

  fire-06-00288




fire-06-00288







Fire 2023, 6(8), 288; doi:10.3390/fire6080288




Article



Experimental Study of the Combustion of and Emissions from Olive and Citrus Pellets in a Small Boiler



Adriano Palma 1[image: Orcid], Francesco Gallucci 1,2,*[image: Orcid], Salvatore Papandrea 3[image: Orcid], Monica Carnevale 1, Enrico Paris 1[image: Orcid], Beatrice Vincenti 1[image: Orcid], Mariangela Salerno 1, Valerio Di Stefano 4 and Andrea Rosario Proto 3[image: Orcid]





1



Consiglio per la Ricerca in Agricoltura e L’analisi Dell’economia Agraria (CREA), Centro di Ricerca Ingegneria e Trasformazioni Agroalimentari, Via Della Pascolare 16, 00015 Monterotondo, Italy






2



National Research Council of Italy, Institute of Atmospheric Pollution Research (CNR-IIA), Via Salaria km 29.300, 00015 Monterotondo, Italy






3



Department of AGRARIA, University of Reggio Calabria, Feo di Vito snc, 89122 Reggio Calabria, Italy






4



Consiglio per la Ricerca in Agricoltura e L’analisi Dell’economia Agraria (CREA), Centro di Ricerca Foreste e Legno, 38100 Roma, Italy









*



Correspondence: francesco.gallucci@crea.gov.it







Academic Editor: Adina Magdalena Musuc



Received: 30 May 2023 / Revised: 7 July 2023 / Accepted: 19 July 2023 / Published: 29 July 2023



Abstract

:

Agro-industrial activities generate a great amount of bioproducts as biomass residues containing energy and with potentially useful applications in the thermochemical conversion process. The management of this feedstock as uncontrolled combustion (“open burning”) can often be a problem within the supply chain for disposal practices, both in environmental and economic aspects. The residual matrices from agroforestry biomass processing can be treated to increase their energy levels and economic value. A widespread practice for sustainable disposal is the production of pellets from residual biomass, such as pruning. The aim of this study is to explore the combustion of pellets obtained from olive and citrus pruning, and their emissions into the atmosphere. This study confirms the possibility of using waste biomass to obtain a high-energy biofuel that is usable in a controlled combustion system and to monitor the process and its related emissions (CO, CO2, NOx, SO2, PM). Three different pellets (olive pellet, citrus pellet and a pellet obtained from a mix of olive and citrus) were characterized to determine their physicochemical properties and burned in an 80 kWth boiler equipped with multicyclone filter bags as an abatement system to evaluate relative emission. The characterization results show that citrus pellet has a higher ash content, moisture content and lower energy value than mixtures of olive pellet. The emission results suggest that, during combustion, higher emissions of CO and SO2 were monitored from mixtures of citrus pellet compared to burning only olive pellet.
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1. Introduction


In recent years, the threat of climate change has led European institutions to issue new environmental policies, establishing new bioenergy objectives on the reduction in pollutant emissions, increasing the use of renewable sources, and producing green energy as strategies for safeguarding human health and the environment [1,2].



In the bioenergy sector, the use of woody biomass as an energy source has already been extensively studied and proven to mitigate greenhouse gas (GHG) emissions [3,4,5].



Lignocellulosic biomass, derived from agroforestry practices, has widespread applications in thermochemical transformation processes due to its chemical–physical characteristics (low moisture, ash, sulfur and high energy value), that make it ideal for producing electricity, steam and heat, like fossil fuels, but advantageous in terms of environmental, human and socio-economic impacts [6].



Increasing the share of renewable energy to at least 42.5% of consumption represents one of the objectives that the EU energy strategy plans to reach by 2030, and this new objective is contained in the new European directive on renewable energies, also known as RED (RED III).



The European Green Deal establishes important targets to be achieved by 2030 with a view to greater environmental sustainability. In particular, the Green Deal will transform the EU into a modern, resource-efficient and competitive economy by ensuring the following: (1) In 2050, there will no longer be any net emissions of greenhouse gases; (2) economic growth will be decoupled from resource use; (3) let no person and no place be overlooked. In addition, the Fit for 55 package sets out the EU’s goal to reduce net greenhouse gas emissions by at least 55% by 2030.



To achieve these objectives, biomass, agriculture and forestry, as well as all waste from agroforestry products will play a fundamental role. These types of products, if properly treated, can be reused to produce energy and, in some cases, new products relevant to a green and circular economy.



On the one hand, there are both European and national interests in finding new sources of clean energy, such as agroforestry biomass. On the other hand, there is a need to control the amount of emissions into the atmosphere, which are produced by biomass itself.



To contain and limit emissions, the European Commission issued the first “Clean Air” package in 2013, which includes measures that aim to reduce air pollution and derives from the use of biomass for energy purposes.



At a European legislative level, the most significant reference for reducing emissions is Directive 2003/87/EC, also called the Emission Trading Directive, which introduces an internal EU system for substituting certain emissions in the atmosphere, with the aim of minimizing emissions. The new RED III on bioenergy and biomass strengthens the sustainability criteria for the use of biomass for energy purposes, reducing the risk of unsustainable bioenergy production. It ensures the application of the cascading principle, with particular attention paid to supporting schemes and considering national specificities.



In Italy, European legislation has been implemented in the Consolidated Environmental Act, which regulates the methods and limits of emissions in the atmosphere of major industrial and civil plants, including biomass plants. The normative system, defined as two-track, ensures the control of atmospheric emissions and guarantees, if correctly applied, the protection of the environment and human health. In the Mediterranean area, several tree crops are extensively pruned, and olive and citrus trees are widespread all over Italy. The most common practice for the disposal of these pruning residues is open burning, with a consequent loss of resources and uncontrolled emission of pollutants in the atmosphere. While forestry biomass availability for energy in Italy has been widely studied and quantified with the development of consolidated management models, residual biomass from agricultural crops, despite its widespread availability, is not sufficient for use in energy models and economic development. In fact, in rural areas, agroforestry is widely recognized for increasing and diversifying farm productivity, while releasing pressure on existing forests. Therefore, agroforestry (or agriculture forestry) causes major energy exploitation by using up local wood resources in rural areas, for which wood harvesting is commonly based on a semi-mechanized harvesting system [7].



The utilisation of agricultural by-products fully aligns with the concept of circular economy; in fact, circular economy is concerned with how resources are used, as opposed to bioeconomy, a concept focused on which resources are used. Bioeconomy does not exclude eco-efficiency, but it does not actively search for it. It does not refer to circularity neither. In fact, using bio-renewables instead of non-renewables is not an assurance of sustainability since, if overused, they can be depleted in the long run too. This is what happened when the boom in first-generation biofuels cannibalised crop reserves and skyrocketed the prices. However, scholars have recently brought up an effort to connect the two models into a new one called “Circular Bioeconomy”, which applies the circular economy waste hierarchy to biomass resources, prioritising material recovery before energy production.



However, even if biomass is considered a sustainable carbon-neutral feedstock, during biomass burning, some pollutants are generated depending on the process conditions [8].



Among woody biomass, pellet has optimal parameters not only for its energy use, but also its higher density and low management costs [9], thus it plays a significant role in the biomass market, generating a decrease in the availability of the biomass in recent years [10,11,12,13].



Because of the rising use of pellets in household stoves and heating systems, the pellet business has grown significantly. [11,14]; in fact, the transformation of woody biomass materials into pellets, briquettes, or chips reduces costs and problems with handling, transportation, storage, disposal and utilisation of low bulk-density biomass materials. Among the various transformation methods tried, pelletizing has achieved a good compromise in terms of expenditure of energy, economic and time resources [7,11]. On the other hand, the recommended raw materials for producing wood pellets, such as cutting chips and sawdust, are used to the greatest extent possible. This strategy results in a highly competitive dedicated biomass energy market between pellet production and power generation. The competitive commodity market has driven up raw material prices, particularly during the COVID era. In recent years, various biomass materials have been used to make pellets, such as tea waste, bamboo, wastepaper, wheat straw blends, cotton stalk, rapeseed cake, olive cake, palm kernel cake, corn stew, peanut shells and poultry waste. This scenario has involved researchers and employers in the sector to study new pellet production systems obtained from agroforestry and agro-industrial waste matrices to not subtract raw materials such as dedicated biomasses, but above all to improve the quality of combustion and reduce emissions.



Also, among the advantages of using pellets is the ability to vary and optimise the composition, selecting optimal biomass mixtures during production phases when considering energy plants (Miscanthus, reed cannula, semolina, timothy grass, rape, sunflower, hemp) and/or food industry wastes (cereals, potatoes, beets, corn, flax, olive pips), adding additives and natural compounds in order to improve the energy qualities, to increase the calorific value and have positive effects on the process conditions (combustion) [15,16,17,18].



In this regard recent study reported research about characterization and the use of agro-pellets for combustion in small boilers to evaluate the production of particulate matter (PM), gaseous emissions, efficiencies, ash and related problems such as the corrosion and fouling of plants, compared with forest pellet [10,19,20,21].



These studies found that agricultural and industrial waste residues, such as wheat straw, grass and peat pellets, have relatively low emissions during gasification and combustion [15,22,23], with a 90% reduction in CO2 emissions and a positive energy balance; thus, they intended to compare emissions from pellets of innovative raw materials to coal and other fuels [24,25].



Even with good results in energy conversion systems, these raw materials must be characterised in order to evaluate their useful potential and avoid damages that might jeopardise the operating condition process and boiler maintenance. Furthermore, significant levels of pollutant emissions such as PM, CO, NOx [26,27] and unburned hydrocarbons are associated with incomplete combustion due to boiler configuration [28,29], inconstant process conditions, the nature of biomass and fuel physical and chemical properties [26,30,31,32,33,34,35].



Indeed, several studies have highlighted that the use of lower-quality matrices for pellet production (e.g., high ash and metals content) strongly affects the emission [9,34].



The feasibility of employing pellets produced from two distinct agroforestry waste materials (citrus and olive pruning) and their mixing for combustion in a small boiler was investigated in this study. The purpose of this work is to assess the emission of gas and particulate matter (PM) from the combustion of the above-mentioned tree type of pellet.




2. Materials and Methods


As a first step for the innovative biofuel energy valorisation, the characterization of three types of pellet was carried out. The mixes included 100% olive pruning (O-p), 100% citrus pruning (C-p) and a combination of 50% citrus and 50% olive pruning (OC-p). The biomass used (olive pruning, citrus pruning) to form the mixtures came from typical pruning operations on several private agroforestry farms in the Italian province of Reggio Calabria. Following the physicochemical characterization, each pellet mixture was burned separately, and emissions were monitored during combustion experiments to highlight the differences, criticalities and benefits of the three different pellets tested, in terms of pollutant generation.



2.1. Pellet Processing


Pellets were made at the Department of Agraria’s laboratory in Reggio Calabria, using a rotating roller pelletizer (Green Technik, 11 kW gasoline engine—Figure 1) installed on a die with 6 mm-diameter holes. The pelletizer used also included a H-24 rotating flat die with 24 mm-long channels; the channels had a pre-compression chamber owing to a 60°-angle countersink present at the channel intake. The chipped biomass was sieved and placed in a hopper. Then, the biomass mixtures (O-p, C-p, and OC-p) were generated and the moisture measurement was carried out, which proved to be suitable for the pelletizing stage of the wood chips, as it was about 14%. Upon exiting the pelletizer, the pellets were allowed to cool, and measurements of average pellet length and diameter and an average durability value for each mixture were made (Table 1).




2.2. Physicochemical Pellet Characterization


The physical and chemical properties of the various types of pellets studied were investigated at the LASER-B (Laboratory of Experi-mental Renewable Energies from Biomass) of CREA-IT of Monterotondo (Rome). The moisture content was determined using a Memmert UFP800 oven in accordance with UNI EN ISO 18134-1: 2015. Pellets were dried at 105 ± 2 °C and the humidity was determined considering the weight loss of the sample after 24 h. The ash content was determined using a Lenton EF11/8B muffle furnace according to the UNI EN ISO 18122: 2016. About 1 g of each pellet sample was placed in the ceramic crucible at thermal ramp (6 °C/min up to 250 °C and then 10 °C/min from 250 °C to 550 °C) into the furnace. The higher heating value (HHV) was determined by means of a Parr 6400 calorimeter, according to the UNI EN ISO 18125: 2018, and the lower heating value (LHV) was calculated from the HHV considering the hydrogen content. The elemental composition was evaluated by using a Costech ECS 4010 CHNS-O elemental analyser according to the UNI EN ISO 16948: 2015 to determine the C, H and N content. For biomass metal content determination, pellet samples were mineralized with a microwave oven (Start D, Milestone), then the mineralized solution was filtered, diluted and analysed by ICP-MS (Agilent 7700, Agilent, Santa Clara, CA United States).




2.3. Combustion and Emission Monitoring


Biomass burning was carried out at CREA-IT by using the boiler GSA-80 (D’Alessandro Termomeccanica Series GSA 80 kWth), simulating the open burning without any abatement system for particulate matter (PM). Only for the last burning trial conducted on citrus pellet, a multicyclonic filter was installed as an abatement system, and its effective yield was monitored with an electrical low-pressure impactor (ELPI) able to give real-time PM detection. The constant operative parameters were shown in Table 2.



For the flue gas sampling, a multigas portable analyser was used for measurements of NOx, SO2, CO, CO2 and O2. The multigas portable analyser was Horiba Model PG-250, specifically designed for compliance with 40 CFR 60.



The total suspended particles (TSP) were sampled with an isokinetic probe (DADOLAB HP5 + ST5), bringing a filter holder for glass microfiber filters (⌀ 47 mm, 0.3 µm, MK-360 Munktell). Filters were pre-conditioned at 400 °C before being brought to measure a constant weight. They were weighed after sampling to determine the TSP. Only during citrus burning was it possible to measure the PM fractions with an electrical low-pressure impactor (ELPI) able to give real-time detection of particles by combining electrical detection of charged particles with a low-pressure cascade impactor. Using the ELPI, the real time concentration (mg/m3) of three PM fractions (10 μm, 2.5 μm and 1 μm), the number size and the mass size distributions were measured to understand the real efficiency of the multicyclonic filters that was installed in the boiler during the citrus pellet burning test.




2.4. Statistical Analysis


The statistical analysis was entirely conducted in R ver. 3.6.1. Since different data nature and structure were obtained from the experimental design, many statistical tests and analyses turned out to be useful for their comprehension.



For emissions variables (CO, NOx, SO2, O2, CO2 and PM), a one-way ANOVA was used to examine the differences between biomasses. The individuation of such differences was then determined using the post hoc Tukey HSD test, able to compare group means. To assess the normality and homoscedasticity of biomass characterisation variables, the Shapiro–Wilk and F-tests were used.



The multivariate data analysis was conducted via principal component analysis (PCA) to evaluate the correlations between biomass and combustion emission parameters. PCA is used as an exploratory data analysis to reduce dimensionality by projecting each data point onto only the first two principal components to obtain lower-dimensional data, while maintaining data variation.





3. Results and Discussion


3.1. Biomass Characterization


Results from the physical and chemical characterization show that the pellet moisture content is on average lower than that of wood chip and other lignocellulosic biomass, depending on the nature of the biomass and pretreatments. Pelletization, in fact, represents a transformation process responsible for the matrix water loss [36,37]. The ash content is higher for C-p and decreases adding olive to the mixture, with the lowest value reached in O-p (Table 3). In terms of elemental composition, the C, H and N content shown in Table 3 are similar for C and N and lowest for H with respect to that of lignocellulosic biomass suitable for energy uses in thermochemical conversion plants. Generally, for lignocellulosic biomasses dedicated to thermochemical processes (e.g., poplar, elm), the content of C, H and N is on average 40%, 6% and 2%, respectively. Specifically, the carbon content is reflected in a high lower-calorific value that appears comparable to the energy biomasses in all three pellet samples. Comparing C-p with citrus wood chips [38], it is possible to observe a higher ash content in C-p, that could be reflected in a lower LHV in C-p with respect to that of citrus wood chip. On the other hand, both O-p and olive wood chips show significantly lower ash content than citrus ones, and the slight ash increase in pellets does not seem to affect O-p LHV, which in turn increases. When the ash percentage is low, the most influencing factor for LHV shifting remains the composition, in particular, the carbon and hydrogen content [39]. Ash is the only variable that slightly exceeds the values defined for best-quality commercial pellets.



Table 4 shows the results of the metal content obtained from pellet mixture analysis. The results indicate that all the samples have a greater content of macro-elements such as K, Na, Ca, Mg and Fe, typical of woody biomass and related to the conditions of plant growth, soil characteristics and the use of plant protection products. A high content of these metals may represent a mechanical problem for the boiler during the combustion process, causing phenomena like bed agglomeration, slagging, fouling and corrosion, that can occur and limit the boiler’s functioning [40,41,42]. The other metals, including heavy metals, have regular values and non-significant changes, except for Cu which is significantly lower in C-p. Such a variation may suggest difference in crop management in terms of fertilisation, pesticide use and irrigation, or it may indicate closeness to contamination material emission sources.




3.2. Emissions


The best combustion conditions recorded during O-p burning laed to thermal NOx production. In fact, nitrogen oxides, collectively referred to as NOx, are formed in essentially all combustion processes, mostly as nitric oxide (NO), with smaller amounts of nitrogen dioxide (NO2) and nitrous oxide (N2O). Nitric oxide is subsequently oxidised to NO2 in the atmosphere. NO is formed as a result of the fixation of N2 in the combustion air at elevated temperatures [43,44]. Despite this, the reduced N content in the biomass makes olive a less significant emitter of NOx. Because of this dual behaviour, there is considerable fluctuation in NOx emissions when O-p is burned (Figure 2, left). Furthermore, we found the largest O2% variability in flue gas (3.57) during O-p combustion, compared to C-p (1.2) and OC-p (0.75). Since NOx generation is likewise highly linked to comburent, larger variability in surplus air inevitably leads to higher variability in NOx emission.



Such variability is mainly lost when CO and SO2 are examined, confirming more stable and better combustion conditions than the other mixes. Despite the worst combustion conditions, with a lower CO2% in the gaseous effluents than O-p, C-p shows less variability, but a higher average in NOx generation, suggesting that the production of nitrogen oxides in citrus is mostly attributable to matrix composition. When olive and citrus pellets are combined, the combustion conditions improve compared to 100% citrus pellet, and the N content is higher than 100% olive pellet, resulting in a significant increase in both thermal and compositional nitrogen oxide generation.



Focusing on carbon monoxide emissions (Figure 2, centre), an improvement in combustion conditions can be seen when olive dominates the blend, with a lower CO concentration in flue gas. Regarding the SO2 emissions (Figure 2 right), they are strictly correlated to CO and the worst combustion conditions with higher CO variability laed to higher and more variable SO2 emissions. Through the correlation test in R using the non-parametric Kendall method since SO2 and CO were not normally distributed, strong correlations were found between these two variables for all three blends, with p-values rejecting the null hypothesis of covariance equalling to 0. The higher variability of CO and SO2 observed for C-p is likewise associated to the worst biomass characteristics, with higher humidity, ash and lower LHV. High fluctuation in emissions linked to combustion quality, such as CO, favours unstable combustion circumstances.



The PCA analysis was performed using the SO2, NOx, O2 and CO2 emission variables, permitting a clear classification of the three mixture emissions into different groups, as shown in Figure 3. The principal components 1 and 2 explain 88.8% of the variability; component 1 depends mostly on oxygen, carbon monoxide and carbon dioxide percentages, which are negatively correlated with each other. These two parameters can explain the combustion quality and the biomass oxidation that occurred during combustion; in fact, the higher the CO2 percentage, the higher the oxidation of the organic matter, indicating a more complete combustion. Component 2 is mainly related to NOx and SO2, which are also negatively correlated. Increasing the combustion quality usually causes NOx to increase due to thermal mechanisms, while SO2 decreases.



Olive pellet emissions (in green) are driven by a high CO2 percentage in flue gas, indicating the best burning condition and lower SO2 and NOx emissions. C-p burning brings higher CO and SO2 emissions with the worst combustion conditions, while OC-p emissions lead to high NOx concentrations due to the thermal and compositional production of nitrogen oxides [43,44]. In Figure 3, it is possible to see that the blue cloud, indicating OC-p emissions, is in the middle of the orange and green clouds, indicating C-p and O-p emissions, respectively. Except for NOx, which definitely drives the OC-p emission cloud in the lower part of the graph, for all the other variables used in the PCA analysis, it is possible to see that the mixture, OC-p, has emissions on average within the boundaries of the pure material emissions. This indicates that if olive is added to the citrus blend, it is possible to mostly improve combustion quality, with some concern regarding the NOx emissions.



Due to the long duration of emission monitoring, many outliers are recorded due to transient variations in combustion conditions, increasing emission variability and the records spread on the PCA biplot.



Between the three pellet blends, there are no significant differences in TSP emissions with 169.42 mg/Nm3, 172.35 mg/Nm3 and 176.91 mg/Nm3, respectively, for O-p, OC-p and C-p.



The PM fraction trend (Figure 4) obtained with the ELPI during C-p combustion reveals a significant particle abatement only for PM10 (in red) when the multicyclone filter was functioning (from 12:48 to 13:05). The other two fractions (PM2.5 and PM1, in black and green, respectively) are unaffected; in fact, while the PM10 concentration decreases during filtered conditions, the relative concentration per volume of the smallest particles (PM2.5 and PM1) slightly rises. When the filter is activated, the dimensional distributions of the various PM fractions vary considerably. When we evaluate the amount of particles detected with the filter switched on, we found that a mean of 8.00 × 107 particles were emitted per cm3 only for the particle size of 0.01 μm. When the multicyclone was switched off, the number of particles with smaller diameters slightly decreases, but all the other size classes (PM10 and PM2.5) rose, with a total average of 3.4 × 108 particles released per cm3.





4. Conclusions


The results attempted to define and concretely improve a new ecological macroeconomy that takes into account both energy and environmental factors, and seeks to reconcile human activities with the Earth’s constrained resources.



The use of waste biomass and the treatments that it undergoes before energetic transformation are generally factors that influence the conversion processes and, as a result, the generation of emissions into the atmosphere. The results show that pellets made from residual materials (citrus and olive tree pruning mixes) had a different effect on the production of pollutants during combustion. Starting with the characterization of the biomass, it emerged that in general, the pellets investigated have a lower average humidity value than other dedicated lignocellulosic biomass applied for energy use; this factor is relevant to predict a good combustion and could determine a lower production of pollutants, in contrast to the content in ash, which changes as the function of pellet composition, in particular, decreases when a higher content of olive tree pruning is used in the mixture. Metals in the initial matrix are within permissible limits; therefore, their presence does not cause any issues with polluting emissions. Metal values are higher for macro-elements, which might harm plants in any circumstance. In terms of macro-pollutant emissions, O-p has more variability in NOx emissions and better combustion conditions are detected. CO and CO2 have a more constant trend, with greater CO2 levels and lower CO values when compared to any other blend. Such findings imply that olive biomasses have a greater potential and may be blended with other biomasses with poor combustion performances to improve the latter’s energy potential. Another remarkable issue concerns the PM abatement. In fact, biomass burning is naturally a source of PM, but when abatement systems are used, this risk notably decreases. Therefore, as a result of the multicyclone filter use, a considerable reduction in PM10 was achieved, suggesting the application of systems such as efficient filters that are easy to install both technically and economically, as well as on the smallest boilers, which could be useful for small farms’ energy balance. The incentive of such technologies in the agricultural sector is also a strategy to contrast today’s energy crisis, promoting European independence from Russian fossil fuel. The results published in this paper can help expand the potential candidate materials for the future production of renewable densified solid biofuel, particularly using orchard residues as the primary source of biomass raw material [45].
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Figure 1. Pellet processing with Greentechnik PTM50 Pellet Machine. 
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Figure 2. Boxplots of NOx, CO and SO2 emissions. Boxes not accompanied by the same letter are significantly different (p < 0.05) according to the one-way ANOVA and the post hoc Tukey HSD tests. 
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Figure 3. Biplot obtained via principal component analysis applied to the emission data. 
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Figure 4. PM fraction trends during the citrus combustion emission sampling. The multicyclonic filter was activated between 12:48 and 13:05. 
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Table 1. Physical characteristics of the pellet divided into mixtures.
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Biomass

	
Mean

	
Std. Dev.






	
O-p

	
Durability %

	
94.5

	
1.17




	
D mm

	
6.25

	
0.11




	
L mm

	
19.0

	
2.34




	
C-p

	
Durability %

	
93.3

	
1.20




	
D mm

	
6.221

	
0.01




	
L mm

	
18.56

	
1.97




	
OC-p

	
Durability %

	
90.6

	
0.982




	
D mm

	
5.852

	
0.077




	
L mm

	
17.94

	
2.91
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Table 2. Combustion test operative conditions.
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	Parameter
	Unit
	Value





	Stack Diameter
	[m]
	0.25



	Stack Area
	[m2]
	0.05



	Flue Density
	[kg/Nm3]
	1.29



	Flue Velocity
	[m/s]
	2.05



	Stack Temperature
	[°C]
	201.1



	Stack Pressure
	[kPa]
	102.2



	Velocity at Nozzle
	[m/s]
	1.850



	Filter Box Temperature
	[°C]
	137.8



	Environment Pressure
	[kPa]
	102.4
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Table 3. Physical and chemical characterization of olive and citrus pellet, and their mixture.
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	Biomass
	Moisture

[%]
	Ash

[%]
	C

[%]
	H

[%]
	N

[%]
	LHV

[MJ/kg]





	O-p
	6.67 ± 0.09
	1.94 ± 0.05
	40.44 ± 1.38
	1.86 ± 0.03
	1.37 ± 0.25
	19.18 ± 0.04



	C-p
	7.36 ± 0.78
	4.57 ± 0.18
	35.76 ± 1.05
	2.29 ± 0.25
	3.64 ± 0.56
	16.94 ± 0.08



	OC-p
	5.30 ± 0.26
	2.75 ± 0.15
	37.61 ± 0.54
	1.45 ± 0.32
	2.77 ± 0.81
	17.85 ± 0.03
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Table 4. Metal content in pellet mixtures.
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	[mg/kg]
	O-p
	C-p
	CO-p





	Li
	1.04
	0.85
	0.58



	B
	17.00
	13.76
	14.04



	Na
	320.14
	247.24
	267.92



	Mg
	755.40
	734.20
	711.95



	Al
	372.82
	518.31
	241.63



	K
	7005.92
	2648.86
	5400.85



	Ca
	1079.85
	3223.64
	1591.99



	Cr
	1.14
	0.80
	0.58



	Mn
	19.83
	16.24
	11.83



	Fe
	584.96
	549.17
	319.61



	Co
	0.21
	0.24
	0.30



	Ni
	1.57
	0.65
	0.64



	Cu
	29.78
	4.98
	18.84



	Zn
	32.98
	12.90
	18.60



	Cd
	0.07
	0.02
	0.04



	Pb
	3.66
	0.32
	1.05
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