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Abstract

Bioenergy in Mexico offers a great potential as a transition strategy for introducing new energy supply chains. However,
studies which focus on wood supply chains for bioenergy generation at a national level are scarce. Hence, this paper presents
a model for predicting short-term availability of woody biomass for energetic use according to two scenarios. Scenario A
exhibits business as usual conditions. In scenario B, the availability of forest woody biomass is improved by an increment
in the areas of sustainably managed forest. The theoretical, technical and economic potentials of forest woody biomass
availability for energetic use were assessed using (a) numerical modeling, (b) Holt-Winters exponential smoothing and (c)
regression analyses Sustainability constraints and challenges such as soil degradation, terrain slope and mechanization level
were considered. A regional case study was carried out, focusing on three species with the highest utilization rates (Pinus,
Quercus and Abies). Setting the base at the year 2013, a forecast analysis for the year 2023 was performed. Under scenario
B, for year 2023 a technical potential of 60.22 PJ was calculated, meaning an achievement of the goals set by the National
Forestry Council regarding hectares under sustainable utilization. Furthermore, a net future value analysis was carried out
to account the economic output during the forecasted period. Where comprehensive data was not available, the developed
model was especially useful for predicting potentially available woody biomass for energy use.

Keywords Bioenergy - Sustainable forest management - Mexico - Simulation - Scenarios - Forest residues

Statement of Novelty

Studies which include the potential of forest woody bio-
mass availability for energy use based on sustainability
criteria in Mexico have not been performed at an upscale
level. This research aimed to estimate the technical poten-
tial of supplying lignocellulose biomass for energy use
from selected residues sources restricted by sustainability
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constraints as extraction limits given a short-term horizon.
The implications of the study include the design of sustain-
able development programs for bioenergy generation that
eases decision-making processes regarding diversification
of by-products, policy guidelines and supply chain manage-
ment for the forestry and energy sectors. When robust data
is limited, the developed model adds innovation by allow-
ing simulating outputs concerning forest woody biomass
production, hectares under sustainable forest utilization,
round-wood imports, energy generation and economic flows
of utilization.

Introduction

National energy production and supply have relied mainly
on oil exploitation. In the last decade, Mexico increased its
oil production until it reached its peak in 2004. According to
the National Energy Ministry (SENER), by the end of 2013
Mexico produced 2.505 million barrels per day (mbd) and,
due to diminishing resources, this will decrease to 1.048
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mbd by 2027. This amounts to a 52.8% reduction in produc-
tion during this period [1]. There is an estimated relevant
future potential for the exploration and exploitation of oil
areas within the national territory, which would result in
oil availability for the next 17 years. Nevertheless, although
investment in exploration and hydrocarbon production has
increased more than three times during the last 12 years,
proven oil reserves decreased by 31.2% [2]. Since oil pro-
duction is limited by restricted resources and is therefore not
sustainable perse, a transition to a national energy mix that
includes renewable energy sources appears to be a feasible
means of addressing the situation. With the development of
renewable energy projects at a national level, analyses of the
potential diversification of energy supply chains in Mexico
have had a principal focus on solar power, wind energy and
some biomass sources, barely considering the advantages of
sustainable forest utilization of woody biomass as an input
for energy systems. Sustainable forest utilization is referred
as to a balance to maintain forest health, biodiversity, pro-
ductivity, regeneration capacity, vitality and the potential to
meet the demand of forest products. This is accomplished
by ensuring that only biomass increment can be harvested,
for example. To date, research about the integration of the
forest value chain towards forest utilization for bioenergy
transformation in Mexico has been marginal.

The SENER estimated an increase in bioenergy genera-
tion of 746 MW by 2026, revealing its potential for contrib-
uting to the national energy supply. The energy production
objective for 2024 aims at producing 35% of electric power
from clean technologies, including 21% from renewable
energies, 23% nuclear power and 25% from clean ener-
gies (the remaining 31% comes from other sources such as
hydro power). According to the SENER, clean technologies
involve not only renewable energies but also non-fossil ener-
gies, such as nuclear energy, and fossil energies with CO,
capture. The so called clean energies with CO, capture are
referred to as clean coal-fired power plants. Furthermore,
a target of 20% electric power generation from renewable
energies by the end of 2018 has been set [3]. Associated with
this, some studies about the availability of woody biomass
have been conducted. However, analyses of the availability
of biomass should include scenario analysis of future avail-
ability to assure sustainability of supply.

According to the Mexican government, biomass use in
Mexico represents a great opportunity for the production
of competitive electricity with low environmental impacts
[3]. By the end of 2013, there were 66 bioenergy power
plants in Mexico representing significant historical improve-
ment in the utilization of biomass [3]. Nevertheless none of
these included the utilization of forest woody biomass as a
source of bioenergy. Bioenergy from woody biomass and
related supply chains open new horizons for forest utiliza-
tion which could positively impact regional bio-economies.
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The extended forest land base in Mexico has a high poten-
tial for sustainable supply of woody biomass. The National
Forestry Council (Comision Nacional Forestal, CONAFOR)
[4] estimated that Mexico’s forested area is approximately
63 million hectares, which represents 47% of the national
vegetated surface. This coverage included 41.2% of xeric
shrublands, 24.2% of temperate forest, 22.8% of tropical
forests and 11.8% of other forest vegetation. However, only
15.1% of the total forested area is under management [5].
The Mexican forest sector has undergone several changes
with a slight increase of sustainably managed forest land
and an increase in wood production due to changes of forest
management practices and to a slight improvement in pro-
ductivity. According to Torres [5], these changes have been
possible due to a shift of selective methods towards more
intensive cultivation methods, which have been supported
by national forest development programs. Still, the current
situation is represented by a lack of integration along the
value chain for managing, transforming and developing a
sustainable market for the industry. Furthermore, the need
for labor in harvesting activities has increased too, although
cost and productivity have remained similar. The machinery
for extraction is generally represented by cranes and recently
some cable yarding projects have started to be introduced
[6].

Since 2001, increased national timber demand has
affected the commercial and industrial balance. Back in
2004, only 39% of the national timber demand was met
through national production [7]. In 2014 approximately
71% (16.4 million cubic meters) of the timber products
consumed in Mexico were imported, indicating vast oppor-
tunities for the development of domestic clusters which
could transform the sector into a sustainable and profitable
industry [7]. There is a need for research that integrates sus-
tainable forest utilization for bioenergy supply in Mexico
in regard to biomass availability and energy output given a
time frame. To date, studies about energy availability from
forest woody biomass in Mexico present results based on
scenarios considering different variables and methodolo-
gies. For instances, based on an evaluation supported by an
analysis on GHG mitigation and costs, Garcia et al. [8] cal-
culated an energy potential of 64 PJ/year from wood pellets
burned for heat and 108 PJ/year from traditional wood-fuel
for efficient cook stoves. Furthermore, using a high spatial
distribution approach, Rios and Kaltschmitt [9] pointed to a
bioenergy potential of 638 PJ from forest and shrub woody
biomass residues and 26 PJ from woody industry residues for
the year 2010. Islas et al. [10] presented a technical poten-
tial for 2004 of 71 PJ/year from sawmill residues and har-
vesting residues, 997-1791 PJ/year from natural forest and
450-1246 PJ/year from plantations. Unlike these studies, the
methodology developed in this research considered forest
management criteria as sustainability constraints based on
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extraction limits. That is to say, it took into consideration
harvesting constraints to estimate technically available bio-
mass for energetic use, including estimations of productivi-
ties according to equipment and mechanization level, all of
these using a regional scenario analysis within a time frame.
Several papers regarding the assessment of forest biomass
supply chains present and discuss frameworks for modeling
variables which estimate output in terms of biomass avail-
ability, costs and C stocks and fluxes [11-14]. Additionally
to the frameworks, methods and tools of these studies, and
based on available national and regional data from forested
land, this research proposed a comprehensive evaluation
of the Mexican forest sector with a particular focus on for-
est parameters for bioenergy supply. This research aimed
to estimate the technical potential of supplying lignocellu-
lose biomass for energy use from selected residues sources
restricted by sustainability constraints as extraction limits.
Thus, this paper presents a methodology based on numerical
modeling with the objective to forecast availability of forest
woody biomass for energetic use given a short-term horizon.
Outputs and results allow for the analysis and the evaluation
of the potential of sustainable biomass supply from the forest
and energy sector in Mexico.

Materials and Methods

The methodology presented in this research included sus-
tainability constraints by considering biomass extraction
limits based on soil conditions, slope percentage and mech-
anization level. In order to estimate forest woody biomass
availability over a short-term time frame and taking into
account sustainability constraints, this research considered a
comparison between two scenarios for the years 2013-2023:
Scenario A (Business as usual (BAU)) and scenario B. Sce-
nario A exhibited business as usual behavior and followed
a trend based on historic and status quo conditions. For this
scenario, the methodology included the development of
regression analyses for estimating the number of hectares
needed to achieve a certain level of timber production, which
was calculated based on forecasting methods. In scenario B,
the availability of forest woody biomass was improved by an
expansion of sustainably managed forest. Once predictions
were carried out for both scenarios, numerical modeling
developed by Flores Hernandez et al. [15] for calculating
the theoretical, technical and economic potential of woody
biomass availability for energetic use was performed. These
potentials were assessed within three research modules: (i)
Availability and appropriateness of lignocellulose biomass,
(ii) Forest management for bioenergy supply and (iii) Energy
output [15]. The research accounted for three sources of
woody biomass:

(1) Residues from timber harvesting operations It included
woody biomass that was left on site after harvesting
operations, including badly shaped logs, logs not reach-
ing the standard diameter for transformation (between
2.5 and 12.5 cm diameter) and branches with no com-
mercial use.

(2) Residues from non-extracted stands These were remain-
ing stands that were marked for utilization but were
not harvested according to the management plan. Only
wood residues were considered from these stands. This
assumed that wood residues from these stands were
available according to the extraction limits given the
sustainability constraints

(3) Residues from sawmills This referred to wood pieces
with no commercial use after sawmill processing, in
the form of cuts, strips and sawdust. Residues from
milling wood imports were also taken into considera-
tion. It should be noted that for residues from sawmill
imports a baseline period was set using 4,961,526 m® in
2013 as the fixed theoretical availability. This assumed
that sawmill imports were directed affected by national
availability of residues coming from sawmills. That
is to say, for years following 2013, if the theoretical
availability of residues coming from sawmills is less
than the actual sum of the sawmill residues from both
regions, then imports are equal to cero. Otherwise,
the sawmill imports are equal to the baseline timber
imports minus the sum of sawmill residues from both
regions.

These three sources originated from private forest and
forest owned by communities, excluding natural protected
areas. Potentially available woody biomass from milling
residues of imported timber was estimated based on import
values of round-wood reported by the national statistical
yearbook of forest production from 2013. Moreover, a spa-
tial approach based on two clusters at a province level was
carried out, including 10 out of 32 provinces in northern
and central south of Mexico comprising areas with the high-
est timber utilization at a national scale. From the northern
region the provinces of Durango and Chihuahua, and from
the central-south region the provinces Michoacan, Oaxaca,
Puebla, Veracruz, Chiapas, Guerrero, Jalisco and the state
of Mexico were considered. Based on highest timber pro-
duction rates at a national level, the analyzed tree species
were Pinus, Quercus and Abies. According to data availabil-
ity, available studies and data significance from year 2013
including forestry, economic and geographical input values,
year 2013 was set as base line year. Numerical modeling,
Monte Carlo simulations, Holt-Winters exponential smooth-
ing and regression analyses were the integrated tools for cal-
culating the theoretical, technical and economic bioenergy
potential. These methods were selected due to limitations on
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available data for running the developed model. Thus, due to
constraints on availability of robust data, statistical methods
were also considered in order to simulate scenarios within
a short-term horizon. The model is described as follows:

Numerical Modeling for Assessing Theoretical,
Technical and Economic Potential of Forest Woody
Biomass Availability for Energetic Use

Based on the methodology developed by Flores Hernandez
et al. [15], numerical modeling was undertaken to develop
equations for estimating biomass availability as well as
extraction limits according to sustainability constraints
(See Appendix A). Based on the interconnection between
the research modules, the study integrated an analysis of
theoretical, technical and economic potential to assess of
energy output. The model used timber utilization data of
recent years, together with geographical and historical data
from governmental reports as an input to determine the
potentials. The core components, based on [15], are gener-
ally described below:

(1) A spatial approach was applied that delimits the geo-
graphical area of analysis with i as the analyzed species
out of an n number of species in a j region or site based
on land use and inventory data (See Appendix B).

(2) Atatheoretical and technical level, equations for esti-
mating available woody biomass as well as extraction
limit equations were developed for numerical modeling
(see Appendix A) [15] using coefficients from literature
together with statistical and geographical data. These
were:

Coefficient for harvesting residues (C) It considered
the volume of woody biomass in cubic meters remain-
ing after timber harvesting as residues on site. Values
were estimated as rates of the harvested stem volume,
using 0.18 for pine, 0.35 for oak and 0.19 for fir [16].

Coefficient for non-extracted residues (Cne) It
accounted for an area rate of non-extracted stands of
the total analyzed area as residues, using factor of 0.10
for conifers and of 0.27 for Quercus [16].

Coefficient for sawmill residues (Cs) It was used for
comprising the available volume of biomass residues
from sawmill processing based on the milled round-
wood volume. A residue biomass coefficient of 0.41
was used for conifers. The sawmill residues volume for
oak was calculated using 0.53 as coefficient [16].

(3) GIS spatial analysis involving digital elevation models
(DEM) from the analyzed provinces was used to ana-
lyze terrain slope in order to calculate sustainability
constraints with respect to timber harvested and extrac-
tion operations.
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(4) To determine economic potential, stochastic simula-
tions were developed in order to estimate the produc-
tion cost resulting from utilization and transportation.
Using statistical sampling to represent uncertainties
by specifying inputs as probabilistic distributions,
the estimation of associated costs for utilizing avail-
able woody biomass for energetic use was performed
using the Monte Carlo method. These uncertainties
were observed in the model as differences between the
economic performance of the forest sector in the north
and central-south region, as well as parameters such as
infrastructure and market development. Therefore, the
Monte Carlo method was used to estimate costs and
treat uncertainties due to differences between regions.
This method uses aleatory generated values to model
and simulate processes in order to estimate complex
outputs. Monte Carlo simulation accounts for uncer-
tainties in the data and assumptions. That is to say,
random samples are considered from assumed distri-
butions of an uncertain parameter, to make estimations
for each set of random values. The procedure is carried
out as many times as is necessary for the changes in
the sample means and variances to converge within the
desired tolerances [17]. Based on information and data
from 27 community forest enterprises, distributed on
12 provinces along the country, statistics parameters
were taken and costs were calculated [18] (Table 1).
These costs included: (1) labor cost from harvesting
and extraction, (2) labor cost from machine operation,
(3) road maintenance and construction cost, (4) trans-
portation cost and (5) technical support cost.

Furthermore, prices from the national system of forestry
information from the final trimester of 2013 for both regions
were taken into account together with the estimated costs
from the Monte Carlo simulations. A net future value analy-
sis (NFV) of alternatives was then performed [17].

For both scenarios, a (F/P) factor given an interest rate of
5% in 10 years equal to 1.6289 was used, together with esti-
mated costs and selected timber prices (Table 2). It should
be noted that for the non-extracted stands residues, only resi-
dues were taken into consideration for the calculation within
the economic analysis, while industrial wood was allocated
for higher value utilization.

In this research, sustainability constraints were defined as
forest parameters relating to technical, economic and opera-
tional restrictions which limit biomass availability for ener-
getic use. These are detailed explained by Flores Hernandez
et al. [15] and briefly described as follows:

Terrain slope In order to calculate the technical biomass
constrained by terrain slope condition, a terrain slope class
calculation per region was carried out using GIS spatial
analysis based on five slope classes [19]. Only areas with
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Table 1 Statistics parameters

. Labor cost ~Machine operation Road cost  Transportation  Technical support
from sampled data according to (USD/m*  cost (USD/m®)  (USD/m®)  cost (USD/m®)  cost (USD/m?)
cost and region

North n=20
Min 0.69 2.14 0.08 6.66 0.92
Max 16.16 18.76 6.66 24.27 4.75
Range 15.47 16.62 6.58 17.61 3.83
SD 5.26 6.32 2.26 6.68 1.55
Average 4.98 12.44 1.68 13.05 3.08
Central southn=7
Min 2.07 0.08 0 6.13 0.08
Max 91.04 41.81 5.67 44.10 18.61
Range 88.97 41.73 5.67 37.98 18.53
SD 20.03 11.87 1.65 8.63 5.16
Average 17.06 11.81 2.08 18.45 5.98

Table 2 Prices and costs involved in calculating the NFV of alterna-
tives for year 2023

Harvesting Non-extracted Sawmill
residues (USD/ stands and residues residues
m?) (USD/m?) (USD/m’)
Price
North 45.55 45.55 59.22
Central-south  35.00 35.00 59.11
Cost
North 34.12 40.55 23.91
Central-south  62.38 74.94 44.62

a slope up to 35% were considered in the analysis. This is
based on the terrain classification system for forestry given
by Berg [19] and the limitation set by Manolis et al. [20],
where biomass beyond 35% of slope is not accessible given
restricted forest operations techniques.

Soil degradation Physical and chemical soil degradation
represented by compaction and fertility of soil were assessed.
Equations to identify extraction limits were developed using
inventory data and numerical modeling (see appendix A). In
addition, historical data on land use for each province were
analyzed. Extraction limit factors were calculated setting
slight, moderate and severe as protection measures to reduce
degradation risks. These limits were based on information
collected in a literature review together with national inven-
tory data and the “Evaluacion de la degradacion del suelo
causada por el hombre en la Reptblica Mexicana” (Assess-
ment of soil degradation caused by man in Mexico) [21].

Mechanization level This included a productivity assess-
ment of harvesting operations considering equipment, slope
percentage at felling site and diameter at DBH of the stand to
be felled. The harvesting cycle included felling, debranching
and bucking. Equation (1) presents productivities in manual
harvesting operating with chainsaws for the analyzed species

at a national level (adapted from [11]). As shown in Eq. (2),
a D factor was calculated based on harvesting coefficients,
affecting productivities according to the amount of biomass
residues from harvesting activities.

Prl.= [M—XI)BI_IXL65[1_S_ZH XDi (1)
-20 100
Di =1+ (Cl - Cpine) )

where Pr is the productivity of manual felling using chain-
saw (m>/h), SIis the terrain slope at the felling site (%), DBH
correspond to the diameter of felled trees at breast height
(cm) and D is the correction factor based on C as coefficient
residue from total harvested stem volume for a species i and
Cpine 18 the coefficient from harvesting residues for pine.

In order to treat uncertainties due to differences in the
analyzed forest land, a case study with two regions for three
particular species was conducted. That is to say, analyses for
each species and each region considering individual regional
variables were performed. As it is the moisture content of
wood rather than the species that determines energy availa-
bility, a net heating value of 16.0 GJ/t was set. This assumed
air-dry wood with 15% of moisture content wet basis [22].
Basic dry wood densities were set to 0.487 t/m>, 0.740 t/m>
and 0.380 t/m? for pine, oak and fir respectively [23]. As
presented before, for predictions, a time horizon from 2014
to 2023 was considered. Moreover, the developed methodol-
ogy for each scenario is explained in detail below.

Scenario A

Scenario A considered a simulation based on BAU con-
ditions. Results were calculated using the Holt-Winters
exponential smoothing forecast method, regression
analyses and the previously explained numerical mod-
eling. Step 1: In order to build a times series for timber
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production, data from the national statistical yearbook of
forest production (1993-2013) was used for pine, oak and
fir according to northern and central south regions. This
dataset was used as an input for applying the Holt-Winters
exponential smoothing method for projecting forest pro-
duction to 2023 [24-26]. This method involved a forecast
equation and three smoothing equations, one for the level
It, one for trend bt, and one for the seasonal component
denoted by st, together with smoothing parameters a,
and vy. It uses m to represent the period of the seasonality,
for example, m =12 for monthly data with 1 year of analy-
sis [27]. As the seasonal variations of the analyzed series
change proportionally with its level, a multiplicative
method was used according to [27]. Since this study does
not attempt to describe or discuss the forecast method in
detail, the component form of the forecast is generally
referred to [27]. Step 2: Based on data from the docu-
ment “Competitiveness and market access of community
forest enterprises in Mexico” regression analysis equa-
tions to predict the number of hectares needed to achieve
the forecasted production from Holt-Winters exponential
smoothing was estimated. Biomass production (m?) as
the independent variable and production areas (ha) as the
dependent one were the analyzed variables with a sam-
pling universe of seven enterprises for the northern region
and 20 for the central south region [18]. In order to assess
the validity of the linear regression model, an Analysis of
Variance (ANOVA) together with the estimation of coef-
ficient of multiple correlation (R) and the coefficient of
determination (R?) were carried out. Using an F-test to
test the relationship between the variables and a student-t
test to test the regression coefficients, the linear regres-
sion was assessed. The analyses were carried out sepa-
rately by species and region. Then, regression equations
were related to the forecast by using the forecasted timber
production from step 1 as the independent variable. In
this way the production areas required to achieve the pre-
dicted timber volume were calculated.

Step 3: Available data regarding the mean annual
increment (MAI) of the examined species from national
reports was included on the forecast model. The National
Forest and Soil Inventory 2004-2009 presents respective
MAIs for three important conifers in the country: Pinus,
Pseudotsuga and Abies. Based on this data, a MAI of
1.99 m3/ha/year for conifer forests was used, while for
mixed conifers and broadleaved forests MAI of 1.88 m?/
ha/year was set [4]. The MAI was then multiplied by these
hectares resulting in the available lignocellulose biomass
as total yearly increment (TYI).

Step 4: Subsequently, numerical modeling to assess
the theoretical, technical and economic potential of forest
biomass for energetic use [15], was carried out.
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ScenarioB

In order to compare alternatives, scenario B was developed.
This comprised an estimate of production areas assuming a
1% annual increment of managed forest land followed by a
growth based on an arithmetic gradient.

Step 1: Historical data from the national statistical year-
book of forest production shows the size of aggregated
approved harvesting areas (in ha) per year, which varied
from 7745 ha in 2010 to 8482 ha in 2014. Largest harvested
areas of 17,027 ha and 15,376 ha were observed in 2008 and
2012 respectively. Based on these data, a conservative arith-
metic gradient of an approved increased of harvesting area of
2500 ha per year was determined. Furthermore, the arithme-
tic gradient ant the assumed rate of increment were set based
on the goal established by the National Forestry Program
2014-2018 to increase the national timber production to
11,000,000 m? by 2018 meaning a growth of 186.13% with
2012 as the reference year. The predictions are explained by
the following equation:

As=P(1+i)"+G[(%)<w—n>] 3)

l

where As refers to the predicted hectares under sustainable
utilization for scenario B (ha), P is the present number of
hectares currently utilized (ha), i is the assumed rate of
increment in hectares under sustainable utilization (%), n is
the number of analyzed years and G is the arithmetic gradi-
ent of approved harvesting areas under sustainable utiliza-
tion (ha). The projection was also done for year 2023.

Step 2: Once the predicted hectares under sustainable uti-
lization have been estimated, these were multiplied by the
MATI in order to calculate the total yearly increment.

Step 3: Numerical modeling to assess the theoretical,
technical and economic potential of forest biomass for ener-
getic use was then carried out.

Results
Scenario A

Step 1: To measure the accuracy of the forecast model
based on Holt-Winters exponential smoothing, the mean
error (ME), mean absolute deviation (MAD), mean abso-
lute percentage error (MAPE) and the mean square error
(MSE) were estimated against different smoothing param-
eters (Table 3).

The selected smoothing parameters presented in Table 3
had the lowest MSE which is generally used to assess the
quality of a prediction model. Differences by region and
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Table 3 Smoothing parameters Model o B . ME MAD MAPE MSE

and measurements for forecast

error for northern and central North

fg:tfkfﬁgégﬁft:fg Zi;‘(‘)‘;‘gﬁtﬁlfor Pine 099 005 0 -7333524 26482602 9% 9.29E+10

smoothing model Oak 047 0.44 0.41 22,632.13 66,535.70 23% 6.38E+09

Central south

Pine 0.99 0.12 0 —70,580.20 255,253.71 11% 1.LISE+11
Oak 0.8 0.42 0.15 13,149.35 57,418.60 28% 6.66E +09
Fir 0.99 0 0 —4825.33 42,100.90 24% 3.16E+09

species are due to variabilities of forestry parameters such
as round wood production, sawmill production, mean annual
increment, areas under utilization and total forest area.
Step 2: The linear regression analysis of production areas
(ha) (PA) as the dependent variable and production (m?) as
the independent one to predict the required size of produc-
tion area resulted in the regression Egs. (9) and (10). Equa-
tion (4) predicted the number of hectares required for the
northern region to meet a production indicated by the inde-
pendent variable x. Equation (5) represented the prediction

for the central south region.
Hn = —-4,000.46 + 0.7972Pn 4)

Hces =2,278,94 + 1.2214Pcs 5)

where Hn are the predicted hectares for the northern region,
Pn is the forecasted production for the northern region, Hes

5,000

4,500

4,000

3,500

3,000

2,500

ha X 103

2,000

1,500

1,000

500

0
2014

2015

2016 2017

2018

are the predicted hectares for the central south region and
Pcs is the forecasted production for the central south region.

For the northern region, the coefficient of determination
(R?) showed that 60% of the variation of the dependent vari-
able (production area) was explained by the independent var-
iable (production). For the central south region the variation
of the production areas was 61% (R?) which was explained
by production. Therefore, for the two regions, the model was
significant for predicting required production areas.

Step 3: Within a short-term time of 10 years, for the
northern region the production area (PA) of pine decreased
to 1,422,035 ha in total, while oak increased to 178,092 ha.
A similar trend was observed for the central south region,
affecting the total yearly increment too (Fig. 1).

Step 4: After numerical modeling was run based on inputs
from Holt-Winters exponential smoothing and regression
analyses, the available energy coming from residues of forest

H Pine north

M Pine central south

Fir central south

M Oak central south

M Oak north

2019
Year

2020 2021 2022 2023

Fig. 1 Development of productive forest land (2014-2023) based on Holt-Winter exponential smoothing, regression equations and MAI for the

analyzed species by region in Scenario A
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Table 4 Technical availability of woody biomass constrained by soil
degradation, slope percentage and mechanization level (m?) for 2023
in Scenario A

Source Pine Oak Fir Total
Harvesting residues (m®)
North 350,087 80,540 - 430,627
Central-south 307,582 82,947 38,724 429,253
Total 657,669 163,487 38,724 859,880
Non-extracted stands (m?)
North 700 1845 - 2546
Central-south 969 2626 1369 4963
Total 1669 4471 1369 7509
Sawmill residues (m®)
North 788,437 48,964 - 837,401
Central-south 692,711 50,427 86,960 830,098
Imports 3,294,027
Total 1,481,148 99,391 86,960 4,961,526
Total 5,828,914

Table 5 Technically available energy from forest woody biomass (PJ)
for 2023 in Scenario A

Pine Oak Fir Total
North 8.88 1.56 - 10.43
Central-south 7.80 1.61 0.77 10.18
Sawmill imports 25.67
Total 16.68 3.17 0.77 46.28
Biomass (m3)
7,000 -
6,000 -
5,000 -
S 4,000 -
—
x
(]
£ 3,000 -
2,000 -
1,000 |
0 4
2013 2014 2015 2016 2017

mm Sawmill imports (m3)

2018

woody biomass over a period of 10 years was analyzed. The
results showed a slight decrease, from 49.05 PJ in 2014 to
46.28 PJ in 2023 (Table 5). After the model was run, and
biomass extraction limits based on sustainability constraints
were applied, a technical potential of 5,828,914 m?° of avail-
able biomass for year 2023 was estimated (Table 4).

When analyzing the time series for the forecasted years,
the volume of imported timber increases over time (Fig. 2)
whereas a smooth but continuous decrease in the amount of
available energy takes place. This scenario assumed that soil
degradation remains at 2013 levels and also that the level of
mechanization remains constant. As such, extraction limits
were constant.

Scenario B

Once results for scenario A had been calculated, scenario
B comprising constant expansion of productive forest land
under sustainable utilization was analyzed. Step 1: Eq. (3)
was used to estimate the annual increment of productive
forest land. A total of 4,166,749 ha and 3,733,987 ha as
productive areas for year 2023 for the northern region and
central south region respectively were calculated.

Step 2: Productive areas and total yearly biomass were
calculated for each species and each region, resulting in an
increase of available volume of timber. Results pointed out
a total of 7,900,736 ha for the total regional case study for
year 2023 (Fig. 3).

—<—Production area (ha)

-~ 5,000
- 4,500
- 4,000
- 3,500
- 3,000

- 2,500

ha X 103

- 2,000
- 1,500
- 1,000

- 500

2019 2020 2021 2022 2023

Year

Fig.2 Predicted forest production areas and availability of forest biomass for energetic use (2014-2023) in scenario A
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Fig.3 Predicted forest production areas and availability of forest biomass for energetic use (2014-2023) in scenario B

Step 3: Numerical modeling was run and values for
biomass (m?®) and available energy (PJ) from the analyzed
sources and species were obtained. When predicting availa-
ble forest biomass for energetic use for the year 2023, results
showed an increasing trend regarding forest production
areas and biomass availability while a decrease in biomass
imports was estimated (Fig. 3). Furthermore, an increase
in available energy based on forest biomass is expected as
a consequence of the increasing number of hectares under
sustainable utilization.

The technical potential for year 2023 under scenario B
amounted to 7,262,035 m> and 60.22 PJ as energy output
(Tables 6, 7).

Economic Potential

The economic analysis used the output cost from the Monte
Carlo analysis together with official timber prices from 2013
[28], to carry out a net future value analysis for both the
northern and central south regions. The costs were grouped
according to the three selected biomass sources and simu-
lations were run based on statistical parameters with 100
repetitions each (Tables 8§, 9).

Considering the economic flow based on forest woody
biomass availability as residues for energy use, the net
future value analysis for the year 2023 showed positive
values, except for utilizing harvesting residues and non-
extracted stands residues in the central south region. As
stated before, main timber products coming from the source

of non-extracted stands are not included as sold products
within the economic analysis. It only considered residues
as by-products for energetic use (Table 10).

Discussion

The presented scenario analysis involved a short-term com-
parison between the (A) supply of forest woody biomass for
energy use under given status quo conditions and (B) the
assumption that the number of hectares under sustainable
utilization will increase over a period of time.

Considering scenario A, the theoretical and techni-
cal availability of forest woody biomass for energetic use
decreased over time because of reduced production area.
This area reduction could be explained by forest fragmenta-
tion and land use change as a continuing trend within the
forest sector at a national level. The inadequate application
of forest management methods has changed the species
composition together with “strong fragmentation problems
that influence the low productivity of forest areas and the
health of ecosystems” [5]. According to the Land Use and
Vegetation Charter Series IV, in 2007 the temperate forests
were the most fragmented forest ecosystems in the country
with 54% of its area as fragmented areas [29]. Moreover,
“the dynamics of land use change in recent years has fol-
lowed a pattern that favors the growth of cultivated areas,
as well as induced and cultivated pastures over forest areas”
[5], therefore reducing the landbase for forest production.
Additionally, the current low investment and development
of the forest industries also explains this decrease. Imports
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Table 6 Technical availability of woody biomass constrained by soil
degradation, slope percentage and mechanization level (m*) for 2023
in Scenario B

Source Pine Oak Fir Total
Harvesting residues (m%)

North 825,777 367,436 — 1,193,213
Central-south 574,817 330,112 173,890 1,078,819

Total 1,400,594 697,547 173,890 2,272,032
Non-extracted stands

(m?)

North 1652 8419 - 10,071
Central-south 1810 10,450 6146 18,406
Total 3462 18,869 6146 28,477
Sawmill residues (m?)

North 1,859,748 223,380 - 2,083,128
Central-south 1,294,556 200,689 390,496 1,885,741
Imports 992,656
Total 3,154,304 424,070 390,496 4,961,526
Total 7,262,035

Table 7 Technically available energy from forest woody biomass (PJ)
for 2023 in Scenario B

Pine Oak Fir Total
North 20.93 7.09 - 28.03
Central-south 14.58 6.40 3.46 24.45
Sawmill imports 7.73
Total 35.51 13.50 3.46 60.22

of sawmill round wood, on the other hand, were increasing.
Furthermore, when analyzing biomass availability within a
10-year time frame, results showed a change in timber pro-
duction including a shifting of species, where energy avail-
ability based on forest woody biomass residues declined.
As the country with the largest number of oak species in
the world, Mexico has experienced a significant growth in
the oak market over the last 20 years, meaning an increase
both in demand and supply [30]. Moreover, the estimated

results are highly dependent on national timber production,
which has fluctuated over the last two decades and has been
affected by imports. For instance, since 2007 production of
the three analyzed species has generally decreased with the
exception of a slight increase in 2012 and 2013. Back in
1990, national timber production supplied 72% (8.9 mil-
lion cubic meters) of the national consumption of forest
products. During the following years, this figure decreased
considerably and in 2007 national timber supply satisfied
only 29% (7 million cubic meters) of national consumption
[31]. By the end of 2014, 29% (5.7 million cubic meters)
of national consumption of forest products was supplied
through national production [7]. Following this trend, results
pointed out an increase of 16% of residues from imported
sawmill timber, meaning a negative growth of the value of
the national timber production and a higher trade deficit.
For scenario A, results are a consequence of the trend
revealed in the analyzed data over the time series, which
at the same time follow the input values of the smoothing
parameters. It should be noted that these smoothing param-
eters have been estimated on the basis that they have the
lowest MSE which indicates that the prediction is accurate
[27]. As defined by [27], a forecast error is the difference
between an observed value and its forecast, meaning the
unpredictable part of an observation. When assessing the
accuracy of a forecast using MAPE, there is no standard for
the estimation of the smoothing parameters which fits every
time series. In addition; the accuracy of forecasts can only
be determined by considering how well a model performs
on new data that were not used when fitting the model [27].
According to the last national official report [7] there is a
slight difference between new data and forecasted data from
2016, with 6,715,284 m? as real value and 6,081,589 m* as
forecasted value. Therefore, based on the utility function
of the model, resulting values from Table 3 are acceptable.
The estimated 46.28 PJ as energy output for year 2023
in scenario A involved an average reduction of 3% of the
energy potential per year where productive areas reduced to
3,181,939 ha. This implies a stagnation of the forest sector and
hinders possible strategies for developing regional economic

Table 8 Monte Carlo simulation

. Parameter Cost (USD/m’)

results according to cost for the

northern region Harvesting residues ~ Non-extracted stands residues Sawmill residues
Min 11.51 15.07 7.54
Max 58.15 65.26 40.28
Mean 34.12 40.56 2391
SD 8.19 8.50 6.85
Confidence interval of 95%  33.94 <X <34.30 40.37<X<40.74 23.78<X<24.04
Range 46.64 50.19 32.74
Standard error 0.81% 0.69% 0.83%
Number of simulations (N) 7852 8242 10,784
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Table 9 Monte Carlo simulation
results according to cost for the

central south region
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Parameter Cost (USD/m’)

Harvesting residues ~ Non-extracted stands residues ~ Sawmill residues
Min 6.31 8.35 10.15
Max 118.91 138.47 68.54
Mean 62.38 74.94 44.62
SD 18.38 19.18 12.50
Confidence interval of 95% 62.10<X <62.65 74.66<X<75.22 4442 <X <44.82
Range 112.60 130.12 58.40
Standard error 0.67% 0.37% 0.44%
Number of simulations (N) 17,232 17,900 15,096

Table 10 Net future analysis for analyzed sources according to prices
and costs for year 2023

Region Harvesting Non-extracted stands Sawmill
residues (USD/ and residues (USD/  residues
m?) m) (USD/m?)

North 18.62 8.14 57.52

Central South —44.58 —65.06 23.60

cluster based on forest resources. As mentioned, imports
from sawmill biomass increased as a result of the presented
trend, where, for instance, timber markets from Chile and the
United States had a considerable share on the imported timber
production [32]. With a decreasing tendency on productive
areas and a higher participation of imported timber wood
for national consumption over time, the predicted available
energy coming from residues of forest woody biomass over
a period of 10 years decreased smoothly but continuously.
On the other hand, the document “Competitiveness of
the forest sector in Mexico. Tendencies and Perspectives”
outlines an objective of increasing areas under forest utiliza-
tion to up to 16 million ha, plus 2 million ha for plantation
forestry, by 2030 [31]. Moreover, there is an estimated poten-
tial of having 21 million ha under sustainable forest utiliza-
tion by 2030 [31]. Based on scenario B, with an assumed
conservative annual increase of the managed forest land by
2500 ha, resulted values of year 2023 are consistent with the
objectives involving forested areas sustainably managed set
by CONAFOR for the year 2030. Regarding energy output,
based on results under scenario B at year 2023, there was an
increase of 31% of the energy potential going from 45.96 PJ
to 60.22 PJ along the short-term horizon. According to the
last reported data from SENER for year 2016 there was a
total contribution of 362 PJ of biomass within the national
energy supply [33]. For the year 2016, results from the model
accounted for additional 46.59 PJ from the selected biomass
sources, which corresponded to 13% increase of the bioen-
ergy supply share. Additionally, under the assumptions of
scenario B, imports from sawmill timber showed a consider-
able decrement by year 2023, implying the strengthening of
regional cluster and creation of regional value chains.

Regarding the economic potential, the statistical year-
book of forest production from 2016 reports that the Mexi-
can forestry sector had a Gross Domestic Product (GDP)
of 3.16 million USD. The expected development of energy
supply chains based on forest woody biomass by the year
2023 is likely to have a positive effect on the GDP of the
Mexican forestry sector which in turn would considerably
increase its contribution to the national GDP. As forest
woody biomass residues have no commercial use within the
value chain so far, this is the case for both scenarios. The
difference between them is determined by the amount of
imports observed in each alternative.

As already mentioned, this analysis only considered for-
est woody biomass residues, not including stem wood for
from non-extracted stands which also have a great impact
on the economic indicators. Costs in the central south region
could be lowered by integrating the actors and stakeholders
involved in the supply chain. This can be achieved through
programs supported by local authorities and local regulators
which strengthen the development of the industry.

Given a short-term period and based on general analyzed
parameters from the model (selected biomass sources, prov-
inces, sustainability constraints) together with historical data
and assumptions, recommendations supported by results are
presented: According to the simulation carried out for both
scenarios, a conservative and continuous increase of for-
est productive areas is consistent with the achievement of
national goals concerning forestry, energy and GHG emis-
sions. This would affect forest woody biomass availability,
allowing the creation of regional industry clusters based on
forest resources which contribute to the regional develop-
ment. At the same time, this would reduce dependency on
imported timber, positively affecting trade deficit. For the
northern region, based on results by year 2023, a total of
4,166,749 ha under sustainable utilization and 28.03 PJ as
energy output were estimated while following this strategy.
Positive economic values for year 2023 suggest the use
of this money flow to invest in forest structure and forest
equipment to improve biomass availability. In the central
south region, an extension of forest productive areas up to
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3,733,987 ha followed by an investment of the economic
flow coming from sawmill residues in strategies for improv-
ing harvesting techniques and equipment is recommended to
reduce cost and balance economic outputs.

Important limitations of the model are represented by
uncertainties concerning climate change conditions and
opening of timber markets at international level which highly
impact the input and output variables of the analyzed sys-
tem. In order to deal with uncertainties in the results, the
flexibility of the model allows for changes in MAI and the
other included variables. When assessing uncertainties due to
climate change; for instance; different scenarios with differ-
ent parameters on MAI, species, terrain conditions (soil and
slope percentage) and mechanization level could be evalu-
ated. Furthermore, these limitations affect feasibility of sce-
narios. For scenario B the accomplishment of national goals
and monitoring of policy frameworks related to forestry and
energy programs, followed by the opening of bio-economy
clusters at regional scale will impact its feasibility. Moreo-
ver, based on the last national official report [7], in 2016
there was a total timber production of 6,715,284 m? from
domestic production. The model for scenario B calculated a
timber production of 6,821,944 m?, indicating good accuracy
of the model and feasibility of this scenario given short time
frame. In regard to the sustainability constraints, the model
considered ecological restrictions in terms of land use and
forest dynamics including the impact or residues removal
on soil conditions and degradation. Projections of biomass
availability for energy use should properly review the avail-
ability of land resources without hindering conservation strat-
egies [34], together with other ecological impacts not directly
analyzed with the presented model. For instances, residues
removal can lead to negative impacts on forest growth given
a time frame due to increased nutrient extraction [35]. This
would also decrease carbon stock and reduce long-term pro-
ductivity of forests [36]. Thus, for further research, ecological
constraints concerning the carbon balance must be analyzed
through the life cycle of the product. Moreover, ecological
restriction including photosynthetic constraints and the sus-
tainable management of nutrients and water resources must
also be taken into account for future research. Moreover, it is
important to note that the scope of this study is the estima-
tion of quantitative and economic potential of forest woody
biomass for energetic use. An analysis that assesses most
adequate and efficient transformation processes and conver-
sion technology is still necessary.

The scenario modeling analysis presented in this paper
provided information for decision makers regarding forest
utilization and the cost of utilization for biomass supply for
energy use. With it, changes of influencing factors such as
the extent of production areas, mechanization level and eco-
nomic flows are analyzed with respect to their impact on tim-
ber imports, production, costs and energy availability. Thus,
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as a decision making tool, the model allows the simulation
of alternatives concerning forest utilization criteria in terms
of extraction limits restricted by sustainability constraints,
harvesting and transportation costs, forest yield and opening
of bioenergy markets.

Conclusions

The presented scenario analysis involved a comparison
between a scenario A, comprising the predictability of forest
woody biomass given current conditions, and scenario B which
involved an increment of hectares under sustainable utilization,
both, over a short-term period of time (2013-2023). Analyses
for the predictability of forest woody biomass for energetic
use for both scenarios included sustainability constraints (soil
degradation, slope percentage, and mechanization level) as
extraction limits for estimating biomass potential. For scenario
A, Holt-Winters exponential smoothing considered historical
data as input for developing the forecast. This historical data
was analyzed through a level component, trend, and season-
ality parameters, which followed the behavior of variables
such as timber demand, population, GDP and timber markets
along a time series. Thus, the forecast predicted a value con-
sidering the historical evolution of the variables, meaning that
these variables are not assumed to stay constant, but instead to
change throughout time given the presented inputs. Results in
scenario A pointed out that the technical availability of forest
woody biomass for energetic use decreased over time, while
imports had an increasing tendency.

While simulating extraction limits based on sustainability
constraints from 2013 but assuming an increase in the number
of hectares within a given time frame, as presented in scenario
B, the calculated energy availability is expected to amount to
60.22 PJ by 2023. Furthermore, the net future value analysis
for the year 2023 shows that the value of the national timber
production is positively affected, except for utilizing harvest-
ing residues and non-extracted stands residues in the central
south region. This represented a contribution of 18.62 USD/
m? for harvesting residues, 8.14 USD/m? for non-extracted
residues and 57.52 USD/m? for sawmill residues.

With 60.22 PJ and 7.90 million ha under sustainable
forest utilization by 2023, the sustainable forest utilization
including bioenergy transformation, which considers local
socioeconomic development followed by mitigation strate-
gies and biodiversity conservation, appears to be a feasible
option for strengthening the Mexican bio-economy.
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Appendix A

Equations to Estimate Available Woody Biomass
and Biomass Extraction Limits for Numerical
Modeling [15]

Equation (6) presents the relation between variables to
calculate the theoretical available biomass residues from
harvesting:

;= Z<1—c> ©

where H is the theoretical available biomass residues from
harvesting (m?), P is the utilized volume of the harvested
timber (m?), C is the coefficient from harvesting residues
and i is the analyzed species out of a n number of species
within a j region.

Equation (7) was used to obtain available biomass from
the non-extracted stands residues:

5| (H+ P ) X Cne;
NE; = .
Z 1- Cne ' (7)

where NE is the non-extracted stands biomass residues (m?),
H is the theoretical available biomass residues from harvest-
ing (m?), P is the utilized volume of harvested timber (m?),
C is the coefficient from harvesting residues, Cre is the coef-
ficient of non-extracted stands residues and i is the analyzed
species out of a n number of species within a j region.

Equation (8) estimates the theoretical available biomass
for energetic use from sawmill residues:

n Pi'
Smp= ) [?’ X Sw,] * Cs; ®)

i=1 i

where Sm is the biomass theoretically available from sawmill
residues(m?®), P is the utilized volume of harvested timber
(m3), T is the total national timber production (m?), Sw is
the sawn wood production (m?), Cs is the coefficient from
sawmills residues and i is the analyzed species out of a n
number of species in a j region.

In order to calculate the total chemical and physi-
cal degraded forested hectares by region and degradation
degree, Eqs. (9 —12) explain the calculations based on the
relation between total forested area, areas affected by soil
degradation at a national scale and soil degradation by veg-
etation type at a national scale.

Dslight; = 2 Fa; X PSgqp X S 9)
i=1
Dmoderate; = z Fa; X PS,,gerae X Sjj (10)
i=1
Dsevere; = Z Fa; X PSypyere X S (11)

i=1

n

tot - Z vltghl

=1

+Dyyrere) (12)

mode rate

where Dslight is the slightly degraded forest area (ha),
Dmoderate is the moderately degraded forest area (ha),
Dsevere is the severely degraded forest area (ha), Drot is the
degraded forest area at a regional level (ha), Fa is the total
forested area (ha), PS is the percentage of area affected by
soil degradation in temperate and cloud forest at a national
scale, S is the soil degradation percentage (chemical or phys-
ical) in temperate and cloud forest at national scale, n is the
number of provinces involved in the analyzed region, i refers
to the current province being analyzed and j is the type of
soil degradation, either chemical or physical.

Equations (13) and (14) explain the logic behind the cal-
culations of available biomass factors constrained by soil
degradation.

If - D,,+ Dy
Bslight, = [M] x Erslight, (13)
If
_ Dmoderate
Bmoderate; = Tf X Ermoderate; (14)

where B is the available biomass factor constrained by soil
degradation, Tf refers to the total forested area of the region
(ha), Er is the maximum extraction rate according to scale
and i refers either to chemical or physical degradation. Equa-
tion (A8) includes areas with no degradation, which have an
extraction limit of 70%. This is reflected by subtracting the
total degraded hectares from the total forested area, thus,
where no degradation is observed only 70% of the theoreti-
cal available biomass can be utilized for energetic use.
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Appendix B

See Fig. 4.

Fig.4 Analyzed provinces
according to region and slope

Northern region
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2. Durango

Central south region
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