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Abstract

:

Forests can be exploited for obtaining biomass, which belongs to a bioenergy group with great energy potential that could replace fossil fuels. This article presents a novel procedure to quantify, map and define biomass, which takes into account both environmental and economic issues. With regard to the environment, only the annual growth of tree species is considered, and not the previous stocks. The growth is determined by logarithmic equations through an original procedure supported by a biomass estimator, which represents the amount of biomass generated annually for energy use, and by means of Excel tables, the exploitable biomass values are obtained. Previously, and by using GIS, areas with slopes exceeding 20% are discarded, thus avoiding soil erosion and damage, and in any case that biomass is not extracted for economic reasons. The same procedure is followed, discarding those areas located more than 4 km from forest roads and runways, as transport costs are increased. Finally, those layers with low energy potential are eliminated as well. Therefore, annually selected quantities of biomass can be obtained safely and abundantly by using detailed distribution maps of the resources, and through planning and performing efficient forestry extraction works.
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1. Introduction


It is necessary to analyze the use of biomass as a renewable energy resource and alternative fuel that nowadays could easily replace fossil fuels in certain territories where it is safe and plentiful.



Given the speed at which the characteristics of forested land are changing, it is difficult to establish the quantity of biomass that can be accessed at a given time. Forest fires, construction of new dams and changes in the use of holdings modify the quantity of forest origin biomass that can be used for energy purposes. Therefore, the use of geographic information systems (GIS), based on regularly updated maps and satellite photos, is particularly useful because it allows a straightforward and fairly reliable quantification of the resources available in the area under study.



There are specific regions in the south-west of Europe with a common ecosystem called “dehesa” [1]. It is a unique space of mountains and plains, well delimited and wooded, frequently used for pastures, and has a great diversity of flora and fauna, where pigs, sheep, cows, bulls and horses, among other animal species are fed. The most important arboreal species are oaks, cork oaks, pines, and above all, holm oaks. These trees are great economic and social importance in the west of the Iberian Peninsula. As this region is affected by extreme changes in temperature, the biomass obtained for energy use can significantly contribute to the production of cold and heat.



The use of GIS for the evaluation and the spatial study of biomass is not recent. As an example, there was a study conducted in Tennessee (USA) in 1996, which consisted of a spatial distribution of forest biomass in several layers and substrates in order to establish the possible placement of thermal plants [2].



GIS has also been used to map the spatial production of biomass and its quantification for various uses, such as wood production, energy, industrial and domestic use, among others [3,4,5]. There are other studies evaluating regional biomass and their energy potential by using different mechanisms, such as allometric equations, to activate markets and promote thermal use [6,7,8,9,10]. Furthermore, several other studies have used GIS by considering geographical limitations as well as uncertainties associated with biomass, obtaining spatial representations [11]. Therefore, GIS allows a spatial mapping of the crops and their quantification [12,13,14,15,16].



The potential quantity of energy from each crop or species is associated, within the GIS, with the code used in the corresponding municipality and region maps. The addition of the energy values for each crop yield results in a single value of the biomass energy potential by municipality [17,18,19,20,21,22].



One of the major challenges of biomass management is the optimization of costs regarding its collection and transport, which has prevented it from becoming an important economic activity, slowing down its development. As it will be explained later, GIS techniques are particularly useful in assessing the costs of biomass supply at a regional level, and hence they support decision-making issues in a given area [23,24].



It has worked with several georeferenced databases that make it possible, on the one hand, to handle a large volume of data and perform numerical calculations, and on the other, to map the results by obtaining distribution maps of the different variables studied. The two main variables are the amount of biomass available for energy use and its energy potential. A third significant variable has been introduced for certain analyses, namely energy density [25].



For a particular forestry species, the amount of useful biomass generated annually for energy use is called “residue estimator”, and it is a specific parameter that allows the quantification of waste. Therefore, it will vary depending on the forest species under study. An original methodology different from that of other authors was used to obtain the estimators, as discussed below [26,27].



In this article, the process consists essentially of three stages: Firstly, the available area was assessed depending on various technical and environmental conditions, secondly, the annual amount of generated biomass was measured and, finally, its potential was assessed after energetic characterization.



Ćosić et al. (2011) developed a methodology to analyze the energy potential of biomass and to evaluate the cost of biomass considering transport distance, transport costs and the size of power plants. However, they did not identify the most suitable areas for obtaining forest biomass [28].



Velázquez-Martí et al. (2011) quantified the available residual biomass obtained from pruning olive trees in Spain [29]. Gil et al. (2011) used a GIS-based method to assess the geographic distribution of residual forest biomass for bio-energy in a Spanish region through the forest statistics data on the area of each species, considering the fraction of vegetation cover, land slope and protected areas [30].



On the other hand, Viana et al. (2010) assessed the potential quantities of forest biomass residues available in Portugal and examined the feasibility of producing electrical thermal energy [31].



The GIS tool has made it possible to use and combine various data sources such as the Inventario Forestal Nacional (IFN) 2017 [32], the digital terrain model of the Junta de Extremadura (2012) [33], Communications Map and that of municipalities in the province of Badajoz [34], as well as European production and consumption of biomass [35] and the characteristics of forest products in the environment [36].



The aim of this article is to present a novel procedure to quantify, map and define biomass, which takes into account both environmental and economic issues. It also aims to provide a useful tool that is able to plan and manage the energy resources of a region.




2. Materials and Methods


The province of Badajoz in Extremadura, which is located within the most important dehesa area of the Iberian Peninsula, has been taken as a case study. This is an original procedure: the quantification of biomass is carried out using biomass estimators, which follow criteria of environmental sustainability, as in previous cases [37], and have geographical limitations (distances and slopes). Consequently, storage centers to promote local forest biomass markets and encourage their thermal use are established [38].



The groups of forest species considered are included in the National Forest Inventory (IFN3). In the case example (Badajoz), the predominant species, in percentage, are Quercus ilex, Quercus suber, Eucalyptus camaldulensis, and Pinus spp., as it is shown in Table 1. Other existing species are less important, with a percentage lower than 0.5%, and globally accounting for less than 1.5%.



2.1. Selection of Suitably Exploitable Areas


As indicated above, the methodology to measure the annual amount of residual biomass or residue produced by the forests, and the potential amount of fuel for energy generation, needs previous information:




	
Selection of the surface of the stratum that will generate the residue



	
Selection of exploitable surface that does not meet certain conditions.








Total exploitable surface biomass was calculated as the difference between the forest area that generates biomass and the generating biomass that does not meet appropriate conditions for extraction. Therefore, it is necessary to previously determine both surfaces. To determine these two surfaces with the support of the GIS, it was necessary to use the information contained in the IFN (files in e00 format), corresponding to the province of Badajoz. All the following methodology is shown in Figure 1.



The surface occupied by stratum is obtained from IFN, eliminating stratum 0, because it is not forest (rivers, towns, roads, etc.). As mentioned above, it is meant to introduce in the study environmental and economic considerations that nowadays limit the energetic exploitation of the forest biomass residues. In this sense, the biomass waste should not be extracted from areas showing high slopes, difficult access or if it is too far from the transport network. Therefore, biomass residues from areas with a slope over 20% were discarded in order to prevent erosion and soil damage. It was proved that the cost difference between harvesting biomass on land with slopes over 20% is much higher than on lower slopes, as, even though it is possible to collect biomass, yields vary considerably. Some authors have determined the increase involved in biomass extraction on slopes greater that 20% [39]. Furthermore, the extraction of biomass from these slopes determines changes in soil erosion and loss thereof, as well as nutrient loss and variation of runoff, which could introduce changes in biomass growth and cause unwanted environmental harm.



After all, they lack economic feasibility. Here is the procedure we followed, on surfaces in the province of Badajoz, with a slope lower than 20%:




	
Depending on the slope percentage map, areas with a slope under 20% are classified as 1, and those over 20% are classified as 0.



	
GIS is used to link the grid model and unify all those slope layers under 20%.



	
A new layer was created with all those new polygons that met the required criteria.



	
The entire forested area that may produce forest residues (i.e., that from the IFN) was replaced by the layer of exploitable area in the total zone.








An aptitude layer with the preference areas was set in order to ensure that only the forest residues from the areas close to roads and pathways were included. The selected limit distance criterion for financial viability was set at 4 km from any pathways or roads of the transport network. It was estimated that greater than 4 km distance without appropriate forest roads, adds to the costs of biomass extraction substantially. For this, several studies were considered, such as Graham et al. [40], which estimated the average cost of biomass extraction at 53 €/dry ton, and the average cost of €7 per transport km. This means that 4 km transport costs €28 per dry ton, an amount that is more than 50% of the total cost, which determines the unfeasibility of extracting the biomass. The results obtained are shown in Figure 2, were map represents the exploitable area.



The area occupied by protected natural areas belonging to the Red Natura has also been considered. It should be noted, in this regard, that logging and silvicultural treatments are allowed in most of these areas. For these reasons, in a first approximation, the forest biomass of these spaces has been taken into account.




2.2. Determination of Available Forest Biomass


We understand the term forest biomass, in its broadest sense, as the whole forest mass at a given point in time. Stocks and annual increases should be considered. Stocks are defined as the quantity of biomass that exist at the time the forest inventory is made. They are not considered for the calculation of potential due to environmental sustainability issues, as already indicated, so that only annual growth has been included. The purpose of this increase was divided into three different criteria: domestic and industrial use of wood, production of energy and ecological recovery (keeping in mind that woodland is a CO2 collector and its leaves contribute to soil restoration). Figure 3 shows several forest biomass types.



It must be highlighted that in this type of region, the dominant area (around 50%) is the dehesa with medium-density wooded vegetation of around 39% covered surface and substrata mainly consisting of pasture species. The remaining soil (11.27%) consists of forests, mainly pinus pinaster, and scrubland [41].



The current legislation prohibits the commercial use of this wood in the timber industry, it is only allowed in forestry/silvicultural activities, and their residues can be used for such purposes.



The fractions of trunks and thick branches are normally used as raw material for the timber industry. On the other hand, the leaves must not be picked up so they can help the ecological restoration of the soil. Considering all this, only the branches with diameter below 7 cm were selected for the quantification of the available biomass for energy use. The only exception was the eucalypt, for which all fractions were quantified because clearcutting is allowed and also there is no other current use for such species in our region.



Therefore, although the biomass fractions established are considered, we referred to aerial biomass because the biomass of the radical part is not used, not only for environmental, but also for financial reasons considering the cost of its extraction. Thus, the following biomass fractions are considered:




	
Tree bole



	
Branches with a diameter greater than 7 cm    R > 7 cm



	
Branches with diameters between 2 and 7 cm   R 2–7 cm



	
Branches with a diameter less than 2 cm     R < 2 cm



	
Leaves








The methodology was based on calculating the annual increase of forest biomass from branches with a diameter less than 7 cm (including pruning and natural fall), which are what in this article have been defined as estimators of forest biomass. Both calculations and results are grouped by stratum. A stratum characterizes the type of forestry in a given area, depending on the species present, condition of the forestry mass, and the fraction of forest covered. Consequently, it is a statistically homogeneous group, which represents the bulk of biomass generated annually, and is the key variable under study in the work. The mapping information was key to measure the area covered by each species, in order to optimally calculate the biomass it would generate. Each stratum was identified by a number. The geographical distribution of the strata in the province of Badajoz is shown in Figure 4.



We used a method based on the logarithmic model proposed by Montero et al. [42], which connects the normal tree diameter (diameter of a tree when measured at a distance of 1.3 m over the average ground level, expressed in cm), with the net dry biomass or any of its fractioning. The logarithmic model is used as Equation (1),


Ln B = a + b Ln (Dn)



(1)




where Dn is the normal diameter, a and b are two specific regression parameters shown in Table 2, and B is the biomass for each fraction. BT is the total aerial tree biomass, BF is the tree bole biomass, BR7 and BR2 are the biomass from branches with a diameter between 2 and 7 cm and less than 2 cm, respectively, BA is the biomass needles, BH is the biomass from leaves and Br is the root biomass. All are expressed in kg of dry matter.



With the objective of eliminate the bias added by logarithmic transformation, the results was multiplied by a correction factors (a and b), that was obtained from the standard deviation of the estimate.



By using Equation (2), we obtained the biomass annual increase. The annual biomass weight increase for a given biomass fraction, species and diametric class was defined by the difference between the dry biomass of two consecutive years.


IB = f (Dn + IDn) − f (Dn)



(2)




where Dn is the normal diameter (cm), IDn is the annual diameter increase (cm) and IB is the annual biomass increase in kg of dry matter.



The increases in the different fractions of annual biomass measured in kg of dry matter per tree, for each species and diametric class, were obtained through an application of their own, using Equations (1) and (2) [43,44]. This application was perform in Excel Tables, which allowed all kinds of operations and jobs. Once the growth values are obtained using the previous expressions and tables, it is necessary to calculate the average values corresponding to the different fractions for the 14 broadleaf tree species under study.



The final use of the annual increments, i.e., the fractions previously established, are classified according to the traditional purpose of the different fractions, that is to say:




	
Domestic and industrial use of wood   Tree bole and R > 7 cm.



	
Energy production   2–7 cm and R < 2 cm.



	
Ecological recovery   Leaves








With the previous scheme, and based on the above Excel tables, the biomass growths available for each stratum are calculated in accordance with the indicated assigned groups. As an example, Table 1 lists these results for pinus pinaster.



The IFN inventory, for the province of Badajoz establishes the amount of trees per hectare (tree/h). Applying the values we collected above (Table 2), we obtained the residual forest biomass estimators (y). This is shown in Table 3 (ton/ha of dry biomass). Therefore, these estimators represent the annual increase of biomass per species and diameter.



The estimators also helped to calculate and map the results using the GIS by assigning these estimators to a particular area of influence composed of cells (cell: enclosed unit with some kind of vegetation cover in the inside, different from the surrounding cover. The cell size can vary, with a minimum surface of 2.5 ha).



The area of each cell was used in order to account for just the available forest biomass. In these areas, those zones with a slope over 20% and/or located further than 4 km from roads or forest tracks were excluded.



It is not intended in this research to determine the total cost precisely. So it only took into account the costs of collection and transport, as a measure to improve the utilization of biomass. The annual amount of dry biomass available, once the estimators were calculated, was obtained by Equation (3):


Qav=∑nAnyn



(3)




where An is the exploitable area in the cell (ha), yn is the annual residue estimator (ton/ha) and Qav is the annual amount of available dry biomass in cell n (ton).



Finally, the stages to determine the available biomass, through GIS, were the following: (i) Importation of the estimators (Table 4) to the attribute table of the exploitable area layer. (ii) Calculation of the amounts of biomass from the GIS database [45]. (iii) Graphic representation of the results.



It should be noted that the criteria adopted to quantify the annual production of biomass for energy use were set accounting for the sustainability of the resource over time. Final results should therefore be regarded as conservative.




2.3. Calculation of Energy Potential


The biomass potential is defined as the total annual production of energy from the biomass generated by the residues considered in this article. The theoretical biomass potential represents the total amount of waste from forestry operations on the selected species suitable for energy use that is generated in a particular region. This quantity can be regarded as the upper bound of energy that can be actually derived from this kind of residue. The available biomass potential is defined as the amount of energy contained in the biomass that might be technically and economically used for energy purposes. To determine the available forest biomass potential, the following expression was used:


Pav = Qav x LHV



(4)




where LHV is the lower heating value (toe/t), Qav is the annual amount of available dry biomass, Pav is the available forest biomass potential (toe) and LHV the lower heating value.



The lower heating values used to determine the energy potential of the different types of biomass are listed in Table 5 [46]. The available potential was estimated according to the lower heating values on a dry basis.





3. Results


It is important set the location and features of the generated waste, that is, distance to the exploitation zone and usage. In fact, a large number of authors consider that residues should not travel more 30 km from their origin [39].



Both the geographical data representation and subsequent implementation of spatial analysis were obtained by GIS. This allows one to compute the area where the residues are concentrated and/or the ways it is possible to concentrate them, so that a regional distribution of waste is plotted.



Apart from providing the geographic distribution of the variables under study, biomass and energy potential data, grouped by municipalities, are also provided. The available variables regarding municipalities are:




	
Amount expressed in ton/year for a given municipality.



	
Energy potential expressed in toe/year for a given municipality.



	
Energy density for a given municipality (toe/ha year).








The latter variable is defined as the amount of energy per unit area. It provides crucial information, complementary to the energy potential, because it allows the identification of municipalities that achieve higher energy potential regardless of their area. A georeferenced database containing layers with all available and calculated information was generated. Information regarding such a database is described along the following subsections.



3.1. Geographic Distribution of the Variables Under Study


Considering the data obtained from IFN and the exploitable area together, it is possible to map the distribution of the forest species for the area of Badajoz, as shown in Figure 1. By selecting “quantities” as a variable, we obtain the map of the forest biomass geographic distribution for energy use (see Figure 5).



Similarly, Figure 6 shows the mapped geographical distribution of the energy potential in the province.




3.2. Municipality Level Data


The amounts of biomass in the province of Badajoz and their energy potential were grouped according to the municipality where they were generated. To that end, the GIS-based management tools and the information contained in the map of municipalities were of particular interest. Thereby, the maps shown in Figure 7 were obtained.



Energy density (i.e., the amount of available energy per unit area) is an interesting parameter for the local administrations. The energy density map at the municipality level was arranged as shown in Figure 8.




3.3. Location of Storage Centers of Forest Biomass


By using the information and methodology described above, the GIS analyzed the optimal location to install forest biomass storage centers (see Figure 9). Neither the areas where the energy potential was low, nor those with some kind of inadequacy, were considered, due to orography, natural protected areas, distance to roads and absence of watercourses.



We selected those points with a higher concentration of biomass and the surrounding areas were analyzed with GIS. This procedure permitted addition of all the pixels contained in the neighboring areas in a 30 km radius (due to biomass transportation costs). A grid consisting of square pixels (100 m long each) was used to compute the amount of dry biomass per year around the lattice points.



The areas included in the Natura 2000 Network were considered. Using the overlaying procedure, the selected areas were checked not to overlap any protected zone. Municipalities of Table 6 could be considered as optimal for the location of future storage centers of forest biomass. They are close to the main cities in the region and they provide quite good transport of the biomass [47].





4. Discussion


It is important to take into account environmental and economic issues in order to establish the quantity of biomass available in a certain region. With regard to environmental conditions, an appropriate management of the vegetation in the area must be considered. Therefore, as a first step, a selective tree extraction should be carried out [48]. For this reason, the annual growth of the arboreal species and their extraction is explained, based on pruning, cleaning and silvicultural activities, which in any case should not harm the flora species.



To this end, in this study the biomass obtained was classified into three groups depending on its purpose: tree bole, branches and leaves. Only a limited fraction, corresponding to branches with a diameter of less than 7 cm, was chosen for energy use, thus avoiding indiscriminate felling in forested areas and those with little environmental monitoring.



Those areas occupied by protected natural areas, belonging to Red Natura, were also considered. It should be noted, in this regard, that logging and silvicultural treatments are allowed in most of these zones. For these reasons, as a first estimation, the potential of forest biomass of these spaces was analysed.



From an economic perspective, one of the main disadvantages of biomass is the cost it generates by its collection and transport, which may explain its scarce use. At present, it would be interesting to promote its usage as a renewable energy in order to increase decarbonization of the economic activity [49].



For all the above reasons, in our research, the extraction of biomass in areas with slopes greater than 20% was ruled out, for not being economically profitable. Additionally, problems of soil loss due to erosion and landslides (which could be considered as an added environmental activity) were avoided [50]. As a result, an extraction layer with slopes of less than 20% was generated.



In line with the above, the idea is to extract and use biomass from areas that are well communicated, so we proceeded to generate a layer with an optimal location, depending on their proximity to roads and paths. To this purpose, we selected areas less than 4 km away from communication routes, criterion which reduces transport costs considerably. Eucalypts, which can be cut down and replaced by native species, could be another important source of biomass in the southwest of Spain.



To date there are no plans and/or support from the Public Administration addressing collection and transport of biomass, meaning that it must be transported from other regions to the few thermal power plants that work in the southwest areas [51]. Therefore, this research could help to encourage and improve the economic activity generated out of biomass [52].



Finally, the procedure described here is novel, as a series of original actions have been introduced, including:




	(i)

	
Determination of layers of biomass extraction by plant species, excluding those areas “cut” with the GIS, such as those with a slope higher than 20% and those further away from roads and forest roads (over 4 km).




	(ii)

	
Creation of specific Excel tables that collect the growths of the fraction of annual biomass in kg of dry matter per tree, and using logarithmic equations, as shown in Table 2.




	(iii)

	
Classification of biomass in fractions, so that only diameters between 2 and 7 cm, and diameters smaller than 2 cm are used for energy production.




	(iv)

	
Use of residual forest biomass estimators that represent the annual increase of biomass for energy use, which may be the greatest contribution of this procedure.




	(v)

	
And finally, optimal location of storage centers, taking into account that biomass supply areas should be restricted to distances less than 30 km from the storage center, due to transportation costs.










5. Conclusions


In the present article, our methodology has focused on mapping and quantifying biomass in southwestern European regions, although it is possible to apply it to any region in the world, as long as there is enough energy potential from the waste of tree species in the area and the growth data are available.



The location of storage centers, will not only be established by the collection center, but also by other circumstances, such as the conditions of the promoters, cost of the land and availability of the labor, among others.



After quantification and subsequent recovery of waste coming from forest biomass, it is possible to obtain the quantities and energy potential of the area under study. For example, in the province of Badajoz, 274,335.36 tons of annually available forest residues could be collected, which could give an energy potential of 112,548 toe.



The above values are only approximate, the actual quantities depend on the frequency of silvicultural treatments that generate them. These are the competency of the Public Administrations, who are responsible for carrying out a forestry plan in order to intensify, as far as possible, the works of clearing and silviculture, thus planning and sorting the forest resources.



Finally, it should be mentioned that, depending on the development of forest harvesting techniques and guarantee of continuous and assured supply in terms of quality, the forest residues considered in this work could replace, at least in part, the fossil fuels that are used today.



In the times when the economy is being decarbonized, by replacing traditional fuels with renewable or biofuels, the planning of forest resources and their management is essential to establish and promote a market of biomass industry, a condition that many European regions could take advantage of.







Author Contributions


Conceptualization, J.G.-S.-C.; Data curation, F.J.M.-G.; Investigation, J.G.-S.-C.; Methodology, F.L.-R. and F.J.M.-G.; Software, F.L.-R.; Validation, J.G.-S.-C. and F.J.M.-G.; Writing–original draft, F.L.-R.




Funding


This research received no external funding.




Acknowledgments


The authors wish to acknowledge the Junta de Extremadura, the Agencia Extremeña de la Energía and the European Social Found (FEDER) for the support of this research work. This study has been carried out through the Research Projects GR-18029, GR-18081 and GR-18086 linked to the VI Regional Plan for Research, Technological Development and Innovation from the General Government of Extremadura 2017–2020.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



San Miguel, A. La Dehesa Española. Origen, Tipología, Características y Gestión; Fundación Conde del Valle de Salazar: Madrid, Spain, 1994. [Google Scholar]

	



Noon, C.H.; Daly, M.J. GIS-based biomass resource assessment with BRAVO. Biomass Bioenergy 1996, 10, 101–109. [Google Scholar] [CrossRef]

	



Schneider, L.C.; Kinzig, A.P.; Larson, E.D.; Solórzano, L.A. Method for spatially explicit calculations of potential biomass yields and assessment of land availability for biomass energy production in Northeastern Brazil. Agric. Ecosyst. Environ. 2001, 84, 207–226. [Google Scholar] [CrossRef]

	



Pérez-Atanet, C.; López Rodríguez, F.; Moral-García, F.J.; Ruiz, A. Análisis del potencial de biomasa forestal en Extremadura (España) mediante Sistemas de Información Geográfica. In X Congreso Internacional de Ingeniería de Proyectos; Asociación Española de Dirección e Ingeniería de Proyectos (AEIPRO): Valencia, Spain, 2006. [Google Scholar]

	



Batzias, F.A.; Sidiras, D.K.; Spyrou, E.K. Evaluating livestock manures for biogas production: A GIS based method. Renew. Energy 2005, 30, 1161–1176. [Google Scholar] [CrossRef]

	



Alves, D.N.; Míguez, J.L.; Saavedra, Á.; Arce, E. GIS-based residual forest biomass assessment and energy potential on a northern region of Portugal. Forests 2014, 5. [Google Scholar] [CrossRef]

	



Viana, H.; Dias, S.; Marques, C.; Cruz, M.; Lopes, D.; Aranha, J. Establecimiento de modelos alométricos para prediçao da biomasa aerea da Pinus Pinaster. In Proceedings of the Actas do 6° Congresso Florestal Nacional, Ponta Delgada, Portugal, 6–9 October 2009. [Google Scholar]

	



Viana, H.; Viana, H.; Dias, S.; Marques, C.; Cruz, M.; Lopes, D.; Aranha, J. Establecimiento de modelos alométricos para prediçao da biomasa aerea da Eucalyptus globulus. In Proceedings of the Actas do 6° Congresso Florestal Nacional, Ponta Delgada, Portugal, 6–9 October 2009. [Google Scholar]

	



Carvalho, J. Crescimento, Produção e Ecologia de Povoamentos de Quercus Pyrenaica Willd. Em Portugal Continental; Universidade de Trás-os-Montes (UTAD): Vila Real, Portugal, 2000. [Google Scholar]

	



Correia, A.C.; Tomé, M.; Pacheco, C.; Faias, S.; Dias, A.; Freire, J.; Ochoa-Carvalho, P.; Santos-Pereira, J. Biomass allometry and carbon factors for a Mediterranean pine (Pinus pinea L.) in Portugal. For. Syst. 2010, 19, 418–433. [Google Scholar] [CrossRef]

	



Santibañez-Aguilar, J.; Flores-Tlacuahuac, A.; Betancourt Galvan, F.; Lozano-García, D.F.; Lozano, F.J. Facilities Location for Residual Biomass Production System Using Geographic Information System under Uncertainty. ACS Sustain. Chem. Eng. 2018, 6, 3331–3348. [Google Scholar] [CrossRef]

	



Fernandes, U.; Costa, M. Potential of biomass residues for energy production and utilization in a region of Portugal. Biomass Bioenergy 2010, 34, 661–666. [Google Scholar] [CrossRef]

	



Sahoo, K.; Hawkins, G.L.; Yao, X.; Samples, K.; Mani, S. GIS-based biomass assessment and supply logistics system for a sustainable biorefinery: A case study with cotton stalks in the Southeastern US. Appl. Energy 2016, 182, 260–273. [Google Scholar] [CrossRef]

	



Vukašinović, V.; Gordić, D. Optimization and GIS-based combined approach for the determination of the most cost-effective investments in biomass sector. Appl. Energy 2016, 178, 250–259. [Google Scholar] [CrossRef]

	



Haase, M.; Rösch, C.; Ketzer, D. GIS-based assessment of sustainable crop residue potentials in European regions. Biomass Bioenergy 2016, 86, 156–171. [Google Scholar] [CrossRef]

	



Ma, J.; Scott, N.R.; DeGloria, S.D.; Lembo, A.J. Siting analysis of farm-based centralized anaerobic digester systems for distributed generation using GIS. Biomass Bioenergy 2005, 28, 591–600. [Google Scholar] [CrossRef]

	



Zyadin, A.; Natarajan, K.; Latva-Käyrä, P.; Igliński, B.; Iglińska, A.; Trishkin, M.; Pelkonen, P.; Pappinen, A. Estimation of surplus biomass potential in southern and central Poland using GIS applications. Renew. Sustain. Energy Rev. 2018, 89, 204–215. [Google Scholar] [CrossRef]

	



Pérez-Atanet, C.; López-Rodríguez, F.; Ruíz, A. Potencial de la Biomasa Forestal en Extremadura y su aprovechamiento energético. In Proceedings of the CONEERR 2005, Congreso Nacional Sobre la Energías Renovables, 14–16 November 2005; ARGEM: Murcia, Spain. [Google Scholar]

	



Ranta, T. Logging residues from regeneration felling for biofuel production. A GIS-based availability analysis in Finland. Biomass Bioenergy 2005, 28, 171–182. [Google Scholar] [CrossRef]

	



Aldana, H.; Lozano, F.J.; Acevedo, J. Evaluating the potential for producing energy from agricultural residues in México using MILP optimization. Biomass Bioenergy 2014, 67, 372–389. [Google Scholar] [CrossRef]

	



Frombo, F.; Minciardi, R.; Robba, M.; Sacile, R. A decision support system for planning biomass-based energy production. Energy 2009, 34, 362–369. [Google Scholar] [CrossRef]

	



Gómez, A.; Rodrigues, M.; Montañés, C.; Dopazo, C.; Fueyo, N. The potential for electricity generation from crop and forestry residues in Spain. Biomass Bioenergy 2010, 34, 703–719. [Google Scholar] [CrossRef]

	



Mitchell, C.P. Development of decision support systems for bioenergy applications. Biomass Bioenergy 2000, 18, 265–278. [Google Scholar] [CrossRef]

	



Voivontas, D.; Assimacopoulos, D.; Koukios, E.G. Assessment of biomass potential for power production: a GIS based method. Biomass Bioenergy 2001, 20, 101–112. [Google Scholar] [CrossRef]

	



López-Rodríguez, F.; Pérez-Atanet, C.; Cuadros, F.; Ruiz-Celma, A. Spatial assessment of the bioenergy potential of forest residues in the western province of Spain, Cáceres. Biomass Bioenergy 2009, 33, 1358–1366. [Google Scholar] [CrossRef]

	



Kinoshita, T.; Inoue, K.; Iwao, K.; Kagemoto, H.; Yamagata, Y. A spatial evaluation of forest biomass using GIS. Appl. Energy 2009, 86, 1–8. [Google Scholar] [CrossRef]

	



Beccali, M.; Columba, P.; D’Alberti, V.; Franzitta, V. Assessment of bioenergy potential in Sicily: A GIS-based support methodology. Biomass Bioenergy 2009, 33, 79–87. [Google Scholar] [CrossRef]

	



Ćosić, B.; Stanić, Z.; Duić, N. Geographic distribution of economic potential of agricultural and forest biomass residual for energy use: Case study Croatia. Energy 2011, 36, 2017–2028. [Google Scholar] [CrossRef]

	



Velázquez-Martí, B.; Fernández-González, E.; López-Cortés, I.; Salazar-Hernández, D.M. Quantification of the residual biomass obtained from pruning of trees in Mediterranean olive groves. Biomass Bioenergy 2011, 35, 3208–3217. [Google Scholar] [CrossRef]

	



Gil, M.V.; Blanco, D.; Carballo, M.T.; Calvo, L.F. Carbon stock estimates for forests in the Castilla y León region, Spain. A GIS based method for evaluating spatial distribution of residual biomass for bio-energy. Biomass Bioenergy 2011, 35, 243–252. [Google Scholar] [CrossRef]

	



Viana, H.; Cohen, W.B.; Lopes, D.; Aranha, J. Assessment of forest biomass for use as energy. GIS-based analysis of geographical availability and locations of wood-fired power plants in Portugal. Appl. Energy 2010, 87, 2551–2560. [Google Scholar] [CrossRef]

	



Ministerio de Medio Ambiente y Medio Rural y Marino. National Forestry Inventary for the Province of Badajoz (IFN); Ministerio de Medio Ambiente y Medio Rural y Marino: Madrid, Spain, 2017.

	



Diputación Provincial de Badajoz. Road Map of the Province of Badajoz. 2016. Available online: http://sig.dip-badajoz.es (accessed on 25 March 2019).

	



Consejería de Agricultura, Desarrollo Rural, Medio Ambiente y Energía de la. Junta de Extremadura; 1ª Revision of the Forest Plan of Extremadura; Consejería de Agricultura, Desarrollo Rural, Medio Ambiente y Energía: Badajoz, Spain, 2012.

	



EUROSTAT. Production and Consumption of Wood in the EU27, Almost Half of Renewable Energy Comes from Wood and Wood Waste. In EUROSTAT Press Releases Database; EUROSTAT: Luxembourg, 2012. Available online: http://europa.eu/rapid/search.htm (accessed on 21 November 2018). [Google Scholar]

	



AEBIOM. European Bioenergy Outlook 2012; AEBIOM: Bruxelles, Belgium, 2012; Available online: http://www.jotformeu.com/AEBIOMstatisticalreport/2012_European_Bioenergy_Outlook (accessed on 18 February 2019).

	



Santibañez-Aguilar, J.E.; González-Campos, J.B.; Ponce-Ortega, J.M.; Serna-González, M.; El-Halwagi, M.M. Optimal Planning of a Biomass Conversion System Considering Economic and Environmental Aspects. Ind. Eng. Chem. Res. 2011, 50, 8556–8570. [Google Scholar] [CrossRef]

	



Santibañez-Aguilar, J.E.; González-Campos, J.B.; Ponce-Ortega, J.M.; Serna-González, M.; El-Halwagi, M.M. Optimal planning and site selection for distributed multiproduct biorefineries involving economic, environmental and social objectives. J. Clean. Prod. 2014, 65, 270–294. [Google Scholar] [CrossRef]

	



Perez-Ortiz, P.; Esteban-Pascual, L.S. Cuantificación de los recursos de biomasa forestal en la provincia de Soria y evaluación de alternativas para su aprovechamiento energético. Montes Revista de Ámbito Forestal 2004, 75, 17–25. [Google Scholar]

	



Graham, R.L.; English, B.C.; Noon, C.E. A geographic information system-based modeling system for evaluating the cost of delivered energy crop feedstock. Biomass Bioenergy 2000, 18, 309–329. [Google Scholar] [CrossRef]

	



Montoya Oliver, J.M. Encinas y Encinares; Mundi-Prensa: Madrid, Spain, 1993. [Google Scholar]

	



Montero, G.; Ruiz-Peinado, R.; Muñoz, M. Producción de Biomasa y Fijación de CO2 Por Los Bosques Españoles; Instituto Nacional de Investigaciones y Tecnología Agraria y Alimentaria: Madrid, Spain, 2005. [Google Scholar]

	



Pérez-Atanet, C. Modelización Mediante Sistemas de Información Geográfica Para la Evaluación de la Biomasa Forestal. Determinación del Potencial Energético Para la Generación de Biocombustibles. Ph.D. Thesis, Universidad de Extremadura, Badajoz, Spain, 2010. [Google Scholar]

	



Lopez-Rodriguez, F.; Perez Atanet, C.; Cadahia, D.; Ruiz, A. Producción de Biomasa Forestal y Potencial Energético en la Provincia de Cáceres; Diputación de Cáceres: Cáceres, Spain, 2011. [Google Scholar]

	



Cuadros, F.; González, A.; Ruiz-Celma, A.; López-Rodríguez, F.; García-Sanz-Calcedo, J.; García, J.A. Qué pasa con la biomasa? Revista Española de Física 2011, 25, 13–22. [Google Scholar]

	



Universidad de Extremadura. Poderes Caloríficos de Especies Forestales; Universidad de Extremadura: Badajoz, Spain, 2006. [Google Scholar]

	



García Sanz-Calcedo, J.; Cuadros, F.; López, F. Eficiencia de una caldera de biomasa en un centro hospitalario. Aprovechamiento de huesos de aceitunas triturados para producción de calor. Dyna 2011, 86, 343–349. [Google Scholar]

	



Al-Kassir, A.; Coelho, P.; García-Sanz-Calcedo, J.; Moral, F.J.; Al-Karany, R.K.; Yusaf, T. An Experimental Technology of Drying and Clean Combustion of Biomass Residues. Appl. Sci. 2018, 8, 905. [Google Scholar] [CrossRef]

	



Mateos, E.; Ormaetxea, L. Sustainable Renewable Energy by Means of Using Residual Forest Biomass. Energies 2019, 12, 13. [Google Scholar] [CrossRef]

	



Cuadros, F.; González-González, A.; Ruiz-Celma, A.; López-Rodríguez, F.; García-Sanz-Calcedo, J.; García, J.A.; Mena, A. Challenges of biomass in a development model based on renewable energies. Underst. Complex Syst. 2013, 1, 747–768. [Google Scholar]

	



Lopez-Rodriguez, F.; Cuadros, C.; Segador-Vegas, C.; Ruiz-Celma, A.; Sanz-Calcedo, J.G.; Mena, A.; Soutullo, S.; Giancola, E.; Tevar, J.A.F.; Heras, M.R. Peter Building: An example of bioclimatic building and integration of renewable energies into the edification. Dyna 2011, 86, 212–221. [Google Scholar]

	



Eteiba, M.B.; Barakat, S.; Samy, M.M.; Wahba, W.I. Optimization of an off-grid PV/Biomass hybrid system with different battery technologies. Sustain. Cities Soc. 2018, 40, 713–727. [Google Scholar] [CrossRef]








[image: Energies 12 01978 g001 550]





Figure 1. Methodology to estimate the energy potential from forest biomass. 
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Figure 2. Map of forest exploitable area. 
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Figure 3. Destinations of forest biomass wastes. 
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Figure 4. Distribution of strata in the province of Badajoz. 
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Figure 5. Geographic distribution of the forest biomass for energy use in the province of Badajoz. 
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Figure 6. Geographic distribution of the energy potential in the province of Badajoz. 
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Figure 7. Energy potential per municipality. 
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Figure 8. Energy density at municipal level. 
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Figure 9. Ideal location of forest biomass storage centers. 
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Table 1. Distribution of forest species according to the IFN.
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	Species
	%
	Species
	%





	Alnus glutinosa
	<0.5
	Pinus pinea
	2.4



	Castanea Sativa
	<0.5
	Populus C.
	<0.5



	Cupressus sempervirens
	<0.5
	Quercus f.
	<0.5



	Eucalyptus camaldulensis
	6.1
	Quercus ilex
	81.0



	Eucalyptus globulus
	0.7
	Quercus pyrenaica
	<0.5



	Fraxinus angustifolia
	<0.5
	Quercus suber
	8.0



	Pinus halepensis
	<0.5
	Ulmus minor
	<0.5



	Pinus pinaster
	1.1
	Populus nigra
	<0.5



	Salix spp.
	<0.5
	Tamarix spp.
	<0.5
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Table 2. Value of parameters a and b for each test species and biomass fraction.
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Y

	
Species




	
Pinus pinaster Ait.

	
Quercus ilex L.

	
Quercus suber

	
Eucalyptus Camal.




	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b






	
BT

	
−3.00347

	
2.49641

	
−2.31596

	
2.47745

	
−3.36627

	
2.60685

	
−1.33002

	
2.19404




	
BF

	
−3.43957

	
2.56636

	
−1.99607

	
2.01754

	
−3.01942

	
2.25213

	
−2.20421

	
2.38196




	
BR7

	
−23.0418

	
6.52359

	
−5.3470

	
3.04363

	
−6.43076

	
3.21136




	
BR2-7

	
−6.66264

	
2.63946

	
−2.52588

	
2.00304

	
−3.3924

	
1.99526

	
−2.67562

	
1.87183




	
BR2

	
−4.66658

	
2.38009

	
−2.66407

	
1.97498

	
−5.33638

	
2.10315

	
−2.64825

	
1.61429




	
BH

	
-

	
-

	
−4.13268

	
1.97313

	
−6.05826

	
2.14483

	
−2.05864

	
1.61762




	
Br

	
−3.85184

	
2.37592

	
−0.73028

	
1.7893

	
−2.81593

	
2.07774

	
-

	
-
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Table 3. Annual increases of biomass per species and diametric class (kg/tree).
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Diametric Class (cm)

	
Annual Increase of the Different Fractions of Biomass (kg/Tree)




	
Branches 2.7 cm

	
Branches < 2 cm






	
5

	
0.00

	
0.07




	
10

	
0.44

	
0.25




	
15

	
0.47

	
0.54




	
20

	
0.31

	
0.82




	
25

	
0.43

	
1.08




	
30

	
0.58

	
1.39




	
35

	
0.71

	
1.63




	
40

	
0.92

	
2.03




	
45

	
1.08

	
2.36




	
50

	
1.28

	
2.67
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Table 4. Estimators of dry forest biomass residues according to the stratum and dominant species.
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	Stratum
	Dominant Species
	y (ton/ha Dry Biomass)





	01
	Pino pinea and Pinus pinaster
	1.035



	02
	Pino pinea and Pinus pinaster
	0.462



	03
	Quercus ilex and Quercus suber
	0.172



	04
	Quercus ilex with other hardwood species
	0.443



	05
	Quercus ilex
	0.235



	06
	Quercus ilex
	0.833



	07
	Quercus ilex
	0.398



	08
	Quercus ilex
	0.165



	09
	Quercus suber and Quercus ilex
	0.517



	10
	Quercus suber
	0.258



	11
	Eucalyptus camaldulensis
	7.453



	12
	Eucalyptus camaldulensis
	4.893



	13
	Shrubs
	0.115



	14
	Quercus ilex
	0.202
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Table 5. Heating values of the residues under study. LHV wb = Lower heating value wet basis. LHV db = Lower heating value dry basis.
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	Biomass Residues
	LHV wb MJ/kg
	LHV db MJ/kg





	Eucalyptus wastes
	14.96
	15.97



	Pine wastes
	9.09
	18.60



	Cork oak slash
	1.60
	16.90



	Holm oak slash
	14.33
	17.58



	Oak slash
	13.10
	16.60










[image: Table]





Table 6. Location of future storage centers forest biomass.
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	Municipality
	Amount of Biomass Available Ton/Year (30 km Radius)





	Alconchel
	36.030



	Higuera de la Serena
	22.169



	Alburquerque
	29.436



	Puebla de Alcocer
	36.262
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