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Abstract

:

Synthetic fuel production via gasification of residual biomass streams from the pulp and paper industry can be an opportunity for the mills to enable improved resource utilization and at the same time reduce the production of excess heat. This paper summarizes initial oxygen-blown gasification experiments with two bark residues from a European pulp and paper mill, i.e., a softwood bark and a hardwood bark. The gasification process was characterized by measuring syngas yields and process efficiency to find optimum operating conditions. In addition, impurities in the syngas and ash behavior were characterized. Maximum yields of CO and H2 were obtained from softwood bark and amounted to approximately 29 and 15 mol/kg fuel, respectively. Optimum cold gas efficiency was achieved at an oxygen stoichiometric ratio of λ = 0.40 and was approximately 76% and 70% for softwood bark and hardwood bark, respectively. Increased λ had a reducing effect on pollutants in the syngas, e.g., higher hydrocarbons, NH3, HCl, and soot. The situation for sulfur species was more complex. Evaluation of the bark ashes indicated that slag formation could start already from 800 °C. Furthermore, a non-intrusive laser diagnostics technique gave rapid feedback on the millisecond scale. Measured syngas temperature and water content were in good agreement with the applied reference methods.
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1. Introduction


Greenhouse gas (GHG) emissions from the transportation sector represent almost a quarter of the total GHG emissions in Europe. Within the transportation sector, road transport was responsible for more than 70% of the GHG emissions from transport in 2014. To reduce climate impact and accelerate development towards low-emission mobility, the European Commission adopted a strategy where alternative energy for transport was included. This strategy included the use of advanced biofuels, electricity, hydrogen, and renewable synthetic fuels for road transport [1]. However, renewable sources have to be sustainable. Primarily, the biofuels’ value chains must not create greater emissions than the fossil fuels they replace. Secondly, biomass production must not compete for land use with food or feed production. At the same time, biomass production should not take place in areas with high carbon stock, such as biodiverse forests, wetlands, and peatlands [2].



The pulp and paper industry has a long history of using forest biomass for its production. Here, mainly cellulose is used in the products. Other tree parts, such as the bark, or other wood components, such as the lignin, are separated from the process and are today mainly combusted for steam generation. The steam is subsequently used for paper drying and/or electricity production. Excess heat is often used as district heating in nearby cities. Despite this, pulp and paper mills are often associated with an excess of heat, especially during the summer months and/or in warmer areas with less heat demand or where the paper mills are located far from other heat consumers. One possibility to reduce the amount of excess heat from a mill is to utilize bark and other residual streams to produce biofuels via various gasification routes.



Gasification is a thermochemical process that breaks down any carbonaceous feedstocks into a simple product gas with a usable heating value. The product gas (also called synthesis gas or syngas), consisting mainly of CO and H2, can subsequently be used for the synthesis of various fuels and chemicals. Several different gasification technologies have been developed over the years, in most cases to convert coal into various fuels, chemicals, and other products [3,4]. However, biomass gasification technologies aiming for synthetic fuels have also been demonstrated, e.g., [5,6,7].



Oxygen-blown entrained flow gasifiers currently dominate the coal gasification market where synthetic fuels or chemicals are targeted. The reason is the high syngas quality that is generated by the high-temperature process [3]. Depending on the targeted end-product, different syngas compositions are desired for optimal catalytic synthesis into fuels or chemicals. The H2/CO ratio is often considered an important parameter for the production of motor fuels, and this ratio should lie somewhere around 2 if long-chain hydrocarbons via the Fischer–Tropsch process are targeted [8]. Therefore, the syngas usually has to be adjusted, typically through the water-gas shift reaction CO + H2O ⇌ CO2 + H2, in order to reach the desired H2/CO ratio [3]. This is also the case for oxygen-blown biomass gasification, which results in a syngas composition with a too low H2/CO ratio compared to what is required for fuel synthesis [9].



Alternative ways to boost the H2 content of the syngas are to add H2 produced from water electrolysis or mix it with syngas produced from supercritical water gasification (SCWG). SCWG is a process for the conversion of organic materials in the water at temperatures and pressures above the critical point of water (i.e., 374 °C and 221 bar). Temperatures above 500 °C are usually employed, resulting in H2 and CO2 as main products [10]. From a pulp industry perspective, the use of SCWG could be an attractive way to produce H2 from the lignin in the black liquor since it was previously reported that the high alkali content of black liquor improved gas yields from SCWG, producing a gas rich in H2 [11].



This is exactly the combination of processes that are being studied in the European Pulp & Fuel project within which this work has been performed, i.e., oxygen-blown gasification of bark residues in combination with SCWG of black liquor aiming for synthetic fuel production [12]. The Pulp & Fuel project received funding from the European Union’s Horizon 2020 research and innovation program and consists of ten partners from four European countries. The project addresses the thermochemical conversion of industrial wastes produced at a pulp and paper mill into biofuel.



This paper summarizes the initial oxygen-blown gasification experiments with bark residues from the French pulp mill Fibre Excellence (one of the partners in the Pulp & Fuel project). One of the objectives was to study how syngas composition and gasification efficiency were affected by different operating conditions of the gasification process, and thereby identify optimal operating conditions. Another important aspect was to quantify certain syngas impurities that need to be removed before any downstream fuel synthesis. Additionally, the experiments aimed at generating practical knowledge about the behavior of inorganic ash elements during gasification to ultimately propose an appropriate disposal strategy. Finally, a non-intrusive measurement technique, based on tunable diode laser absorption spectroscopy (TDLAS), was tested to investigate the possibilities for fast feedback of the gasification performance (on the millisecond scale). This work was carried out to investigate whether the methodology has the potential to be part of any artificial intelligence-based process control system that could automatically optimize the gasification process in the future.




2. Materials and Methods


2.1. The Gasifier


The fixed-bed oxygen-blown gasifier (FOXBG, ~20 kW) used in this work was previously described in detail [13]. Wiinikka et al. showed that the FOXBG produced a syngas of the same high quality, and similar composition, as syngas produced from a much larger (1 MW) entrained flow biomass gasifier operated with the same feedstock. Naturally, the smaller FOXBG requires less resources for each experiment compared to the 1 MW entrained flow gasifier. Since FOXBG still provides the equivalent gas quality, it was used in this project to minimize costs. A brief overview of the FOXBG is given below.



The FOXBG (see Figure 1) was constructed from an outer steel shell, approximately 0.7 m in diameter, and 1.75 m in height. Insulation and refractory materials on the inside of the reactor were made of Vibron 175B (85% Al2O3, 12% SiO2, <1% Fe2O3). The bottom part of the gasifier was formed as a truncated cone, with a maximum diameter of 0.19 m and a total volume of approximately 1.4 dm3. The dimensions of the freeboard section, located above the bed, were 0.19 m in diameter and approximately 0.9 m in height.



The pelletized fuels used in the campaign were introduced to the reactor via a mechanical type fuel feeder. The pellets were fed from the top of the freeboard section and landed on the bed at the bottom of the reactor. Approximately 10 L/min of N2 was added into the fuel feeder to prevent possible ignition in case hot gases rose from the reactor into the feeder. The oxidation agent, in this case, pure oxygen (O2), was introduced through different inlets at the bottom part of the reactor, named primary, secondary, and tertiary. Primary oxygen was introduced from underneath the bed (tubes inner diameter, Øi, 3 mm), whereas both secondary and tertiary inlets (tubes Øi 1 mm) were positioned above the bed according to the description in an earlier publication [13]. All ingoing gas flows were monitored using Bronkhorst mass flow controllers (Bronkhorst F201AV).



The process temperatures within the reactor were measured using four S type thermocouples located along the freeboard and bed zone (Figure 1). The process temperature was measured by the thermocouple marked *T (S), located 0.4 m above the reactor bottom. The positions of the other thermocouples and the TDLAS measurement were 0.6 m, 0.8 m (^T (S)), and 0.9 m (TDLAS) above the reactor bottom. The thermocouples were protected by sintered alumina tubes and inserted approximately 10 mm into the reactor. Moreover, K type thermocouples were used to measure the temperature of the refractory lining as well as syngas exiting the reactor.



A water sprayed quench was installed downstream of the syngas outlet. The water sprays cooled the gas and captured most of the particulate matter in the water. Finally, the majority of the syngas was incinerated in a separate combustion chamber, using a propane torch as a continuous ignition source. The pressure inside the gasification reactor was controlled manually, using an air-driven ejector located on the syngas pipe upstream from the combustion chamber, and held at approximately 100 Pa relative to atmospheric pressure.



Syngas samples were extracted from different positions in the pilot plant. This is described in more detail below. However, it is worth mentioning here that the sample lines from the gasifier outlet, sampling hot syngas to the Fourier-transform infrared spectroscopy instrument (FTIR) and particulates to the low-pressure impactor (LPI), were trace-heated to approximately 150 °C in order to avoid condensation of water vapor. In addition, for the micro gas chromatograph (µGC) measurements, a small but accurately measured flow of helium (He) was used as a tracer to allow for syngas mass flow estimations and enable calculations on total yields and carbon mass balance. This method was successfully used in previous gasification experiments using an entrained flow gasifier [14].




2.2. Fuels


The fuels used in this work, softwood and hardwood bark residues, originated from the Fibre Excellence pulp mill in Saint Gaudens, France. The bark residues were dried, milled, and then pelletized to 6 mm in diameter and approximately 6–20 mm in length, Figure 2.



Proximate and ultimate analyses of the pelletized fuels, performed by the external company ALS Global directly after delivery, are tabulated in Table 1. The results indicate that the feedstocks were relatively similar in terms of moisture and ash content, as well as in calorific value. Furthermore, the inorganic part contained significant amounts of silicon (Si) in both fuels, probably coming from soil contaminants. The major difference between the two fuels was the calcium (Ca) content, which was almost three times higher in the hardwood bark. During the experimental period, the fuels were stored indoors, i.e., at normal room temperature and ambient air humidity. Fuel moisture content was measured in-house on several occasions during the experiments. The moisture content measured in-house was lower than the one reported from the external analysis. This was probably caused by fuel drying during storage. However, the moisture content of the two fuels used during the experiments was 8.2 ± 0.5% (average ± standard deviation) and 7.6 ± 0.9% for the softwood bark and hardwood bark, respectively.




2.3. Operating Conditions


Before each experiment, the refractory lining inside the gasifier was heated to approximately 1100 °C using an electrical, 8 kW, spiraled silicon carbide element installed vertically in the center of the reactor. At the start of the experiment, the heater was removed and replaced by the fuel feeding system. Each experimental day included one or more operating conditions, i.e., setpoints. Previous studies, both theoretical and experimental, have shown that the so-called O2 stoichiometric ratio, λ, is the most important process parameter when it comes to gasification, as it affects both the temperature, syngas composition, and efficiency of the gasification process [14]. The O2 stoichiometric ratio, λ, is defined as the ratio between supplied O2, ṁO2 (kg/h), and the amount of O2 required for stoichiometric combustion, ṁO2,stoich (kg/h), see Equation (1).


  λ =     m ˙   O 2         m ˙   O 2 ,   s t o i c h      



(1)







In this work, gasification experiments were performed with the two fuel types at different λ setpoints (0.26–0.62), see Table 2. The distribution of oxygen was set so that the oxygen supply in the primary register corresponded to the theoretically required amount needed to convert all the fixed carbon to carbon monoxide. For most setpoints, the secondary flow was set to correspond to a total λ of 0.30 through primary and secondary together. The remaining amount of oxygen was added through the tertiary register. For setpoints corresponding to λ < 0.30, minor adjustments were made to obtain a significant flow through the secondary register. Moreover, the oxygen distribution was incorrectly set during two tests (softwood λ = 0.40 and 0.47). However, this did not seem to affect the results significantly (see Section 3 below).



To obtain stable and representative gas concentration measurements, each individual setpoint was operated for at least one hour whenever possible. Experience has shown that the syngas composition stabilized at a new level approximately 15–20 min after the start of a new setpoint. Experimental data collected during the last 20–40 min of each setpoint were used in the evaluation. Included datapoints were generally averaged before being presented in Section 3.



The fuel feeding rate was set so that a thermal power of approximately 20 kW was achieved. The fuel feeder was calibrated separately for each fuel type before any gasification experiment. Although there were some variations in the fuel feeding rate between different setpoints, this was compensated for when calculating the actual λ value in Table 2. Between individual setpoints, the fuel feeding was stopped while the oxygen flow was maintained. This procedure ensured that the remaining char was burned out of the bed. In this way, the risk of possible memory-effects during the experimental days was minimized.



The operating conditions, process temperatures, and carbon closures for each setpoint are summarized in Table 2. The process temperature was measured using the thermocouple marked *T (S) in Figure 1, and varied between approximately 850–1150 °C. The temperature in the bed was generally 50–250 °C lower compared to the process temperature.




2.4. Syngas Sampling and Analysis


2.4.1. Gaseous Components


A Fourier-transform infrared spectroscopy instrument (FTIR) was used to continuously analyze the concentrations of H2O, HCl, and NH3 in the gas, at a sampling rate of 5 Hz. The relatively quick sampling frequency also enabled monitoring of the process stability. The FTIR sampled syngas from a trace-heated line (~150 °C) at the outlet of the gasifier (before the quench cooler), as seen in Figure 1. The instrument itself measured gas concentrations at 190 °C.



Additionally, syngas was continuously sampled from the syngas pipe after the quench cooler using a µGC (Varian 490 GC with molecular sieve 5 A and PoraPlot U columns) as seen in Figure 1. Before entering the instrument, the gas was cleaned using a glass wool filter and cooled, using a Peltier cooler, to approximately 4 °C to remove residual moisture. The µGC logged He, H2, N2, O2, CO, CO2, CH4, C2H6, C2H4, and C2H2 concentrations approximately once every 3 min.



In addition to online measurements, gas bag samples were collected and analyzed using a gas chromatograph (GC). Two gas bag samples were collected for each setpoint. The sample bags were rinsed three times with air before use. The GC (CP 3800, Varian, Palo Alto, CA, USA), described in previous works [13], was able to analyze the same compounds as the µGC, with the exception of He. However, the GC was also able to analyze additional hydrocarbons using a flame ionization detector (FID) and sulfur compounds using a pulsing flame detector (PFPD). It is worth noting that the instrument was not able to separate C2H2 and C2H4, and that these compounds were presented together when using the instrument.




2.4.2. Particulate Matter


A 13-stage gravimetric low-pressure impactor (LPI), from Dekati Ltd., Kangasala, Finland, was used to analyze particulate matter entrained in the syngas. Like the FTIR, the LPI sampled syngas from a trace heated line (~150 °C) at the outlet of the gasifier located before the quench cooler. The LPI itself was also heated to approximately 150 °C to avoid condensation of water vapor. Particles were separated gravimetrically based on their aerodynamic diameter, between 0.03–13 μm, enabling estimations of mass concentration (mg/Nm3) and size distribution of particulate matter in the syngas.





2.5. Online Tunable Diode Laser Absorption Spectroscopy (TDLAS) Measurements


Water vapor, temperature, and soot were measured using tunable diode laser absorption spectroscopy (TDLAS) using absorption lines between 7153–7155 cm−1. The system consisted of a distributed feedback laser diode, a laser controller, and a data acquisition system. The same absorption lines have been used in several publications, e.g., [15]. A more detailed description of the system and the process used in this publication can be found in [16,17].



The measurements in the gasifier were performed by directing the laser beam through the gasifier using in-house built optical access ports. The location of the optical access ports was roughly at the same height as ^T (S) in the reactor, i.e., approximately 0.8-0.9 m above the bed. The optical access ports were built as a pipe, going from the inner wall to the outside of the reactor, where the end of the pipe had a window. The optical ports were equipped with an inlet for N2, giving the possibility to constantly flush the pipe to ensure a constant pathlength. With the N2 flushed optical access, it was assumed that the absorbing pathlength was equal to the inner diameter of the reactor (19 cm).



The TDLAS system was operated at 100 Hz, and the acquired spectra were averaged in sequences of 100 spectra, resulting in a sampling rate of 1 Hz, this sampling rate was equal to the one of the control system and the FTIR. The averaging was used to reduce the impact of electrical noise to the results.




2.6. Ash Sampling and Analysis


During operation, ash accumulated in the reactor bed. The operation time was, therefore limited because experiments had to be completed before the bed was filled with ash. Furthermore, the ash could only be extracted after the reactor had cooled down after an experimental day. The ash samples were therefore the result of all operating conditions implemented during that experimental day, including the char combustion occurring in between individual gasification setpoints. The gasification process was thereby “semi-continuous”, meaning that fuel and oxidant feeding, as well as syngas production, was continuous, but ash extraction was not.



The ash samples, in the form of loose powder and slag, were analyzed with respect to elemental composition using a Hitachi tabletop scanning electron microscope (SEM) equipped with an energy dispersive x-ray spectrometer (EDS). Furthermore, the particulate matter collected by the LPI, containing soot and fly ash, underwent similar analysis. The SEM was used to analyze heterogeneous organic and inorganic materials down to a micrometer (μm) scale. Powder samples were placed on aluminum studs using copper tape, and slag bits were fastened on a holder. The SEM created a topographic image of the sample surface, after which the EDS unit was used to analyze the characteristic x-rays to obtain qualitative and quantitative elemental information. An average elemental concentration and standard deviation were obtained for each experimental run by analyzing three different samples (one powder and two slag samples) and looking at three different spots on each sample.




2.7. Thermodynamic Equilibrium Calculations


Thermodynamic equilibrium calculations were performed to study the behavior of the ash constituents as a function of temperature. The analysis was performed using the Factsage 7.2 Software, which includes databases for hundreds of pure substances and solution phases. By minimizing the Gibbs free energy of the studied system, the software made it possible to study which compounds were thermodynamically stable at different conditions. Databases used in the calculations were the FactPS and FToxid.



Using the elemental composition obtained from the SEM-EDS measurements as input, the thermodynamic modeling was performed by varying the temperature between 500–1500 °C in 100 °C increments.





3. Results and Discussion


3.1. Process Temperature


The process temperature during oxygen blown gasification is mainly affected by the O2 stoichiometric ratio, i.e., λ. A higher λ means that more O2 is being added to the process, resulting in higher process temperature due to increased heat generation from exothermic combustion reactions. The measured process temperatures for the two fuels, softwood and hardwood bark, can be seen in Figure 3. The process temperatures for both fuels, softwood and hardwood bark, increased with higher λ, as expected.



The low process temperature for hardwood at λ ~0.40 was most likely caused by the lower starting temperature in the gasifier during that experimental day compared to the other hardwood experiments. Furthermore, the same reason was believed to be responsible for the unnatural temperature trend at λ above 0.50. This can be explained by the relatively high ceramic mass inside the gasification reactor, which made the system very sluggish, causing it to take a long time before reaching thermal equilibrium. The three highest λ setpoints were operated during one experimental day for each feedstock. The experiments were performed in the order λ = 0.60, 0.55, and 0.50 for both fuels (note that these were the targeted λ values and not the actual values). Thus, the temperature measurements for the higher λ setpoints were probably underestimated since the system did not reach thermal equilibrium.



This was, however, not expected to have had such a huge impact on the main components of the syngas. It has previously been shown that the main components (CO, H2, and CO2) reached a new equilibrium relatively quickly after a λ change [18,19,20]. Methane (CH4), on the other hand, was shown to be strongly correlated to the process temperature [9], which also turned out to be the result of the low-temperature experiment with hardwood at λ 0.40.




3.2. Major Syngas Species and Gasification Efficiency


The yields of the major syngas components hydrogen (H2), carbon monoxide (CO), and carbon dioxide (CO2) were calculated from the µGC gas analysis. The total syngas yield (mol/kg fuel) was calculated using the trace helium (He) concentration, as previously described [14]. The yield of steam (H2O) was obtained from the FTIR. All yields of the major syngas components can be seen in Figure 4 as functions of λ.



The highest yields of H2 and CO (Figure 4a,b) were obtained around λ 0.40 for softwood bark and around 0.50 for hardwood bark. The reduced yields of H2 and CO at lower λ were most likely caused by incomplete gasification, resulting in carbon and hydrogen atoms still being bound as hydrocarbons or other products of incomplete gasification such as soot, char, or tar (see Section 3.4, below). The poor carbon mass balance closure at λ below 0.35 may be an indication of char accumulation in the bed under these operating conditions (Table 2). An alternative explanation may be that the amount of tar and soot formed was underestimated due to non-representative sampling at lower λs. Of these two explanations, the former is considered to represent the most significant contribution to the incomplete mass balance.



The decrease in H2 and CO yields at higher λ values (λ > 0.5) could be explained by a shift towards chemical oxidation reactions increasing the formation of CO2 and H2O, as seen in Figure 4c,d. The gasification experiments with hardwood bark generally displayed a greater variation in the results compared to softwood bark. This was particularly noticeable for the H2 and CO data (Figure 4a,b). The data for softwood bark seemed to follow a smooth imaginary line, whereas the datapoints for hardwood bark were more scattered. The reason for this is not clear, but it may have been caused by experimental uncertainties.




3.3. Gasification Efficiency


The yields of combustible gases reflect the efficiency of the gasification process. The efficiency can be measured using the so-called cold gas efficiency (CGE), which is defined as the ratio between the amount of chemical energy stored in the cooled syngas and the chemical energy from the fuel, as seen in Equation (2).


  CGE =       m ˙   C G   L H  V  C G       m ˙   f u e l   L H  V  f u e l      



(2)







In Equation (2), ṁCG (kg/s) and ṁfuel (kg/s) are the mass flow of cold gas from the reactor and the mass flow of the fuel into the reactor, respectively. LHVCG (MJ/kg) and LHVfuel (MJ/kg) are the lower heating values for the cold gas and fuel, respectively [21].



Depending on the intended end use of the produced gas, calculations for CGE might differ. If the gas is supposed to be used for heat or power generation, all energetic components may be included (CGEpower) as they may all be burned in a gas turbine or engine. If the gas is instead supposed to be used for fuel synthesis, only the H2 and CO components are included (CGEfuel), as they are the only active components in the synthesis process if, e.g., methanol, dimethyl ether, or Fischer–Tropsch fuels are targeted [13,21].



Both CGE values were calculated for each setpoint and are presented in Figure 5 as functions of λ. The optimal values for softwood bark were obtained at λ ~0.40 for both CGEpower (76%) and CGEfuel (69%). For hardwood bark, the optimal values were obtained at λ ~0.40 for CGEpower (70%) and ~0.50 for CGEfuel (64%). The CGE values of hardwood bark had larger variations compared to softwood bark. The two points representing λ = 0.46 and 0.47 were most likely underestimated, probably due to experimental measurement errors caused by variations in operation.



The differences between hardwood bark and softwood bark may also have been caused by different oxygen distributions in the primary, secondary, and tertiary oxygen inlets. The oxygen mass flow distribution varied between some of the initial experiments (see Table 2), resulting in a couple of the softwood bark experiments having an oxygen distribution shifted towards the secondary and tertiary inlets. How oxygen distribution affects gasification performance is something that will be investigated further in future work.




3.4. Minor Syngas Components and Particles


Tar formation is one of the major problems during the low-temperature gasification of biomass [22]. Tar undergoes secondary and tertiary reactions at higher temperatures generating polyaromatic hydrocarbons (PAHs) [23], which ultimately results in soot inception (e.g., [24]). Other research groups have previously shown that the amount of tar decreases with increasing gasification temperature [25,26,27]. At temperatures above 1100 °C, the tar yield became negligible, while soot was formed instead. The optimum for soot formation seemed to be found at about 1100–1200 °C, while even higher temperatures resulted in soot conversion. The idea behind the pilot design used in this work (FOXBG, Figure 1) was that the oxygen jets from the secondary and tertiary registers would result in sufficiently high reaction temperatures for tar destruction already in the gasification reactor. Experience has also shown that the syngas from FOXBG contains only small amounts of tars, but that some soot is formed instead. Of the aromatic components, benzene is mainly found, which was also the most abundant aromatic species found by Zhang et al. during partial oxidation of biomass at high temperatures [27]. For this reason, this section focuses on minor hydrocarbon species such as methane and acetylene, as well as benzene and soot in addition to some S-, N-, and Cl-containing syngas species.



The yields of the minor syngas components, methane (CH4), acetylene (C2H2), and benzene (C6H6), as well as the particulate matter (soot) entrained in the syngas, can be seen in Figure 6 as functions of λ. The yields of CH4 and C2H2 (Figure 6a,b) were obtained from the µGC gas analysis, while benzene (C6H6) (Figure 6c) was obtained from GC analysis of gas bag samples. The yields of the hydrocarbons decreased with increased λ for both fuels. Previous works have indicated that the syngas composition of these species strongly correlates with the gasification temperature [9] and that, like these experiments, the hydrocarbon yield decreases with increasing process temperature. The unexpectedly high concentration of CH4 and C2H2 for hardwood at λ = 0.40 can be explained by the lower process temperature during that experimental day, as seen in Figure 3.



The yield of soot (mol/kg fuel) (Figure 6d) was calculated assuming the particulate matter being composed entirely of carbon (i.e., molar mass 0.012 kg/mol). This is, of course, a rough approximation. Analysis of the particulate matter from gasification experiments at λ 0.40 using SEM/EDS revealed that the particles were composed of approximately 65 mol-% carbon, 25 mol-% oxygen, while inorganic elements such as silicon, potassium, and calcium accounted for the majority of the remaining part. Previous work showed that an increased process temperature (i.e., increased λ) resulted in a reduction of the carbon content of the particulate matter due to the oxidation of soot. At the same time, the proportion of inorganic material increased due to both carbon oxidation and a higher degree of inorganic vaporization from the fuel particle [28].



The soot yield was included in the carbon mass balance estimation of Table 2. However, based on the above discussion, it can be argued that the soot yield was overestimated due to the presence of other elements in the particulate matter, especially at higher λs. Nevertheless, estimated soot yields accounted for only a few percent of the total carbon balance in this work, and the results are still considered reasonable given the magnitude of other experimental measurement uncertainties.



The soot yield was reduced at higher λ for both fuels. This was in line with previous work, where soot and PAH yields from gasification of biomass were shown to decrease at higher λ [19]. Enhanced soot conversion is achieved at higher process temperatures and higher oxygen stoichiometry (e.g., [25]).



The gas yields of hydrogen sulfide (H2S) and carbonyl sulfide (COS) (Figure 7a,b) were obtained from GC analyses of gas bag samples, while ammonia (NH3) and hydrogen chloride (HCl) (Figure 7c,d) were obtained from the FTIR. The amounts of S, N, and Cl were relatively small compared to the other constituents in the feedstock (e.g., ash, C, H, and O), as seen in Table 1. Therefore S, N, and Cl were only found in low concentrations in the syngas and/or ash. The experimental measurement error becomes proportionally large at low concentrations, which may be one of the reasons why the mass balances for these elements have not been successfully closed.



The yield of H2S from softwood gasification seemed to decrease with increasing λ, whereas the COS yield was relatively constant over the experimentally tested λ range. Gasification of hardwood resulted in low H2S yields over the whole λ range. The hardwood COS yield was slightly lower compared to softwood at operational setpoints below λ = 0.40. Otherwise, the COS yields were similar from both feedstocks. It was previously concluded that the release of sulfur species during gasification of coal is complex and highly dependent on the mode of occurrence of sulfur, as well as the influence of other inorganic elements of the ash such as calcium (Ca) and magnesium (Mg), which may have a capturing effect [29,30]. The higher calcium content of the hardwood bark may therefore have prevented the sulfur release, resulting in the overall lower H2S and COS yields in this work. Other researchers also conclude that additional research is necessary to fully understand the effect of stoichiometry, gasification temperature, and other inorganic species on the release of sulfur species to the product gas [31]. COS can be converted to H2S via the reaction COS + H2O ⇌ H2S + CO2, but reaction kinetics is reported to be slow [30]. This may explain why the COS yield did not appear to be significantly affected by operating conditions during the experimental trials (Figure 7b). Similar behavior was reported regarding the COS yields from different biomass feedstocks converted at different temperatures under gasification-like conditions [32].



The nitrogen content of hardwood bark was almost twice that of softwood bark (Table 1). This may be one of the reasons why the NH3 yield was approximately 1.5–3 times higher for hardwood bark compared to softwood bark (Figure 7c). Increasing λ seemed to decrease the yield of NH3. Other researchers showed that the conversion of NH3 to N2 during gasification was temperature-dependent, with the syngas content of NH3 decreasing with higher temperatures [33]. This may explain the results for NH3 in this work, which also indicated reducing NH3 yields at higher λ, i.e., higher temperature. Fuel-N may also result in the formation of HCN. However, the yield of HCN during gasification of biomass is usually much lower than the NH3 yield [33], and therefore not measured in this work.



The fuel content of chlorine in hardwood bark was approximately twice that of softwood bark (Table 1). Nevertheless, the estimated yields of HCl as functions of λ were essentially similar (Figure 7d). It is well known that chlorine tends to react with gaseous alkali species, which precipitate as alkali chlorides as the syngas is cooled downstream of the gasification reactor [34]. The total alkali content (K + Na) of the hardwood bark was approximately 1.6 times the corresponding content of the softwood bark. It was thus in the same order of magnitude as the difference in chlorine content. The formation of alkali chlorides may, therefore, explain the reduced HCl levels at higher λ, as the higher temperature is likely to result in greater evaporation of volatile alkali metals [35]. However, the chlorine mass balance was not the focus of this work and will therefore have to be investigated further in future studies.




3.5. Online TDLAS Measurements


Figure 8 shows two hours of real-time water concentration measured by TDLAS and FTIR. In addition, the temperatures measured by the TDLAS and the thermocouple closest to the TDLAS-position are shown in the graph. The graph shows measurements during gasification at two equivalence ratios and char combustion in-between. The water concentration measured by the TDLAS was found close to the concentration measured by FTIR. The temperature derived from the TDLAS measurements showed a temperature around 1200 K. This temperature was in line with the thermocouple readings. Since the thermocouples used for measuring the temperature in the reactor core were placed inside alumina tubes with a diameter of 5 mm, this made the temperature fluctuations difficult to resolve due to the high thermal inertia. The temperature fluctuations could however, be resolved with the TDLAS technique.



The variations captured by the TDLAS in water concentration and temperature were observed in the raw spectroscopic TDLAS data as well as for the water concentration measured by the FTIR. However, the averaging effect of gas mixing probably resulted in smoothening of the water concentration measured by the FTIR. The FTIR instrument was located a few meters from the gasifier, and it, therefore, took a while before the syngas reached the FTIR’s measuring cuvette. Nevertheless, both instruments indicated evident fluctuations. It can therefore, be assumed that this was related to the process itself and not caused by measurement artifacts. By calculating the power spectral density of the water concentration from the TDLAS and the FTIR, and the reactor core pressure logged by the control system, the nature of the variations could be investigated. However, no clearly isolated frequency peaks in the calculated power spectral density plots were found for either of the signals. This indicates that the variations have no natural frequency and can be considered as randomly occurring.



Figure 9 shows a comparison between the average water concentration measured with TDLAS and FTIR (a) and average temperatures measured by the TDLAS and the closest in-core thermocouple (b). The average values were calculated from the last 30 min of each experimental setpoint. Generally, the water concentration increased as a function of the O2 equivalence ratio, λ. It was also found that gasification of hardwood resulted in a higher concentration of water than softwood. The differences in water concentration between the TDLAS and the FTIR measurements were relatively small; here, the error bars represent the largest relative difference measured between the instruments in combustion mode. The largest source of uncertainty for the measurement was inaccuracies in pathlength. For this reactor, an error of 1 cm would account for a 5% relative difference in water concentration.



The temperature measured with both techniques showed temperature measurements between 1000–1400 K. As seen in Figure 8, the thermocouple had a very slow response time. How the reactor was operated, and in combination with averaging, may explain the difference between TDLAS and thermocouple readings for some of the set-points.




3.6. Inorganic Element Distribution


The bottom and fly ash samples were, as previously mentioned, analyzed using SEM-EDS. Three different spots were analyzed for each sample in order to estimate the average elemental composition and standard deviation. The average elemental composition was then used as input for thermodynamic equilibrium calculations to study the theoretical slag formation behavior at different process temperatures during gasification.



3.6.1. Bottom Ash


Ash, in both slag and powder form, was examined for both fuels using the method described in Section 2.6. The results from the bottom ash analysis are summarized in Table S1 (Supplementary Material).



The most common elements besides oxygen and carbon in the bottom ash were silicon and calcium for both fuel types. Comparing the ash analysis results with the fuel analysis (Table 1), the silicon contents in the fuel were approximately the same for both softwood and hardwood bark. The calcium content in the fuel (Table 1) was approximately three times higher for hardwood bark compared to softwood bark.



Thermodynamic equilibrium calculations were performed, using the elemental composition in Table S1 as input, in order to study the slag formation at different process temperatures relevant for gasification. The results from the thermodynamic equilibrium calculations are presented in Supplementary Material Figures S1 and S2 for softwood and hardwood bark, respectively. The most important information from a practical perspective is perhaps at what temperature the ash content was predicted to form slag.



It can be seen that slag formation was predicted to start at temperatures above 900 °C and that the majority of the inorganic elements were predicted to exist entirely in the molten slag phase at temperatures above 1200 °C for softwood bark (Figure S1). Hardwood bark showed similar behavior (Figure S2). However, the slag formation was predicted to start already at 800 °C, and Si and Ca were predicted to be entirely included in the slag phase above 1300 °C. Thus, hardwood bark showed a slightly larger temperature window in which both molten slag and solid phases could coexist. Depending on the viscosity of the slag and/or the slag-solid mixture, there is a temperature window, usually referred to as the “sticky zone”, where ash exhibits undesirable behavior for any gasifier [3]. Slag viscosity is determined by the slag composition and temperature. It has previously been shown that the viscosity increased with the increasing content of SiO2 [36], while alkali decreased the viscosity [37]. Predicting the slag viscosity was, however, out of the scope of the current paper.




3.6.2. Syngas Particulate Matter


Particulate matter entrained in the syngas was also analyzed from LPI measurements using SEM-EDS, see Figure 10. The particulate matter from two setpoints, λ 0.40 and 0.60, was studied for each fuel type. Since only inorganic elements were of interest, the data were normalized, excluding C and O. Furthermore, Al was excluded from the graphs since the results could otherwise have been biased due to interactions with the aluminum foil on which the particles were sampled.



The Si content was higher for softwood compared to hardwood particulate matter, around 5–7 times higher, despite the hardwood fuel containing more Si according to the fuel analysis (Table 1). An explanation for this behavior could be that the hardwood fuel also contained a much higher content of Ca, which is known to react with Si to form various calcium silicates [38] that are expected to remain in the reactor bed. The lower content of Ca for softwood bark may thus have resulted in a larger proportion of Si leaving the bed as volatile SiO(g) [35], to later precipitate as particulate matter forming fly ash.



The yields of the alkali metals K and Na, as well as Zn and Cl in the particulate matter from gasification, were higher for hardwood compared to softwood. The reason for this was probably the higher content of these elements in the hardwood feedstock. Furthermore, the yields of these elements seemed to increase with λ, which seems natural since a higher gasification temperature (at higher λ) should result in higher volatility of these elements. Because of the higher volatility, there is also a higher probability for gaseous alkali species (e.g., K(g), Na(g), KOH(g), NaOH(g)) to react with HCl(g) forming alkali chlorides that subsequently precipitated in the syngas as fly ash particles [34]. The theory that a larger proportion of Cl is bound to alkali chlorides at higher λ also supports the results for HCl(g), seen in Figure 7d, which showed that the yield of HCl(g) decreased with increased λ.






4. Conclusions


Oxygen-blown fixed-bed gasification of bark residues from the pulp and paper industry was successfully demonstrated in the pilot scale. Maximum cold gas efficiency (CGE) was achieved at operating conditions around an oxygen stoichiometric ratio of λ = 0.40 and amounted to approximately 76% and 70% for softwood bark and hardwood bark, respectively. The corresponding yields of CO and H2, valuable for the downstream synthesis of motor fuels, were highest for the softwood bark. The maximum values were around 29 mol/kg fuel and 15 mol/kg fuel, respectively. The experiments indicated that carbon accumulated in the bed at operating conditions corresponding to λ below 0.35.



The yields of methane, acetylene, other higher hydrocarbons, and soot were correlated with the process temperature and decreased with increasing λ. Other minor impurities in the syngas, e.g., NH3 and HCl, also decreased with increasing λ. The situation for sulfur compounds, H2S and COS, was much more complex and seemed dependent on other inorganic elements in the fuel, such as calcium.



The non-intrusive measurement technique using TDLAS enabled time-resolved measurement of both water content and temperature in the syngas. The TDLAS results were in good agreement with the water content measured by the FTIR instrument and the thermocouple close to the TDLAS port, respectively. The TDLAS signals could theoretically be part of a future process—AI (artificial intelligence) control system that enables corrective action to optimize process efficiency.
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Figure 1. Schematic process flow diagram of the fixed-bed oxygen blown gasifier (FOXBG). For process temperature, reference is made to measurements at the thermocouple *T (S), while temperature measurements with tunable diode laser absorption spectroscopy (TDLAS) were compared with top thermocouple, ^T (S). 
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Figure 2. Picture of the fuel pellets used in this work. The ruler on the left-hand side indicates the scale in centimeters. 
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Figure 3. Process temperatures (°C) as a function of λ for softwood and hardwood bark fuel. 
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Figure 4. Gas yields (mol/kg fuel) of the major syngas components (a) H2, (b) CO, (c) CO2, and (d) H2O as functions of λ. 
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Figure 5. Cold gas efficiencies (CGE) as a function of λ, (a) CGEpower and (b) CGEfuel. 
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Figure 6. Gas yields of the minor syngas components (a) methane (CH4), (b) acetylene (C2H2), and (c) benzene (C6H6), as well as yield of particulate matter (d), as a function of λ given in mol/kg fuel. 
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Figure 7. Gas yields (mol/kg fuel) of the trace syngas components (a) H2S, (b) COS, (c) NH3, and (d) HCl as functions of λ. 
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Figure 8. The real-time measurements of H2O by the TDLAS (tunable diode laser absorption spectroscopy) and FTIR (Fourier-transform infrared spectroscopy) and the temperature measured by TDLAS and thermocouple (type S). The data in the graph were acquired during gasification of hardwood for two equivalence ratios and the char combustion in between. 
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Figure 9. The average water concentration (a) and average temperature (b) for λ ratios between 0.25–0.65 of the two tested fuels. Measurements with TDLAS (tunable diode laser absorption spectroscopy), FTIR (Fourier-transform infrared spectroscopy), and thermocouple (type S). 
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Figure 10. Syngas particulate matter (mol-%) from LPI measurements of (a) softwood and (b) hardwood bark. 
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Table 1. Fuel composition of softwood bark and hardwood bark pellets as delivered.
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	Proximate Analysis (wt.%, as Received)
	Softwood Bark
	Hardwood Bark





	Moisture *
	11.7
	11.4



	Volatile matter
	62.5
	62.6



	Fixed carbon
	19.1
	19.4



	Ash
	6.7
	6.6



	Ultimate analysis (wt.%, dry)
	
	



	Carbon
	50.0
	43.4



	Hydrogen
	5.62
	5.21



	Oxygen
	36.3
	43.4



	Sulfur
	<0.10
	<0.10



	Nitrogen
	0.36
	0.58



	Chlorine
	0.02
	0.04



	Calorific analysis (MJ/kg, dry)
	
	



	Lower heating value (LHV)
	18.6
	17.1



	Major inorganic elements (mg/kg, dry)
	
	



	Silicon
	15,100
	16,400



	Aluminum
	2670
	2710



	Calcium
	5950
	17,400



	Iron
	1540
	1320



	Potassium
	2000
	3470



	Magnesium
	744
	1270



	Manganese
	159
	238



	Sodium
	372
	383



	Phosphorus
	185
	408



	Titanium
	155
	155







* moisture content at delivery. The fuels dried somewhat before the gasification experiments, see text above for more details.
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Table 2. Operating conditions, measured process temperature, and resulting carbon closure of the experiments.
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Fuel

	
Fuel Feeding Rate

	
O2 Feeding Rate

	
λ

	
Process Temp.

	
Carbon Closure




	

	

	
Prim.

	
Sec.

	
Tert.

	

	
*T (S)

	




	

	
kg/h

	
NL/min

	
NL/min

	
NL/min

	
-

	
°C

	
%






	
Softwood

	
4.21

	
12.96

	
6.24

	
0.00

	
0.30

	
957

	
89




	
4.24

	
12.96

	
6.24

	
3.20

	
0.35

	
996

	
93




	
4.20

	
5.18

	
14.01

	
6.40

	
0.40

	
992

	
108




	
4.20

	
6.02

	
11.81

	
11.88

	
0.47

	
1052

	
104




	
4.12

	
12.97

	
6.17

	
12.76

	
0.51

	
1120

	
103




	
4.04

	
12.97

	
6.17

	
15.95

	
0.57

	
1136

	
106




	
4.23

	
12.97

	
6.17

	
19.14

	
0.60

	
1125

	
105




	
Hardwood

	
4.31

	
9.34

	
4.63

	
0.00

	
0.26

	
950

	
78




	
4.42

	
13.48

	
2.26

	
0.00

	
0.29

	
944

	
88




	
4.35

	
11.34

	
5.42

	
2.79

	
0.36

	
971

	
94




	
4.59

	
14.34

	
2.42

	
5.59

	
0.39

	
861

	
103




	
4.38

	
11.34

	
5.42

	
8.38

	
0.46

	
1014

	
96




	
4.48

	
13.48

	
2.26

	
10.50

	
0.47

	
1017

	
97




	
4.49

	
14.34

	
2.42

	
11.17

	
0.50

	
1073

	
105




	
4.39

	
14.34

	
2.42

	
13.97

	
0.56

	
1077

	
103




	
4.39

	
14.34

	
2.42

	
16.76

	
0.62

	
1062

	
106
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