spectra of MSW biochar.
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Figure 1. Specific surface area of fuels. 
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Figure 2. Composition of gas as a function of H2Ov/bio for (a) OST, (b) MSW and (c) OST/MSW fuels. 
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Figure 3. DTG gasification profiles of OST and MSW biochars and their mixture under an atmosphere of carbon dioxide (RSD = 0.2–0.8%). 
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Figure 4. Comparison of (a) heating value and (b) syngas yield from the gasification of the fuels. 
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Table 1. Proximate and ultimate analyses of raw fuels and biochars (% dry).
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Sample

	
Volatile Matter

	
Fixed Carbon

	
Ash

	
C

	
H

	
N

	
O

	
S

	
HHV

(MJ/kg)






	
Raw fuels




	
OST

	
73.9

	
18.8

	
7.3

	
49.5

	
6.3

	
2.0

	
34.6

	
0.3

	
19.9




	
MSW

	
73.4

	
0.9

	
25.7

	
38.5

	
5.9

	
1.5

	
28.1

	
0.3

	
16.7




	
Biochars




	
OST

	
-

	
76.7

	
23.3

	
60.8

	
1.8

	
1.7

	
12.4

	
-

	
20.8




	
MSW

	
-

	
49.8

	
50.2

	
33.8

	
1.0

	
1.4

	
13.6

	
-

	
10.4











 





Table 2. Chemical functional groups of biochars.
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Chemical Functional Groups

	
Wave Number (cm−1)




	
OST

	
MSW






	
700–880

C-H substituted benzene

	
704

832

876

	
715

880




	
1000–1020

C=C alkenes, C-O alcohols/ethers, C-N amines

	
1006

	
1017




	
1400–1440

OH alcohols, carboxylic acids

	
1398

	
1420




	
1566–1650

C=C cyclic alkene

	
1626

	




	
1785–1815

C=O, C-H aromatic compounds

	

	
1798




	
2500–3300

OH carboxylic acids

	

	
2517











 





Table 3. Effect of temperature on composition of gas and higher heating value at steam/biochar = 3 (% dry).
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Sample

	
Temperature (°C)

	
H2

	
CH4

	
CO2

	
CO

	
CxHy

	
HHV

(MJ/kg)




	

	

	

	
(mol %)

	

	






	
OST

	
650

	
45.1

	
1.0

	
14.7

	
39.2

	
0.05

	
11.2




	
700

	
48.4

	
1.1

	
15.3

	
35.2

	
0.05

	
11.1




	
750

	
48.5

	
1.0

	
15.7

	
34.7

	
0.05

	
11.0




	
800

	
48.9

	
1.0

	
16.2

	
33.8

	
0.05

	
11.0




	
850

	
52.8

	
0.14

	
16.0

	
31.0

	
0.06

	
10.8




	
MSW

	
650

	
35.6

	
0.9

	
22.0

	
41.4

	
0.05

	
10.2




	
700

	
39.2

	
0.9

	
23.2

	
36.6

	
0.05

	
10.1




	
750

	
39.7

	
1.0

	
23.8

	
35.4

	
0.05

	
10.0




	
800

	
40.5

	
1.0

	
25.0

	
33.4

	
0.05

	
9.9




	
850

	
44.4

	
1.0

	
25.1

	
29.5

	
0.05

	
9.9











 





Table 4. Effect of steam/biochar ratio on higher heating value and final conversion.
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Steam/Biochar

	
Higher Heating Value

(MJ/m3)

	
Conversion

(%)

	
Syngas Yield

(m3/kg)




	
OST

	
MSW

	
OST/MSW

	
OST

	
MSW

	
OST/MSW

	
OST

	
MSW

	
OST/MSW






	
1

	
11.9

	
9.5

	
11.3

	
75.5

	
40.5

	
64.9

	
0.77

	
0.30

	
0.60




	
2

	
11.0

	
9.6

	
10.7

	
80.8

	
44.9

	
69.8

	
0.82

	
0.33

	
0.63




	
3

	
10.8

	
9.9

	
10.6

	
87.5

	
51.5

	
76.6

	
1.03

	
0.44

	
0.80











 





Table 5. Gasification characteristics of fuels under carbon dioxide atmosphere.
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	OST
	MSW
	OST/MSW





	Ti (°C)
	650
	710
	660



	Tmax (°C)
	887
	805
	860



	Rmax × 102 (min−1)
	4.4
	1.6
	3.4



	Rmax/Tmax (104/min°C)
	0.5
	0.2
	0.4



	Gas (mol%)
	
	
	



	CO
	94.6
	98.0
	96.8



	H2O
	3.1
	0.2
	2.1



	H2
	2.0
	1.2
	0.6



	CH4
	0.1
	0.3
	0.2



	CxHy
	0.2
	0.3
	0.3



	Conversion (%)
	83.9
	50.1
	73.1



	Syngas yield (m3/kg)
	0.75
	0.44
	0.65
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