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Abstract:



The physical and thermochemical properties of three short rotation forestry crops (poplar, willow and black locust) have been determined and compared in order to evaluate their suitability (energy potential and combustion-related operation problems) to be used in energy devices. The planting density was 6666 in a rotation of four years and the analysis were performed at the end of the first rotation. The three species showed significant differences regarding production, moisture and ash content, heating value and bulk density. The results obtained allow to establish priorities between species according to the expectable combustion behavior, willow being the most appropriate. Results indicate no problems related to SOx and NOx emissions. Moreover, the alkali metals determined in the fuel together with the chlorine content suggest no operation problems related with fouling or harmful corrosion.
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1. Introduction


In the current climate change scenario, woody energy crops appear as a very attractive way to produce lignocellulosic biomass which can be locally used in power plants and/or combined heat and power (CHP) systems, thus also promoting the economic and social development of the regions involved [1]. The forestry species with the highest interest in Europe are poplar (Populus spp.) [2], willow (Salix spp.) [3], eucalyptus (Eucalyptus spp.) [4] and, to a lesser extension, black locust (Robinia pseudoacacia) [5]. All of them are a fast-growing tree plantations and therefore, a promising source of biofuel with a large potential to feed the demand of raw materials from the energy sector and other conventional industrial purposes [6]. Moreover, the Salicaceae family provides a valuable source of woody fuel in areas with high water availability such as those located in Northern Europe [7,8,9,10].



The performance and pollutant emissions of power/industrial boilers depend on the physical and chemical properties of the biomass used. It is well known that high moisture and ash content in biomass fuels, together with the presence of other elements such as Cl, S and N, can cause unstable flames and combustion inefficiencies (deposits, unburnt fuel) as well as emissions (fly ash, NOx, HCl and SOx, particles). Operation issues (unscheduled shutdowns and/or more frequent maintenance actions) are also affected by the biomass properties, mainly those related to the ash/deposits removal and Cl/S-derived corrosion. Moreover, the ash composition determines its melting point, which can be low enough to favor slagging [11]. Furthermore, the alkali metal compounds (containing K and Na) can react with the silica present in the ash producing a sticky, mobile liquid phase, which can lead to blokages of the airways in the furnace [12]. Among physical properties, particle size distribution and bulk density affect not only the burner requirements and possible fuel losses but also the fuel supply needs and thus, the transport and storage systems in terms of space necessities [13]. Therefore, the knowledge of the physical and thermo-chemical properties of the fuel is mandatory to predict its combustion behavior and it allows for selecting the most appropriate taken into consideration the whole process (fuel supply, combustion efficiency and performances, pollutant emissions and operation limitations).



Although many studies have been carried out with regard to short rotation forestry crops, the most of them are focused on agricultural aspects [4,6,14,15,16,17], thus further information about the combustion properties of these biofuels is needed. Moreover, some studies show that the plant species has more influence on the biomass properties that other factors such as soil conditions, growing region and even the treatment by fertilizer [18,19]. Biomass properties may widely vary between species and genotypes of the same specie [20,21,22]. Regarding the latter comment, a previous work from the authors [21] (focus on ten different poplar genotypes) showed the “AF2” as an appropriate genotype to be used in combustion processes, the effect of the site characteristics (environmental conditions and soil properties) being much less significant than that of the genotype. The lack of knowledge about the expectable combustion behavior of energy crops is even more important for willow and black locust. Although their agronomic characteristics have been widely studied [3,5,14,17,23,24], there is yet a lack of information regarding their physical and thermochemical combustion-related properties.



In this sense, the aim of this work is to evaluate the combustion behavior and the suitability of three short rotation forestry crops for energy use attending to its physical, thermal and chemical properties. A complete thermochemical and physical characterization of the crops, which has been grown under the same environmental, soil, physiographic and planting condition, has been done. The relative significance of the specie on the properties evaluated has been determined through the corresponding statistical analysis.




2. Materials and Methods


Three species were used in this study. These were Salix trianda L. x Salix viminalis L. (“SA04” ), Robinia pseudacacia L. (“Nyirsegi”), and Populus x euramericana (Dode) Guinier (“AF-2”), usually known (used throughout the document) as willow, black locust and poplar, respectively. In the case of Populus, “AF-2” has been selected from a previous study according to its properties and production yield [21]. Regarding Salix and Robinia, the genotypes selected (“Nyirsegi” and “SA04”, respectively) are those whose accommodation to the climate conditions existing at the southern Europe have been previously proved [14,17,24]. After the first rotation, trees were harvested as logs and immediately chipped in the field and sent to the laboratory to be physical and thermo-chemically characterized. The biophysical factors of the plantation are shown in Table 1.



Table 1. Biophysical factors of the site.







	
Factors and Determination Methods

	
Location






	
Latitude (°)

	
41.5996738




	
Longitude (°)

	
−4.1280864




	
Altitude (m, asl)

	
756




	
Annual mean temperature (°C)

	
12.1




	
Mean maximum temperature (°C)

	
25.4




	
Mean minimum temperature (°C)

	
−0.1




	
Absolute maximum temperature (°C)

	
36.7




	
Absolute minimum temperature (°C)

	
−7.7




	
Annual precipitation (mm)

	
316




	
K (pmm) by atomic emission

	
219




	
Mg (meq/100 g) by atomic absorption

	
-




	
Organic Matter (%) by Walkey-Black

	
1.75




	
Electric conductivity (mS/cm) by 1:2.5

	
0.82




	
P (pmm) by Olsen

	
5.8




	
pH by 1:2.5

	
7.7




	
Active lime (%)

	
5.6




	
Clay (%) by ISSS

	
41.9




	
Lime (%) by ISSS

	
23.6




	
Sand (%) by ISSS

	
34.6










Site preparation and plantation was carried out mechanically in spring 2011 using unrooted cuttings for poplar and willow (20–30 cm in length) and bare rooted cuttings for black locust (30–40 cm in length). The density was 6666 trees ha−1 (spaced 3 × 0.5 m) and the rotation was four years.



The plantation included four replicates in a completely randomized design. 25 trees per replicate and specie were used to estimate production. The fresh weight of the aboveground biomass (stem and branches) per plant was determined. Yield data (Table 2) was expressed as dry weight after estimating the humidity content of a subsample from each plot, which was oven-dried to constant weight at 100 °C. No fertilization was performed and irrigation was applied according to the site requirements. Surprisingly, the yield of black locust has been much lower than expected. This could be caused by the extremely dry spring, especially during the planting year, which affected strongly this specie. Nevertheless, due to the successful data of black locust yield obtained by others author in dry zones [17,25,26,27,28,29], the potential of this specie has been considered in this work.



Table 2. Biomass production (t ha−1 per year of dry matter) by species.







	
Common Name

	
Species

	
Genotype

	
Production






	
Pl

	
Populus x euroamericana (Dode) Guinier

	
‘AF2‘

	
7.15




	
Willow

	
Salix trianda L. x Salis viminalis L.

	
‘SA04‘

	
7.58




	
Black Locust

	
Robinia pseudoacacia L.

	
'Nyirsegi'

	
0.91











3. Experimental Procedure


Biomass Characterization


The physical (moisture content (Mm), particle size distribution, bulk density (ρb)) and the thermochemical properties (lower and higher heating value (LHV, HHV), ash content (A), volatile matter (V) as well as the carbon (C), hydrogen (H), nitrogen (N), sulfur (S) and chorine (Cl) contents) were measured in the laboratory. In addition, the alkali metal content in biomass (Na, K, Mg and Ca) as well as the silica contents were also determined. Representative samples of each woody species were used according to [30]. Additionally, two or three replicates for each analysis were performed. The methods and equipment used for each determination has been previously described in detail by Monedero et al. [21]. Table 3 summarizes the standards methods and the equipment used to calculate the biomass properties.



Table 3. Summary of methods and equipment for the characterization.







	
Property

	
Analytical Method

	
Equipment






	
Particle size distribution

	
EN 15149-1/EN 15149-2

	
Mechanical sieve




	
Bulk density (ρb)

	
EN 15103

	
Calibrate bottle




	
Sample preparation

	
EN 14780

	
Mill




	
Heating value (LHV, HHV)

	
UNE 164001

	
Calorimeter




	
Moisture content (Mm)

	
EN 14774-3/EN 14774-2

	
Furnace




	
Ash content (A)

	
EN 14775

	
Muffle furnace




	
Volatile matter(V)

	
EN 15148

	
Muffle furnace




	
Carbon (C)

	
EN 15104

	
Elemental analyzer




	
Hydrogen (H)

	
EN 15104

	
Elemental analyzer




	
Nitrogen (N)

	
EN 15104

	
Elemental analyzer




	
Oxygen (O)

	
EN 15289

	
Elemental analyzer




	
Sulphur (S)

	
EN 15289

	
Ion chromatograph




	
Chlorine (Cl)

	
By difference

	
-




	
Alkali metals (Na, K, Mg, P, Ca, Si)

	
By difference

	
Inductive coupled plasma optical emission spectrometer










In order to provide representative information about the effect of the specie, a one-way statistical analysis of variance (ANOVA, confirming whether the assumptions of normality and homogeneity of variance holds by means of Levene test) has been carried out (different letters (a, b and c) indicating significant differences between fuels for the studied property). The standard model is expressed as shown in Equation (1):


Yij = µ + τi + Єij



(1)




where Yij represents the j-th observation on the i-th species, τi represent the i-th specie effect, Єij represents the random error existing in the j-th observation on the i-th specie and µ is the common effect for the whole experiment. The statistical analysis was carried out by using the Statistical Package for Social Sciences (SPSS Version 22 from IBM Corp., Washington, DC, USA). Mean values obtained have been compared with the Duncan test at the 0.05 level.





4. Results and Discussion


4.1. Physical Properties


4.1.1. Moisture Content


The moisture content of the fuel is an important parameter in determining efficiency. Freshly cut wood has a moisture content of 55–65% on a wet basis. This decreases slowly for whole logs. The reduction of this energy loss requires adequate preparation and storage of wood fuels [31]. Figure 1 shows the mean moisture content for the three species together with the statistical analyses performed. The ANOVA analysis showed significant differences in moisture content among the species (p < 0.0001; F = 8024.35). In fact, black locust is the specie with the lowest moisture content after harvesting, thus requiring less energy consumption or shorter natural-air drying period before combustion [32]. The differences obtained in the moisture content after harvesting between poplar and black locust were similar to that found by Manzone [33], while the value determined for willow is similar to that found by Eisenbies et al. [34].


Figure 1. Mean values of moisture content. Means values with by a different letter are significantly different at p < 0.05.
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4.1.2. Particle Size Distribution and Bulk Density


For each specie, results regarding the weight percentage of each fraction in the particle size distribution is shown in Figure 2. All the species are mainly formed by particles between 2.8 and 1.4 mm (representing 53.05 wt % for poplar, 46.02% for willow and 44.79% for black locust). Comparing the three species, black locust has a greater amount of particles with smallest sizes (<1 mm), which could originate important fuel losses in the gas strain (mainly when using fluidized bed combustion technologies), affecting both the furnace efficiency as well as the necessities for post-treatment systems such as cyclones or electrostatic precipitators [19].


Figure 2. Particle size distribution.
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Bulk density is an important characteristic of biomass materials in relation to transport and storage cost [12]. Moreover, together with the lower heating value, it determines the energy density (and thus the energy production of the power plant). Figure 3 shows the mean bulk density for the three species together with the statistical analyses performed. The ANOVA analysis revealed a significant effect of the specie (p < 0.0001; F = 84.67). Black locust (239.83 kg·m−3) and willow (214.46 kg·m−3) showed much higher bulk density than poplar (191.81 kg·m−3). Differences in bark content of each species could lead to the differences observed, as suggested by Picchio et al. [22]. However, the determination of the bark content has not been performed at the current state and it will be considered in the next rotation. The significant larger mean particle size of the poplar biomass could also cause a lower density which is not compensated by its higher moisture content (mainly when compared with black locust). Regarding storage aspects, and assuming a 10 MWe power plant operating 7600 h·year−1 and an overall efficiency of around 35%, the required storage volume for black locust would be around 100 m3 smaller than that of poplar.


Figure 3. Means values of bulk density (kg·m−3). Mean values with a different letter are significantly different at p < 0.05.
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4.2. Thermochemical Properties


4.2.1. Proximate Analyses and Ash Composition


The volatile matter of biomass (which is much higher than that of solid fossil fuels) significantly affects the combustion behavior since most of the process is governed by homogeneous reactions [12]. Normally, a high volatile content is desirable because these compounds accelerate the oxidation process improving the efficiency [33]. Unlike its lower fixed carbon content limits the energy supply.



Table 4 shows proximate and ultimate analyses of the three species with the statistical analyses performed. The ANOVA analysis shows a significant effect of the specie (p < 0.0001; F = 73.513) in the volatile matter content, willow showing a slightly higher volatile amount. The values obtained are consistent with those reported by other authors for poplar [35,36], willow [37,38] and black locust [35], although the small relative differences determined do not allow for highlighting a specific crop.



Table 4. Proximate and ultimate analysis (mean values, wt % dry basis).







	
Species

	
Factors Evaluated




	
Volatile Matter

	
Ash Content

	
Carbon

	
Hydrogen

	
Nitrogen

	
Sulfur

	
Chlorine




	
µ

	
SD

	

	
µ

	
SD

	

	
µ

	
SD

	

	
µ

	
SD

	

	
µ

	
SD

	

	
µ

	
SD

	

	
µ

	
SD

	






	
Poplar

	
82.37

	
0.03

	
a

	
3.00

	
0.01

	
a

	
51.81

	
0.01

	
a

	
6.39

	
0.08

	
a

	
0.16

	
0.02

	
a

	
0.04

	
0.00

	
a

	
0.01

	
0.00

	
a




	
Willow

	
83.59

	
0.39

	
b

	
1.88

	
0.05

	
b

	
48.84

	
0.12

	
b

	
6.18

	
0.05

	
b

	
0.46

	
0.02

	
b

	
0.03

	
0.01

	
a

	
0.00

	
0.00

	
a




	
Black locust

	
81.33

	
0.06

	
c

	
3.33

	
0.07

	
c

	
51.51

	
0.18

	
c

	
6.44

	
0.09

	
a

	
0.63

	
0.15

	
b

	
0.05

	
0.00

	
a

	
0.02

	
0.00

	
a








µ: average data; SD: standard deviation; Means values followed by a different letter are significantly different at p < 0.05.








The ash content in the biomass also plays an important role in the combustions process, affecting the combustion technology used. Usually, high ash contents are problematics in combustin devices because ash can cause slag or deposits, and even corrosion troubles wich could reduce the plant throughput, increasing the operating cost [12]. Moreover, high ash content also rises the transportation and storage costs [17,21].



The ANOVA analysis reveals a significant specie effect (p < 0.0001; F = 754.420). These values are similar to those reported by Carmona et al. [16] for poplar, Tharakan et al. [24] and Oberbenguer et al. [39] for willow and Chirone et al. [35] for black locust. In general, the ash content of poplar is slightly higher than that of softwood biomass [40]. Willow had the lowest ash content (1.88 wt %), followed by poplar (3 wt %) and black locust (3.33 wt %). The values obtained impose no limitations in terms of feedstock for combustion. However, in order to predict the fouling tendency of the biomass when is combusted, the determination of the alkali metal content in the three species has been performed.



It is commonly accepted that the concentration and behavior of elements such as Ca, Cl, K, Na, P, S, Si and some heavy metals are mostly responsible for many technological and environmental problems during biomass processing [41]. Those elements also condition a possible use of the ash, such as soil nutrients (K and Mg content) or as melting additive in the building materials industry (K content). Moreover, the reaction of alkali metals with silica can produce a mobile liquid or sticky phase, which can lead to obstruction of airways inside the boiler as well as to deposits formation in the convection heat transfer surfaces [12]. The alkali metal content (Table 5) is similar for the three species, except Ca which is much lower for black locust. Regarding to silicon, willow is the specie with the lowest value. To evaluate the fouling potential of the three species, two indexes (which assume no interaction between the ash elements) have been calculated. Index A is the ratio of the alkali metal oxides to silica (K2O + Na2O/SiO2) [42] while index B is referred to the high heating value (K2O + Na2O x% ash/HHV] [43]. Table 5 shows the fouling indexes calculated with the result of the Duncan test and the range of values for those indexes considering possible fouling problems [38]. The ANOVA analysis revealed a significant effect in indexes A and B (p < 0.0001; F = 84.00, 48.21, respectively). Additionally, the values shown in Table 5 are indicative of unlikely fouling for all samples. It should be noted that willow, which is significantly different from the other species (p < 0.05), is the most suitable for use in combustion processes when fouling phenomena have to be avoided. According to these results, the slightly higher volatile and lower ash content as well as the lower fouling tendency of willow seems to indicate that this species is the most suitable to be used in combustion power plants.



Table 5. Alkali metal and silicon content in poplar, willow and black locust (means values, dry basis) and fouling indexes determined and fouling indexes range.







	
Species

	
Alkali Metals (wt %)

	
Index A

	
Index B

	




	
FU

	
FP

	
FPR

	
FU

	
FP

	
FPR




	
<0.10

	
0.10–1.00

	
>1.00

	
<0.17

	
0.17–0.34

	
>0.34




	
Ca

	
Mg

	
K

	
Si

	
Na

	
µ

	
SD

	

	
µ

	
SD

	






	
Poplar

	
0.64

	
0.15

	
0.18

	
0.14

	
0.01

	
0.89

	
0.01

	
a

	
0.13

	
0.01

	
a




	
Willow

	
0.47

	
0.12

	
0.14

	
0.07

	
0.01

	
0.48

	
0.00

	
b

	
0.05

	
0.00

	
b




	
Black locust

	
0.00

	
0.11

	
0.23

	
0.12

	
0.01

	
0.85

	
0.00

	
a

	
0.15

	
0.00

	
c








Means values followed by a different letter are significantly different at p < 0.05. FU: fouling unlikely, FP: fouling possible, FPR: fouling probable.









4.2.2. Ultimate Analyses


Elemental analysis of a fuel, gives as carbon, hydrogen, nitrogen, chlorine and sulfur content, is termed the ultimate analysis. Table 4 shows the ultimate analysis for the species studied.



According to [35], coniferous and deciduous wood has the lowest N content. Higher concentrations are found in logging residues, bark or short rotation crops as willow or poplar. The nitrogen content value of the three species range between 0.16 and 0.63 wt % d.b. and no significant differences between species (p > 0.05, F = 6.93) were found. Nevertheless, as nitrogen content in all species is below to 0.6 wt %, no NOx emissions-related problems should be expected when these species are used in combustion sysetms [40].



The chlorine and sulfur content of wood is normally low. Chlorine and sulfur content in concentrations above 0.1 and 0.2 wt %, respectively, are related with corrosive effect of chorine salts, HCl and SOx derived from biomass thermochemical processes [40]. The values determinated ranged between 0–0.02 wt % d.b. and 0.03–0.05 wt % d.b., respectively and no significant differences in sulphur and chlorine contents between species were found (p > 0.05, F = 2.838, 0.945, respectively). Again, the low values determined seems to indicate that Cl and S associate problems are not expected when the species characterized are used in combustion processes.




4.2.3. Lower Heating Value


Figure 4 shows the mean LHV for the three species for both dry and wet basis. Values in dry basis are within the range reported in previous studies of poplar, willow and black locust [16,44]. The ANOVA analysis revealed that the effect of the specie (p < 0.0001; F = 73.28) was significant. Willow showed a slightly higher heating value (17.98 MJ·kg−1 d.b.) when compared to poplar (17.93 MJ·kg−1 d.b.), black locust (17.55 MJ·kg−1 d.b.). This is probably due to its lower ash content. Similar findings have been reported by other authors [35]. Considering the production yield (Table 2) and the LHV (dry basis), willow appears again as the most appropriate specie to be used in large-scale combustion devices. However, is known that the moisture content reduces the available energy from the biomass since LHV is reduced proportionally to the moisture content. Therefore, considering the moisture content after harvesting (as received in the power plant), black locust would require a shorter drying time if long storage periods have to be avoided (derived from power production and/or space constraints).


Figure 4. Mean lower heating values (LHV). Means values with a different letter are significantly different at p < 0.05.



[image: Energies 10 00997 g004]









5. Conclusions


In this paper, the physical and thermo-chemical properties of three short rotation forestry crops (willow, black locust and poplar) were determined in order to select the most appropriate specie according to their combustion behavior in power plants. According to the results obtained, the following practical conclusions can be drawn:

	
Based on the physical and thermochemical properties as well as on the production yield, willow seems to be the most suitable crop for use in combustion devices (low ash and high volatile content, high LHV on dry basis and very unlikely fouling problems).



	
Despite the very low yield obtained for black locust (which was probably due to the unusual climatic conditions during the planting year), this specie could be cost-effective when constraints imposed by short storage periods (space availability and/or power production requirements) are limiting.



	
The nitrogen and sulfur content in all the species suggests no problems related to SOX and NOx emissions.



	
According to the fouling indexes determined, nor harmful corrosion caused by chlorine or fouling phenomena during combustion with any of the species are expected, those problems being minimized if willow is used.
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