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Abstract: The aim of this research is to identify, quantify and characterize the potential available
forest biomass of Pinus radiata D. Don and Eucalyptus globulus Labill. across Biscay province in
northern Spain. In order to do this, we have used information from the National Inventories of
Spain to quantify the amount of carbon dioxide accumulated in the forests of Biscay by means of
stratum-species-based forestry statistics. The total biomass and biomass fractions have been estimated
using two different methods: allometric biomass equations (ABE) and biomass expansion factors
(BEF). The second objective is to develop a methodology to quantify and produce a cartography of
the prospective energy production of residual biomass from the most representative forest species
of Biscay. For this purpose, we have used a Geographic Information System (GIS) computer tool.
We have found that the stock of carbon accumulated in the main forest species in Biscay in 2014
amounts to 8.2 Tg (ABE) and 6.63 Tg (BEF) equivalent to 30 and 24.3 Tg of CO,, respectively.
The quantity of forestry biomass residue (FBR) obtained has been estimated as 52,214 Mg-year~! dry

matter. This amount means a prospective energy supply of 947,000 GJ-year L.

Keywords: allometric equations; biomass expansion factors; carbon storage; forest residue

1. Introduction

Plant debris represents the most plentiful type of biomass on our planet. Some 10! tons are
produced annually in the biosphere with an energy content of about 2425 x 10'8 k] [1]. For centuries,
until just before the industrial revolution, biomass was the most important energy source, and even
today, it is the most widely-used fuel in underdeveloped countries. The use of biomass for energy
production has created a great deal of interest recently, which is due partly to environmental reasons.
These reasons are mainly the problems caused by climate change and the need to search for a solution
to the foreseeable exhaustion of fossil fuels. In Spain, the goal of the new Programme of Renewable
Energies 2011-2020 [2] is to ensure that 20% of the final energy consumption in 2020 comes from
renewable energies, among which forest biomass stands out. In the Autonomous Community of
the Basque Country (ACBC), biomass is currently the most widely-used source of renewable energy.
For example, the contribution of renewable energies to the final energy consumption of the Basque
Country is 6.8%. Of this amount, 85% is biomass. According to the aims set out in the Basque
government’s strategy 3E-2020 [3], by 2020, 14% of the energy consumed will be based on the use of
renewable sources, which include forest biomass. The use of biomass as an energy source entails a
reduction in the emissions of COj, as it is native and renewable and is also neutral with regard to
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greenhouse gas emissions. The combustion of biomass releases the same amount of carbon dioxide
as it absorbs in its growth. On the other hand, fossil fuels produce excess CO;. Forest ecosystems
represent one of the largest carbon reserves and sinks. It can be stated that the forests of the ACBC
comply satisfactorily with their carbon sink function. The Basque Plan for the Fight against Climate
Change 2008-2012 states that the forest and farming land of Biscay operated in the form of sinks in 2005
amounted to 0.6 million Mg and 297 million Mg of CO,, respectively, while pastures and population
centers constituted a source of emissions of 0.18 million Mg of CO; in total [4].

The energy valuation of biomass also provides other additional advantages, such as the generation
of employment in rural areas and the maintenance and organization of woodlands. As a consequence,
it provides ecological benefits and reduces fire hazards. The suitable exploitation of biomass may help
keep and strengthen the accumulation of carbon and, at the same time, improve the forest economy [5].
One of the basic goals of forest research is the need to foresee the growth and production of woodlands
and also their response to forestry actions.

Several researchers have found that the cultivation of trees in order to sequester carbon could
provide a reduction in net emissions at a relatively low cost in some countries [6-8], as they may
contribute to reducing 30% of the emissions of CO; caused by the human factor [9]. Models of growth
and production are a very valuable tool for foresters and forest managers in this regard, since these
would help them predict the further development of trees. These models are based on the fact that
carbon forms part of the composition of the structure of all vegetation, not only in the aboveground
biomass (timber, branches and leaves), but also in the underground biomass (roots). On the other
hand, in the context of the Kyoto Protocol, those stored in specific ecosystems as a consequence of the
different activities in the field of land use, land use change and forestry (LULUCF) are accepted as
carbon sinks. This has led to a growing interest, at the international level, in securing the sustainable
management of the forest and thus compensating the emissions of carbon [10-12] at a relatively
low cost.

Of the main organic carbon sinks existing in terrestrial ecosystems, the organic matter in soil
symbolizes the steadiest stock of carbon, with a higher residence time than the one that exists in forest
biomass [13]. Even so, the accumulation of carbon in trees plays a very important role, because of the
speed with which this is accumulated. Carbon sequestration has advantages with regard to its sale
compared to other environmental services, such as biodiversity conservation. The reason for this is that
it is easier to measure the increase and decrease in carbon storage, thereby making commercialization
easier. In the same way, the estimated costs of carbon sequestration by forestry suggest that this is
much less expensive than most of the other methods used to mitigate climate change. The removal
and storage of excess carbon from the atmosphere in the forests is considered to be a way of mitigating
global climate change [14]. Hence, the accurate estimation of biomass and the stored and sequestered
carbon in the forests has acquired relevance as a result of the United Nations Framework Convention
on Climate Change and the Kyoto Protocol [15].

Over recent years, several research projects on carbon estimations in forest systems have been
undertaken at a global [16], national [17-19] or regional level [20-22] using data from forest inventories
and models of carbon fluxes in a number of different countries. Many of these authors coincide in
the weak points of the present estimations. Due to the lack of specific data in the study area, these
estimations are often made using generic values of the biomass and carbon amount or equations to
determine the biomass and the carbon in a specific forest ecosystem. Reducing the uncertainty in the
estimations and carrying them out with a higher degree of accuracy requires specific tools to quantify
the amount of carbon accumulated in the forests and the use of internationally-accepted methodologies.
The estimation of the carbon stored in the forests must match the demands of the UNFCCC (United
Nations Framework Convention on Climate), which allows a comparison to be made of the results
obtained in a range of research papers.

The most useful means to estimate the aboveground forest biomass are the values obtained by
the National Forestry Inventories. This is due to the fact that the data are usually taken with the
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understanding that the suitable level and the sampling method used to obtain these are statistically
well designed. These forest inventories are the most suitable sources of information in order to compare
the amount of forest biomass over a period of time. That is why they are sources of information used
to obtain the estimations of carbon reserves and fluxes in tree biomass, as tree biomass can be changed
into quantities of carbon by means of conversion factors [17].

The research undertaken in this article aims to obtain a better estimation of the sequestration of
CO; in the forests of Biscay (Spain) using the data of the National Forestry Inventories, NFI2 [23] and
NFI3 [24].

Following an examination of the estimation methodologies of forest biomass, the indirect model
has been selected for this study, since it provides similar results to those obtained by the direct methods
of shoringand weighing of tree fractions, and unlike these, it is a non-destructive methodology [25-27].
To that end, a quantification of tree biomass was carried out in an indirect manner using allometric
equations to estimate the amount of biomass per tree and biomass expansion factors (BEF) considering
a set percentage of produced biomass [28].

The value of the amount of biomass has allowed us to calculate the accumulated carbon by means
of the percentage of carbon and its conversion to CO;. By comparing the data from the inventories NFI2
and NFI3, we have estimated the annual growth of CO; sequestration according to both methodologies.
The calculation methodology proposed comes within the framework of the prescribed guidelines and
orientations on good praxis of the Intergovernmental Panel on Climate Change [1].

Secondly, this research set out to determine the amount of residual forest biomass for its energy
valuation and to map the results by means of Geographic Information Systems (GIS). For the energy
valuation of the biomass, the desirable result is not the existence of biomass, but the amount of annual
exploitation, which in general comes from wood exploitation or from forest management. For this
reason, the method used to evaluate the residues must take into account the different stages through
which the complete rotation of trees and forestry mass generated at each stage developed.

2. Description of the Area of Study

2.1. Description of the Area of Study

This study was carried out in the province of Biscay, located in the north of Spain. The study
covers the entire province of Biscay, located in the north of Spain (43°46'—42°42" N, 03°45-02°40" W)
(Figure 1). The geography of this area is basically steep and mountainous. It is crossed by deep valleys,
which descend towards the sea from the mountains near the coast, and due to this fact, the slopes
down which water flows to the sea are steep. It has a mesothermal, warm and wet climate, without
a dry season or Atlantic climate. This oceanic climate is affected by the nearness to the sea and the
orography of the area and has a considerable effect on the spread of Atlantic forest species, mainly pine
trees. The area is characterized by its high rainfall, and the annual average rainfall is about 1200 mm.
The monthly average temperature fluctuates between 11 °C in January and 23 °C in August.

According to the Third National Forestry Inventory [24], the present forest area in Biscay
is 130,780 ha, approximately 60% of the area of this province (221,232 ha), with about 100,000 ha
of planted area with eucalyptus and conifer (75% of total trees planted). The vast majority of the
forestry plantations are on slopes with gradients of over 7%. Almost 50% of the plantations have
gradients of between 30% and 50%. The main forestry mass of Biscay, considering the area it occupies,
pertains to plantations of Pinus radiata D. Don (72,674 ha), Quercus robur L. (13,270 ha) and Eucalyptus
globulus Labill. (10,120 ha). In this study, the mass of Quercus robur L. has not been considered as a
potential source of residual biomass, in spite of the extent of its dispersion, due to the high market
value acquired by products obtained from pruning.
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Figure 1. Territory of Biscay in Spain.

2.2. An Estimation of Forest Biomass

As stated in the previous section, the estimation of forest biomass has been undertaken using
indirect methods by means of two different processes: allometric biomass equations (ABE) and biomass
expansion factors (BEF). The ABE methodology is a procedure for estimating forest biomass using
allometric regression equations. In them, we can use different independent variables, such as basal area,
height and tree diameter at breast height (DBH), among others. We have used allometric equations
with DBH as the only explicative variable, because this parameter is the one most commonly used,
due to its ease of use and precision for calculating [21]. The method develops a well-known equation,
which has the following analytical form:

W=axX" (1)

where W represents the total aboveground biomass (expressed in kg dry mass); X (cm) is the diameter
at breast height (DBH), typically measured at 1.3 m of trees on the sample plots above a minimum
diameter (7.5 cm); and a and b are the two specific regression parameters. The final result should be
multiplied by a correction factor, obtained from the standard deviation of the estimation, in order to
eliminate the bias introduced by potential transformation [29].

Biomass is estimated using appropriate allometric equations applied to the tree measurements.
Previous research shows the suitability of this sort of equation in the forests of Biscay [30], having
been used by several researchers to achieve suitable accuracies [17,26,31-36]. After testing different
equations, those in [17] were chosen for the selected forest species (P. radiata and E. globulus), since
these models have the lowest variation coefficients with respect to the data of the forestry mass in
Biscay gathered in the National Forestry Inventory [24].

We have calculated the normal diameter (D)) by species and stratum using the values of the
mean basal area, which appears in The Spanish National Forest. The allometric equations used for the
individual trees allowthe biomass to be calculated by species and stratum (kg-tree™!). This value was
then multiplied by the number of trees in that stratum to obtain the total biomass. It was later used to
calculate the biomass per hectare in Biscay. Provided this inventory includes the pertinent areas and
strata, the area by stratum belonging to the pre-defined region was simply selected within the ArcMap
application. This led to the straightforward classification of these areas according to stratum and
region, eliminating Stratum 0, which corresponded to non-forested areas (rivers, towns, roads, etc.).

The BEF methodology, based on the commercial volume of the trees, is an alternative method for
estimating the biomass of forests. The BEF method is based on factors developed at the stand level and
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cannot be used for estimating the biomass of individual trees. We used the BEF proposed for Spain
by Ibariez et al. [37], which are shown in Table 1. As with the ABE method, the diameter of all trees
on the sample plots above a minimum diameter (7.5 cm) is measured. The volume of the commercial
component of each tree (m>-tree ~!) is then estimated based on locally-derived equations. BEF methods
apply a single BEF (Mg-m~3) to convert commercial volume (m?) into aboveground biomass (Mg).
The biomass is then added for all trees in a stand and expressed as biomass per unit area (Mg-ha~1).
Eventually, the area occupied by each region and stratum was obtained from the Forest Inventories
and the corresponding map within the ArcMap application.

Table 1. Source of the applied allometric equations for calculating aboveground tree biomass (kg)
source [17] and biomass expansion factors (BEF) (Mg-m~3) [37].

Species Equations BEF

X 01932702
P radiata W =e 2 ¢ 201098 248739 gy

E. globulus W = M 133002 DZ19404 081

The wood densities were obtained from the forests located in the north of the Iberian
Peninsula [38]. The expansion factors of biomass were obtained from the studied region [37].
These values have been validated intentionally by the Action Cost E21, as it refers specifically to
the forest species of the Spanish territory. The expansion factor values of the roots, obtained from the
data given by [17], allows us to calculate underground biomass.

2.3. Annual Biomass Increment

The annual growth of biomass has been estimated in two different ways. The first one is the
introduction of diametrical growth in the models. The second one is the comparison of inventories
NFI3 and NFI2. Expression Equation 2 yields the annual biomass increment (AW;) in kg year—!,
D, being the normal diameter in cm and Al the annual increment in the diameter (also expressed
in cm-year™1).

AW; = f(Dy + Aly) — £(Dy) @)

The normal diameter for each species and stratum was calculated using data available in Table
301 of NFI3. Calculations in such increments for P. radiata and E. globulus were done using an Excel
spreadsheet program. An extrapolation of the data obtained allows us to obtain the estimation of the
annual biomass increment in Mg-tree ~! for each forest species and stratum. Finally, the combination
of those annual biomass increments with the forestry density (trees-ha™!), available at the IFN3 of
the province of Biscay, yielded the biomass estimated in Mg-ha~!. The information corresponding
to the province of Biscay, contained in the National Inventories, was used to determine the area (ha)
occupied by the stratum that will generate that biomass with the support of the GIS. The results of the
biomass of P. radiata fractions are listed in Table 2.

The weight of biomass of each fraction for 2006, the date of the NFI3, was obtained from the data
of the number of trees of each species and the diametrical class given by the Forestry Inventory and
the models of biomass estimation. The annual growth in biomass helps us to obtain the biomass stock
for 2014.
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Table 2. Annual increments of aboveground (AB), underground (UB) and fractions of biomass
expressed in kg tree ™! year‘1 for P. radiata and diametric class (DC).

DC (cm) Branches<2cm Branches2-7cm Branches >7 cm  Needles AB UB

10 2.02 0.77 0.00 0.79 6.76 275
15 4.13 1.06 0.58 1.81 11.04 3.83
20 6.84 1.28 1.65 3.28 1512 4.68
25 10.13 1.48 3.72 5.18 1919 542
30 13.96 1.69 7.23 7.54 23.78  6.24
35 18.31 1.98 12.69 10.36 29.81 7.34
40 23.16 222 20.66 13.64 3539 824
45 28.49 241 31.74 17.38 4046 898
50 34.29 277 46.62 21.59 48.82 10.37
55 40.55 3.23 66.01 26.26 59.33 12.10
60 47.25 4.01 90.68 31.42 76.50 15.05
65 54.39 474 121.44 37.04 93.70 17.82
70 61.97 3.93 159.14 43.14 80.33 14.83

2.4. Carbon and CO, Stock Determination

In order to estimate the carbon stock stored in the forests, only the carbon stored in the main
forest species is taken into account, as previous research reveals that carbon stored in the undergrowth
herbaceous strata and the dead organic matter is much lower than the tree biomass [22,39]. There are
different devices to calculate the carbon stored in the Spanish forestry systems [40]. In this research,
the carbon stock and the variations in this stock were calculated using the carbon reserves variation
method, described by the Intergovernmental Panel on Climate Change, and on the orientations on
good praxis in the change in the use of the ground and forest area [1].

According to this method, all of the biomass data obtained in field measurements must be
expressed on an oven-dry basis. It must also be converted to carbon by means of multiplying the
oven-dry matter values by the carbon fraction of dry biomass (CF).

Several studies indicate that the carbon percentage in wood is similar in all tree species, as well as
in the same tree in its diverse elements (trunk, branches, leaves, efc.) [17]. In this research, the following
values have been used for the CF: 0.50 for P. radiata [41] and 0.4735 for E. globulus [37]. The weight of
the equivalent CO, is obtained multiplying the quantity of carbon by 3.67, which is the proportion
between the molecular weight of CO; and the carbon atomic weight.

2.5. Estimation of Residual Forest Biomass for Energy Use

The methodology used to determine the annual amount of residual forest biomass (RFB) in Biscay,
expressed in Mg ha~! of dry weight, involves determining two factors:

1. The forestry residue per unit of surface and time, which comes from a forestry mass
(Mg ha~! year™!), an area in a forest where a treatment is performed, according to the species
and the forestry treatment to which each mass has been subjected.

2. The area (ha) taken by the forestry mass that is going to produce this residue.

In this research, we have not attempted to estimate the total non-wood biomass existing in the
forest, but that biomass obtained after the forest exploitation and that has little or no commercial use.
Therefore, this mass may be considered the “final residue”, that is to say, the residue that can only be
used as an energy source and that can be used for energy uses due to its beneficial characteristics as a
fuel [42-44]. The most widespread forestry model in Biscay is based on the intensive exploitation of
fast-growing forestry species. In this research, it has been considered that forestry treatment occurs
every 10 years (Table 3).
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Table 3. Forest biomass-generating silvicultural operations.

Forest species  Stand age (years) Forest operation Biomass residues
Small diameter trees DBH < 7 cm

0-10 Brush cleanings  (the whole trees are used as energy sources)
P. radiata Small branches and shrubs
10-20 Thinnings Tops, branches and leaves
20-30 Final cuttings Tops and branches
E. globulus 10 Final cuttings Tops and branches

The residual biomass has been estimated from the information obtained from the Forestry
Inventory [24], which provides quantitative data about the wooded area, describing it by strata
or homogeneous areas of timberline. The strata are defined and classified according to species, state of
the mass of the principal species and canopy cover fraction (CCF (%)). The last concept represents the
percentage of land covered by the horizontal projection of vegetation. In Biscay, the NFI3 states 12
strata (Table 4).

Table 4. Basic features of the strata from the National Forestry Inventory, NFI3, of Biscay. CCEF, canopy
cover fraction.

Stratum Dominant Forest Grouping Mass State CCF (%)
1 P. radiata Sawtimber, poles >70
2 P. radiata Sawtimber, poles 5-69
3 P. radiata Saplings, seedlings ~ 40-100
4 P. radiata and P. nigra with Q. robur, C. sativa and Brook trees Saplings, seedlings 5-39
5 Lawsoniana Chamaecyparis Pseudotsuga menziesii and Larix spp. All 5-100
6 Pinus pinaster and Pinus nigra Sawtimber, poles 5-100
7 Q. robur and Q. robur with Casativa, C. nut, A. unedo or with P. radiata All 5-100
8 Q. ilex and Q. ilex with Quercus faginea, Arbutus unedo or with Q. robur All 5-100
9 Eucalyptus spp. Sawtimber, poles 5-100
10 Eucalyptus spp. and Eucalyptus spp. with P. radiata Saplings, seedlings 5-100
11 F. sylvatica, F. sylvatica with Betula spp., Castanea sativa with Q. robur All 5-100
12 Brook trees All 5-100

Once the forestry masses had been classified by strata, the forestry treatments, which must be
undertaken in each stratum for 10 years, were identified. To do this, previous studies performed by the
Regional Government of Castilla y Le6n, 1989, were considered. For each sampled and documented
tree in the parcels inventoried in the NFI3 in Biscay, the residual forest biomass Er (Mg-ha~!-year~!)
of P. radiata and E. globulus, which was obtained after the forestry treatments in the strata where
both species are predominant, was estimated. Strata 1, 2 and 3, in which P. radiata appears as the
predominant species, were selected. As far as E. globulus is concerned, Stratum 9, whose mass state
(sawtimber, poles) advises a final clearing or cut, was selected. The state of eucalyptus masses in
Stratum 10 (saplings, seedlings) does not currently add, in a meaningful way, any residual biomass.
This residue was determined by using allometric equations (Table 5).

Table 5. Estimating equations of residual forest biomass.

Species F.operation Equations References
) Brush, cleanings WpmE = £0-1932702 D%73489 [17]
P. radiata
Thinnings and final cuttings InWpypa = —2.47 +1.95In Dy [14]

E. globulus Final cuttings W = 0.1785D}7%04/2.110 [34]
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Figure 2 shows the investigation method used in this project, which is based on the method
proposed by [45] and [27].

IFN3 »  Stratum Forestry treatments Number of trees cut
(T=10 years) per ha' (N)
Biomass Potential 10 years (Mg ha’year™) Biomass per Biomass equation
tree (kg) (kg dry matter)

S,
— _i=l

E, =
10007

A, surface associated
with the estimate
of the residue E,

Annual productivity (Mg year )

W, =Y AE,

LHV
. (GIMg")

Potential energy
(GITMg"h

Figure 2. Schematic diagram of the method followed to determine the biomass energy.

According to this methodology, the amount of annual forest biomass residue W, (Mg-ha~1!)
capable of being used for energy purposes has been estimated by the use of the area of the resulting
sites and the estimators of woodland residue:

W, =) AE, ®)
i

Once the estimator of forest residue (E,;) had been estimated (Mg~ha_1 ~year‘1), the following
step consisted of determining the surface from the NFI3 to which each estimator of residue obtained
can be applied. As the data used are sampling data, the value of the estimator is unknown at any point
other than the sampling plot. To overcome this, Thiessen’s polygons from the sampling points were
used in order to allocate the value of the residue estimator to an influential area of the tree stratum.
According to several authors [27,45], this way of allocating values to the residue estimator to the rest
of the non-sampled surface is the most adequate.

Geographic Information Systems (GIS) are useful tools for understanding the geographic context
of a wide range of issues pertinent to bioenergy, especially energy demand and biomass supplies.
The program package ArcInfo v.10 was used in the present study. ArcInfo tools are structured in
three applications whose combined use allows access to all of the package’s functionality: ArcMap,
ArcCatalog and ArcToolbox.

2.6. Energy Potential Derived from Residual Biomass

Firstly, we calculate the quantity of forest residue generated by the main forest species of Biscay.
We do this in the strata in which those species are predominant. After this has been done, the potential
energy that could be achieved with those residues is estimated, taking into account their sustainable
exploitation. The potential energy of the residues P is a function of the lower heating value (LHV).
The LHV was calculated using the higher heating value (HHV) on a dry basis, i.e., 0% moisture content
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obtained experimentally in the laboratory. Being a solid lignocellulosic biofuel, the methodology
proposed by Marcos [46] was used. The available potential energy was calculated combining the
results of the calorific value with the amount of residual biomass generated by the forestry exploitation.

P=Y_ A;E,;LHV 4)
i

where P represents the potential energy (GJ-year ') and LHV the lower heating value (G]-Mg™!).

3. Results and Discussion

3.1. Biomass and Carbon Stock Estimates

Table 6 shows the results of biomass calculations in 2006 (NFI3) and 2014 and the annual increment
of aboveground, underground and total biomass according to the allometric biomass equations (ABE)
and biomass expansion factors (BEF).

Table 6. Aboveground biomass (Tg), total biomass and accumulated equivalent CO, (Tg) in Biscay.

Allometric Biomass
Biomass Equations Expansion factors
Total Total Total Total Total Total
aboveground biomass biomass CO, aboveground biomass biomass CO;
2006 9.004 12.504 22.807 10.642 13.790 25.154
Annual growth 0.319 0.498 0.908 0.088 0.121 0.195
2014 11.553 16.488 30.074 11.343 14.754 26.712

The aboveground biomass calculated by allometric equations was smaller in 2006 than that
calculated by BEF, but the annual increment obtained was higher using the equation method than that
of BEF (Table 6). The studies undertaken by different researchers are contradictory, e.g., Gil et al. for
example [21] and Jalkanen et al. [47] estimate a higher amount of biomass by using equations. On the
contrary, other researchers, such as [48], obtained higher values of aboveground biomass using BEF
than those estimated by equations. According to several researchers [1,17,21], the use of allometric
equations is a more accurate method of estimation compared to BEF. This is due to the fact that those
equations have been validated by means of representative samples of each tree species in parcels
sharing similar characteristics to the study area. We agree with this argument and estimate, therefore,
that the total biomass amount existing in Biscay that comes from P. radiata and E. globulus in 2014 is
16.488 Tg of dry matter, representing a stock of 30.074 Tg of CO,. Using the equation method, the
biomass of the different parts of the tree (timber, branches of different size, leaves, etc.) was estimated.
To do that, the equations in [17] were used for the two main species in Biscay (P. radiata and E. globulus).
The results are shown in Table 7.

The amount of timber biomass estimated in 2014 is 9.658 Tg d.m., which represents about 84%
of the estimated aboveground biomass 11.553 Tg of dry matter. Consequently, the final result of
non-timber aboveground is 1.896 Tg.

Taking into account that a forestry treatment is undertaken every 10 years and that the sustainable
management of the forest is about 50% of the non-timber biomass, this would mean that 0.948 Tg of
forestry residue could be exploited as an energy source.

It has been estimated that the total biomass stored in Biscay’s forests due to the main species
amounts to 16.488 Tg of dry matter, which involves a sequestration of about 30 Tg of CO, with an
annual growth of 2.2 Tg-year~! (see Section 2.4).
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Table 7. Estimating biomass (Tg d.m.), A annual biomass (Tg d.m. year—!), A annual withdrawals
(Tg d.m. year‘l) and CO; stock (Tg) of Pradiata and E. globulus.

Timber  Non-Timber Aboveground Underground Total

Biomass Biomass Biomass Biomass Biomass
Biomass (2006) 7.519 1.485 9.004 3.500 12.504
A annual biomass 0.648 0.125 0.773 0.435 1.208
A annual withdrawals 0.411 0.079 0.490 0.276 0.765
Biomass (2014) 9.658 1.896 11.553 4.935 16.488
Accumulated CO, (2006) 13.714 2.708 16.422 6.384 22.807
Annual accumulated A CO, 1.183 0.227 1.410 0.793 2.203
Accumulated CO, (2014) 17.722 3.479 21.200 9.056 30.255

3.2. Residual Biomass

Table 8 shows the results of biomass calculations for the main forest species in Biscay. From these,
52,214 Mg-year ! dry matter and 74,591 Mg-year ! wet matter of residual total biomass have been
estimated. This yields an equivalent energy potential of 947,000 GJ-year~!. Most of this residue
derives from the P. radiata, due to the predominance of this species in Biscay. This effect is the most
outstanding in Stratum 1 (Figure 3), where the highest quantity of residual biomass is 39.796 Mg-year !
of dry matter and 56.741 Mg-year~! of wet matter. The residual biomass obtained in stratum 3 is
3.243 Mg-year~! of dry matter and 4.618 Mg-year~! of wet matter (Figure 4).

Table 8. Lower heating value (LHV), residual biomass production of dry matter and actual available

energy potential in Biscay.

Biomass LHV Usable Biomass Residues  Potential Energy

Residues (G]-Mg ~1) (ha) (Mg-year—1) (GJ-year 1)

P. radiata 12.67 63,181 44,689 808,871

E. globulus 12.85 9183 7524.5 138,129
Total 25.52 72,364 52,213.5 947,000

The residues coming from E. globulus are in the ninth stratum, generating 7525 Mg year ! of dry
matter and 10,750 Mg year ! wet matter. The estimators of the residue obtained for P. radiata fluctuate
between 0.43 and 0.89 Mg ha~! year~! of dry matter and between 0.61 and 1.28 Mg ha~! year~!
of wet matter (Figure 5). With respect to E. globulus, the residue estimators obtained values from
1.11 to 1.29 Mg ha~! year ! dry matter and from 1.59 to 1.84 Mg ha~! year~! wet matter. Other
researchers have also studied these species: Dominguez et al. [49] estimated 1.3 Mg ha~! year~!
of wet matter residual biomass in P. radiata in Navarra (Spain), and [27] found values of estimated
residual biomass of between 0.97 and 2.020 Mg ha~! year~! (wet matter) in E. globulus plantations in
Huelva (Spain).
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Figure 3. Map of residue estimator E, (Mg-ha~!-year~!) of Stratum 1.
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Figure 4. Map of residue estimator E, (Mg-ha~!-year!) of Stratum 3.
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Figure 5. Map of residue estimator E, (Mg-ha~!-year~!) of Stratum 9.

4. Conclusions

Finally, based on the results shown in the above figures, the following assertions can be made:
A high percentage of the land of Biscay is used for forestry, generating every year 52,214 Mg of dry
matter, the energy use of which is very interesting from an environmental point of view. This amount
of residue accounts for barely 16.38% of Biscay’s annual growth of forest biomass, estimated at
318,741 Mg d.m. year~! in 2006 using the allometric equations method (ABE). These data show the
possibility of increasing the use of forest biomass according to a sustainable exploitation of the forest.

The main advantages obtained in the event of carrying out the actions defined in this project can
be summarized as follows:

o There is an increase in the use of forest biomass as an energy source instead of fossil fuels, which
involves first-rate environmental advantages, such as a reduction in sulfur emissions and particles
and minimum emissions of polluting agents.

e CGISis a powerful tool of great use for evaluating forest biomass resources, since it efficiently
combines both cartographic data and information from different databases that facilitate the work
of mapping the results.

e  Through the use of forest biomass, an important reduction is expected in forest fires, which at this
time are a cause for concern in the study area.

e  Using residual forest biomass as an energy source provides employment and creates new business
opportunities in rural communities.

e Biomass fuels reduce the dependence on fossil fuels and increase levels of energy self-sufficiency.
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