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Abstract

:

Using woody biomass in thermochemical gasification can be a viable alternative for producing renewable energy. The type of biomass and the process parameters influence the producer gas composition and quality. This paper presents research on the composition of the producer gas from the gasification of three woody biomass species: spruce, alder, and pine. The experiments were conducted in a drop-tube reactor at temperatures of 750, 850, and 950 °C, using air as the gasifying agent, with equivalence ratios of 0.38 and 0.19. Gas chromatography with a thermal conductivity detector was used to determine the composition of the producer gas, while the production of total organic compounds was detected using Fourier-transform infrared spectroscopy. All three wood species exhibited very similar producer gas composition. The highest concentration of combustible gases was recorded at 950 °C, with an average of 4.1, 20.5, and 4.6 vol% for H2, CO, and CH4, respectively, and a LHV ranging from 4.3–5.1 MJ/m3. The results were in accordance with other gasification studies of woody species. Higher temperatures enhanced the composition of the producer gas by promoting endothermic and exothermic gasification reactions, increasing gas production while lowering solid and tar yields. The highest concentrations of combustible gases were observed with an equivalence ratio of 0.38. Continuous TOC measurement allowed understanding the evolution of the gasification process and the relation between a higher production of TOC and CO as the gasification temperature raised.
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1. Introduction


The increasing worldwide energy demand is currently supplied mostly by conventional fossil fuel resources (over 65% of the electricity), which are continuously producing emissions of CO2 and pollutant gases in the atmosphere [1]. Renewable energies propose an alternative solution to meet the current energy needs and mitigate the environmental effects of conventional energies. Different approaches are currently researched and implemented using various renewable resources. These efforts will increase the share of electricity produced from renewables by up to 37–60% [1]. Biomass as a carbon-neutral renewable resource is a promising alternative, currently providing a worldwide total primary energy supply of around 10% [2].



Estonia aims to increase the efficiency of the current generation technologies and increase the share of renewables. The country has already achieved producing 25% of the total energy from renewables and is expecting to increase the share of renewables in electricity production and transportation by up to 50% and 10%, respectively, by 2030 [3]. Biomass is a promising renewable resource in Estonia, currently providing over 50% and 7% of heat and electricity, respectively, using wood residues and woody resources from forests [4]. Forests cover around 50% of the country’s territory, of which around 32% are pine, 18% spruce, and 13% alder [5]. The country has advanced technical expertise in thermochemical conversion processes from the conversion of oil shale for electricity and the conversion of biomass for heat supply through district heating [3]. This expertise allows the potential implementation of thermochemical processes, such as gasification or co-processing of biomass and oil shale, to produce energy and high-quality products.



Woody biomass resources can be converted through different thermochemical conversion processes, including combustion, pyrolysis, and gasification. From the latter processes, gasification is used for the production of syngas or producer gas, rich in H2 (5–20 vol%), CO (17–22 vol%), CH4 (2–3 vol%), and CO2 (9–15 vol%) [6]. H2, CO, and CH4 are the most significant gas species produced in gasification; other heavier hydrocarbons including C2H6, C2H4, C3H8, C6H14, C6H6, and C7H8 are also present in lower concentrations and also influence the LHV of the producer gas. Gasification can use low moisture content woody biomass (<35%), such as spruce, pine, and alder, to produce gas in a partial oxidation atmosphere, at temperatures from 600 to 1400 °C [7]. The producer gas has several applications: for example, hydrogen generation, and the synthesis of methanol and ammonia in the chemical industry. The producer gas is also used in the energy industry (considered a renewable source if obtained from biomass) [8]. The gasification process occurs in different stages, starting with drying at 100–200 °C. At 200–500 °C, biomass is pyrolyzed, and its components (hemicellulose 220–315 °C, cellulose 315–400 °C, and lignin > 400 °C) are decomposed into char and gases (H2, CO, CO2, and CH4) [9]. Biomass undergoes partial oxidation at higher temperatures (>900 °C), in which char and gases react in exothermic reactions that provide heat to the other gasification stages [10]. The main gasification stage, known as reduction, is where the producer gas is obtained through the gasification reactions. A typical biomass gasification process yields 85, 5, and 10 wt% of gas, liquids, and solids, respectively [11].



The yields and composition of the gasification products depend on the operational parameters used. Air, steam, O2, CO2, and gas mixtures are used as gasifying agents. Air is the most widely used for its low price and low yield of tar and solids [12]. The selection of the ER (ratio of biomass and gas agent compared to that of complete combustion) dramatically affects the gasification process performance and products, determining the availability of oxygen, gas, and tar yields [7]. High ERs increase the gas yields (especially H2) but decrease the LHV of the gas and the gasification efficiency [12]. ERs close to 1 result in a process more similar to combustion, and ERs < 0.1 result in a process closer to pyrolysis [6]. The gasification temperature influences the yield of products, duration, and efficiency of the process. Therefore, it is necessary to have a constant and stable temperature to ensure control of the process [13]. Low gasification temperatures (600–700 °C) require less external heat and increase the efficiency but produce lower gas yields and higher tar and solid yields. High temperatures (700–1000 °C) reduce the efficiency but favor the gas yield [12] through endothermic reactions, such as Boudouard (increasing CO production and decreasing CO2), methane, and char reforming (increasing H2 production) [14]. Gasification temperatures above 1000 °C produce more H2, CO, and CH4 and less CO2, tar, and solid yields [7].



The optimization of the operational parameters in thermochemical gasification of fuels, including WB, has caught the attention of different researchers. Operational conditions directly affect the quality and composition of the producer gas, as well as the yields of tars, unburned char, ash, and soot. Recent research has studied the effect of gasification temperature on the process performance and the production of residues. An increase in temperature to 900–950 °C has been related to an increase in producer gas and the fraction of H2 in the producer gas [15]; low temperatures led to low reaction rates and low production of H2, while higher temperatures contributed to a higher reaction rate in endothermic reactions, such as methane reforming and water–gas [16]. Biomass gasification has also been studied through computational models. An Aspen plus model of sawdust gasification at temperatures of 650–800 °C observed an increase in CO and a decrease in CO2 and CH4, due to the higher production of CO through the water–gas shift reaction and the tar cracking reaction. A decrease in the tar yield and an increase in the yield of producer gas was also observed [17]. The latest research has also focused on the effect of biomass composition in soot formation [18], the effect of temperature on soot formation [19], modeling the formation of soot, and the positive effect of higher gasification temperatures on char conversion [20].



An innovative experimental approach of biomass gasification is proposed to understand the evolution of the gasification process, by studying the effect of the gasification temperature on the composition of the producer gas, with a simultaneous study on the correlation of TOC production with the gasification temperature and the production of combustible gases. For the abovementioned purposes, a study of the composition of the producer gas from the gasification of Estonian WB at different temperatures and ERs was conducted in this paper. This research makes part of the first large-scale study on thermochemical gasification of local WB and its potential for energy generation in Estonia. A laboratory-scale batch reactor was used to gasify samples of spruce, alder, and pine at 750, 850, and 950 °C, using two blends of N2 and O2 as gasifying agents. GC-TCD and FTIR were used to measure the producer gas. The composition of the main combustible gases H2, CO, and CH4, as well as the TOC and the evolution of the gasification process over time, were analyzed and compared for the WB species. As a result of this research, gaseous products from the gasification of WB were identified and characterized, which opens the path for future studies on the utilization of Estonian WB resources in thermochemical gasification processes. The scope of the research was focused on the producer gas composition; solid and liquid products can be analyzed in future research, considering the importance of tars and solid residues in gasification.




2. Materials and Methods


2.1. Biomass Characterization


Three of the most common woody species from Estonian forests were used as feedstocks: Norway spruce, Grey alder, and Scots pine. These feedstocks were collected from local forests; samples were separated into bark and wood, chopped into woodchips, ground and sieved to less than 1 mm in particle size, and stored in air plastic bags. The WB was gasified in as-received conditions; no pre-drying was used. The samples were prepared based on ISO 14780:20 (solid biofuels sample preparation).



The characterization of WB included proximate analysis (moisture, ash, volatile, and fixed carbon content), elemental analysis (C, H, N, S, and O), and calorimetry, which were previously carried out [21]. An elemental analyzer Vario MACRO CHNS (to determine C, H, N, and N) and an ion chromatography Dionex ICS-1000 (to determine S) were used for the elemental analysis in compliance with ISO 16948 and ISO 16994, respectively. Memmert and Nabertherm RT120 drying ovens (for moisture content) were used along with a Nabertherm L9 Muffle furnace (for ash content) to carry out proximate analysis in compliance with ISO 18134-2 and ISO 18122. The HHV and LHV were determined through calorimetric measurements with bomb calorimeters IKA 2000C and IKA 5000C following ISO 18125.




2.2. Experimental Set-Up


A prototype batch drop-tube, updraft, fixed-bed reactor was used to conduct gasification experiments with alder, spruce, and pine at 750, 850, and 950 °C in isothermal conditions, and with atmospheric pressure (Figure 1). The operational temperatures were selected from a range between 700–1000 °C, as this range promotes H2 and CO production and decreases CO2 production [22]. The process was executed at atmospheric pressure, as higher pressures can reduce tar formation and favor the production of combustible gases, but the operational costs can be significantly affected [6]. Future experiments could be carried out in pressurized conditions.



Each experiment used approximately 1.5 g ± 10% of WB. Three experiments were performed for every condition to ensure reproducibility. A mixture of N2 and O2 was used as the gasifying agent with a flow rate of 0.3 L/min ± 0.8%. For all WB samples, a blend of 21 vol% O2 and 79 vol% N2 was used (ER 0.38). For alder, an additional blend of 10.5 vol% O2 and 89.5 vol% N2 (ER 0.19) was used at 850 and 950 °C. The gas agent blends and flow rates were selected to simulate gasification in air atmospheres and reduced oxygen atmospheres and to achieve gasification with ERs close to the range of 0.2–0.4, to increase the production of combustible gases in the producer gas, as further explained in Section 3.4.



The gasification process used for the experiments consisted of a sample holder containing the WB, which was introduced on top of the reactor’s balance chamber, where it stayed for 2 min in N2 atmosphere, after which it went through the reaction chamber, which consisted of a quartz cylindrical glass covered by an internal heater, thermal insulation, and the reactor’s body. The internal heater kept an isothermal condition in the system, while the temperature was measured and controlled with a type K thermocouple centered internally in the reactor. The internal heater provided a temperature precision of ±10 °C, with a maximum operating temperature of 1000 °C. Once the samples were inside the reaction zone, the gas agents (N2+O2) were supplied at the bottom of the reactor (updraft) using individual Alicat Scientific mass flow controllers for each gas canister, with ±0.8% precision. After the gas agents were supplied by the mass flow controllers, these were mixed and delivered to a pre-heated reactor’s gas input, through a stainless-steel pipe connection to the bottom of the reactor. The gas agent input and the producer gas exhaust were heated with external heating tapes at 150 °C to avoid condensation in the reactor or pipes. The internal heater, as well as the heating tapes and the mass flow controllers, were controlled using LabView software and a data acquisition NI SCXI-1000 chassis, with NI-1102 and NI-1124 modules.



After the gasification was finished, the sample holder was moved to the balance chamber for 5 min in N2 atmosphere, to avoid reactions with the environment, and then removed from the reactor. The producer gas exited through the reactor’s exhaust and passed through a cleaning and cooling system to condensate volatiles and remove tar. The cooling system consisted of two condensers and a CoolCare refrigeration system supplying water at 4 to 6 °C. The condensers had wool (replaced on every experiment) to absorb tar and clean the gas. Each experiment was carried out for around 8 min (plus 7 min in the balance chamber) until the TOC content measured by FTIR indicated the end of the reactions. The duration of the sample in the reaction zone of the batch reactor was determined based on the TOC measurements from the FTIR equipment, which showed that, after 7–8 min, the gasification process was virtually completed. The gasification system was not equipped to properly collect all liquid (tars) and solid residues produced during gasification.




2.3. Equivalence Ratio and Stoichiometric Reactions


As stated in Section 2.2., the ERs used in gasification were around 0.38 for spruce alder and pine at 750, 850, and 950 °C, and 0.19 for alder at 850 and 950 °C. The ERs were calculated using the elemental composition of each sample (Section 3.1) and the gas agent flow rate. The stoichiometric A/F ratio and the operational A/F ratio were calculated for each WB sample. The stoichiometric A/F ratio was calculated using the elemental composition of each WB species as follows:



	General formula
	   C a   H b   O c   N d  + w  O 2  − > x C  O 2  + y  H 2  O + z  N 2   



	Spruce
	  C  H  1.567    O  0.637    N  0.004   + 1.073  O 2  − > C  O 2  + 0.784  H 2  O + 0.0005  N 2   



	Alder
	  C  H  1.430    O  0.659    N  0.002   + 1.068  O 2  − > C  O 2  + 0.782  H 2  O + 0.002  N 2   



	Pine
	  C  H  1.567    O  0.645    N  0.003   + 1.069  O 2  − > C  O 2  + 0.783  H 2  O + 0.002  N 2   








The operational A/F ratio was calculated based on the experiment conditions (sample mass and gas agent flow rate). Two gas blends were considered for alder, as mentioned in Section 2.2. The operational and stoichiometric A/F ratios and the ER are shown in Table 1. The ER and the A/F ratios were calculated as follows:


   E R =    r  a i r − f u e l     o p e r a t i o n a l        r  a i r − f u e l     s t o i c h i o m e t r i c − c o m p l e t e   c o m b u s t i o n           r  a i r − f u e l   =   m o l   o f   g a s i f y i n g   a g e n t   m o l   o f   f u e l     












2.4. Gas Measurement


A GC-TCD Gazohrom 3101 gas analyzer and an FTIR Gasmet DX4000 gas analyzer with a continuous gas supply were used to measure the producer gas composition after it had been cleaned and cooled. For the GC-TCD analysis, a sample of the total producer gas was collected from the beginning until the end of the gasification process in a Tedlar bag. A total of 2 mL of the gas sample from the Tedlar bag was introduced into the GC-TCD with a gas syringe, and three replicates were made for each gas sample; the RSD between GC-TCD replicates was up to 7%. The GC-TCD measured H2, CO, CH4, and CO2. Two packed columns with a total length of 2.5 m long and 3.6 mm in diameter were used for the separation of gases at room temperature. Air at 70 mL/min was used as the gas carrier to detect H2, CO, and CH4, while Argon at 40 mL/min was used to detect CO2. The GC-TCD was calibrated beforehand through a linear relation between the area under the detected spectra peaks and the gas species concentration (vol%) (Figure 2). The current changes (mA) provided by the GC were displayed using the Keysight Benchview software, and the area under the curve was calculated with the Clarity Chromatography Station software to determine the gas species concentration, based on the calibration. The FTIR equipment was set for continuous analysis of the producer gas (every 5 s), which was diluted in N2 with a flow rate of 3 l/min. The FTIR measured TOCs, which were further analyzed using Calcmet software, to track the beginning, evolution, and end of the gasification process and to verify that the reactor atmosphere was inert before and after each experiment.



The LHV of the producer gas was calculated with the concentration (vol%) of H2, CO, and CH4 as follows [24]:


  L H V =   12.622 C O + 10.788  H 2  + 35.814 C  H 4    100    













3. Results and Discussion


3.1. Woody Biomass Composition


Table 2 includes the composition of the Norway spruce, Grey alder, and Scots pine samples, along with their elemental analysis, proximate analysis, and calorific values. A comparison of these results with those from other studies is provided as well. As indicated in Table 2, compared to samples of similar species characterized in other studies, the composition obtained from local WB samples had nearly the same proximate and elemental composition. Furthermore, the elemental composition, ash content, moisture, fixed carbon, and heating values of the three samples measured are all within the same range.




3.2. Producer Gas Composition


The H2, CO, CH4, and CO2 concentrations in the producer gas obtained at 750, 850, and 950 °C with an average RSD of 11.8% are shown in Figure 3a–c. H2, CO, CH4, and CO2 were the main gas species obtained from gasification; the rest of the producer was gas composed of H2O; O2; sulfur dioxide (SO2); hydrocarbons such as ethane (C2H6), ethylene (C2H4), propane (C3H8), hexane (C6H14), benzene (C6H6), and toluene (C7H8); and nitrogen-containing compounds NO, NO2, N2O, NH3, and other hydrocarbons.



Figure 3 shows that the gas composition of each biomass species differed very slightly. The main component of the combustible gases was CO, with a concentration between 9.3–10.4 vol% at 750 °C, 14.7–15.9 vol% at 850 °C, and 19.9–21.4 vol% at 950 °C. For H2, there was a variation in concentration from 0.7–1.3 vol% at 750 °C, 2.4–2.5 vol% at 850 °C, and 4.0–4.3 vol% at 950 °C. CH4 concentration ranged from 2.5–3.1 vol% at 750 °C, 3.4–3.9 vol% at 850 °C, and 4.1–5.2 vol% at 950 °C. The CO2 concentration ranged from 1.9–5.9 vol% at all temperatures. In all the WB species, the producer gas composition was comparable because of their similarities in elemental composition and other properties such as moisture, fixed carbon, ash content, and heating values. This, together with the implementation of uniform operational parameters, led to a producer gas with a very similar composition.



The results obtained at 950 °C showed the highest concentration of combustible gases (H2, CO, and CH4). These were compared to other studies on the gasification of wood chips and other biomass in air atmospheres at temperatures ranging from 700 to 1100 °C. These studies used WB [30,31], pine pellets [32,33], pine sawdust [33], woodchips [34], and rice husks [35] as feedstock. A comparison of the average gas composition for each study is shown in Figure 4. As can be seen, CO is the main combustible gas in all cases, with concentrations ranging from 9–35 vol%. This study’s CO concentrations are comparable and within the same range as those derived from other studies [30,31,32,34,36,37,38]. In the above-mentioned studies, the concentration of H2 ranged from 2–35 vol% compared to a concentration from 4.0 to 4.3 vol% obtained in the producer gas from the gasification of the currently studied WB, which was similar to the results of Joka et al., Inayat et al., and Poskrobo et al. [31,32,33]. However, some studies of WB gasification in fixed-bed reactors by Brynda et al. and Bhatia et al. [34,37] also demonstrated higher concentrations of H2 (16–25 vol%). The concentration of CH4 from the studied WB was within the same range as in most of the reviewed studies. A slightly higher concentration of CH4 was obtained in the current study (4.1–5.2 vol%) compared to that of 1–5 vol% obtained from other studies using fixed-bed reactors [30,31,34,37,38]. The CO2 concentration was lower in the current study (1.9–3.9 vol%) compared to that of other studies using WB (9.5–15 vol%) [30,31,34,37].




3.3. Effect of Temperature


Figure 5a–d display the effect of the gasification temperature on the main combustible gases (H2, CO, and CH4) and CO2 from spruce, alder, and pine gasification. It is observed that as the gasification temperature increased from 750 to 850 and 950 °C, the H2, CO, and CH4 concentrations increased, while the CO2 concentration decreased as the temperature increased. The levels of H2, CO, and CH4 at 950 °C were higher than those in gasification at 750 °C by 3.6-, 2.1-, and 1.7-fold, respectively. The behavior is consistent with what Almeida et al. [39] found during the gasification experiments at 700–950 °C using olive kernels, waste, and bagasse as feedstock, where a significant increase in H2, CO, and CH4 concentrations was observed up to 850 °C, while CO2 levels decreased. Similarly, the present results agree with the findings of Halim et al. [40] of palm fiber gasification at 650–900 °C, where it was found that with increasing temperature, H2 concentrations and CO concentrations increased, but CH4 concentrations decreased. The results of Yahaya et al. [41] also agree with the current results, which indicate that increasing the temperature from 700 to 900 °C increased CO and H2. Likewise, a study on the gasification of empty fruit bunches by Lau Sze Yii et al. [42] showed an overall higher volume percentage of H2, CO, and CO2 at 900 °C compared to those at 700 and 800 °C. The effect of temperature was similar also for household waste studied by Zeng et al. [43], where H2, CO, and CH4 gradually increased, while CO2 decreased as the gasification temperature increased.



The yield of gas species depends on the heterogeneous, homogeneous, endothermic, and exothermic chemical reactions that occur in the reduction zone during gasification. The main gasification reactions (R1–R6) analyzed are indicated below.



	
Primary reactions

	
(R1)

	
Boudouard

	
  C +   CO  2  ↔ 2 CO  

	
(+172.0 kJ/mol)




	
(R2)

	
Water–gas

	
  C +  H 2  O → CO +  H 2   

	
(+131.0 kJ/mol)




	
(R3)

	
Water–gas shift

	
  CO +  H 2  O ↔   CO  2  +  H 2   

	
(−41.0 kJ/mol)




	
Secondary reactions

	
(R4)

	
Methane dry reforming

	
    CH  4  +   CO  2  ↔ 2 CO + 2  H 2   

	
(+247.0 kJ/mol)




	
(R5)

	
Methane steam reforming

	
    CH  4  +  H 2  O ↔ CO + 3  H 2   

	
(+206.0 kJ/mol)




	
(R6)

	
Methane formation

	
  C + 2  H 2  →   CH  4   

	
(−75.0 kJ/mol)









A general increase in H2, CO, and CH4 concentrations was observed at temperatures of 850 and 950 °C, respectively. Gas concentrations increased at higher temperatures as the products of endothermic reactions (R1, R2, R4, and R5) were favored and the reactants of exothermic reactions (R3, R6) were favored, according to Le Chatelier’s principle [42]. It was found that the higher yield was a result of an increase in the rate of all reactions, especially R1–R3 and R6, and an increased degree of thermal cracking at higher temperatures. At temperatures above 850 °C, water–gas (R2 and R3), Boudouard (R1), and steam-reforming reactions (R5) dominated the gasification process and produced higher amounts of CO and H2. Lau Sze Yii et al. [42] also had similar observations. Additionally, the water–gas reaction (R2) may have had a more considerable contribution than the Boudouard reaction (R1) for the production of H2 and CO, as at higher bed temperatures, this reaction (R2) has a faster reaction rate, as also explained by Almeida et al. [39]. The equilibrium constants (K) of some reactions are more sensitive to temperatures, such as the K of R4, which is significantly more sensitive than that of R1 and R2 [38]. As the reactions mentioned above and their equilibrium constants were favored at higher temperatures, the WB underwent an increased heat transfer and production of H2, CO, and CH4, producing a higher-quality producer gas. However, as the gasification process was allothermal, higher temperatures required more energy and decreased process efficiency.



The production of H2 was favored by the chemical reactions R2 and R5–R6. As the temperature increased, reactions R2, R4, and R5 moved toward the production of products, including H2 and CO. This was also observed by Huang et al. [38] and by Halim et al. [40], where an increment in H2 occurred at higher temperatures due to methane dry and steam-reforming reactions (R4 and R5). This effect on the yield of H2 was also noticed by Ahmad et al. [7] due to the water–gas and steam-reforming reactions (R2 and R5). The endothermic methane-reforming reactions and secondary reactions of tar reforming and cracking had a significant role in producing H2 at temperatures over 850 °C, as also observed by Yahaya et al. [41] and Lau Sze Yii et al. [42]. An increase in H2 as the gasification temperature rises has been previously reported when using WB resources, including pine waste, pine sawdust, wood pine, eucalyptus, and holm-oak sawdust [44]. According to Franco et al. [45], alkali and alkaline earth metals in the WB may also play a role in promoting the water–gas shift reaction, acting as catalysts producing more H2. A relatively lower concentration of H2 in the producer gas can be attributed to having air as gasifying agent and a WB with relatively low moisture content, resulting in a lower amount of steam participating in R2, R3, and R5 and thus a lower production of H2. The water–gas shift reaction (R3) favored CO and H2O production, reducing H2 production.



CO was the predominant combustible gas with a concentration as high as 21.4 vol% for pine and an average concentration of 20.5 vol% at 950 °C. The production of CO significantly increased as the gasification temperature increased. The main reactions involved in CO production were the heterogeneous endothermic Boudouard (R1) and the water–gas (R2 and R3) reactions, as, at higher temperatures, carbon reacts with steam and CO2, producing CO. There is an observable correlation between the increase in CO and a decrease in CO2; this was due to the consumption of CO2 in R1, R3, and R4, which favored CO production as temperature raised. Some studies have observed the same behavior in CO production as the gasification temperature increases, with a remarkable increase in CO in the gasification of coconut and palm kern shells [41] and empty fruit bunches [42]. Some other studies have reported an equilibrium peak in CO production at 900 °C [40]. Meanwhile, CO has also been observed to decrease with temperature rise, owing to the exothermic oxidation reactions, such as char partial combustion [7].



From the main gasification reactions, CH4 was produced from the heterogeneous reaction of methane formation (R6). The current experiments noted that the CH4 production had a slight increase at higher gasification temperatures, especially with alder and spruce. CH4 production did not increase in the same magnitude as H2 and CO since it played an essential role as a reactant in the methane dry and steam-reforming reactions (R4 and R5) to produce H2 and CO. This behavior was also observed by Emami et al. [44]. Likewise, CH4 consumption in R4 and R5 reduced its concentration at higher temperatures in the gasification of palm fibers [40] and palm kernel shells [41].



The production of CO2 at lower temperatures was affected mainly by the exothermic water–gas shift reaction (R3) in which the products were favored. As the temperature increased, the water–gas shift reaction favored the reactants, consuming CO2. CO2 production also decreased with temperature rise owing to its role as a reactant in the Boudouard (R1) and dry-reforming (R4) reactions. Therefore, the concentration of CO2 in the producer gas decreased as the temperature increased. This behavior was also observed by Emami et al. [44], where CO2 decreased or remained constant, especially at temperatures above 830 °C. However, Yahaya et al. [41] reported an increase in the concentration of CO2 from 700–800 °C, followed by a drastic decrease at higher temperatures, while Lau Sze Yii et al. [42] reported higher CO2 concentration at higher temperatures.



The gasification temperature had an effect on the composition of the producer gas and the yield of products. From observations in this current study, the char and tar yield significantly decreased with temperature rise. Higher gasification temperatures increased the heat transfer in the WB particles, which produced a higher yield of gas and a lower yield of solid and liquid residues. Moreover, secondary cracking and thermal cracking reactions of tar occurring at more elevated temperatures produced more gases owing to the volatilization of active components of tar, as explained by Sikarwar et al. [46]. For the current prototype reactor, gasifying Estonian WB at 950 °C led to producing a high yield of producer gas with a higher concentration of combustible gases. Some studies have found 900 °C to be the optimal temperature for high carbon conversion and gas yield [14]. Other experiments consider optimal temperatures of around 1000 and 1100 °C for fixed-bed and fluidized-bed reactors, respectively [46]. Lower temperatures (<750 °C), as shown in this work, resulted in a producer gas with a lower concentration of combustible gases. On the other hand, high gasification temperatures (>1000 °C) can affect the efficiency of the gasification, the materials, and the construction of the reactor, producing higher yields of undesirable gases (NOx) and leading to ash fusion [44]. Future research for the implemented WB could study the gasification behavior with a larger range of temperatures of up to 1000 °C




3.4. Effect of the ER


Figure 6 indicates the producer gas composition from the gasification of alder at 850 and 950 °C using two equivalence ratios: 0.38 and 0.19. As previously explained, gasification experiments at higher temperatures (950 °C) resulted in higher concentrations of H2, CO, and CH4. For gasification of alder at 850 °C, the yields of H2, CO, CH4 decreased (22.1%, 18.7%, and 12.5%, respectively) when using an ER of 0.19 compared to those obtained with an ER of 0.38. At 950 °C, the yields of H2, CO, and CH4 were 10.5%, 5.1%, and 9.7% lower, respectively, when using an ER of 0.19 compared to using an ER of 0.38. The concentration of H2 decreased the most as the ER was reduced.



In the current study, 0.38 was the optimal ER for producing higher concentrations of H2 and CO while reducing CO2. This value is within the optimal range (0.2–0.4) for gasification processes [42]. These results agree well with different studies, in which it has been observed that ERs lower than 0.2 result in incomplete gasification [46] and ERs greater than 0.4 decrease the calorific value of the producer gas and increase the content of CO2, as the process starts to behave as a combustion process [43]. An ER of 0.38 was suitable for the current study, as too-high ERs led to the promotion of oxidation reactions, reducing the production of H2 and CO and the efficiency. This behavior is due to the increase in oxygen supply to the process, leading to more complete oxidation, rather than partial oxidation, which is required for gasification [42]. However, some studies have found an optimal ER in the lower optimal range. Almeida et al. [39] tested ERs from 0.2 to 0.4 and found an ER of 0.2 to be the most optimal for gasification of olive kernels. Lau Sze Yii et al. [42] demonstrated an optimal ER of 0.3 in the gasification of empty fruit bunches for increasing the concentration of H2 and CO. In the current study, an ER of 0.38 resulted in the highest concentration of combustible gases. This ER is in the upper limit of the optimal range (0.2–0.4). A higher ER of 0.38 may have also contributed to tar cracking and the reaction of volatiles, increasing the gas yield and the production of combustible gases, compared to gasification with an ER of 0.19. The latter was also observed by Sikarwar et al. [36]




3.5. LHV


Figure 7 displays the LHV calculated for WB gasification in all temperatures and ER conditions.



From Figure 7, it is shown that the LHV ranged from 2.0–5.0 MJ/m3, with an average RSD of 9.3%. The LHV increased as the gasification temperature raised, with an average LHV of 2.4, 3.5, and 4.7 MJ/m3 at 750, 850, and 950 °C, respectively, using an ER of around 0.38. There were no significant differences in the LHV of all three WB types; however, pine had the highest LHV at 850 and 950 °C. Compared to gasification with an ER of 0.39, the LHV was lower for gasification using an ER of 0.19. As observed in Section 3.3, the concentration of combustible gases increased as the gasification temperature raised, which directly resulted in an increase in the LHV at higher temperatures. Additionally, a lower ER of 0.19 resulted in incomplete gasification, producing fewer combustible gases and thus a lower LHV.



The producer gas obtained from gasification of WB at 950 °C had an LHV comparable to a typical LHV (4–7 MJ/m3) obtained from the gasification with air as a gasifying agent [6]. Even though the producer gas had a relatively low LHV and a high concentration of N2 (>50 vol%), the gas agent is less expensive and produces low amounts of chars and tars, with a simple gasification system [12,47,48]. Future experiments with steam as a gas agent could potentially increase the heating value up to 18 MJ/m3. However, an increase in tars and a decrease in efficiency should be considered. Other potential options to consider are CO2 and steam–air mixtures. The LHV could also be increased by optimizing the gasification parameters to increase the production of H2, decrease the share of tars and solids produced, and decrease the heat losses in the reactor.




3.6. Total Organic Compounds


The TOC spectra measured by the FTIR from the gasification at different temperatures are shown in Figure 8a–c. For all WB samples at 950 °C, most of the fractions of TOC were produced in the first 3 min of the process, with the highest peaks of TOC occurring within the first minute. This behavior was caused by the increase in the heating rate, owing to a higher gasification temperature, promoting more rapid pyrolysis and gasification. At 850 °C, most of the TOCs were produced within the first 4 min. However, the peaks were significantly lower than at 950 °C, and the TOC production was more evenly distributed throughout the gasification time. The TOC at 750 °C was the lowest and more evenly distributed throughout the process compared to those at 850 and 950 °C. In this case, at 750 °C, the reactions occurred at a lower rate.



For all the temperatures and all WB species, the largest TOC peaks occurred at the beginning of the gasification. Moreover, it was observed that the gasification ended after 7–8 min, when the TOC production was stable and close to zero and most of the biomass had been transformed into gas, tar, and solid residues. The TOC content was observed to be similar for all WB samples, as shown in Figure 8a–c. This behavior was expected based on the results of the composition of the biomass and the results obtained from the composition of the producer gas. The slight differences in the TOC content of pine correlated with the slightly higher concentration of CH4, CO, and CO2 in the producer gas. Figure 8d shows an average of the TOC content at different temperatures, where it can be visually seen how significantly higher the TOCs production was at 950 °C, compared to 750 °C, which can be related to the higher concentration of CO and CH4 in the producer gas as the gasification temperature increased.



From Figure 8d, the correlation between the obtained combustible gases and the TOC produced can be identified. Higher production of TOC led to a producer gas with a considerably larger concentration of combustible gases, especially CO. A temperature rise can be also correlated with an increased TOC and concentration of CO. The TOC curves show the importance of not only the gasification temperatures but also the residence time. Most of the TOC was produced at the first 3 min of the reaction; this indicated that the defined residence time directly affected the composition of the producer gas, as longer residence times have a larger dilution of air (especially N2), reducing the concentration of combustible gases. Continuously measuring the composition of the producer gas, from the beginning until the end of the gasification to track the progress of the reactions, can contribute to defining the optimal gasification parameters, increase the combustible share and the LHV in the producer gas, and increase the overall efficiency of the process.





4. Conclusions


A study of the effect of temperature and equivalence ratio on the composition of the producer gas (H2, CO, CH4, and CO2) was carried out with woody biomass (WB). The experimental study consisted of the gasification of samples at 750, 850, and 950 °C in a drop tube reactor using air as a gasifying agent. Two ERs were tested: 0.38 and 0.19. According to the obtained results, Estonian WB resources are suitable for gasification since the producer gas has a composition comparable to other studies. The producer gas obtained provides potential possibilities for studying thermochemical gasification of mixtures of WB resources and mixtures of biomass/oil shale as a next step.



The composition and properties of the studied WB samples did not differ significantly. The woody species produced similar concentrations of combustible gases at gasification at 950 °C with an average of 4.1, 20.5, and 4.6 for H2, CO, and CH4, respectively, and a LHV ranging from 4.3–5.1 MJ/m3. The similarities show that mixtures and residues of these local wood species (alder, spruce, and pine) may be utilized to generate a high-quality producer gas through gasification. These results are consistent with those from other studies on the composition of producer gas. A higher LHV and concentration of combustible gases could be achieved by performing gasification with air/steam blends as the gasifying agent.



Several factors affect the composition of the producer gas, including gasification temperature. At higher temperatures, such as 850 and 950 °C, gas concentrations of H2, CO, and CH4 increased while CO2 content decreased. The optimum temperature to produce the highest concentration of combustible gases would be 950 °C in the chosen conditions if the composition of the gas would be the priority. CO was the predominant gas species, followed by CH4 and H2. Furthermore, an ER of 0.38 was observed to yield a higher concentration of combustible gases than an ER of 0.19.



The behavior of TOC through the gasification process confirmed the relation between the increase in combustible gases as temperature raised, especially for CO. A continuous measurement of TOC throughout the gasification process operating with batch feeding allows optimizing the residence time and decreasing the concentration of diluted N2 in the producer gas, thus increasing the concentration of combustible gases. Continuous TOC measurement allows an understanding of the evolution of the gasification process. Future experiments with continuous measurement of the producer gas composition could provide a detailed study of the evolution of the production of combustible gases to increase the process’s efficiency and the quality of the producer gas. This can be a valuable consideration for future research of gasification of biomass, especially for a non-continuous feed of BM.
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Nomenclature




	A/F
	Air-to-fuel ratio



	ER
	Equivalence ratio



	FTIR
	Fourier-transform infrared spectroscopy



	GC-TCD
	Gas chromatography with thermal conductivity detector



	HHV
	Gross of higher heating value



	LHV
	Net or lower heating value



	RSD
	Relative standard deviation



	TOC
	Total organic compounds
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Figure 1. Diagrams of the gasification system (modified from [23]). 
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Figure 2. A typical chromatogram of the analysis of H2, CO, and CH4 by GC-TCD. 






Figure 2. A typical chromatogram of the analysis of H2, CO, and CH4 by GC-TCD.



[image: Sustainability 13 11763 g002]







[image: Sustainability 13 11763 g003 550] 





Figure 3. Producer gas composition from the gasification of spruce (a), alder (b), and pine (c). 
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Figure 4. Comparison of producer gas composition of Estonian WB with other studies found in the literature. 
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Figure 5. Concentrations of H2 (a), CO (b), CH4 (c), and CO2 (d) from the gasification of WB. 
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Figure 6. Producer gas species obtained from alder gasification at different gas agent blends and temperatures. 
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Figure 7. LHV for WB at 750, 850, and 950 °C. 
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Figure 8. TOC from gasification of WB at 750 (a), 850 (b), and 950 °C (c) and average TOC (d). 
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Table 1. A/F ratios and ER for WB samples.
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Parameter

	
WB




	
Spruce

	
Alder

	
Pine






	
Stoichiometric A/F

	
Oxy/fuel, g of O2 per g biomass

	
1.44

	
1.42

	
1.43




	
Air/fuel, g of air per g of biomass

	
6.87

	
6.78

	
6.80




	
Operational A/F 1 1

	
Oxy/fuel, g of O2 per g biomass

	
0.54

	
0.54

	
0.54




	
Air/fuel, g of air per g of biomass

	
2.58

	
2.58

	
2.58




	
Operational A/F 2 2

	
Oxy/fuel, g of O2 per g biomass

	
-

	
0.27

	
-




	
Air/fuel, g of air per g of biomass

	
-

	
1.29

	
-




	
ER 1 1

	
0.376

	
0.380

	
0.381




	
ER 2 2

	
-

	
0.190

	
-








1 For gas agent blend of 21 vol% O2 and 79 vol% N2, 2 For gas blend of 10.5 vol% O2 and 89.5 vol% N2.
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Table 2. Elemental analysis, proximate analysis, and calorific value for spruce, alder, and pine.
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Composition

	
Feedstock Used [21]

	
Literature




	
Norway Spruce

	
Grey Alder

	
Scots Pine

	
Spruce

[25,26]

	
Alder

[27]

	
Pine

[28,29]






	
Proximate analysis (wt%)

	
Ash content

	
0.3

	
0.3

	
0.3

	
0.2–0.6

	
0.7

	
0.3–0.6




	
Moisture

	
6.9

	
7.6

	
8.5

	
7.6

	
7.3

	
7.6




	
Fixed carbon

	
14.2

	
14.0

	
14.5

	
12.8–28.3

	
12.5

	
14.2–18.9




	
Volatile matter

	
85.5

	
85.7

	
85.2

	
70.2–87.0

	
87.4

	
77.9–90.3




	
Elemental analysis (wt%)

	
C

	
50.3

	
49.9

	
50.1

	
49.5–51.7

	
49.9

	
44.7–56.9




	
H

	
6.6

	
6.6

	
6.6

	
6.1–6.2

	
5.1

	
6.3–6.5




	
N

	
0.1

	
0.2

	
0.19

	
0.1–1.0

	
0.5

	
0.25




	
S

	
n.d. 2

	
n.d.

	
n.d.

	
<0.1

	
0.3

	
<0.1




	
O 1

	
42.7

	
43.0

	
43.1

	
41.2–43.2

	
43.4

	
42.9–46.9




	
Calorific value (MJ/kg)

	
LHV

	
18.6

	
18.5

	
18.4

	
19.0

	
19.0

	
16.3–19.2




	
HHV

	
20.0

	
19.9

	
19.8

	
19.7–20.3

	
19.0

	
17.6–20.6








1 Calculated, 2 Not detected.
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