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Abstract

:

The global need to transition to renewable and decentralized systems entails agricultural systems as producers of residual biomass. Avocado trees (Persea americana Mill.) are one of the main woody crops cultivated in Mexico, with over 150,000 hectares grown in the country. The aim of the present study is to evaluate the use of avocado pruning residues as an energy input, focusing on the revalorization of biomass and the generation of economic benefits for small producers in the region. For that purpose, we developed allometric equations to calculate biomass availability from pruning residues, evaluated their thermochemical properties, and proposed technological alternatives for their energy use. Two allometric equations for pruning residues as a function of tree height and crown diameter were obtained: one for light and minor maintenance pruning (R2 = 0.63) and one for rejuvenation pruning (R2 = 0.86). From these equations, we estimate the mean amount of biomass generated from light and rejuvenation pruning to be 42.7 and 25.1 kg per tree and year, respectively, which amounts to 1324 and 780 kg ha−1 DM (dry matter), with an energy potential of 26.2 and 15.4 GJ ha−1. The thermochemical analysis shows that a higher proportion of leaves generates a higher ash content, which reduces the quality of the residues as a fuel. Avocado pruning residues have high potential for energy use and could be implemented in the industrial and residential sectors, generating a complementary source of income for producers.
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1. Introduction


Agricultural systems have high potential to produce biomass for energy purposes, which can mitigate our current dependence on fossil fuels. This use of biomass to substitute fossil fuels can also reduce greenhouse gas emissions, especially when it comes from agricultural residues and does not compete with food production [1] or additional land use. Furthermore, it represents an opportunity to complement agricultural rents and stimulate rural development [2]. Implementing an efficient system for biomass energy use entails a detailed technical, economic, and environmental analysis in order to ensure it can be sustainably managed.



For the case of Mexico, Tauro et al. [1] demonstrated that pruning residues from fruit trees have a high potential for energy use in the residential and industrial sectors, substituting fossil fuels and mitigating the emissions of polluting gases. One of the most important fruit tree crops in Mexico is avocado (Persea americana Mill.). In 2018, more than 2 million tons of avocado were grown in Mexico, making it the main producer, consumer, and exporter nation [3]. Most of this production (80%) comes from the state of Michoacán, where more than 150,000 hectares is dedicated to this crop. An important amount of residual biomass is generated from pruning activities.



Consequently, it is of interest to quantify the amount of generated biomass and analyze the life cycle of avocado pruning residues in order to increase our knowledge of this abundant and periodic resource, which should be managed effectively and can be used for energy purposes. Recent research has focused on quantifying residual biomass from different systems, mainly in the forestry sector [4]. For agriculture, Velázquez-Martí et al. [5,6,7] quantified residual biomass from grapevine, olive, and almond trees in Mediterranean ecosystems. These authors obtained predictive equations from regression models using easily measurable parameters, such as plant height, trunk diameter, and crown diameter. Other studies have developed more sophisticated techniques using teledetection through spectral images and Lidar technology (see, for example, [8,9]).



While dendrometric techniques have not often been applied in agriculture due to the limited interest in their energy use, fruit tree pruning residues have been analyzed from different perspectives: Velázquez-Martí and Fernández-González [10] compared the costs of mechanical and hand pruning of citric crops, determining the amount of generated residual biomass, as well as its influence on fruit production and quality. Velázquez-Martí et al. [7] and Velázquez-Martí et al. [11] quantified residual biomass from almond and citric pruning residues in the Mediterranean coast of Europe. Finally, Velázquez-Martí and Cazco-Logroño [2] developed a method for estimating biomass from tree pruning residues in Ecuador using dendrometric equations in regression models.



The potential energy use of avocado in Mexico has not been widely studied, despite it being an abundant crop with a growing demand. In a recent review, García-Vargas et al. [12] presented the current state of research on energy use of avocado residues at the global level. Most of the cited studies focus on the use of avocado pits and rinds generated from the avocado industry for the production of liquid and gas biofuels without accounting for pruning residues, which are burned in orchards. To date, no studies have quantified biomass from avocado tree pruning residues or analyzed its potential for energy use.



The aim of the present study is to evaluate the potential for energy use of avocado pruning residues and assess their potential to generate additional income for local producers. We analyze the amount of available biomass based on the specific characteristics of pruned trees, explore the thermochemical properties of these materials as solid biofuels, and propose different end uses. We quantify biomass by developing equations that can predict the amount of residual biomass from pruning operations using easily obtained tree measurements. Knowing the number of cultivated hectares and the type of pruning used, our methodology will allow the estimation of biomass that is available for potential energy use in a given community or region. Quantifying the amount of biomass that can be obtained from each tree through allometric equations will open the door for future studies on tree growth and territorial energy planning, benefiting both the users and the owners of biomass.




2. Materials and Methods


2.1. Study Site


The municipality of Tingambato is located in the northern portion of the state of Michoacán. It has an area of 18,990 ha and represents 0.32% of the state’s surface. The mean elevation is 1898 m above sea level, and the maximum elevation is 1980 m. It has a population of about 15,000 people. The climate is temperate, with a mean annual temperature of 16 °C and a mean annual rainfall of 1000–1100 mm, with rains occurring mostly from June to September. The predominant soil groups are andosol (74.4%), lithosol (8.8%), vertisol (8.0%), luvisol (3.4%), and phaeozem (2.9%), with the remaining 2.1% made up of other types (acrisol, regosol, and cambisol). The prevailing land use is agriculture of perennial crops, such as avocado, and to, a lesser extent, forestry activities with pine and oak species.



About 4% of Mexico’s avocado production comes from Tingambato. The Hass variety dominates, representing 95% of the region’s production [3]. Currently, 4250 ha is cultivated each year [3] in orchards registered at the Local Board of Agricultural Health of Tingambato (JLSV for its Spanish acronym). Most of them are destined for export. Out of the registered orchards, 3% are organic certified, while the rest are conventional orchards. Trees are spaced at 10 to 12 m, with a mean density of 100 trees per hectare. The tree spacing allows machines to carry out agricultural tasks. This arrangement would also be advantageous for harvesting pruning residues.



Orchard management activities include pruning, which is carried out after the harvest and before flowering. Pruning increases fruit production, improves tree health, and maintains an adequate plant size that facilitates harvest and efficient pesticide application. Although there is no official classification for pruning methods, three different types can be identified based on their intensity. Hard pruning or renewal or rejuvenation pruning is carried out on average every 10 years and consists of fully cutting down the crown, or even the entire tree, when the plant is infested or when completely renewing the orchard. Maintenance or tree shape pruning is an annual method that consists of eliminating central or lateral branches, allowing more light to enter through the crown, diminishing the probability of becoming infested, and increasing tree productivity. Light maintenance pruning is also carried out yearly, with the objective of removing smaller branches to maintain the tree’s height and shape.



From the residues generated through pruning, the smaller branches (generally with diameters under 2.5 cm) that contain leaves are ground and incorporated into the soil. Branches with bigger diameters do not have an established use; a large percentage is burned in the field, while the rest is given away or sold at a low price in the informal market, mainly for constructing transportation boxes. Pruning residues from organic orchards are used as firewood by nearby households.




2.2. Collection of Samples


We randomly selected 56 trees from a subset of 10 avocado orchards based on technical criteria provided by the producers or owners of the orchards. We measured their allometric variables and weighted their pruning residues. The age range of the orchards in our sample was between 12 and 70 years, and they varied in size from 3 to 60 ha. All employed a drip irrigation system. We distinguished intensive rejuvenation pruning, intensive tree shape pruning, and light pruning and estimated the amount of biomass generated from each of the three types of pruning.



After pruning, the residues were bundled into sheaves and weighted using a digital dynamometer with a maximum load capacity of 250 kg. The sheaves were assembled by separating the smaller-diameter branches with leaves, which are mainly incorporated into the soil at the orchards, and the larger branches with no leaves, which have the potential of being used for energy generation.



In order to determine the fraction of leafy and woody biomass, we selected the branches of five trees from our sample (from different orchards and with different ages and dimensions) and measured their initial weight with leaves before removing the leaves and reweighting. The percentage of woody biomass (Bw) was calculated with Equation (1), and the percentage of leafy biomass (Bl) was obtained from Equation (2), where ml is the biomass of branches with leaves and mw is the biomass with no leaves.


   B w  =    m l     m w    100 %  



(1)






   B l  =  B w  − 100 %    



(2)








2.3. Measuring Residual Biomass with a Destructive Method


The first step was to define the characteristics of the sampled trees before pruning. Following Velázquez-Martí et al. [5], we considered the main variables: type of pruning method, orchard age (later classified into age ranges), time of last pruning, and orchard size. In order to relate tree characteristics to the amount of generated pruning residues, we measured the following variables before pruning: tree trunk diameter (Dt) at the height of the first branch, total tree height (H), crown height (Hc), and crown diameter (Dc). We used a measuring tape or a vernier caliper to obtain Dt and Dc. To measure H, we used a measuring tape or a Nikon Forestry Pro hypsometer when the height surpassed 5 m. Hc was calculated as the difference between total tree height and the height at the first branching point.



To be able to estimate the amount of generated biomass per tree and year as a function of measured tree variables, two allometric equations were derived through multiple linear regression with ordinary least squares (e.g., [13], chapter 16). The first equation is for light to intensive pruning, and the second for the much more rigorous rejuvenation pruning. All calculations were carried out in a Mathematica notebook (https://www.wolfram.com/mathematica/ accessed on 30 January 2022). Manly’s exponential transformation was employed for the dependent variable (harvested biomass from pruning), with Ricker’s approach to eliminate skewness of the transformed lumped residuals. For details on the formulas and the algorithm to derive the optimal parameter, see [14].



Correlation coefficients and ANOVAs were calculated first to understand the variation and relationships within the data (without transformation). Pearson correlation coefficients above 0.5 were considered high (without testing for statistical significance, which would add assumptions). Subsequently, a number of regression models, including curvilinear ones, were examined. The significance of the regression coefficients and partial residual plots were used as criteria for judging the model quality.




2.4. Determining the Thermochemical Properties of Pruning Residues


	
Sample Preparation






Samples were obtained from 10 recently pruned trees. Biomass components were classified into three categories: branches, branches with leaves, and leaves. We selected leafy branches with diameters less than 2.5 cm and an approximate length of 10 cm (these represent about 55% of the average weight) and branches without leaves with diameters greater than 2.5 cm and a length of 10 cm (45% of the measured weight). The aim of separating leaves and branches was to identify the difference in ash properties and contents between the two samples. The samples were transported in hermetically sealed bags. Once in the laboratory, they were dried outdoors and milled with an FS-LL Mill (Lab Whirlwind, Hangzhou, China). Analysis was performed with samples containing particles of mesh sizes 40 (0.42 mm) and 60 (0.25 mm). The differences in the mean for individual characteristics between branches, leaves, and branches with leaves were tested using one-way ANOVA. Characteristics were obtained as follows:




	
Moisture content








The percentage moisture content (M) was determined three times for each sample (n = 3) immediately after collection. We followed the EN ISO 18134-1 [15] standard and used an enameled steel drying oven (HS60-ED, Enameled Steel Drying Oven, Novatech, Tlaquepaque, Mexico).



	
Proximate analysis






We estimated the percentage of ash content following the UNE-EN ISO 18122 [16] standard and of volatile matter following the guidelines established in ASTM E872-82 [17]. We used a Novatech MD-20 mufflefurnance and an EX225D semimicro analytical balance (Ohaus, NJ, USA) for both analyses. We used a mesh size of 40 for the biomass particle size previously dried in an HS60-ED oven (Novatech, Tlaquepaque, Mexico). The fixed carbon percentage was calculated by subtracting the ash and volatile matter contents from the sample in anhydrous state [18]. Values were determined three times for each sample (n = 3).



	
Elemental analysis






The percentages of carbon (C), nitrogen (N), and sulfur (S) were obtained from biomass powder in an organic elemental analyzer (Thermo Scientific Flash 2000, Colorado Springs, Waltham, MA, USA) using a modified Dumas method [19] and the “Eager Xperience” software for data processing. Values were duplicated for each sample (n = 2).



	
Calorific value






We measured the superior calorific value (HHV) with a Parr 6100 (Molin, IL, USA) compensated jacket-bomb calorimeter and a method outlined in UNE-EN ISO 18125 [20]. The calorimeter was verified using sodium benzoate standards. Values were determined three times for each sample (n = 3).




2.5. Energy Potential and End Uses


With the results from the statistical analysis described above, we extrapolated the amount of generated biomass to the per-hectare scale. Multiplying this by the biomass’s calorific value allows us to estimate the specific energy potential for each type of pruning method and, hence, the potential biomass available for energy uses per hectare.



The energy properties of pruning residues were compared with other types of biomass using a quality index. Based on the quality values obtained, we then suggest different end uses among common applications in the local residential and small to medium industry sectors. We calculated a biomass quality index (BQI) with the results obtained from the thermochemical analysis of pruning residues (Section 2.4) as a reference about their quality as a solid biofuel. The index is based on the methods developed by Cherney and Verma [21], who proposed a pellet quality index for domestic uses, and the adaptation by Rocha et al. [22] to determine the BQI for different types of biomass.



First, the most relevant parameters to be measured and compared were selected according to Vasileiadou et al. [23]. Then a quality index (PQI) for each evaluated parameter was determined based on reference values. Table 1 shows the chosen parameters, associated with their quality as solid biofuels, together with their respective reference values according to Cherney and Verma, and Rocha et al. [21,22], which were selected based on the chemical properties of different types of biomass.



The formula used to obtain the PQI [22] is:


  P Q I =  (     x  m e a s u r e d   −  x  o p t i m a l      x  t h r e s h o l d   −  x  o p t i m a l      )   



(3)




where xmeasured is the measured value of parameter i, xoptimal is the optimal value for each parameter, and xthreshold is the maximum or minimum value for each parameter within the working range. The optimal, maximum, and minimum values from the literature are given in Table 1.



Following Rocha et al. [22], the formula to calculate the BQI is


  B Q I =   ∑   i = 1  6  P Q  I i   



(4)




where BQI is the quality index for the residual biomass, which is the sum of the PQI of each of the six parameters evaluated in Table 1. A lower index represents a higher quality of the biomass as fuel. Once the BQIs for the pruning residues were obtained, we compared them with the reference values in [23], who used the values from Table 1 to estimate the BQI of different agricultural residues.



The moisture content greatly influences the quality index. The BQI has been reported for varying moisture contents [22], as well as dry conditions [23], showing a negative correlation between moisture content and PQI and, therefore, also the BQI. Hence, we performed a sensitivity analysis to indicate the influence of moisture content on the final quality of avocado pruning residues by changing moisture content values while holding other parameters constant. In order to produce a practical and reproducible result at the orchard level, the mean energy properties for all pruning residues regardless of the type of pruning were considered.





3. Results and Discussion


3.1. Allometric Analysis


First, we tested for significant mean differences among groups of data. Analysis of variance (ANOVA) of the log-transformed pruned biomass for all three pruning types combined revealed highly significant differences in mean mass among the 10 orchards, 13 age groups (from 7 to 70 years old), and 4 periods since the last pruning. These variables, however, are correlated with the structural variables that are used below in the allometric equations:




	(a)

	
Periods since the last pruning is correlated with tree crown diameter (Pearson correlation coefficient of 0.60);




	(b)

	
Mean pruned mass per plantation is highly correlated with crown diameter (0.65), as well as with total tree height (0.60);




	(c)

	
Somewhat surprisingly, tree age is not particularly correlated with any variable, including pruned mass; this makes it uninteresting for inclusion.









Subsequently, two allometric equations were obtained from the pruning residue data of 56 individual trees obtained from 10 avocado orchards. Regression analysis for the three types of pruning revealed no relevant differences of allometric relationships between the light and intensive methods so that the data of these two types of pruning were lumped; this increased the sample size and made the model more robust. There was, however, a large difference between this joint group and the much more rigorous rejuvenation pruning. Table 2 shows the two separate equations obtained, together with the corresponding statistical information for each pruning-type group.



	
Light to intensive pruning:






As expected, we found a high correlation between tree crown diameter and trunk diameter (0.67) and between total tree height and height at the first branch (0.89). Crown diameter is considerably more highly correlated with pruned weight, and total tree height is easier to identify than the height up to the crown. To avoid the typical problems of collinearity in regression, only crown diameter and total tree height were included as explanatory variables for harvested mass from pruning. One abnormally large tree in the light pruning treatment was excluded as an outlier.



	
Rejuvenation pruning:






With only 10 data points, statistical analysis is less telling and less robust. The Pearson correlation coefficient between crown diameter and trunk diameter is only 0.09, which is also due to a relatively small data range. The correlation coefficient between total tree height and height up to the crown, however, is very high (0.98). None of the above-mentioned ANOVAs are significant. The same regression model as before, however, resulted in a plausible regression equation, where the regression coefficient of total tree height is highly significant, and the one for crown diameter is marginally significant (at the 5% level).



The still relatively large dispersion of the regression residuals may be due to a number of factors that determine the amount of harvested biomass per tree (Table 2). Although all orchards in our sample use drip irrigation systems, we do not have data on water volume per tree; differences in amount of water used per day or number of irrigation days per year may explain some of the variation in our data. The same could be said about fertilizer type, root biomass, leaf strata in the tree canopy, edaphic factors such as soil type and quality, or even ecological factors, such as geographical exposure, slope, and altitude. These variables may affect tree productivity and, in consequence, the amount of biomass obtained from pruning.



Our results show that pruning management is related to the size of the tree and not to the type of orchard. In other words, there is no correlation between the sampled orchard and the applied type of pruning. In some orchards, two types of pruning were carried out in parallel according to the needs of each tree, while under more controlled management or in smaller parcels, only one type of pruning was observed.




3.2. Residual Biomass


At mean parameters for crown diameter and tree height, the allometric equations of Table 2 result in a mean biomass of 42.7 kg tree-year−1 from light to intensive pruning and 187.7 kg per tree for rejuvenation pruning. Considering that rejuvenation pruning is carried out on average every 7.5 years, we obtain an annual biomass value of 25.1 kg tree-year−1.



These results are in line with previous findings by Paniagua et al. [24], who determined that the amount of biomass obtained from pruning Hass avocado trees in Malaga (Spain) was 50 to 75 kg per tree, whereas the Bacon variety produced between 200 and 300 kg tree. When considering that the mean moisture content of the freshly harvested biomass is 69% (see next section), we obtain 13.24 kg of dried matter (kg tree−1 DM) and 7.80 kg tree−1 DM for the light to intensive and rejuvenation pruning method. Considering an average of 100 trees per hectare, this yields 1324 and 780 kg ha−1 DM, respectively.



Table 3 shows the results obtained by studies with similar methodologies for fruit tree crops in different parts of the world. While the harvested biomass from avocado pruning residues per hectare in our study covers a wide range, depending on the type of pruning and other biophysical variables, it is consistent with the ranges presented in the table. The per-tree biomass values, however, are higher than those shown in the table. This is probably due to differences in tree density, which are much higher for the crops included in the table (580 trees on average).



The equations developed here allow us to estimate the amount of biomass generated from pruning different-sized trees; however, they are valid only for a certain range of allometric dimensions, and therefore, it is not possible to extrapolate to all orchards. For this, it would be necessary to sample a greater number of trees and orchards in order to obtain a more representative equation for a variety of orchard management systems. The results obtained could then be validated with biomass measurements taken directly from the field.




3.3. Thermochemical Properties of Pruning Residues


Table 4 details the results of the elemental and energetic analyses from the samples (branches, leaves, and branches with leaves) and the initial moisture content. Although there are significant differences in the experimental design, these differences do not affect the practical approach of this work.



Freshly harvested samples’ moisture content ranged from 63% to 73%, which is considered high. In order for this type of biomass to be useful as a fuel or as an input for producing desiccated fuels, their moisture content must be significantly reduced through some form of drying process. Moisture content (M) for firewood has been estimated to be at 11 ± 2% in the field [25] and 7 ± 1% in the laboratory [26]. Moisture content of pellets must not exceed 10% [27], while for woodchips it is expected to be below 30%.



The mean ash content for the samples was different for branches (3.4%), leaves (6.9%), and branches with leaves (6.3%). The presence of leaves generates a greater percentage of ash content, which reduces the quality of pruning residues as an energy source, because it lowers the calorific value and may cause technical problems in the burner or boiler. The values reported here are in line with previous findings for tropical woods [18,28].



Regarding volatile matter content, we obtained values of 88.1 ± 0.6% in branches and 81.7 ± 0.7% in leaves. This value refers to the fraction of biomass that is transformed into gas during the combustion process [29]. These values generally align with those reported for tropical woods [18] but are greater than those reported by García-Vargas [12] for avocado leaves. Here, the fixed carbon percentage obtained was 8.4 ± 0.4% in branches and 12.4 ± 0.3% in branches with leaves. Fixed carbon refers to the oxidative fraction in the solid phase of biomass and is greater when using both branches and leaves as a fuel, as determined by [29].



The percentage of carbon obtained is similar to values reported in other studies [18,30,31,32]. For nitrogen and sulfur, we found lower percentages in branches than in leaves and in branches with leaves. Given the relatively lower values for N and S in branches, we expect that when used as a biofuel, they will emit low amounts of sulfur dioxide (SO2), nitrogen oxides (NOx), and nitrous oxide (N2O) [33]. The sulfur content associated with the organic part of biomass is considered to be emitted at low temperatures, while inorganic sulfur makes up part of the ash [34].



Moisture content is inversely proportional to the calorific value (HHV). Hence, although the moisture content is higher in small-diameter branches where leaves dominate, the HHV remains constant across our samples. The greater HHV found in leaves may be due to the presence of flowers and small fruits in some of the samples collected, and contrasts with the increased ash content. The mean HHV for the three types of biomass samples is 19.8 MJ kg−1, which corresponds to energy values reported for forestry species and specifically to the value of 19.4 MJ kg−1 obtained for Hass and Bacon avocado pruning residues in [24]. According to this parameter, pruning residues have excellent energy-use characteristics. Considering the HHV values obtained (Table 4), the energy potential per area unit could range from 26.2 to 15.4 GJ ha−1.




3.4. Energy Potential, Sensitivity Analysis, and End Uses


Figure 1 shows a comparison among the quality indices obtained for avocado pruning residues and the reference values for other biomass types (Vasileiadou et al., 2021), considering a moisture content of 10% in all cases. Avocado tree branches (firewood) have a higher energy quality than leaves and branches with leaves according to the parameters selected in this study (BQI 2.56). Although it is a woody residue, the energy characteristics of the branches resemble those of corn stubble and nut shells (Figure 1), which may be due to their low sulfur content and high calorific value, respectively. These properties make this a useful resource for cooking or heating (production of hot water or steam) in the residential sector or in small commercial and public buildings that require a high-quality fuel in small-scale equipment without advanced controls and gas cleaning technologies [35].



With regard to the branches with leaves, the leaves have a less favorable quality index, with BQI values of 5.77 and 6.57, respectively. These values are comparable to those obtained for sunflower stems and seeds (BQI 5.61). These resources also have high calorific values and low sulfur content, although the ash content is higher. According to the parameters established by the AENOR standard [36], these pruning residues could be employed for industrial purposes. This sector uses more robust technologies with automatic cleaning systems for gases and ashes (more details in the following section).



Therefore, the parameters (PQI) that most influence the quality of avocado biomass are ash content, sulfur content, and moisture content. A high ash content, as is the case for the leaves, has logistical implications, such as potential contamination via soil or sand (no combustible components) during the collection of the biomass. This last point may be particularly relevant given that many different agrochemicals are traditionally used to grow this crop.



The sensitivity analysis reveals how the general biomass quality index (BQI) increases with increased moisture content, while holding all other parameters constant. Therefore, moisture content reduces the quality of biomass as a biofuel. Figure 2 shows that the mean moisture content of pruning residues collected in the field (70%) produces BQI values greater than 10, making them highly unsuitable for energy use. However, air-drying the pruning residues would reduce their moisture content below 30%, improving their quality.



These results indicate that avocado pruning residues must undergo a drying process in order to improve their energy properties. In the study region, branches with diameters greater than 2.5 cm could be used as firewood in the residential sector. However, more research would be needed to establish the presence of harmful agrochemical components, which may be released during the combustion process. On the other hand, if moisture content is reduced to 10%, these branches could be pelleted and used domestically for heating. According to an economic study by [37], pellets could be sold for around 10.0 USD GJ−1 in the northern region of Mexico, where there is an imminent market for pellets to be used in efficient heaters and to substitute liquefied petroleum (LP) gas. Monetary values in this study are expressed in constant year 2021 US dollars.



With a moisture content of 30%, branches and leafy branches could be used to make woodchips for small- and medium-sized boilers for industrial applications, which have automatic ash-cleaning systems and can control combustion temperature to avoid fouling. In the study region, woodchips can be sold for 2.2 USD GJ−1 (price in the current market). Potential buyers would include local industries that use oil or LP gas in small- and medium-sized boilers to generate process steam (e.g., agave distilleries).



The average price of delivered fuel oil per mean energy unit is 7.7 USD GJ−1, higher than the cost of woodchips. A small boiler (75 kW of power) consumes on average 130,000 L of fuel oil, which is equivalent to 290 tons of biomass per year; it could be generated by residues from regular maintenance pruning of 22 trees (13 kg tree−1 DM; Section 3.2). This presents an opportunity for producers from rural communities to revalorize pruning residues. In order to grow this market, however, it would be necessary to offer training workshops and link producers with potential biomass users so as to estimate the size of the biomass market and determine delivery costs in the medium and long term. This would ensure a biomass supply for users and reduce the uncertainty that has clouded biomass trade in Mexico.



It is important to note that a mean leaf mass index of 1.4 was obtained. This means that light pruning will produce approximately 60 kg (42.7 kg times 1.4) of leaves per tree-year, or 40% of the total weight of the pruning residues, while for rejuvenation pruning, this can be as high as 12.5 kg tree-year−1 (50% of total pruning weight). This shows that there is a large amount of leaf biomass that could potentially be used. However, the relatively high ash and sulfur contents of leaves, as well as their low bulk density, make them less suitable for energy purposes.



With regard to ash content, this can negatively influence the calorific value, and its role is carefully considered during the design of thermal technologies for use with solid biofuels [32]. Ash content is known to be one of the factors that determine the quality and potential use of biomass as a solid biofuel [28]. The use of certain types of biomass in boilers can lead to slagging and reduced equipment efficiency due to the alkali, sulfur, and silicon contents of ash [38]. Considering this parameter and the total BQI obtained, avocado branches would be the best resource for energy use, as they can be processed into woodchips or pellets for automated industrial boilers.



The energy use of biomass residues can stimulate rural development [39]. It could represent a source of employment and lead to social and economic benefits, as well as energy independence in rural communities [40]. However, given the high dispersal of orchards and the residues they generate, it would be necessary to organize small producers into groups or regions in order to facilitate the tasks of collecting and conditioning the pruning residues. Promoting the use of pruning residues for additional income generation could entail the very real risk of indirectly encouraging an increase in the amount of land devoted to avocado cultivation, leading to uncontrolled land-use change and the corresponding socioenvironmental impacts, including on biodiversity. Strict regulations and monitoring would be required in order to avoid bad practices, such as bureaucratic corruption.



The information presented here can assist producers, social organizations, businesses, and decision makers in energy planning at the regional level. Furthermore, our results could assist in the crafting of public policies at the local level to promote the use of pruning residues from certified producers, thereby avoiding open biomass burning. It is important to underline that any strategy for the promotion and use of pruning residues must prioritize and ensure the protection and care of native forests.





4. Conclusions


Deriving two allometric equations to relate harvested pruning residues from avocado trees in orchards to crown diameter and tree height, we estimated the amount of biomass generated per hectare and revalorized its potential end uses. The mean biomass harvested from light to intensive pruning is 42.7 kg per tree per year. Rejuvenation pruning generates more pruning residues (187.7 kg per tree), but amounts to 25.1 kg per tree per year if we consider an average of 7.5 years between each pruning. Accounting for the moisture content and mean orchard density, residual biomass outputs of 1324 kg ha−1 and 780 kg ha−1 DM year for each pruning method were obtained. The obtainable energy would be 26.2 to 15.4 GJ ha−1.



The flexibility of the parameter quality index (PQI) makes it possible to select evaluation criteria based on the most relevant parameters for the proposed end use. This allows us to directly compare parameters and the overall biomass quality index (BQI). We evaluated some of the most relevant parameters for calculating the BQI for woody and nonwoody biomass.



Moisture content is a highly relevant factor that negatively influences the BQI. The use of avocado pruning residues as energy would require them to undergo a drying process to reduce their moisture content below 30%. According to the thermochemical properties of pruning residues, large-diameter branches have the best characteristics for energy use, mainly in low-power technologies. Branches have a high calorific value, as well as low ash and sulfur contents, unlike leaves, which increase the ash content of biomass and can affect the functioning of end-use technologies.



The limitations of the present study are: the allometric equations were calculated from a small sample of trees and orchards; we did not establish the presence of harmful agrochemical components in pruning residues, which may be released during the combustion process; and we did not perform a detailed analysis of the costs of production and logistical details for each type of biofuel (firewood, woodchips, pellets). In order to revalorize pruning residues and stimulate rural development by generating employment and favoring the energy independence of rural communities, it would be necessary to organize small producers into groups in order to facilitate the collection and conditioning tasks.
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The following abbreviations are used in this manuscript:



	Bw
	percentage of woody biomass in branches



	Bl
	percentage of leafy biomass in branches



	ml
	biomass of branches with leaves



	mw
	biomass with no leaves



	Dt
	tree trunk diameter at the height of the first branch



	H
	total tree height



	Hc
	crown height



	Dc
	crown diameter



	HHV
	superior calorific value



	BQI
	general biomass quality index



	PQI
	parameter quality index from a specific biomass



	DM
	dry matter



	SD
	standard deviation



	GJ
	gigajoule
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Figure 1. BQI ranking at fixed moisture content values (10%) for avocado pruning biomass and reference indices taken from [23]. 
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Figure 2. Sensitivity and variation of the BQI with increasing moisture content. 
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Table 1. Parameters that affect biomass quality and their value ranges.
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No.

	
Parameter

	
Units

	
Threshold Value (xthreshold)

	
Optimal Value (xoptimal)

	
Reference






	
1

	
Moisture

	
%wt

	
20

	
12

	
[21,22]




	
2

	
Ash

	
%wt

	
3.0

	
0.7




	
3

	
C

	
%wt

	
49

	
60




	
4

	
HHV

	
MJ kg−1

	
14.5

	
22




	
5

	
N

	
%wt

	
1.5

	
0.1




	
6

	
S

	
%wt

	
0.2

	
0.04
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Table 2. Allometric equations from ordinary least squares (OLS) regression.
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	Light to Intensive Pruning
	Rejuvenation Pruning





	Regression equation
	      M ^  = − 173.65 ⋅     ln  [    1.3820     − 0.035553 ⋅  D c      − 0.049292 ⋅  H t     ]      
	      M ^  = − 159.87 ⋅     ln  [    1.1981     − 0.033055 ⋅  D c      − 0.081524 ⋅  H t     ]      



	Regression results with transformed dependent variable (M)
	   n = 46 ,       R  a d j  2  = 0.63 ,      λ = − 0.00576 ,      P  (   Y 0   )  = 7 ⋅   10   − 6   ,      P  (   D c   )  = 2 ⋅   10   − 6   ,      P  (   H t   )  = 2 ⋅   10   − 4   ,      r  [   D c  ,  H t   ]  = 0.41   
	   n = 10 ,       R  a d j  2  = 0.86 ,      λ = − 0.00625 ,      P  (   Y 0   )  = 0.2 ,      P  (   D c   )  = 0.06 ,      P  (   H t   )  = 3 ⋅   10   − 4   ,      r  [   D c  ,  H t   ]  = 0.27   



	Applicable range
	   3.4 ≤  D c  ≤ 14.2    m  ,      3.4 ≤  H t  ≤ 10    m    
	   7.1 ≤  D c  ≤ 10.6    m  ,      5.8 ≤  H t  ≤ 10    m    



	Mean parameters
	     D c   ¯  = 8.17    m ,      H t   ¯  = 6.28   m
	     D c   ¯  = 8.96    m ,      H t   ¯  = 7.27   m



	Expected mass at mean parameters
	42.7 kg
	187.7 kg



	95% confidence interval
	36.6 to 49.1 kg
	171.2 to 206.1 kg



	Residuals from mean without regression
	Total range: −42.7 to 89.4 kg, interquartile range: −33.2 to 25.6 kg, standard deviation: 39.0 kg
	Total range: −103.2 to 261.6 kg, interquartile range: −74.9 to −24.0 kg, standard deviation: 128.6 kg



	Residuals from OLS regression after back-transformation
	Total range: −44.5 to 67.5 kg, interquartile range: −15.0 to 13.5 kg, standard deviation: 22.4 kg
	Total range: −26.7 to 63.4 kg, interquartile range: −18.6 to 24.5 kg, standard deviation: 28.0 kg



	Reduction of residuals with regression
	Total range: −20.2 kg (−15.3%), interquartile range: −30.3 kg (−51.6%)
	Total range: −274.6 kg (−75.3%), interquartile range: −7.9 kg (−15.4%).







Dc = tree crown diameter (m); Ht = total tree height (m); Dc and Ht mean value of all data points of the variables      D c   ¯    and      H t   ¯   , respectively;   λ   = parameter lambda of Manly’s exponential data transformation that is optimized to eliminate skewness of the lumped residuals; ln = natural logarithm; M = measured harvested mass from pruning (kg);    M ^    = predicted mean harvested mass (kg); n = number of data points; P(Y0), P(Dc), and P(Ht) = probabilities that the expected values of the Y-intercept and the slopes of the variables Dc and Ht are zero; r[Dc, Ht ] = Pearson correlation coefficient between the variables Dc and Ht;    R  a d j  2   = coefficient of determination, adjusted for the number of variables.
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Table 3. Comparison of amounts of residual biomass generated from different types of crops.
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Crop

	
Annual Biomass per Hectare

(kg ha−1) *

	
Biomass per Tree

(kg árbol−1) *

	
Reference






	
Citrus trees (mechanical pruning)

	
1360

	
2.3

	
[11]




	
Citrus trees (post-mechanical manual pruning)

	
2316

	
4.8




	
Citrus trees (traditional pruning)

	
3516

	
5.9




	
Almond tree

	
1340 **

	
12.6–3.5

	
[5]




	
Citrus trees (orange Valencia Late)

	
4700

	
9.4

	
[11]




	
Citrus trees (orange Naveline)

	
2970

	
5.4




	
Citrus trees (orange N. Washington)

	
2400

	
4.1




	
Citrus trees (mandarin Clementine)

	
3490

	
5.1




	
Citrus trees (mandarin Hybrid)

	
4050

	
5.1




	
Citrus trees (mandarin Satsuma)

	
3330

	
4.9




	
Ciruelo (plum trees)

	
2000 ± 800

	
2.34 ± 0.97

	
[2]








* kg per dry matter, ** mean value.
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Table 4. Thermochemical characteristics of the pruning residue samples (values in dry matter).
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Parameter

	
Branches

	
Leaves

	
Branches with Leaves

	
ANOVA




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
HHV (MJ kg−1)

	
19.7

	
0.1

	
20.1

	
0.1

	
19.7

	
0.1

	
F = 10.11, d.f.= 2, P = 0.012




	
Moisture content (%)

	
69.7

	
1.2

	
63.3

	
0.2

	
73.6

	
0.6

	
F = 121.6, d.f.= 2, P = 0.000001




	
Ash content (%)

	
3.4

	
0.1

	
6.9

	
0.5

	
6.3

	
0.2

	
F = 1148, d.f.= 2, P = 0.000000017




	
Volatile matter (%)

	
88.1

	
0.6

	
81.7

	
0.7

	
79.9

	
0.5

	
F = 122.1, d.f.= 2, P = 0.0000138




	
Fixed carbon (%)

	
8.4

	
0.4

	
10.8

	
0.3

	
12.4

	
0.3

	
F = 35.14, d.f.= 2, P = 0.000487




	
C (%)

	
46.5

	
2.1

	
45.7

	
1.6

	
47.1

	
0.1

	
NA




	
N (%)

	
0.5

	
0.1

	
2.6

	
0.3

	
2.2

	
0.1

	
NA




	
S (%)

	
<0.01

	
NA

	
0.16

	
0.01

	
0.13

	
0.01

	
NA








NA: not applicable. Sulfur content for branches is below the detection limit for the equipment used. F = ratio; P = value test; d.f. = degree freedom. All means are in dry matter. The remarked values show the significant differences between different classifications of the tree after a Tukey test. 
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