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Abstract

:

This article deals with the influence of the final drying degree of moist biomass used as fuel in a power or CHP plant on indirect dryer sizing. For a description of the drying process, experiments with wet bark containing approx. 50 wt% of water were carried out in a laboratory indirect dryer. A new parameter called drying effectivity was introduced, whose size varies according to the degree of biomass being dried. Its maximum value corresponds to the optimal biomass drying, when the relative size of the indirect dryer to evaporate the required mass of water from the biomass would be smallest. Based on the experimentally determined drying characteristics of wet bark, the optimal drying of 13 wt% of water content was evaluated. If the bark was dried to a lower water content, the required relative size and price of the dryer would increase. Similarly, drying a bark with water content above 31 wt% is not very advantageous because drying effectivity continues to increase rapidly at this stage, and the required relative size of the dryer therefore decreases.
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1. Introduction


The use of bioenergy as a renewable energy source for heat and power generation continues to increase in importance as coal combustion reduces. In 2019, renewable energy accounted for 19.7% of the energy consumed in the EU-27 [1], and bioenergy, as the most widely used source, covered 57% of this share [2]. Bioenergy contributes to the EU’s energy security, as most is derived from local biomass production [3]. Biomass comes mainly from three sources: ligneous biomass, agriculture biomass and waste biomass, where ligneous biomass comprises the largest portion at approximately 70%. Examples are bark, saw dust or wood chips obtained from wood industries and forest management operations [2].



More and more small-scale biomass power plants have recently been constructed. The increasing use of biomass as a renewable source for energy purposes depletes the capacity of traditional high-quality forms such as dry wood, straw, etc. Shortages and the rising price of these fuels increases interest in the use of low-grade biomass, whose utilization is often complicated by high water content, and which was previously considered a waste material with disposal issues [4]. Furthermore, the quality of raw biofuels is often degraded by a higher water content, which reduces their calorific value and limits the efficiency of their application.



Nowadays, it is advantageous to use these materials despite their poorer operating parameters, or higher demands on pretreatment technology, should these factors be offset by the low cost of such materials [4]. Actual pieces of these kinds of biomass often possess non-uniform shapes and sizes and a high water content, which is affected by their origin and storage conditions [5]. Therefore, drying and dimensional unification are a suitable way to prepare optimal properties for the further energetic use of these materials [6,7].



Drying, as one of the suitable pretreatments of biomass for burning, improves its heating value and combustion efficiency, while reducing the required capacity of the boiler auxiliary equipment, and often lowering emissions and improving boiler operation [8,9]. Fuel pre-drying could significantly decrease the exergy loss in the combustion process. For equal heat exchange process in the boiler, the exergy efficiency could be increased by percentage points in comparison to conventional direct biomass usage in a power plant [10]. Moreover, pre-drying of biomass reduces the mass flow rate of fuel needed for the desired boiler output, which has an impact on fuel transport and storage, as well as the flow rate of combustion air and flue gas and the boiler size [8].



The aim of most industrial drying processes is to obtain a solid product of a desired quality at a minimum cost and a maximum throughput and to maintain these conditions consistently. Good quality implies that the product corresponds to a number of physical, chemical and biological parameters, each within specified limits [11]. The requirements for biomass drying before energy use are usually somewhat different. Since it is necessary to dry significant mass flows of biomass, it is usually not required to pay close attention to compliance with the exact conditions of the drying process, e.g., even a significant deviation from the optimal temperature or drying time does not necessarily mean excessive degradation of the product, similar to its not completely homogeneous final water content.



Modern drying systems could supply products with a high quality; however, these systems are often not only expensive, but also largely energy intensive, e.g., drying is the most energy- and time-consuming stage of the wood preparation process. Therefore, the main goal should be to manage the drying of significant mass and volume flows of material with the lowest energy intensity because thermal drying requires a large amount of power that accounts for up to 15% of all industrial energy consumption [6,11]. The most commonly used conventional dryers often operate at low thermal efficiency, typically between 25% and 50%, yet may also fall as low as 10% [11]. Therefore, it is crucial to find the optimum design and application of the drying process [6]. Different systems and drying methods always have to be evaluated individually for specific conditions and assignments [6]. These facts, along with an environmental perspective, force researchers to search for more effective ways of drying, such as modifications to the process, modernizing equipment, and waste heat recovery [12,13].



In general, industrial drying technologies can be divided into two basic categories—direct (convective) drying, where the drying medium is in direct contact with the material being dried, and indirect (conductive, contact) drying, where the heat for drying is supplied through a conductive wall separating the heated and drying spaces, so that the drying medium is not in direct contact with the material being treated [8,14].



Efforts to reduce the heat consumption for biomass drying before combustion leads to the application of indirect drying, which utilizes an external heat source [15]. No air or flue gas need to be used to support the drying process, which eliminates heat loss at the outlet of the dryer [8]. Therefore, this method possesses low heat consumption, which is close to the value of the internal latent heat of the evaporated water [15]. Another advantage is the gain of the waste vapor leaving the indirect dryer with a minimum of impurities, which may be easily utilized for external use, e.g., by suitable connection of indirect biomass dryer, the efficiency of a biomass fired steam power station or CHP plant can be significantly increased [16]. The integration of drying into the energy cycle enables a significant reduction in fuel consumption or replacement of high-quality kinds of biomass by low-grade sorts [16,17,18]. In addition, if the material contains dust particles, which is typically a case of low-grade biomass, there is a risk of fire. However, an indirect drying system for woody biomass, where the dried material is in direct contact with evaporated steam, is considered safe in the comparison with conventional air drying [19].



Ligneous biofuels may possess a high initial water content of 50 wt% to 65 wt% [20]. Factors such as storage duration, season, assortment and rain protection have a statistically significant influence on water content of woody biomass [21,22]. The water content of fresh wood chips is approximately 50 wt%, but this could vary between 66 wt% and 36 wt% according to storage conditions [21]. For efficient combustion, it would be appropriate to reduce the biomass moisture to a level of 10 wt% to 15 wt% [4]. At these water content levels, all the free water is dried and drying of the bound water occurs, which is controlled by the diffusivity of water vapor in the material; thus, the drying rate significantly reduces [23,24]. The requirement for a higher degree of pre-drying prolongs the drying time, which significantly increases the required dryer dimensions and energy consumption [14]. Water contents significantly lower than 18 wt% are known to increase the risk of dust explosions, as dust clouds may be ignited if oxygen is present [20]. In conventional drying systems (e.g., air drying), the water content of wooden material is commonly reduced from 50 wt% to 25 wt% [25].



Contact drying of biomass is not yet widely used. The basic rules for their design and the optimization of their operation are still lacking. The aim of this article is to determine the required size of a contact dryer for the drying of biomass in relation to the required water content before combustion in the boiler. The required dryer size is designed according to experimentally determined drying rates of wet bark sourced from outdoor storage and containing about 50 wt% of water.




2. Materials and Methods


2.1. Tested Material


The tested material was a wet bark (see Figure 1) that was stored outdoors as a representative of waste material with high water content. This material was produced during wood processing by crushing the bark of spruce and pine trees, so it had a very inhomogeneous composition, and the particles varied considerably in shape and ranged in size from one millimeter to a few centimeters. The thickness of the particles ranged mostly from 3 to 5 mm. The bulk density was 330 kg/m3.



Fuel composition gained from laboratory analysis is given in Table 1. The water content in the raw biomass was around 50 wt%. As the wet bark was stored outdoors, its water content could vary over time. Therefore, the water content of the bark was determined by laboratory analysis at the beginning of each drying test.




2.2. Experimental Dryer


The experimental dryer (see Figure 2) was designed as an indirect dryer in a paddle drum configuration. The dryer is electrically heated, thus allowing for a straightforward evaluation of energy consumption and temperature control with numerous settings to simulate various heat conditions, e.g., by hot water or low-pressure steam. It is presumed that the heat transfer in the drying process is not dependent on the way the heat is supplied because the thermal resistance between the heating medium, the conducting wall and the thermal resistance across the conducting wall are negligible compared to the resistance between the wall and the surface of the drying material and the resistance across its layer. Assuming sufficient material mixing, it is possible to compare different concepts of indirect dryers, regardless of their method of heating.



The drum of the experimental dryer has an inner diameter of 0.256 m and a length of 1 m. It works in a batch mode. The material inside the drum is mixed by paddle wheel stirrer with a rotation speed of 18 rpm. The drum volume is 0.051 m3, and the heated surface area of the drum is 0.81 m2.



The dryer is placed on a tensometric scale, which monitors the decrease in weight of the material during the drying process with accuracy of 0.002 kg. Five thermocouples are embedded in the wall of the dryer to measure the temperature of the heating surface. Two other thermocouples measure the temperature inside the dryer and the temperature of the exhaust vapor at the dryer outlet, which flows out into the surrounding by pipes in the upper part of the dryer due to small overpressure developing inside the dryer by the generated vapor.




2.3. Experiment Evaluation


At the beginning of each measurement, the initial weight of the batch and the water content in the bark were determined. The variation in the water content of the bark during drying, along with the drying rate, were continuously evaluated according to the weight loss of the dryer, which corresponds to the amount of evaporated water. The drying process could then be indicated by a drying curve defining the dependence of the actual water content in the bark on the drying time, as is usual.




2.4. Determination of Drying Rate


Due to the continuous record of weight loss of the dried bark, it was possible to evaluate the change in drying rate during each experiment. The drying rate   D R   expresses the weight of dried water from the material in 1 min and its instantaneous value changes during drying.




2.5. Determination of the Required Dryer Size


For the design of dryers where the material is dried from the initial water content    W 0    to the final water content    W 1   , it is necessary to use the mean value of the drying rate for the residence time of the material in the dryer. The mean drying rate     D R  ¯      can be derived from the integral for instantaneous drying rate as a function of water content  W  in the drying interval between the water contents of    W 0    and    W 1   .


    D R  ¯  =  1   (   W 1  −  W 0   )      ∫    W 0     W 1    D  R   ( W )    d W  



(1)







The square evaporation capacity   E C   defines the mass flow of evaporated water from dried material per 1 m2 of dryer-heated area and drying time. The evaporation capacity can be derived from the mean drying rate in a given drying interval related to the heated surface of the dryer    A  d r y e r    .


  E C =     D R  ¯     A  d r y e r      



(2)







The heated area of dryer    A  d r y e r     required for the drying of a mass flow of bark    M  f u e l     can be calculated based on the experimentally determined evaporation capacity corresponding to the analyzed drying interval from    W 0    to    W 1    and the mass flow of evaporated water    M  ∆ W    .


   A  d r y e r   =    M  ∆ W     E C   =   ∆ W ·  M  f u e l     E C    



(3)







The mass of water evaporated from drying of 1 kg of bark   ∆ W   is determined by the following equation.


  ∆ W =    W 0  −  W 1    1 −  W 1     



(4)









3. Results and Discussion


3.1. Results of Drying Tests


To describe the drying process in a wide range of operating conditions, the effects of different heating temperatures and dryer filling ratios (expressed as the volume of dried material to the dryer volume) on the drying characteristics were tested. In Figure 3, drying curves that describe the drying process for the various dryer heating temperatures (HT) and dryer filling ratios (FR) are shown.



The tested material was taken from the outdoor storage, and the input water content varied slightly depending on weather conditions.



If the filling ratio increases, more material is being dried, and the drying time increases. At the same time, the drying rate increases due to the larger contact area of the heated surface with a dried material.




3.2. Evaluation of Drying Rates


The course of drying rates was obtained by evaluating the weight of the dried material as a function of the drying time. To eliminate the fluctuation of the instantaneous drying rate, its value was calculated as an average over a period of 5 min. The courses of instantaneous drying rates for drying of wet bark from 50 wt% to 10 wt% water content under different conditions are shown in Figure 4. The drying tests differed in the heating temperature HT from 115 °C to 145 °C and in the dryer volume filling ratio of dryer FR from 10% to 30%.



The change in drying intensity during the drying process corresponds to the three periods described in [14]. The lower initial drying rate increases steeply to its maximum value, which is related to the heating of the material to the drying temperature. Then the drying rate begins to decrease gradually and, in the final stage, when the material is relatively dry and only a small amount of vapor is released, the drying rate is at its lowest. The final drying phase is therefore not very intense and has little benefit in improving the conditions for burning the bark.



According to [14], the value of the overall heat transfer coefficients between the heating surface and the drying material for this type of indirect dryer can be assumed to be around 50 W/m2K. This value of the overall heat transfer coefficient can be derived from experimental values using the main drying rate for atmospheric drying by multiplying by the latent heat of evaporated water and dividing by the dryer surface and the temperature difference between the heated surface and material being dried. The values determined in this way range from 40 to 67 W/m2K, and they are in agreement with the value given in [14].



The process of indirect drying has been experimentally investigated in previous research works; however, these experiments were performed with laboratory material as sand or ceramic particles with a spherical shape and small dimensions. Some works focused on the research of the heat transfer coefficient (HTC) between the heated wall and bed of material in an indirect drum dryer. The value of the HTC for quartz sand with a mean particle diameter of 0.2 mm and mixing with a rotational speed of 6 rmp achieved 300 W/m2K [26], and for glass beads with a diameter of 2 mm it achieved 100 W/m2K [27]. For a rotational speed of 20 rmp and silica sand with a diameter of 1 mm, the HTC was 200 W/m2K, and it was 80 W/m2K for glass beads with a diameter of 4 mm [28]. These results show a strong dependence of the HTC on particle size. For larger particle sizes, they correspond with the experimental results given above.



The similarity of the course of measurements FR 10% and HT 130 °C (blue and green lines) confirms the repeatability of the experiment.




3.3. Effect of Final Degree of Drying on the Size of the Dryer


Based on the procedure described above, the evaporation capacities for various final degree of drying were determined according to Equations (1) and (2). The square evaporation capacity evaluated from the experimental data (see Figure 5) was calculated according to the mean drying rate in the drying interval from    W 0  = 50   wt% to    W 1  =  (  50 ,   10  〉    wt% divided by the heated surface of the experimental dryer    A  e x p    .



For comparison with other studies, only results for other materials are available. In [29], the drying rates of granulated porous aluminum silicate particles (diameter of 4.3 mm) were measured in a disc dryer with indirect heating with magnetic stirrer. The shapes of drying rates correspond with Figure 4. The values of the evaporation capacity (EC) for a rotational speed of 60 rpm ranged from 1 to 3 kg/m2h for atmospheric drying. The EC for hygroscopic peat in a tray dryer [30] with HT of 130 °C and a mixer speed of 40 rpm for particles with diameters from 0.75 mm to 6 mm achieved a value from 8 to 17 kg/m2h. Agitated contact drying of sewage sludge in a continuous paddle dryer was performed in [31], and the EC achieved the values up to 18 kg/m2h for HT of 160 °C and a stirrer speed of 42 rpm. The results in [32] for grained ceramic material (AlSi) with a diameter of 1.1 mm pertain to the paddle dryer after vacuum conditions with a revolution speed of 30 rpm. For the temperature difference between the saturation temperature corresponding with vacuum pressure and the heating temperature from 23 to 79 °C, the EC ranged from 5 to 16 kg/m2h. Achieving higher values of the EC for smaller particles is again evident here. Furthermore, good agreement with the experimental results is obtained assuming larger particle sizes of the bark.



The required size of the dryer heating area in the dependence on final water content for 1 kg per hour of dried bark evaluated from experiments under various drying conditions is shown in Figure 6.



After the first drying phase, where the heating of the material takes place at the same time, the drying process begins to be stable, and the size of the dryer increases linearly up to the final water content about 20 wt%. With further reduction of the water content, the required dryness size begins to increase progressively.



The required size of the dryer decreases both with increasing temperature of the heating medium and with increasing filling of the dryer. It can be said that filling has a greater effect. For indirect dryers, the main thermal resistance in the heat transfer process is between the wall and the surface of the bed of the drying material and the resistance across the bed of the drying material [14]. Assuming sufficient material mixing, there should also be similarity for different concepts and operating mode (batch or continuous) of indirect dryers [33].




3.4. The Drying Process Effectivity


Relative expression of the analyzed parameters was introduced for the general evaluation of the drying process effectivity.



The relative drying rate represents the ratio of the mean drying rate     D R  ¯    in given drying intervals from    W 0  = 50   wt% to    W 1  =  (  50 ,   10  〉    wt% up to the maximum value of the mean drying rate       D R  ¯    m a x     within intervals from    W 0    = 50 wt% to    W 1    = 10 wt% determined by each experiment. In other words,       D R  ¯    m a x     corresponds to the period in Figure 4, at which the largest amount of water is dried between the inlet water content    W 0    = 50 wt% and the required final water content    W 1   .


  relative   D R =     D R  ¯        D R  ¯    m a x      



(5)







Analogously, the relative mass of evaporated water   ∆ W   represents the ratio of the mass of water evaporated from the fuel in a given drying interval to the total mass of water evaporated   ∆  W  m a x     when drying the bark from 50 wt% to 10 wt% of water content.


  relative   ∆ W =   ∆ W   ∆  W    m a x      



(6)







In this way, the values of each analyzed parameter were divided by their maximum values, and the obtained relative expression was then plotted as a function of the relative mass of evaporated water.



The dependence of the relative drying rates and the relative mass of evaporated water on the final water content in the bark is shown in Figure 7. The curves of the relative drying rates for all the drying experiments were plotted as a linear increase in the relative mass of evaporated water. Their highest values lie in the middle of the drying interval. With a higher value of the relative drying rate, a smaller size of dryer is needed to evaporate the same amount of water from the fuel.



The drying effectivity   D E   is introduced as the product of the relative mass of evaporated water and the relative drying rate.


  D E = relative   ∆ W · relative   D R  



(7)







The curves of individual drying rates in Figure 7 have a very similar course; in absolute values they differ slightly in the initial and final stages. Thus, it is possible to use the average relative drying rate to express the drying effectivity and to calculate its generalized dependence on the relative mass of evaporated water during drying, independent of the process conditions. The result is shown in Figure 8. The differences in the course of individual drying effectivities for different drying conditions are evident in a water content of 20 wt%; nevertheless, the maximum values of the courses are located in the similar values of final water contents.



The drying effectivity steeply increases to a value of output water content around 31 wt%, from when the gradient of the curve begins to decrease (point P1 expressed by the tangent on the curve in Figure 8), and then from the value around 13 wt%, it starts to decrease (point P2 expressed as a maximal value of the curve in Figure 8).



Based on the obtained results, it is possible to determine the optimal final water content in the dried fuel, when the drying process would be at its most effective and when the relative size of the dryer for evaporating the required mass of water would be the smallest. According to the obtained experimental data, the optimal water content in the bark dried in the contact dryer is 13 wt%. If the bark was dried to a lower water content, the required relative size and price of the dryer would increase. Similarly, drying to a bark water content above 31 wt% is not very advantageous because the drying effectivity continues to grow rapidly at this stage and the required relative size of the dryer decreases.





4. Conclusions


Drying of the moist biomass before combustion is advantageous in order to improve combustion and increase boiler efficiency. A higher degree of drying brings a greater benefit but requires a larger and more expensive dryer.



The effect of the final drying degree of wet biomass on the required size of the indirect dryer was analyzed. To determine the rate of the drying process, experiments with wet bark containing approximately 50 wt% of water were carried out in a laboratory indirect dryer. The term drying effectivity was introduced for the general evaluation of the full course of the drying process. Based on drying experiments, the dependence of drying effectivity on the relative mass of evaporated water corresponding to the final biomass drying degree was determined. Depending on the biomass drying degree, the drying efficiency first increases, reaches its maximum value and then begins to fall. In this way, it is possible to determine the optimal drying of biomass, when the drying effectivity will be at its maximum and when the relative size of the dryer to evaporate the required amount of water would be the smallest. Based on the experimentally determined drying characteristics of the wet bark, the optimal drying at 13 wt% of water content was evaluated. It can also be concluded that drying above 31 wt% of water content in the bark proves fairly disadvantageous due to the fact that, at this stage, the drying effectivity continues to increase rapidly and the required relative size of the dryer decreases.



The results of the analysis show that it is not advantageous to dry the material to too low a water content in the dried material, because the required size of the dryer grows progressively, and the benefit obtained is small. The described procedure can be used to determine the optimal degree of drying for any material with regard to the effective use of the considered indirect dryer.



Future work will focus on the integration of the dryer into the biomass power plant and the evaluation of the optimal drying of biomass before combustion for the operation of the whole energy system. If the dryer is integrated into the energy plant, the benefits of drying for other equipment, especially for the efficiency and operation of the boiler, must be considered, and it is necessary to include the economic aspect in the evaluation. Only in this way will it be possible to determine the economically optimal drying degree of the fuel before combustion.
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Figure 1. Wet bark before and after drying. 
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Figure 2. Experimental paddle dryer located on a tensometric scale. 
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Figure 3. Comparison of drying curves for various (a) heating temperatures (HT) and (b) dryer filling ratios (FR). 
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Figure 4. The course of drying rates for various conditions. 
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Figure 5. Square evaporation capacities for drying to various final water content and under different process conditions. 
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Figure 6. Required heating surface of the dryer for drying 1 kg of bark with a water content of 50 wt% to various final water contents placed under different processing conditions. 
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Figure 7. The dependence of the relative drying rates on the relative mass of evaporated water for various conditions in the range of 50 to 10 wt% of water content in bark. 
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Figure 8. Dependence of the drying process effectivity in a range of 50 wt% to 10 wt%. 
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Table 1. Results of ultimate and proximate analyses of bark and calorific value of its combustible.
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	C daf
	wt%, daf
	51.75



	H daf
	wt%, daf
	5.97



	O daf
	wt%, daf
	41.82



	S daf
	wt%, daf
	0.03



	N daf
	wt%, daf
	0.43



	Ash db
	wt%, db
	2.8



	W
	wt%
	~50



	HHV daf
	kJ/kg
	20,550







db: dry basis; daf: dry ash-free basis; W: water content; HHV: higher heating value.
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