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Abstract

:

Wood chips and logging residues currently comprise the largest share of biomass fuels used for heat generation in district heating plants and are provided by a variety of suppliers. Ash and moisture contents, as well as the calorific value, may vary considerably depending on the composition of the fuel, seasonality, location, and other factors. This paper provides the summarized results of the main characteristics of wood chip moisture and ash content and calorific value, experimentally tested for a significant range of samples. Chip samples were collected from two district heating companies and tested for a significant range of samples. Chip samples were collected from two district heating companies and tested for a 3-year period. The data on fuel chip prices were taken from the electronic wood chip trading platform. The tests were performed using standard express methods, where two sub-samples were taken and analyzed from every chip sample. It was determined that the moisture content of the wood chips varied from 35% to 45%, the calorific value from 18.4 to 19.6 MJ/kg, and the ash content from 0.5% to 4.5%. The calculated relative expanded uncertainty of the moisture content measurement was ±2.1%, of calorific value—±1.5%, and of ash—±1.0%. The repeatability of the results was estimated as the pooled standard deviation.
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1. Introduction


Currently, the largest share of solid biomass used for heat generation in power plants consists of forest cutting and wood processing residues, which are usually prepared and supplied in the form of wood chips. Such fuel is a heterogeneous formation and may contain not only wood chips but also many different impurities, such as leaves, needles, soil clods, or other mineral substances.



Fuel moisture can also vary widely from 5 to 55% and affect other properties, such as calorific value. Accurate information on fuel properties is important in setting prices, assessing the amount of energy planned to be produced, and selecting the correct properties of fuel for efficient combustion. Fuel suppliers and energy producers often need information on how and within what limits the main parameters of the chips change: humidity, calorific value, and ash content depending on the composition of the chips, the seasonality of preparation, and the geographical location. This is necessary in order to make the proper decisions regarding the purchase, storage, and efficient combustion of fuel. Other important wood chip parameters, such as fraction size, the fraction of fines, and Cl and S quantities are often examined together to assess the suitability of the wood chips for the combustion installations.



Measurement and evaluation methods for wood chip fuel and analyses of main characteristics, such as moisture content, calorific value, and others, were surveyed in [1]. Accurate parameter setting requires complete methodological guidelines and standards. In addition, it should be noted that a very important factor influencing the accuracy of parameter setting is the number of samples. Such studies have been performed [1]. Here, it is shown how the error of moisture determination varies from the number of samples. It is also shown how the calorific value and chemical composition depend on the type of wood and its individual parts.



In general, initial studies on biomass for energy production have shown that it is a competitive fuel vs. fossil fuels and has a dry matter calorific value of around 17–21 MJ/kg for the wood [2]. Therefore, studies on the fuel, produced from solid biomass, and their characteristics have been carried out, and procedures for their determination have been improved, including research methods and the use of equipment [3,4], which were used for the development of respective standards for fuel classification and determination of its characteristics.



The main characteristics of fast vegetation agro-waste have also been investigated as potential fuels, but wood waste products (pellets, briquettes) were defined as qualitatively better in terms of moisture, ash content, and chemical composition [5].



As wood chips became the most important commercial product for energy generation, their quality became an object of increased focus. All stages of such fuel production from tree felling, storage, and preparation for efficient combustion are important.



It is considered that the felling and wood chip production season is important for fuel quality, as, during the season between February and May, the carbon content, calorific value, total moisture content, and density of wet wood chips decrease and ash content increases due to covering the woodpiles, thus, preventing air circulation [6], and fuel parameters deteriorate in dry or deadwood [7]. To prepare chips for combustion, the cutting residues must be piled up and chipped on the roadsides. The typical ash content of such chips is between 3% and 4%. To obtain the optimal moisture content (about 30%) and, thus, increase the calorific value of the fuel, these residues must be stored for about 5–7 months in the forest site before chipping, and the lowest moisture content is achieved in September. Thus, in terms of the best characteristics of wood chips: optimal cutting is at the clear-cut area after stacking; the storage period is important to prevent deterioration of fuel quality; summer months and early autumn are the most appropriate for forest cutting. The references envisage further research of the main characteristics to improve the energy efficiency of the combustion process and reduction emissions of harmful substances [8].



Logging residue storage in ventilated piles and the effect of the particle size on the storage were investigated, as particle size is important for conveyor transportation and proper burning of the chips. This can be achieved due to proper drying and maintaining appropriate microclimate conditions [9]. Fuel storage conditions also affect fuel moisture content and calorific values. It was found that, although the wood dries after 60 days, however, when stored for more than 18 months, the fuel quality characteristics deteriorate sharply, also due to exposure to molds and fungi [10]. Chips begin to decompose fast with a very high increase of moisture content and the share of a fine fraction [11]. Preference should be given to log drying [12]. Drying logging residue first and then forwarding the material to a windrow on a landing will ensure lower moisture content and better storage characteristics [13]. The temperature of the wood stack is a good indicator of the decomposition of logging waste chips, but the ash content and calorific value of dry matter vary slightly [14]. As a whole, many factors, such as storage method, biomass origin, size and shape of the fuel, and storage time, as well as temperature and humidity, simultaneously affect dry matter losses and must all be taken into account. Logs dried for two weeks produce fewer fines while chipping compared to one-week dried logs [15].



When using wood chips or other wood fuels for cogeneration or special applications in industry, the reduction of fuel moisture by drying using various technologies has been investigated: the lower calorific value of wood fuels is 9.72 MJ/kg at 40% moisture content, however, calorific value can be increased to 14.76 MJ/kg after drying the fuel to 15% moisture content [16]. Minimization of ash content in wood chips has a significant impact on heat and fuel production economy and ash handling costs. Studies in Central European countries show that reducing ash content in wood chips is important as the storage of slag after incineration is an important environmental issue. Chip screening can improve chip quality by reducing ash content and eliminating unwanted size classes [17].



The composition of wood chips can vary considerably as this fuel is inhomogeneous and may contain significant amounts of needles, bark, and minerals [18]. The size of wood chips also depends on the density of felling waste, which can vary up to 58%. Chip size affects the movement of chips on a screw conveyor in the boiler house. The additional mechanical energy from 1 kJ/kg to 5 kJ/kg to feed chips is needed [19]. Chip additives, such as pinecones, can also improve fuel quality by increasing calorific value up to 21.16 MJ/kg for spruce and 19.41 MJ/kg for pine, which exceeds the calorific value of chips produced from these wood types [20].



In practice, the main characteristics have the greatest impact on the quality of wood chips. In a Baltpool biofuel market study commissioned for an accredited laboratory, wood chip samples to define moisture and ash content showed that the moisture content values varied between 13.5% and 19.9% and ash content values—between 1.0% and 14.4%, and those values were higher at higher outdoor temperatures and humidity [21]. The dependence of calorific value on the moisture of the same wood species was investigated, where the calorific value of dry wood at 0% humidity reached 18.802–20.224 MJ/kg, and at 50% humidity—calorific value reached only 9.74–6.36 MJ/kg [22]. Storage costs accounted for about 4.8% and transportation costs for about 23.2% [23].



Following from the review, the parameters of the chips depend on many factors, such as the composition of the raw material and the conditions and time of its preparation. Although these factors have begun to be explored, efforts are still insufficient, while their importance is growing due to the increasing need of renewable energy resources. At the same time, the importance of measurement accuracy in estimating the total cost of production and use of renewable fuels, as well as the volumes of harmful emissions to the environment [24], is increasing.



Increasing the production of wood chips from certified raw materials and using them for energy generation, as well as improving energy production technologies using biofuels of various qualities can lead to expansion of the use of bio-resources for green energy, which helps us to make progress towards a sustainable and circular economy and decarbonization of the municipal thermal energy sector [25].



Socio-economic indicators for the bioeconomy (SEIB) have been proposed to assess the sustainability of bio-economic sectors in Europe, including the bio-energy sector. They could be used to measure the impact of policy strategies on the specific performances evaluating the contribution of single bio-based sectors (especially in bio-energy). The monitoring and assessment of indicators, related with management practices, is required for European countries and would serve as example on a global scale. Lithuania, according to this evaluation of the European average, is in the middle of MS [26].



The present investigation is focused on the determination of the main characteristics (moisture content, calorific value, and ash content) of wood chips supplied to boiler houses for heat production and their changes due to seasonality and geographical location in Lithuania. Data for a period of 3 years, as well as the accuracy of their determination using express methods, are analyzed.




2. Materials and Methods


2.1. Data Collection


To determine the characteristics of wood chips (moisture content, calorific value, and ash content) supplied to district heating companies (DH), chip samples were selected from two district heating companies to define geographical differences. Companies were located in the northwest (Mažeikiai DH company—Company M) and southwest (Kaišiadorys DH company—Company K) of Lithuania, the distance between being about 250 km. Wood chip samples (approximately 600–700 g) were selected and submitted by the staff of the wood chip supplier and the DH company following the procedure provided in their contract. Two sub-samples from each sample were prepared for testing procedures.



Figure 1 shows two sub-samples sets (a) and samples drying in the oven (b).



The elemental composition of the chips was not determined for each sample. However, a comparison of the CHNSO road measurement averages with the averages of similar elements of firewood (alder, ash wood, oak, birch) oak and black alder briquettes [5], presented in Table 1, shows that there are no large differences between the main elements, and there was no task to identify detailed differences in composition.



The data on chip prices in two regions under investigation for the period of test performed during the years 2018–2020 were collected in statistics of Biomass Exchange—the electronic wood chip trading platform.




2.2. Testing Equipment and Methods


As in practice, the tests were performed using standard express methods, where only two sub-samples were taken and analyzed from one chip sample, and it was not possible to repeat them. Separate chapters of this paper discuss the additional uncertainty inputs introduced by this method and the application of the total standard deviation to assess the scatter.



Moisture content was determined in two sub-samples (Figure 1). Before the test wood chips sub-sample was weighed, it was sieved through the 31.5 mm sieve to homogenize the sub-sample. The total test sub-sample in a layer did not exceed 1 g of matter per cm2. Two sub-samples were dried at 105 °C until the constant mass was achieved.



Dried wood chips were ground to obtain a nominal particle top size of 1 mm. Ash content was determined in two test sub-samples, minimum of 1 g of test sub-sample. Weighed samples were placed into a furnace and heated for approximately 4 h in two steps (250 °C and 550 °C). Cooled dishes with samples were weighed.



Calorific value was determined also in two test sub-samples. The sample was tested in a pellet form. Prepared sawdust was pressed with the hydraulic press at a force of about 10 t, having a diameter of about 13 mm and a mass of (1.0 ± 0.2) g. The repeatability limit for two wood chip samples could not exceed more than 140 J/g.



The uncertainties presented in Table 2 were achieved for homogenous samples, and tests could be repeated many times to define the standard deviation of achieved results.




2.3. Data Analysis and Processing


Due to a large number of samples and the need to determine the moisture and ash content and calorific value in a limited time, simplified procedures, so-called express methods, have been adopted in practice, where a minimum number of two samples can be analyzed. There is no regulation on the threshold of the assessment of the main characteristics of the wood chip, which is important in resolving disputes between purchasers and suppliers of the wood chip, where several laboratories may be involved to determine the moisture content of the spare chip sample, the results of which may differ.



The numbers of measurements for this investigation are as follows:




	
1317 measurements for Company M and 1453 measurements for Company K performed on moisture content during the period 2018–2020;



	
1320 measurements for Company M and 383 measurements for Company K performed on calorific value during the period 2018–2020; and



	
1498 measurements for Company M and 467 measurements for Company K were performed on ash content during the period 2018–2020.








The figures represent the total numbers of samples provided to the laboratory during the testing period, which is needed for the more precise definition of pooled standard deviation [27].



Since the moisture content of biofuels in routine tests is only determined from two sub-samples of a fuel sample, the repeatability of the results is estimated as the pooled standard deviation [28] according to Equation (1):


   S p  =    1  N − K     ∑   i = 1  N     n i  − 1   ×  s i 2    ,  



(1)




where Sp—pooled standard deviation;



si—standard deviation per sample assessed;



ni—number of measurements/sub-samples per sample;



N—total number of measurements;



K—number of samples.



The standard deviation per fuel sample is determined [28] according to Equation (2):


   s i  =   2      x i  −  x ¯     2    ,  



(2)




where xi—measured values of two sub-samples;



  x ¯  —an average of the two measured values.



Equation (1) was used for repeatability measurement of all parameters under the test.





3. Results and Discussion


3.1. Moisture Content of Wood Chips


Moisture affects the energy value of the fuel, combustion process efficiency, and temperature achievable during the combustion process. Its lower calorific value is because some of the heat released during combustion is used to evaporate the moisture. During the cooling process of flue gas, the water vapor in the fuel can condense and cause corrosion of the economizer and heat exchange surfaces. Moisture lowers the temperature in the furnace, and as a result, combustion conditions deteriorate.



Experimental measurements of the total moisture of the chip samples provided from the heat supply companies M and K revealed that the change of this parameter correlates very well with annual seasonal changes in regional climate indicators. As is seen in Figure 2, in the summer from May to September, the minimum moisture content of the wood chips reached (30 ± 5)%. Maximum wood chip moisture up to (45 ± 5)% was observed in the period from December to April. Although only 3 years were analyzed, it can be said that the range of variation in the moisture content of the supplied wood chips varied slightly, as well as the annual changes in environmental conditions. Short-term changes in air humidity or precipitation did not change the basic pattern of wood chip moisture variation. These factors, together with the shortcomings of the express method used for moisture measurement, determined the deviations of the moisture data from the basic pattern curve and data dispersion.



By increasing the averaging time from one day (Figure 2) to one month (Figure 3), the impacts of short-term and random factors disappeared, and the changes of the seasonal environmental conditions became more transparent and reflected the moisture content of the main share of wood chips supplied to DH.



As expected, the geographical location of the sites did not affect the moisture content of the chips, as the distance between the sites was only (250–300) km, and there was no strict boundary between the regions of origin of the wood chips.



To evaluate the uncertainty on a determination of the total moisture of the wood chip sample by taking the test results of two sub-samples, an additional analysis of the results on the evaluation of the total moisture of 396 sub-samples out of 198 samples was performed. It showed (Figure 4) that the absolute values of the standard deviation of the moisture content values of two sub-samples from one sample were distributed according to the normal distribution, and at 95% confidence level, the standard deviation of these values varied within wide limits and reached up to 4.5%. This means that the total uncertainty in the determination of the total moisture content of the wood chips is strongly influenced by the sampling procedure, the inhomogeneity of the samples, and the non-uniformity of the moisture distribution in the individual fractions. These factors make an important contribution to the total uncertainty of the moisture assessment in biofuels for two sub-samples, as other contributions related to the measurement and test conditions made a smaller and constant contribution of ± 0.4% (Table 2).



The data presented in Figure 4 show that the mean of the standard deviations is close to 1% and to the values of the pooled standard deviations calculated using Equation 1 and presented in Table 3.



Thus, when estimating the scatter of the total wood chip moisture measurement results by the total standard deviation, the expanded moisture measurement uncertainty reached ±2.1%. In this case, the contributions to the total uncertainty associated with the accuracies of the apparatus given in Table 2 and the scatter of the results are summed arithmetically, i.e., the sum of their squares is not calculated. Deviations from individual measurements to achieve 95% confidence, which is important in resolving potential legal disputes, must be considered separately.




3.2. Calorific Value of Wood Chips


A comparison of the daily average variation of the lower (net) calorific values of dry (moisture-free) chips supplied to companies M and K in 2018–2020 is presented in Figure 5.



It can be seen that the calorific value of the chips used in company M was quite stable over the whole 3-year period and reached (18.8 ± 0.3) MJ/kg. At company K, a little higher mean calorific value and dispersion were observed, that of (18.9 ± 0.4) MJ/kg. It also confirmed that the geographical location of the sites did not affect the calorific values of wood chips.



When determining the uncertainty of the calorific value measurement, it was observed that the difference between the calorific values of the two sub-samples in one sample did not exceed 0.14 MJ/kg. This value can be considered as an indicator of the scatter of measurement results on calorific value and can be considered a contribution to the total uncertainty of the measurement result, together with the contribution of 0.7% provided by the calorimeter and scales (Table 2). As the uncertainty in the determination of the moisture content of the general analysis was small compared to the two main inputs indicated, the calculated relative expanded uncertainty of the calorific value measurement was ± 1.5%.




3.3. Ash Content of Wood Chips


The ash content of pure wood is low and reaches up to 0.5%. However, logging waste often contains large amounts of various impurities, such as leaves, needles, soil, or other minerals, that increase the amount of ash, which has undesirable effects: it reduces the calorific value of the fuel and accelerates the wear of fuel combustion equipment. Higher amounts of ash increase the costs of ash storage and disposal.



The comparison of the daily average values of biofuel ash content in the companies M and K in 2018–2020 is shown in Figure 6.



The distribution of ash content of wood chips according to the established classes showed that up to 90% of the ashes in the analyzed samples fell in the range of biofuel ash classes from A0.7 to A3.0. The calculated relative expanded uncertainty of the ash value measurement was ±1.0%.




3.4. Biomass Fuel Prices


Prices of wood chips purchased at biofuel exchange auctions in regional counties, where companies M and K were located during the period 2018–2020, are presented in Figure 7.



Auction prices showed both seasonal and slight geographical differences. The geographical differences were reflected via the prices of chips sold through the biofuel exchange and did not exceed 10%. Total tendency showed that this was related to delivery distance, not quality. Seasonal differences did not so much reflect fuel quality as seasonal fluctuations in demand and supply as prices fell during the summer when fuel consumption fell to baseline needs. During the heating season, when demand increased, biofuel prices also rose. On the other hand, prices continued to rise depending on climatic conditions—during warmer winters, the prices were lower than in cold winters.



These data also show that chip fuel prices have fallen significantly in the recent couple of years due to low-cost imported fuels. However, in terms of the prospects, the rise in the price of biomass is expected due to several reasons: the increasingly strong competition with the growing furniture and pulp industries for high-quality chips with lower moisture content, as those industries have been expanding rapidly in Lithuania over the past few years; competition due to growing demand for biomass fuel on national as well as international biomass markets.




3.5. Discussion


The presented results show that the wood chips supplied to boilers with an average capacity of up to 10 MW operating in DH systems are of relatively high and stable quality. The moisture content of such fuels changes regularly depending on seasonal climate changes and affects the calorific value of the fuel accordingly. Such impact was also observed in the study [16].



In our case, the high calorific value and low ash content of the chips were due to the fact that amounts of impurities, in the form of small particles with diameter lower than 3.15 mm, did not exceed 10% [21], and the production—storage—use time of the raw material was relatively short, usually not exceeding one year. This prevents the raw material from biodegrading. Such chips, the moisture of which can change in the prescribed pattern over the year, are the most suitable for medium-capacity boilers with furnaces adapted to wet fuels.



When wood chips with low impurities are used as fuel, their calorific value and ash content depend little on the type of wood used to produce chips in central and northern Europe [8,16,20]. However, as the practice of chip preparation in Latvia [6] showed, when storing green cutting waste in piles from half a month to 4 years and producing chips in February–May 2012, their relative moisture, calorific value, and ash content varied within the respective range (20.6–73.1)%, (15.7–19.7) MJ/kg, and (1.5–23.3)%. It is a consequence of the long storage of the raw material in piles under field conditions that determines the wider limits of variation in ash content and moisture content of the raw material.



Decreasing wood chip quality is observed in the results of our study, as high-quality local raw material resources are declining not only due to the growing needs for heating but also due to the increased use of wood for other purposes. This suggests that further intense rates of wood chip use could inevitably lead to serious violations of the sustainable use of renewable fuels based mainly on wood. Therefore, increased attention needs to be paid to the improvement of technologies for the preparation and incineration of wood waste and mixtures with other types of biofuels, as well as separate agro-wastes.



Nearly 80% of heat was produced from wood chips in 2019 in Lithuania. Transformation of bio-wastes into green municipal energy helps to make progress towards introducing circular and sistainable economies [25]. Alhough Lithuania is still considered an "in-between“ EU country according to the socio-economic indicator for the bioeconomy [26], improvement of waste management, together with renewable energy management at the regional or municipal levels, paves the way to the increase of implementation of sustainable processes based on resource circularity.





4. Conclusions


A large amount of data for a period of 3 years from 2018 to 2020 on wood chips, supplied to the two district heating companies in Lithuania, and their parameters, such as moisture, ash content, and the calorific value, were analyzed to assess the dispersion and dependence of these parameters on seasonality and geographical factors.



It was determined that the change of total wood chips moisture was fully consistent with annual seasonal changes in regional climate indicators. In the cold season, the moisture content of wood chip felling residues was about (45 ± 5)% and reached its highest values from December to April, and in the warm season, it decreased to (30 ± 5)%, reaching the minimum values in the period from May to September.



It was also determined that the mean lower calorific value of the wood chips was quite stable over the whole 3-year (2018–2020) period and reached (18.85 ± 0.35) MJ/kg.



The ash content values ranged from 0.5 to 4.0%. These parameters indicated that the wood chips used were still relatively clean, with a small content of small particles that did not exceed 10% of the total weight. Geographic locations did not show tangible differences between these parameters.



Despite the use of express methods, the relative expanded uncertainties of moisture content, lower calorific value, and ash content determination were ±2.1%, ±1.5%, and ±1.0%, respectively.



Such parameters indicated that the wood chips used were still relatively clean, with a small content of small particles that did not exceed 10% of the total weight. This was ensured by the requirements of Baltpool to provide fuel of a quality that would guarantee efficient combustion and would not adversely affect the equipment. At this stage, it could be argued that the principles of sustainability were sought to be maintained. However, it cannot be guaranteed that this will be the case in the future if chips are used for heating at such a rate. Unless the incineration of household waste occurs in modern power plants, the insulation of buildings and various energy saving measures can all make a significant contribution to reducing the incineration of wood chips and maintaining sustainability.



Current rather stable and low chip prices lead to lower heating prices for consumers, while their seasonal and geographic variations depend more on demand/supply and the distance of delivery. However, the rise in the price of biomass is expected due to the growing strong competition with the furniture and pulp industries, growing biomass fuel national and international demand, as well as changing EU policy on the role of biomass and supply-chain emissions, which include increasing atmospheric CO2 and the rated pace of global warming.
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Figure 1. Examples of samples: (a) two sub-sample sets and (b) samples drying in the oven. 
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Figure 2. Daily average values of moisture content of wood chips supplied to companies M and K. 
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Figure 3. Monthly average values of moisture content of wood chips supplied to companies M and K. 
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Figure 4. Standard deviation from mean values for two sub-samples of the same sample and mean trendline curve. 
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Figure 5. Daily average lower calorific values (LCV) and mean trendlines curves: (a) company M; (b) company K. 
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Figure 6. Daily average of ash content values and trendlines curves: (a) company M; (b) company K. 
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Figure 7. Changes of chip fuel prices at biofuel exchange during period 2018–2020 in counties, where companies M and K are located. 
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Table 1. Comparison of the composition of main elements for wood chips, firewood, and briquettes, %.
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	Type of Biomass
	Carbon (C)
	Hydrogen (H)
	Nitrogen (N)
	Sulphur (S)
	Ash
	Oxygen (O)





	Chips
	53.3
	5.8
	0.22
	0.045
	3.2
	37.5



	Firewood, briquettes
	49.3
	6.0
	0.29
	0.02
	0.9
	43.5










[image: Table] 





Table 2. Test apparatus and methods.
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	No
	Measured Characteristic and Unit
	Method Used
	Apparatus, Type
	Expanded Measurement Uncertainty *





	1
	Ash content, %
	Solid biofuels. Determination of ash content. EN ISO 18112:2016
	Nabertherm LVT/9/11/P330

Mettler Toledo XS205DU/M
	(±0.30%)



	2
	Lower calorific value of dry fuel, kJ/kg
	Solid biofuels. Determination of calorific value. EN ISO 18125:2017
	Calorimeter IKA C 5000

Mettler Toledo XS205DU/M
	(±0.70%)



	3
	Moisture content, %
	Solid biofuels. Determination of moisture content. Oven dry method. Part 1: Total moisture. Reference method

EN ISO 18134-1:2016
	BINDER FD 115 Nr. 13-18110 0021

Mettler Toledo

XP 2003 SDR
	(±0.40%)







* The best measurement option. Expanded measurement uncertainty is defined from [27,28] by multiplying the standard uncertainty by the coverage factor, which is determined by estimating the repeatability of the measurement results and the effective number of degrees of freedom.
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Table 3. The values of pooled standard deviation, calculated from the measured value of 50 samples.
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	Sample
	0–50
	51–100
	101–150
	151–200
	201–250
	251–300
	301–350
	351–400





	Sp, %
	0.58
	1.07
	1.14
	1.24
	1.5
	1.67
	1.71
	1.37
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