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Abstract

:

Pyrolysis is a thermochemical process that consists of the degradation of organic polymers and biomass minerals in lignocellulose materials. At low pyrolysis temperature (300–400 °C), primarily carbon is produced during the reaction time. Rapid pyrolysis takes place at temperatures between 500 and 650 °C. If the temperature is higher than 700 °C, the final product is methane, also known as biogas. The pyrolysis generator can be combined with a small power plant (CHP), which is a promising technology because the unit can be installed directly near the biomass production, and electricity can be fed de-centrally to the public utility network, while there are several possibilities for using waste heat in local systems. Carbonaceous ash can be utilized well in the agricultural field, because, in areas with intensive farming, the soil suffers from carbon and mineral deficiencies, and the phenomenon of material defect can be reduced by a proper level of implementation. This study describes the technical content of the biochar pilot project, and then, through a detailed presentation of the experimental results, we interpret the new scientific results. Our aim is to improve the quality of the produced gas by increasing the efficiency of the pyrolysis generator. In order for the pyrolysis unit to operate continuously, with proper efficiency and good gas quality, it is necessary to optimize the operation process. Our review reveals that the use of vibration may be advantageous during pyrolysis, which affects the mass of the pyrolysis carbon in a plane. Accordingly, the application of vibration to the input section of the funnel might enhance the quality of the gas, as well. The study concludes that more accurate dimensioning of the main parts of the gas reactor and a more convenient design of the oxidation and reduction zones enhance the good-quality gas output.
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1. Description of the Developed System within the Project


Pyrolysis systems were designed based on the results of available technical resources and the authors’ experience and suggestions. We refer to previous results about the design and measurement on several occasions in order to highlight the specific reasons for this solution [1,2,3,4]. Oxidation and reduction are important processes for gas quality [4]. Noncombustible gases in the pyrolysis space, as well as carbon dioxide and water, pass through the oxide field and on the glowing charcoal in the lower layer, which reduces them during further chemical reactions [5,6,7,8,9,10,11,12]. In the quality zone, the endothermic process takes place, removing heat from the environment. If you do not use a favorable temperature of 750 to 1000 °C, you will deteriorate the quality of the gas produced [13]. The release of hydrocarbons occurs around 800 °C, with the secondary air entry into the fibered, and the gases are burned with a visible flame. The chemical processes and corresponding energy changes can be represented as follows:


  C +   CO  2  → 2  CO     (  − 164.9    MJ  /  kg   mol   )   










  C +  H 2  O → CO +  H 2     (  − 122.6    MJ  /  kg   mol   )   










  CO +  H 2  O →   CO  2  +  H 2     (  + 42    MJ  /  kg   mol   )   










  C + 2  H 2  →   CH  4     (  + 75 MJ /  kg   mol   )   










    CO  2  +  H 2  → CO +      H   2   O     (  − 42.3 MJ /  kg   mol   )   











The proposed system differs in many respects from what is known in the literature, mainly because of the simplifications of top-fed and bottom-fed solutions [14,15,16].




2. Flowchart and Structure of the Developed System


The incoming biomass is transported from the site (yard) storage space to the preinstallation storage space, where it is dried to the desired moisture content. The hot gas interacting in the gas–air heat exchanger (presented in Figure 1 and Table 1) provides the heat needed for this. The direction of the processes is indicated by arrows. The air entering the oxidation space is also preheated by the air passing through a said heat exchanger. So, on the other side of this heat exchanger, the air is preheated, and then the water is injected into this airstream. This process is already taking place in the reactor space. The pressure in the total space of the reactor (from the gas discharge side) is smaller than the atmospheric pressure (due to connected vacuum pump), which also determines the direction of gas flow.



The gas discharged from the lower part of the generator cools through the heat exchange, and the cooler gas enters the dust filter, where the powder is coarsely separated, and, from here, it moves on to pass through a safety filter, to get completely tar-free gas into the system [17,18]. This allows the engine to be protected from deposits in the combustion chamber. Waste heat from the engine is presented by water/water heat exchanger. The heat exchangers serve to preheat domestic hot water. The final temperature of the domestic hot water is practically made by the high-temperature flue gas flowing out of the engine [19,20]. As a result, a clean and low-temperature flue gas is released into the environment. This is achieved by the complex system at its best efficiency. The system is illustrated in more detail in Figure 2, by marking each unit (Figure 2 and Table 2).



Items No. 3, 4, 5, and 7 were basically the subjects of the investigation, since the process of decomposition, its quality, and the performance of the equipment also depend on them. The oxidation air, as well as the recirculated gas mixture and the vapor phase, were introduced at site 2. The heated air in the heat exchanger is fed with water through a high-frequency valve, which is due to the high temperature; it is then converted into steam and fed into the oxidation/reduction zone through the nozzle No. 8.



The composition of the investigated substances, fast and slow degradation, and the effects of heating rate have already been described in detail in a previous article about this research program [21]. In the part of the equipment where the air is introduced, a certain part of the pyrolysis products is oxidized. The energy obtained here covers the heat demand of the thermal decomposition in endothermic processes. An important feature of the further zones is the decomposition of tar and its conversion into smaller molecules, which is very important for the operation of the Gary motors [22,23]. The goal was that the tar should not cross the oxidation zone. This cannot occur here at a lower temperature [24,25,26]. In the fixed-bed zone of the reactor model, the roasting progress takes place in the parabolic cone [27].



Thus, the geometry of the oxidation zone is a fundamental and critical design factor. The thickening of the throat helps to concentrate the heat, so the airflow should be such that an equally high-temperature zone is formed throughout the cross-section (Figure 3). The complete cross-section of the incoming air (air–steam mixture) up to the wall must be filled (space 3 in Figure 3). The volume of gas flowing through the solid bed is then determined by the particle size and the upper opening of the drying space [28]. Between the upper and lower portions of the inlet portion, the inlet cross-section ratio at or near 3:2 is favorable (presented by Figure 4 and Figure 5). The angle of the cone formed by the constriction influences the friction of the material and the downward movement thereof. The axial movement velocity of the flow of carbon and gases, i.e., the residence time in space, should be such that the maximum conversion is achieved [29,30].



In the transient double cone, the indicated narrowing is usually appropriate, but the actual dimensions depend on the particle size and size of the particles, since particle friction processes play an important role in the reduction [8,15,31,32,33]. It is preferred that, at the introduction of the material to be gasified, the opening between the opening and the wall is at least as wide as 10 large particles (i.e., 300–500 mm for “G50” material).



The amount of material above the pharynx increases the interaction between the surface and the particles, i.e., the friction between the sidewall and the particles. If the wall exerts a greater frictional force than the weight of the layer on a particle layer of thickness, the pressure will not increase further. The maximum pressure (in (Pa)) is calculated with Equations (1) and (2):


   p  m a x   =   r   ρ   g   2  μ *     



(1)






   P  m v   =  p  m a x      r 2  π =      r 3    π   ρ   g   2  μ *     



(2)




where r = diameter of the orifice (m), Pmv = downward force (N), ρ = density of the substance (kg/m3), and μ* = coefficient of friction between particles (varies with particle size).




3. The Aperture and Angle of the Reduction Cone


A practical question is whether the storage tanks are gravitationally drained or vibration is required. For example, if the radius and height of a cylindrical container are the same. When particulate material is introduced into the container, the pressure acting on the bottom of the container initially increases similarly to the hydrostatic pressure of liquids. However, the amount of material poured in increases the interaction between the sidewall and the granules, and, with it, the friction between the sidewall and the granules increases [34]. If the wall exerts a greater frictional force than the weight of the layer on a particle layer of thickness, the pressure will not increase further. Part of the weight of the cast material is supported by the sidewall, which is also subject to vertical resulting forces (presented by Figure 5). The tension in the material and the arches that block the outflow occur. The extent of this is significantly related to the quality of grinding, i.e., longer fiber residues can also be inhibitory causes [35,36]. From this point of view, the simplest experimental study of their statics is the measurement of the slope. The cast materials do not spill out; instead, they form a more or less regular cone. The angle of the cone component with the horizontal is the slope. The extent of the slope, which depends on the size, shape, and material quality of the particles, is also influenced by other operating forces besides the construction. In the present case, the gas flowing between the particles, which cause their displacement, but also the shredding knife on the lower part of the reduction basket, which also acts on the vertical force, plays a role.



The angle of the upper cone is represented by Equation (3):


  t g α =   D − d   2   h    



(3)




where D = diameter of the oxidation zone (300 mm), d = diameter of the transition (stenosis) (100 mm), and h = height of the upper cone of the reduction zone (170 mm).



In terms of static state, a runoff occurs when the following occurs (Equation (4)):


   P s  <  P  R X    



(4)







So, the thrust is greater than the friction (Equation (5)):


   P  R Y     t g ρ <    P  R Y     t g β  



(5)






  t g ρ < t g β  










α = β + Υ











Model measurements with planar carbon particles (~1.0–8.0 mm) show that the runoff intensity is stable in the range of ~40°–60° (presented by Figure 6), which is advantageous for the smooth operation of the system.



If α is reduced to PS, the PRX thrust will be greater, so the flow will be faster. But when α is high, the PRX decreases against the frictional force (PS), and the ability to pass is impaired. After all, the drive compression force must be greater. In an existing system, this can only be achieved by increasing the pressure difference (increasing the vacuum) [37,38].



Ultimately, PGV (differential gas pressure in vacuum) = oxidation chamber pressure – vacuum at the exhaust outlet.



The friction hemispherical angle (tgρ) decreases the possibility of flow to the free outlet value in the case of a 60° inclined funnel. Above 60° for steel and carbon, ρ is already less than 8°–9°, which is less than the internal friction value, thus the tendency for arching is moderate (negligible). In practice, the resulting reaction force is overcome by the effect of differential pressure [39,40]. Flow is safe at the calculated and measured flow rate (velocity). Therefore, the cone angle was chosen to be 60°.




4. The Effect of Porosity


The position (porosity) of the various particles of the material, the size of the gaps (presented by Figure 7), and the “compactness” of the material determine the gas permeability of the set and thus influence the rate of reactions [41,42,43].



Volumes and/or densities should be measured to determine porosity. The relative void volume is the value of the intergranular void volume relative to the total volume (Equation (6)):


  ε =    V h    V +  V h     



(6)




where V = material volume (m3), and Vh = the so-called. gap volume (m3).



The porosity can also be calculated from the bulk density, in which case, in addition to the volume of the particles, the volume between the particles, filled with air, must also be taken into account (Equation (7)):


   ρ t  =  m  V +  V h     



(7)




where m = mass of the substance (kg).



The porosity with Equation (7) could be Equation (8):


  ε = 1 −    ρ t   ρ   



(8)




where ρ = density of original material (kg/m3).



During pyrolysis, air or particles between the particles are removed. The product gas is flowing. The flow rate of gas through the granular medium is proportional to the pressure gradient of the system (Darcy’s Law). That is the homogeneous gradient, the difference between the pressure of the gas at the upper (po) and lower (pk) levels divided by the distance of the measuring points (qg) (Equation (9)):


   q h  =   Δ p  h   



(9)




where Δp = (pk − po) = difference in gas pressure (Pa), and h = distance between measuring points (m).



In the discharge of gas through the grain gap, the properties of the particulate set and gas must also be taken into account (κ factor) (Equation (10)):


  κ =   ε   ρ   g   μ    



(10)




where ε = porosity of the particulate set, ρ = density of the gas (kg/m3), μ = dynamic viscosity of the gas (Pa/s), and g = gravity constant (m/s2).



The κ factor could also be called the gas conductivity of the set. Carbon from biomass is highly porous. The porosity of the inner part is generally nonuniform, typically having a small anisotropic structure, and the pores forming on the outer parts expand. The pores could be open, closed, or connected shapes. Researches show significant changes due to higher temperatures [44].




5. Effect of Adding Water and Air


The tar-reduction methods can be divided into five main groups: mechanical, system modification, thermal cracking, catalyst cracking, and plasma process. According to Phuphuakrat T. et al. [45], water and air (water vapor) have a strong influence on the tar decomposition reaction. The weight loss of gravimetric tar was 78% for thermal cracking and 77%–92% for water vapor and air intake. According to other sources, the introduction of air and H2O in the process of pyrolysis of biomass and catalytic gasification has a significant beneficial effect [25]. During their conversion, the proportion of tar compounds is reduced during the conversion to gaseous compounds [46].



In gasification reactions above 900 °C, all effects are present [47]. The temperature of the gas produced alone should be heated to 1200 °C, to reduce the tar content to 15–20 mg/Nm3. According to the literature, the highest cold-gas efficiency can be achieved with a carbon-dioxide-containing atmosphere. For any dosing or administration, it reduces the tar content to below the limit for engines due to gas remixing and oxidation [48].



Our aim was to improve the performance of the system, without major modifications, while keeping the gas to its permitted purity [39]. Several sources of literature have referred to this possibility. It was emphasized that the introduction of water and air into the oxidation or reduction space changes the composition of the gas and reduces the tar content. By injecting water, the water (water vapor) flowing into the open pores of the carbon particles (presented by Figure 8) dissociates into hydrogen and carbon monoxide. This also changes the composition, flammability, and energy content of the gas.



To check this, different amounts of water were injected into the system through the aforementioned injectors through the adjustability of the oscillating valves (dosing frequency). Water entering the valve was added to the pyrolysis feed air. A significant part of the water vapor/air mixture was delivered directly to the oxidation and reduction space. The results of these studies are presented in Table 3. The diagrams drawn from these illustrate the changes in the process (presented by Figure 9, Figure 10 and Figure 11). The effect of the system temperature on the gas composition is of decisive importance, but it also influences the temperature of the reduction space when introducing the water/air mixture, but it is important to maintain the proper temperature for degradation. To achieve this, the reduction double funnel-shaped transition below the oxidation space requires the correct choice of mouth size. Proper design is important because of the residence time required for the reaction and the flow of sufficient material. The biomass feed should match the mass flow of the glowing carbon passing through the double cone. The experiments were performed at a constant value of the output power of the equipment.



As a result of the amount of water introduced into the vibrating valve (indicated by the frequency of vibration), the temperature of the reduction space decreased (Figure 9). From the results, it can be seen that it is not advisable to add more than 1.5 kg/h of water to the present apparatus, so that the temperature in the reduction space does not fall below 950–1000 °C. The introduction of air also has an effect on the temperature of the reduction space [49]. Given that more oxygen is introduced into the air, the combustion improves its temperature-increasing effect. The introduction of more than 9.0 to 9.5 m3/h air volume for the reported equipment is not justified, as it would already reduce the temperature of the reduction space. It follows from the two relationships that the relationship between water and air dosing is exponentially decreasing (almost linear). It follows that, when increasing air, the amount of water should be reduced.



However, the introduction of water increases the amount of hydrogen in the gas, which is very favorable for the energy content of the gas. The amount of water intake should be used with caution since larger amounts of water reduce the temperature of the reduction space, which results in a reduction in tar degradation. In contrast, because of the air supply, the temperature of the reduction pond increases, so the optimum should be sought for the two values.



The favorable values for this unit are ~9.5 m3/h airflow and ~1.1 kg/h water flow. This is also illustrated in Figure 11.



The literature also points out that the effect of water and air intake, as well as the remixing of the primary gas, results in a change in the composition of the gas that can be used, possibly increasing its energy content. Our experiments with the prototype equipment showed that the changes in the gas composition of this medium-sized hardwood biomass chip were significant. Because the throat diameter of the reduction cone determines the mass flow rate of the “material” to be transmitted, the flow rate could only be adjusted to the feed materials by vibrating the mass of material in and below the cone, to aid flow. The composition of the gas, according to the final gas components, was measured with a VISIT 03H gas analyzer (Table 4).



Due to the high temperature of the oxidation and reduction zone, the other hydrocarbon content is less than 2%. It has a tar content of 0.1%–0.3% based on the gas recovered, 15–35 mg/m3, which does not affect the operation of the gas engines. For the production of 1.0 Nm3 gas, 1.42–1.48 kg of air-dried hardwood (biomass) was needed.




6. Conclusions


Tests on prototype equipment have shown that fixed bed equipment produces quality biogas that is suitable for gas engines to produce fuel and CHP heat and electricity. The quality of the pyrolysis gas is fundamentally influenced by the design of the equipment, in particular, the size and shape of the reduction and oxidation spaces, and the introduction of various additives into these spaces. In order to obtain a good product, the temperature in these spaces should not change significantly. It is harmful to engine operation if the gas contains tar. When temperatures drop, the tar is not completely decomposed. Furthermore, the addition of water/air mixture changes the composition of the gas. The water supply increases the hydrogen content, but recirculation of some of the primary gas increases the CO content, and, as a result, the gas purifies less CO2 emissions. In order for the unit to operate continuously, with sufficient efficiency, and to maintain a good gas quality, the carbonated material must be moved in the reduction space. The application of vibration to the entire system is advantageous, as it reduces the space by the use of a suitable scraper for the ash design, which exerts a planar effect on the carbon mass above it. The drive shaft of this scraper must be extended to the throat of the transitional space, the funnel.



The test prototype device may be suitable for serial production, taking into account the measured parameters. Our main goal was to improve system performance without major changes, while maintaining or increasing the purity of the gas produced. In the literature, we have found technology variants that work toward improving the purity of the gas. Introducing water and air into the oxidation or reduction space generally improves the composition of the gas and reduces the tar content. By injecting water, water (vapor) flowing into the open pores of the carbon particles dissociates into hydrogen and carbon monoxide. This changes the composition, flammability, and energy content of the gas. Measurements show that the relationship between water and air supply reduced exponentially (almost linear). It follows that, when the air is increasing, the amount of water must be reduced. In the literature, it has been pointed out that the effect of water and air intake and the remixing of the primary gas changes the composition of the usable gas and increases its energy content. Our experiments with the prototype equipment showed that the changes in the gas composition of these medium-sized hardwood biomass shavings were significant. The new result, that the mass flow of the “material” to be conveyed is determined by the throat diameter of the reducing cone, and the flow rate on the base materials can only be adjusted by vibrating the mass of the material in and below the cone, to facilitate flow.
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Figure 1. The flowchart of the system, with each measured temperature values (edited and designed by the authors). 
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Figure 2. Schematic figure of a pyrolysis generator (edited and designed by the authors). 
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Figure 3. Functional characterization of the generator (edited and designed by the authors). Name of the numbered parts of the generator: 1—Carbonization, pyrolysis space; 2—Drying zone; 3—Oxidation chamber; 4—Primary gas; 5—Injector; 6—Exchanger; 7—Air from biomass (external pressure); 8—Heated air; 9—Water injection (from vibrating pump); 10—Double cone (reduction flow); 11—Reduction zone; 12—Rotating blade and grille; 13—Hot gas, ash, soot, carbon particles. 
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Figure 4. Double cone between oxidation and reduction zones (edited and designed by the authors). 
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Figure 5. The cone angle and the developing force relations (α = β + Υ) (edited and designed by the authors). 
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Figure 6. Mass flow as a function of α (edited and designed by the authors). 
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Figure 7. Typical system diagrams (1—wood granules; 2—carbon granules) (edited and designed by the authors). 
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Figure 8. Conversion of water entering the pores of a high-carbon particle (edited and designed by the authors). 
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Figure 9. The effect of water intake on the temperature of the reduction space (edited and designed by the authors). 
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Figure 10. Effect of air supply on the temperature of the reduction space (edited and designed by the authors). 
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Figure 11. Relationship between air and water intake (in linear case: y = −0.5373x + 6.1759 and R2 = 0.8542) (edited and designed by the authors). 
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Table 1. The symbols and names of each part of the system (edited and designed by the authors).
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	Sign
	Name of Each Part
	Sign
	Name of Each Part





	HCS
	Exchanger
	L
	Air



	FG
	Flue gas (Exhausts)
	MV
	Hot water



	V
	Water
	HL
	Cold air



	G
	Gas
	HV
	Cold water
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Table 2. Sign and names of Figure 2 (source: authors own research).
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	Numbers
	Names of Each Part of the System





	1
	Fuel Feeder (Screw)



	2
	Preheated air, gasification aid



	3
	Carbonation zone (pyrolysis cone)



	4
	Oxidation chamber



	5
	Reduction zone (reduction cone)



	6
	Cross-section part



	7
	Rotating blade (scraper blade)



	8
	Pyrolysis gas exhaust gas pump



	9
	Grate



	10
	Rotary excavator



	11
	Drainage of gas



	12
	Gas closure outer jacket



	13
	Thermal insulation



	14
	Gas and solid baffle inner heat resistant jacket



	15
	Drive motor



	16
	Driveshaft



	17
	Closure cover for repair and assembly
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Table 3. Measured data after water injection (authors own research).
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	Performance (KW)
	Air Supply (m3/h)
	Time (s)
	Oxidation Temperature (°C)
	Mass Flow of Water (kg/h)





	5
	11.25
	83.2
	1165
	0.43



	5
	10.50
	69.2
	1150
	0.52



	5
	10.00
	55.4
	1140
	0.65



	5
	9.75
	43.4
	1136
	0.83



	5
	9.25
	35.6
	1128
	1.01



	5
	8.75
	30.6
	1116
	1.18



	5
	8.50
	26.8
	1080
	1.34



	5
	8.50
	23.8
	1048
	1.51



	5
	8.50
	21,2
	1021
	1.70



	5
	8.25
	19.2
	1010
	1.88



	5
	8.12
	17.8
	1000
	2.02



	5
	8.25
	16.8
	1000
	2.14
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Table 4. Water (H2O), air (Ai), and air and gas (RG + Ai) effect of recirculation on gas composition (authors own research).
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	Gas Components
	H2O (%)
	Ai (%)
	RG + Ai (%)





	CxHy *
	1.91
	1.37
	1.89



	H2O
	2.00
	12.10
	15.20



	H2
	39.80
	29.44
	24.50



	CH4
	8.47
	6.01
	7.44



	CO
	22.00
	37.98
	43.20



	CO2
	25.83
	13.10
	7.76







Note: * 0.1%–0.3% of this is tar (~15–35 mg/m3).
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