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Abstract: Productive forests, as a major source of biomass, represent an important pre-requisite for
the development of a bio-economy. In this respect, assessments of biomass availability, efficiency
of forest management, forest operations, and economic feasibility are essential. This is certainly
the case for Mexico, a country with an increasing energy demand and a considerable potential for
sustainable forest utilization. Hence, this paper focuses on analyzing economic alternatives for the
Mexican bioenergy supply based on the costs and revenues of utilizing woody biomass residues.
With a regional spatial approach, harvesting and transportation costs of utilizing selected biomass
residues were stochastically calculated using Monte Carlo simulations. A sensitivity analysis of
percentage variation of the most probable estimate in relation to the parameters price and cost for
one alternative using net future analysis was conducted. Based on the results for the northern region,
a 10% reduction of the transportation cost would reduce overall supply cost, resulting in a total
revenue of 13.69 USD/m3 and 0.75 USD/m3 for harvesting residues and non-extracted stand residues,
respectively. For the central south region, it is estimated that a contribution of 16.53 USD/m3 from
2013 and a total revenue of 33.00 USD/m3 in 2030 from sawmill residues will improve the value
chain. The given approach and outputs provide the basis for the decision-making process regarding
forest utilization towards energy generation based on economic indicators.
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1. Introduction

In order to meet climate change mitigation targets, actions for reducing fossil-based products must
be undertaken. As one of the most utilized energy sources worldwide and representing an estimated
share of 10 to 14% of global energy supply, biomass is considered to be fundamental to accomplishing
a substitution of fossil-based products table [1,2]. Based on scenario analysis at a global level, by 2050
biomass energy consumption could reach 150 EJ, where approximately 38–45% of biomass supply will
come from agricultural waste and residues, and the remaining demand will be met with forest products
and energy plantations [3,4]. As part of the bio-economy, bioenergy offers positive environmental
and socioeconomic benefits: greenhouse gas emission reduction, employment, regional development
through value chain integration, and decentralized energy systems for energy independence [5].
According to the Renewable Energy Policy Network for the 21st Century, in 2015 822,000 jobs were
generated worldwide in the solid biomass sector. This included 49,000 jobs in Germany and 152,000
in the United States [6]. Regarding end-use of wood energy, thermochemical biomass conversion
processes—including combustion, co-combustion, incineration, gasification, and pyrolysis—use
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biomass as solid fuel mainly to generate heat and electricity [7–10]. Due to their high efficiency
and profitability, combustion and co-combustion technologies provide 90% of the global bioenergy
production for commercial use [7], thereby also contributing to GHG emission reduction [4]. Thus,
wood energy for heat and electricity generation contributes to fossil fuel substitution. Furthermore,
forests as major biomass suppliers are of considerable importance for mitigating CO2 emissions,
particularly as their role has expanded beyond timber production towards biomass production for
energy generation [11]. Woody biomass in the form of wood pellets is broadly used as an energy
carrier due to its ease of production and transportation [12].

Thus, for a successful transition towards a bio-economy, analyses of wood resources access,
harvesting operations, silvicultural practices and business models are required. Worldwide, data on
forest operations and management considering indicators of economic sustainability investments
become fundamental, and this also applies to Mexico.

Mexico has a vegetation cover of approximately 138 million hectares, which represents 70.4% of the
national territory. Of this, 24.2% is temperate forest and 22.8% is tropical forests [13]. From an economic
perspective, based on information from the National Forestry Council (Comisión Nacional Forestal,
CONAFOR), the contribution of the forestry sector to the national economy has fluctuated over time.
In 1987, the sector’s share of Gross Domestic Product (GDP) was 1.3%, decreasing to 0.5% in 1996.
In 1999 forest production accounted for 17,000 million MXN (Mexican peso) and its GDP share was
1.2%. Recently, in 2014 the forestry GDP accounted to 38,065 million MXN. From 2009 to 2014, the forest
industry made up an average of 0.3% of the national GDP [14]. With 21 million hectares of production
forest estimated for the year 2030 [15], the potential for sustainable forest utilization in Mexico makes
this resource a driving force for the development of strategies for a national bio-economy. However,
the Mexican forest industry is currently stagnating due to low investment, inefficient management,
inefficient harvesting systems, and poor production organization [16]. The current harvesting systems
hinder higher productivities, as do inefficient transportation and chipping systems. Moreover, the lack
of integration of the value chain impacts qualitative and volumetric losses of resource material for the
industry, thereby also increasing costs [16]. A better understanding of the Mexican wood supply chain
gained through regional case studies focusing on analyzing and evaluating biomass availability, forest
management and business models is a priority for supplying and developing a regional bio-economy.
To date, studies about forest biomass availability have been conducted, some of which include the
cost of utilization and processing but do not consider biomass for energy use [17–19]. On the other
hand, García et al. [20] calculated an energy potential of 64 PJ/year from wood pellets burned for
heat and 108 PJ/year from traditional wood fuel for efficient cooking stoves. In a further study,
Rios and Kaltschmitt [21] estimated a bioenergy potential of 638 PJ from forest and shrub woody
biomass residues and 26 PJ from woody industry residues for the year 2010. Moreover, based on
moderate and high scenarios, Islas et al. [22] presented a technical potential for 2004 of 71 PJ/year from
sawmill residues and harvesting residues, 997–1791 PJ/year from natural forest and 450–1246 PJ/year
from plantations. An evaluation of business strategies comprising a balance of cost and price over
time provides insights for decision-making processes regarding alternatives within given parameters
and time horizons. Therefore, unlike these studies, the methodology developed in this research
reviewed the revenues and costs of utilizing selected woody biomass sources for energy use, with
a focus on the forest operations and processes needed to supply woody biomass as an input for energy
transformation. It analyzed the sensitivity to changes in economic parameters given a set time horizon
for utilizing forest woody biomass for energy use.

Over recent years, national timber production has fluctuated with a peak of 7 million m3 observed
in 2007 [13] followed by a smooth but continuously decreasing trend. On the other hand, since 2001
an increase in national timber demand has affected the commercial and industrial balance. However,
only 15% of the total national forested area is being utilized [16]. Currently, approximately 71% of
the timber consumed nationally is imported [23]. With a potential for increasing forest areas under
sustainable management, while decreasing timber imports, satisfying the increasing timber demand
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and enabling bioenergy supply chains; potential analysis is needed to support decision-makers in
establishing an economy based on biomass resources.

Moreover, for almost eight decades, the Mexican regulatory energy framework did not allow the
private sector to participate in the energy market. This was changed in 2014 with a reform of energy
policy allowing private companies to be freely involved in the national energy supply. A considerable
restructuring and diversification of the energy sector, together with structural changes in the rest of
the economy, are expected to happen [24]. Thus, given that Mexico is an oil-producing country [25],
the effect on the economy and corresponding implications for the development of alternative energy
supply chains must be analyzed. Furthermore, the National Development Plan (NDP) 2006–2012 [26]
included the General Law for Climate Change. This unprecedented initiative, developed by federal
authorities, established for the first time that a Non-Annex I Country of the Kyoto Protocol assumes
GHG reductions goals at the same level as industrialized countries [27]. Considering this, the role of
energy supply chains based on forest woody biomass is of importance for the economic performance
of the forest and energy sectors.

Therefore, this paper focuses on calculating economic outputs relating to alternatives for forest
utilization aimed at introducing bioenergy supply chains at a regional scale. It analyzes economic
alternatives for utilizing woody biomass residues for energetic use based on harvesting and sawmill
operations. That is to say, based on the given costs and revenues of wood utilization, the methodology
takes a regional approach in order to analyze the impact of changes to these parameters, focusing
on lignocellulose biomass from forest residues as a main byproduct. Several papers assessing forest
biomass supply chains present and discuss frameworks for modeling variables that estimate output in
terms of biomass availability, costs and C stocks and fluxes. For instance, Sacchelli et al. [28], Schelhaas
et al. [29], Sokhansanj et al. [30], Masera et al. [31] and Alemán-Nava et al. [27], among others, suggest
simulation methods that incorporate variables relating to a given analysis context. For the research
design, the present study takes into account these and other investigations, focusing on the costs and
revenues of harvesting and sawmill operations, which are based on forest operations criteria within
regional context. The selection of the included provinces, biomass sources, and time frame for this
regional case study was based on limited data and data access to parameters that were fundamental
inputs of the analysis. In addition to the frameworks, methods, and tools of these studies, and based
on available national and regional data, this paper considers an evaluation of the Mexican forest sector
with a special approach assessing the costs and revenues of potential available woody biomass for
energy use.

2. Materials and Methods

In order to incorporate regional case studies, the research was based on the analysis of two
main forested regions. These were comprised of 10 provinces representing areas with the highest
timber utilization at a national scale: the north region was comprised of the provinces of Durango and
Chihuahua, while the central south region included Michoacán, Oaxaca, Puebla, Veracruz, Chiapas,
Guerrero, Jalisco, and the state of Mexico. This distribution was selected because the 10 mentioned
provinces are representative of national round wood production rates, and because existing forest
studies have analyzed the same distribution. The sources selected to account for woody biomass costs
for energetic use were:

(i) Harvesting residues: this included woody biomass left on site after harvesting operations,
including badly shaped logs, logs not reaching the standard diameter for transformation (between
2.5 cm and 12.5 cm diameter at breast height (DBH)), and branches with no commercial use.

(ii) Non-extracted stand residues: these were remaining stands that were marked for utilization but
were not harvested according to the management plan. Only wood residues were considered
from these stands since industrial round timber should preferably be used for material use first.

(iii) Sawmill residues: these included wood pieces with no commercial use after sawmill processing,
in the form of cuts and strips.
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The analysis focused on cost and revenue components for the value chains of harvesting and
sawmill operations, with woody biomass as an input for energy conversion. The probable and most
common energy uses of wood are combustion and gasification [32], with pellets as the end product.
However, economic components of the transformation technology were not included in this analysis.

According to available data on supply costs and price at a national scale, pine was selected as
the main species for the assessment. In order to calculate, as described below, stochastic supply
costs given the uncertainties, Monte Carlo simulations were carried out. Moreover, sensitivity
analyses for evaluating alternatives with changes to parameters within a specific time series were
conducted. This analysis incorporated a Net Future Value analysis (NFV) until the year 2030, with
a baseline set at the year 2013. Due to the parity stability of the Mexican peso with the dollar
in the year 2013, the official exchange rate on 31 December 2013 was used to convert currencies:
1.00 USD (United States Dollar) = 13.06 MXN (Mexican Peso) [33]. Moreover, based on available
data and significant studies at a regional scale in the year 2013 regarding economic and forestry
indicators, 2013 was set as the baseline for the analysis. Figure 1 presents a flowchart summarizing the
research methodology.

Figure 1. Flowchart of methodology summarizing processes, inputs, and outputs.

Step 1: In order to run the Monte Carlo simulations, the report “Competitiveness and market
access of community forest enterprises in Mexico” (Competitividad y acceso a mercado de empresas
forestales comunitarias en México) [34] developed by the World Bank and the National Forestry
Council, among others, was used to estimate costs based on data from 27 community forest enterprises
(CFEs), distributed across 12 provinces throughout the country. The data was organized according to
northern and central south regions, resulting in seven CFEs for the north and 20 CFEs for the central
south region. These costs were used as input for the stochastic simulation.

As there is no established market in Mexico for woody biomass residues, nor set prices or costs
for their utilization, the costs of utilizing the analyzed residues were derived from the actual costs of
round wood production. These costs included (1) labor costs; (2) labor costs from machine operation;
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(3) road maintenance and construction costs; (4) transportation costs; (5) technical support costs; (6)
maintenance and depreciation from utilization; (7) operation and maintenance costs from sawmill
processing; and (8) depreciation from sawmill operation (Table 1).

In order to calculate the cost of utilizing woody biomass for the three biomass sources,
the mentioned costs were allocated as presented in Table 1.

As shown in Table 1, there were differences in the allocation of costs for each biomass source. This
was based on the assumption that the analyzed value chains, harvesting and sawmill value chains,
are integrated within the same group of stakeholders and actors. That is to say, the harvesting and
extraction process for both products (whole stem and residues) is carried out by the same CFE along
the value chain, so that the CFE absorbs regular costs plus the costs included for biomass supply for
energy uses. The related costs of utilizing biomass for energy use presented in Table 1 were considered
as extra costs for the CFE. Therefore, given that non-extracted stands involve an extra investment,
higher costs are related to this source. The assumptions and framework boundaries for the present
analysis are outlined below:

(a) The integration of the harvesting processes and sawmill operation along the value chain is
optimal so that the CFE operates as a single entity. No external companies, stakeholders,
or actors participate in utilizing forest woody biomass for energy use from harvesting and
sawmill operation.

(b) For the two analyzed value chains, harvesting and sawmill value chain, the CFE absorbs costs
together with the extra supply costs related to biomass for energy. Biomass for energy use and its
related supply costs and revenues are a plus for the CFE.

(c) The supply costs included in the analysis (Table 1) were referred only to account woody biomass
for energy use coming from the selected three sources. The economic output from utilization
of industrial round wood in addition to harvesting residues for energy was not presented.
No industrial round wood was considered.

(d) Equal prices for industrial round timber and woody biomass in the short- to mid-term were
assumed. A weighted price was derived from industrial round timber prices.

(e) The presented analysis considered an interest rate of 5% to be conservative. Usually an interest
rate of 12% is used in Mexico for assessing public investment projects. When mid-term time
frames are set for analysis, lower interest rates such as that used in this paper are recommended.
If higher investment returns are required in the short term, high interest rates are used.

(f) In order to simulate economic outputs for the sawmill residues, an allocation of supply costs
and revenues based on a coefficient from sawmill residues was applied [17]. This coefficient
represented the available biomass as residues in cubic meters from sawmill operations, amounting
to a value of 0.41 [17]. Revenues and costs from sawmill residues were assumed to have this share
when accounting for biomass for energy use as a byproduct. Thus, to allocate weighted values,
resulting supply costs and revenues were multiplied by the coefficient from sawmill residues.

(g) Supply costs were assumed to be stable during short- and mid-term assessments.
(h) Framework boundaries comprised only forest woody biomass for energy as the end product

in the analysis. An economic analysis beyond this point, for example technology for energy
conversion, was not undertaken.

Furthermore, each cost was set to be independent from others, that is to say, its statistical
distribution does not affect any other variable value. All variables were considered to be independent.
Table 2 presents a summary of the cost samples for each region involving maximum and minimum
values, range, standard deviation and mean. These parameters are based on data from [34].
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Table 1. Allocated costs according to source and definition.

Biomass Source Cost Definition

(i) Harvesting residues

(1) Labor cost These two costs were referred to operation costs from workforce. Based on the database and information
from [34], labor costs were used as a separate cost element but additional to labor costs of machine operation(2) Labor cost of machine operation

(4) Transportation cost Here a weighted transportation cost based on transported volumes, species and quality was considered.
Averages distances were also taken into account [34]

(6) Maintenance costs and depreciation from utilization This represented the capital costs as the sum of depreciation and maintenance costs Depreciation was
calculated using a 5 year useful life and the straight line method [34]

(ii) Non extracted stand residues

(1) Labor cost These two costs were referred to operation costs from workforce. Based on the database and information
from [34], labor costs were used as a separate cost element but additional to labor costs of machine operation(2) Labor cost of machine operation

(3) Road maintenance and construction costs Considered as a management costs, road maintenance and construction costs were grouped with this source
given the investment necessary to make biomass from non-extracted stands available

(4) Transportation cost Here a weighted transportation cost based on transported volumes, species and quality was considered.
Averages distances were also taken into account [34]

(5) Technical support cost This cost involved technical services and consultancy as well as other extra support for the community
forest enterprises [34]

(6) Maintenance costs and depreciation from utilization This represented the capital costs as the sum of the depreciation and maintenance costs. Depreciation was
calculated using a 5 year useful life and the straight line method [34]

(iii) Sawmill residues
(7) Operation and maintenance costs of sawmill processing These included the costs of machine operation and the cost of maintaining machines for the sawmill process

(8) Depreciation of sawmill operation This was considered to be the capital cost of sawmill operation

Table 2. Statistical parameters from sampled data according to cost and region.

Labor Cost Labor Cost from
Machine op.

Road Maintenance and
Construction Cost

Transportation
Cost

Technical Support
Cost

Maintenance and
Depreciation from ut.

Operation and
Maintenance Cost SW Depreciation SW

North USD/m3 USD/m3 USD/m3 USD/m3 USD/m3 USD/m3 USD/m3 USD/m3

Min 0.69 2.14 0.08 6.66 0.92 1.23 5.21 3.91

Max 16.16 18.76 6.66 24.27 4.75 18.07 31.24 7.73

Range 15.47 16.62 6.58 17.61 3.83 16.85 26.03 3.83

Standard deviation 5.26 6.32 2.26 6.68 1.55 5.73 11.69 2.01

Mean 4.98 12.44 1.68 13.05 3.08 5.72 14.58 5.50

Central South

Min 2.07 0.08 0 6.13 0.08 0.38 1.38 1.07

Max 91.04 41.81 5.67 44.10 18.61 39.74 94.18 16.85

Range 88.97 41.73 5.67 37.98 18.53 39.36 92.80 15.77

Standard deviation 20.03 11.87 1.65 8.63 5.16 10.69 22.60 4.95

Mean 17.06 11.81 2.08 18.45 5.98 11.47 14.48 7.88
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Table 2 presents the variability in costs for each region mainly due to the variations on the
harvesting levels between CFEs and regions, the efficiency of each CFE and updated data from the
sampled CFEs among others [34]. Thus, a method to treat uncertainties and variability was used.

Giving statistical sampling to represent uncertainties by specifying inputs as probabilistic
distributions, associated costs of utilizing available woody biomass for energetic use were estimated
using the Monte Carlo method. This method uses aleatory generated values to model and simulate
processes in order to estimate complex outputs. Monte Carlo simulation accounts for uncertainties in
the data and assumptions. That is to say, random samples are considered from assumed distributions
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 [35]. For this regional case study, the identified uncertainties revealed
differences between the economic performance of the forest sector in the northern and central south
regions, as well as other parameters such as transportation distances, infrastructure, and market
development. For the Monte Carlo simulations, assuming that the most probable value will occur
between a minimum and maximum number with the same probability, a uniform distribution was
used for all analyzed costs within the northern region. For the central south region, information about
maximum, minimum, and most commonly occurring values for the transportation cost was available.
Therefore, a triangular probability function was used.

Monte Carlo analysis provided an estimate of the expected value of a random variable according
to a number of iterations [36]. In order to estimate the number of iterations, the standard deviation and
the error were estimated. Equation (1) gave the total error of the estimation. The number of iteration
was calculated based on the standard deviation of the minimum and maximum values and its averages
and an absolute error of 2% (Equation (2)). A gross estimate of the expected value is the average of the
minimum and maximum values:

ε =
3σ√

N
(1)

N =

[
3σ

ε

]2
, (2)

where ε is the error of the estimate and N the number of iterations. After the number of iterations was
defined, the simulations were run. A confidence interval of 95% was set for estimating the expected
total cost. Then, the mean, standard deviation, minimum, maximum, range, and the standard error as
key parameters were estimated for each cost as the output of the Monte Carlo analysis. The expected
value of the random variable was the mean of the total involved cost generated from the results after
simulating. For the northern region, the costs of utilizing the harvesting residues were simulated
according to 8580 iterations. A total of 8815 iterations for the cost of utilizing the non-extracted stand
residues were carried out. A total of 8677 iterations for the costs associated with utilizing sawmill
residues were run. For the central south region, iteration values of 18,214, 18,626 and 17,017 used
respectively. All simulations had 100 repetitions.

Once the expected value from each cost was estimated using Monte Carlo simulation, the relevant
supply costs for each of the three woody biomass sources—(i) harvesting residues (labor cost, labor
cost of machine operation, transportation cost, maintenance costs and depreciation from utilization);
(ii) non-extracted stand residues (labor cost, labor cost of machine operation, road maintenance and
construction costs, transportation cost, technical support cost, maintenance costs, and depreciation
from utilization); and (iii) sawmill residues (operation and maintenance costs from sawmill processing
and depreciation from sawmill operation)—were analyzed and summed.

Step 2: After calculating the values using stochastic simulation, an estimation of cash flows given
revenues based on supply costs and net future value analysis (NFV) was conducted. Considering
2013 as the baseline year, timber prices were taken from the trimestral report October December 2013
developed by CONAFOR from its pricing system for timber forest products (Sistema de precios de
productos forestales maderables (SIPRE)) [14]. Due to limited data between provinces and regions,
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the timber price of pine, as the most utilized species in Mexico, was used for calculating revenues of
the three biomass sources. An NFV of alternatives was then performed. An interest rate of 5% was
used to evaluate the differences relating to the economic parameters for 17 years (2013–2030). A future
value (FV); commonly known as a measure of value; is a numerically defined attribute used in an NFV
as a selection criteria for decision-making [36]. Using methods from engineering economy, Equation (3)
allows for the calculation of the future amount of money based on interest rate, present amount of
money and number of analyzed periods:

Fij = Pij(1 + i%)n − Cij(1 + i%)n = Pij(F/P, i%, n)− Cij(F/P, i%, n), (3)

where F is the total future amount of money, P is the timber price and C is the supply cost according to
i region and the j analyzed source (harvesting residues, non-extracted stands residues and sawmill
residues), i% is the interest rate and n is the number of analyzed periods. The fundamental factor in
engineering economy determines the amount of money that accumulates after n years or periods from
a present value with compound interest once a year or period. The factor (1 + i%)n is defined as the
single payment compound amount, which is generally referred to as the factor F/P, also known as the
future given present factor [36].

Step 3: Afterwards, using the resulting outputs from the NFV, a sensitivity analysis was carried
out. A sensitivity analysis determines the weight of an alteration over a measure of value, for instances
future value, and an alternative when a specific parameter varies within a range of values [36]. In this
paper, a variation in the parameters cost and price was evaluated using the future value (FV) as
the measure of value. The time horizon of the evaluation was 17 years (2013–2030). Furthermore,
the sensitivity analysis of the percentage variation when changing the rate of return of capital (ROC)
was presented. The range in variation of the ROC for this analysis was −20% to 20%. The ROC was
defined as the earned rate over the unrecovered balance of an investment, so that the payment or final
entry equals the balance of exactly zero using the considered interest [36]. The purpose was to evaluate
the sensitivity of the chosen parameters against the ROC in a clearer way. Values calculated with the
Monte Carlo simulations were used considering the economic flow when timber prices and supply
costs are related. The analysis was developed for the three analyzed biomass sources for both regions.
The sensitivity analysis considered the flow calculation over time in order to estimate the revenues
as part of the results. With the given results, an evaluation of one alternative with changes to several
parameters within a specific time series can be graphically developed, representing a transparent
decision-making process.

3. Results

Tables 3 and 4 show results from statistical parameters of the Monte Carlo simulations for costs
of each of the three selected sources by region. For the northern region, results showed a total cost
of 43.98 USD/m3 for utilizing harvesting residues, 50.25 USD/m3 for non-extracted stand residues
and 24.11 USD/m3 for sawmill residues. Using a triangular probabilistic function for transportation
costs within the central south region, the harvesting costs amounted to 85.32 USD/m3 while cost for
utilizing non-extracted stand residues amounted to 97.86 USD/m3. The utilization cost of sawmill
residues resulted in 18.11 USD/m3.

All the supply costs were higher in the central south region, with the exception of operation and
maintenance costs of sawmill processing. Values were affected by the number of samples taken per
region according to their variability. As mentioned in the assumptions, a factor of 0.41 multiplied the
parameters supply costs and timber prices for the sawmill residues, resulting in the values presented
in Table 5.

Afterwards, an analysis was carried out to evaluate the impact of the economic flow when changes
to prices, cost and the rate of return on capital (ROC) occur. In order to do so, a sensitivity analysis
considering two parameters (price and cost) for one alternative using net future analysis as the measure
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of the value, was developed. Therefore, resulting costs from Monte Carlo simulations together with
timber prices from official reports were used to develop a net future value analysis (Table 5).

Table 3. Monte Carlo simulation results according to cost for the northern region (USD/m3).

Harvesting Residues Non-Extracted Stand Residues Sawmill Residues

Min 14.44 18.00 9.35
Max 74.65 83.58 38.93

Mean 43.98 50.25 24.11
Standard dev. 9.76 9.88 7.61

CI of 95% 43.77 ≤ X ≤ 44.18 50.04 ≤ X ≤ 50.45 23.95 ≤ X ≤ 24.27
Range 60.21 65.58 29.58

Standard error 0.72% 0.63% 1.02%
Number of simulations (N) 8580 8815 8677

Table 4. Monte Carlo simulation results according to cost for the central south region (USD/m3).

Harvesting Residues Non-Extracted Stand Residues Sawmill Residues

Min 16.63 25.92 2.66
Max 155.93 168.24 35.07

Mean 85.32 97.86 18.81
Standard dev. 21.09 21.78 6.71

CI of 95% 85.01 ≤ X ≤ 85.62 97.54 ≤ X ≤ 98.16 18.91 ≤ X ≤ 18.71
Range 139.30 142.31 32.40

Standard error 0.55% 0.49% 0.82%
Number of simulations (N) 18,214 18,626 17,017

Table 5. Timber prices and supply costs involved for calculating NFV of alternatives based on the year
2013 as the status quo (USD/m3).

Harvesting Residues Non-Extracted Stands Residues Sawmill Residues

Timber price

North 45.55 45.55 24.28
Central South 35.00 35.00 24.24

Supply cost

North 43.98 50.25 9.89
Central South 85.32 97.86 7.71

Using these values as inputs, the resulting revenue values within a period of 17 years were
analyzed against changes in price and cost together with their impact on ROC. The sensitivity analysis
consisted of evaluating changes to ROC when the parameters timber price and supply cost were
increased or decreased within a range of −40% to 40%. Table 6 presents results for revenue and ROC
when the parameter price is changed within the mentioned range. In contrast, Table 7 shows values
for revenue and ROC when the parameter cost varies.

For the northern region, results are summarized in Figure 2 with a graph showing the percentage
change of each parameter against the measure of the value. The variation of each parameter was
represented as a percentage deviation of the most probable estimate in the horizontal axis. If the
response curve of the ROC is flat and is close to the horizontal axis within the total variation range for
one parameter, the ROC has low sensitivity to the changes in the analyzed parameter.

Based on Figure 2, the parameters harvesting residues cost and non-extracted stand residues cost
showed considerable sensitivity to changes in ROC, some at higher values than others. With respect
to prices, all three biomass sources showed sensitivity to the ROC, especially the harvesting residues
price, where, for instance, an increment of 10% in the estimated harvesting residues price will increase
the ROC to 14%. Furthermore, based on calculations, results pointed out similar sensitivity to the
parameter price and the parameter cost for the northern region. According to the analysis, for the
analyzed time frame, setting prices 10% higher than that observed as the status quo will result on an
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ROC of at least 6%. This means that a yield rate of at least 6% given the observed time frame will result
in revenues between 14.05 USD/m3 and 94.06 USD/m3 (see Table 6). This was based on status quo
conditions from the year 2013, where only 15% of the total forested area was utilized [14] and a high
dependency on imports was observed. Moreover, the results showed that ROC has a considerable
sensitivity to changes to the parameter price for the three sources. That is to say, when developing
bioenergy markets utilizing forest woody residues, strategies focused on price increase will have a
strong impact. Within a range of −40% to 40% on the analyzed parameters, most of the ROC output
values were distributed within a range of−20% to 20%, resulting in a higher margin of contribution for
changes in the parameter price for the three analyzed biomass sources. Additionally, for the parameter
price of the harvesting residues, the highest expected value was 45.37 USD/m3, compared to 43.93
USD/m3 for the parameter cost. This corresponds to ROCs of 21.86% and 21.63% respectively (see
Table 8).

Table 6. Sensitivity analysis for the parameter timber price according to sources and regions (2030).

Northern Region

Harvesting Residues Non-Extracted Stand Residues Sawmill Residues

Change in Timber
Price (%)

Revenue
(USD/m3) ROC Revenue

(USD/m3) ROC Revenue
(USD/m3) ROC

−40 −38.15 −221% −52.53 −212% 10.74 −2%
−30 −27.71 −218% −42.08 −209% 16.30 1%
−20 −17.27 −215% −31.64 −205% 21.87 2%
−10 −6.83 −209% −21.20 −15% 27.43 4%

0 3.61 5% −10.76 5% 33.00 5%
10 14.05 14% −0.32 9% 38.56 6%
20 24.49 18% 10.12 12% 44.13 7%
30 34.93 20% 20.56 14% 49.69 8%
40 45.37 22% 31.00 15% 55.26 8%

Central South Region

−40 −147.43 3% −176.15 3% 15.65 0%
−30 −139.40 4% −168.13 4% 21.20 1%
−20 −131.38 4% −160.11 4% 26.76 3%
−10 −123.36 5% −152.09 5% 32.31 4%

0 −115.34 5% −144.06 5% 37.87 5%
10 −107.32 5% −136.04 5% 43.42 6%
20 −99.29 6% −128.02 6% 48.98 7%
30 −91.27 6% −120.00 6% 54.53 7%
40 −83.25 7% −111.98 6% 60.09 8%

Table 7. Sensitivity analysis for the parameter supply cost according to sources and regions (2030).

Northern Region

Harvesting Residues Non-Extracted Stand Residues Sawmill Residues

Change in Supply
Cost (%)

Revenue
(USD/m3) ROC Revenue

(USD/m3) ROC Revenue
(USD/m3) ROC

−40 43.93 22% 35.30 16% 42.06 7%
−30 33.85 20% 23.79 14% 39.80 6%
−20 23.77 17% 12.27 12% 37.53 6%
−10 13.69 14% 0.75 10% 35.26 5%

0 3.61 5% −10.76 5% 33.00 5%
10 −6.47 −209% −22.28 −190% 30.73 5%
20 −16.55 −215% −33.80 −206% 28.47 4%
30 −26.63 −218% −45.31 −210% 26.20 4%
40 −36.71 −220% −56.83 −213% 23.93 3%

Central South Region

−40 −37.11 8% −54.35 8% 44.94 6%
−30 −56.67 8% −76.78 7% 43.17 6%
−20 −76.23 7% −99.21 7% 41.41 6%
−10 −95.78 6% −121.64 6% 39.64 5%

0 −115.34 5% −144.06 5% 37.87 5%
10 −134.89 4% −166.49 4% 36.10 5%
20 −154.45 2% −188.92 3% 34.33 4%
30 −174.01 1% −211.35 1% 32.57 4%
40 −193.56 −2% −233.78 −1% 30.80 4%
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Figure 2. Sensitivity analysis of percentage variation of the most probable estimate for the northern
region. Note: Values beyond −20% and 20% on the y axis are not shown in the graph.

Figure 3 shows the response curve of the ROC for the central south region. Results presented
the lowest sensitivity to the ROC in the parameters harvesting residues price and non-extracted
stands residues price. In contrast, the parameter sawmill residues price demonstrated the highest
sensitivity to the ROC. It is important to note that for the sources harvesting residues and non-extracted
stand residues from the central south region, the economic flow based on a status quo is negative
(see Tables 5–7). Further analysis for recommendations is required.

With respect to the central south region, values from harvesting residues and non-extracted
stand residues had a negative output. Nevertheless, results from the sensitivity analysis showed
a considerable sensitivity to changes to cost for these two biomass sources. That is to say, when
decreasing the supply cost of utilizing forest woody biomass residues by up to 10%, an ROC of at
least 6% will result. This challenging cost reduction can be achieved through improvement of the
flow within the supply chain based on techniques and systems for resource management such as
enterprise resource planning (ERP) among others. It is critical to note that only stand residues sourced
from non-extracted stands were taken into account for the economic analysis. Industrial round wood
was used for higher value added products rather than for biomass for energy use. If round wood
from non-extracted stands had also been considered, the analysis for this source would have greater
values for the northern region and positive values for the central south. Differences between the two
analyzed regions in relation to prices, costs and revenues were observed, where prices higher than the
one observed in the status quo and balancing cost on both regions could have positive impact for the
introduction of bioenergy markets considering forest woody biomass residues. Table 8 summarizes
the highest expected values for each parameter, for each source and for both regions.
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Figure 3. Sensitivity analysis of percentage variation of the most probable estimate for the central south
region. Note: Values beyond −20% and 20% on the y axis are not shown in the graph.

Table 8. Highest expected values and ROC for each parameter, for each source and for both
analyzed regions.

Price Cost

Region/Biomass Source Net Future Value (USD/m3) ROC Net Future Value (USD/m3) ROC

North

Harvesting residues 45.36 22% 43.92 22%
Non-extracted stand residues 30.99 15% 35.30 16%

Sawmill residues 55.26 8% 42.06 7%

Central South

Harvesting residues −83.24 7% −37.11 8%
Non-extracted stand residues −111.97 6% −54.34 8%

Sawmill residues 60.09 8% 44.94 6%

4. Discussion

As new developments in the bioenergy sector are influenced by biomass availability tempered by
social, ecological, and economic constraints, more studies regarding forest utilization and analysis of
economic alternatives are required to support decision-making processes for regional bio-economies.
Thus, this paper aimed to evaluate economic alternatives for utilizing forest residues based on
stochastic simulation to assess the changes to economic parameters within a given time frame.
The first step was to estimate costs and treat uncertainties due to differences between regions using the
Monte Carlo method.

Regarding the cost category, a comparison of the estimated means from the 27 sampled enterprises,
revealed that the greatest difference between regions was the cost of workforce (labor cost and labor
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cost from machine operation), where the mean for the central south region was almost double that of
the north. For both regions, transportation costs made up the greatest cost share of the total cost of
utilizing forest woody biomass. This difference could be explained by the fact of owning or renting the
equipment for transportation, distances between forest and final destination, low integration between
forest areas and transformation centers and poor conditions of road infrastructure in the central south
region. The small share of road construction costs was related to high transportation costs. The low
investment in road construction results in poor conditions of infrastructure for transportation.

Moreover, all the analyzed costs were higher in the central south region; with the exception
of operation and maintenance costs from sawmill processing. This can be explained based on the
development and robust integration between actors and stakeholders in the northern region. This
involves availability of equipment, forest labor and know-how regarding utilization. As shown in
Table 2, the range between minimum and maximum values was high, which indicates variability
among the sampled universe in terms of management and utilization. Differences and variability in
costs between regions was mainly due to harvesting levels between CFEs and regions, the efficiency of
each CFE and updated data from the sampled CFEs.

After costs were stochastically simulated and an NFV analysis was carried out, supply costs and
timber prices were related in a sensitivity analysis to estimate changes to ROC using the parameter
cost and price within a time frame of 17 years. Based on results, approaches and strategies focused on
prices will have positive repercussions for the market resulting in an ROC of at least 6%, compared
to 5% from balancing costs. Moreover, lowering costs through an integration of the stakeholders
along the supply chain, applying programs for sustainable funding and cooperation between forest
enterprises, government and local authorities will open opportunities to boost timber markets and
develop solid bioenergy markets. As mentioned before, this scenario is based on an interest rate of 5%
as a conservative rate. Generally in Mexico, a discount rate of 12% is used when evaluating public
investment projects. However, when midterm projects are evaluated, low rates are recommended [37].

Considering the estimated outputs from the northern region, results demonstrated similar
sensitivity to prices and cost of the biomass sources harvesting residues and non-extracted stand
residues. Thus, developing strategies to decrease cost or increase price within a range of −40% to 40%
will have a similar output. The parameters price and cost of harvesting residues also represented the
highest sensitivity in comparison to cost and prices from non-extracted stand residues and sawmill
residues. However, these results only considered residues as the main byproduct for the economic
analysis. No industrial round wood was included as a product. A scenario based on the utilization of
industrial round wood in addition to harvested stands from non-extracted stands will have additional
positive impacts on the economic output.

Furthermore, maintaining supply costs from the year 2013 and improving prices between 5% and
7% within the analyzed timeframe, resulted in a total revenue contribution of 9.83 USD/m3. On the
other hand, reducing costs up by to 10% will increase the ROC to 14%, 10% and 5% for harvesting
residues, non-extracted stands and sawmill residues respectively (see Table 7). As shown in Table 2,
transportation costs are the highest among the two regions, with a total share of 36% of the total
supply cost in the northern region. A reduction of this cost based on improved logistics, infrastructure
upgrading of roads through public funding, and other approaches such as consolidating shipments
could lead to a 10% reduction in transportation costs. Moreover, actions based on the extension
of sustainably managed forests appear as a latent strategy for developing a biomass market in the
northern region in the long term. This also includes the introduction of advanced forest operations
that would not only impact machine and labor cost but also improve biomass availability (Table 9).
As markets for renewable energies are becoming more important in Mexico, strategies based on prices
will play an important role. According to information from the Program for the Development of the
National Electric System 2017–2031 (Programa de Desarrollo del Sistema Eléctrico Nacional 2017–2031),
in Mexico [38] there is a planned investment of 119.41 million USD in infrastructure over the next
15 years for energy projects, which includes 16 wind power and solar plants. This would ease the
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introduction of new renewable energy supply chains, impacting revenues and costs while supporting
actions based on price for harvesting residues and non-extracted stand residues in the long term
(Table 9).

On the other hand, the analysis for the central south region showed higher costs in comparison
to the northern region, where biomass sourced from harvesting residues and non-extracted stand
residues made a negative contribution to profit. Similar to the pattern of harvesting residues for the
northern region, the parameter price from the sawmill residues in the central south region showed
the highest sensitivity to changes (Figure 3). Based on results from Tables 6 and 7, for the biomass
sources harvesting residues and non-extracted stand residues, setting strategies for decreasing cost
through an efficient material flow, for instance planning and exploiting bottlenecks within the supply
chain, would impact profit contribution. In the short to mid-term, a strategy based on revenues from
sawmill residues to invest in road construction as well as capacity building in the workforce and forest
operations would support biomass availability from harvesting residues and non-extracted stand
residues, thus impacting cost and price. In the long term, a similar approach of extending sustainably
managed forests in the northern region is recommended.

Table 9. Recommendations according to time frame and analyzed regions.

Short Term to Mid-Term (5–30 Years) Long Term (31–50 Years)

North

- A 10% reduction in the transportation cost is
recommended in order to reduce overall supply costs,
resulting in a total revenue of 13.69 USD/m3 and
0.75 USD/m3 for harvesting residues and
non-extracted stand residues, respectively.
- For non-extracted stand residues, cost reduction
through improved logistics is also recommended.
- Actions focused on setting prices between 5% and
7% of the status quo supported by governmental
investments are recommended.

- An extension of sustainably managed forests is
recommended and expected within the next 50 years.
This would result in increased biomass availability
and therefore a possible cost reduction of 20%,
amounting to 23.77 USD/m3 and 12.27 USD/m3 for
harvesting residues and non-extracted stands
residues, respectively.

Central South

- A complete utilization of sawmill residues is
recommended, while reducing transportation
costs of harvesting residues and non-extracted
stands residues.
- With a contribution of 16.53 USD/m3 from year 2013
and a total revenue of 33.00 USD/m3 in year 2030
from sawmill residues, it is recommended to use this
money flow for investing and improving
infrastructure and processes of the woody biomass
supply chain in order to sustain biomass utilization
for energy use.

- An optimal integration of the whole wood supply
chain is expected in the long term, thus a similar
approach for the northern region with an extension of
forests under sustainable utilization is expected
and recommended.

As mentioned before, supply costs and revenues of biomass for energy use were assumed to be
a plus for the CFEs, thus other related costs within the timber supply chain, such as machine costs,
were assumed to be already accounted for and were not included in the analysis. Based on the results,
while focusing on extending sustainably managed forests in the long-term, a strategy focused on
reducing transportation costs and using revenues from sawmill residues to invest in road construction
and infrastructure for both regions in the short-term and mid-term is recommended

In addition to the mentioned recommendations, with the given output from the sensitivity analysis
of percentage variation of the most probable estimate, combinations of changes in price and cost for
the mid-term can be calculated. These combinations are shown in Table 10 in terms of ranges and the
highest contribution for each biomass source and region. In order to simulate results in an optimal
way, conservative rates for the changes in the parameters were used.
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Table 10. Recommended combinations of changes in price and cost with the highest revenue
contribution in the mid-term.

Biomass Source

Region Harvesting Residues Non-Extracted Stands Residues Sawmill Residues

North
↑ Price in a range of [5–10%]

and ↓ cost in a range of
[1–10%] = 24.12 USD/m3

↑ Price in a range of [5–10%] and ↓ cost
in a range of [1–10%] = 11.19 USD/m3

↑ Price in a range of [5–10%]
and ↓ cost in a range of

[1–10%] = 40.82 USD/m3

Central South

↓ Transportation cost in a
range of [1–10%] and use
money flow from sawmill

residues for investment

↓ Transportation cost in a range of
[1–10%] and use money flow from
sawmill residues for investment

↑ Price up to 5% and ↓ cost to
5% = 45.19 USD/m3

Due to the number of different strategies and combinations, ranges were used accounting to the
highest value within this range as a highest contribution.

These strategies and combinations depend on several factors that could determine the future
economic flow and economic alternatives within the Mexican forest context, for instance the
development of forest plantation projects. According to the National Forestry Council, there are
22 million hectares available in Mexico for developing commercial plantation projects, of which
13.9 million ha have been identified as priority areas due to their good soil quality, favorable weather
conditions, and available workforce [39]. The report “Costos y Beneficios de Diferentes Tipos de Uso
de Suelo en México” (“Cost and Benefits of Different Types of Land Use in Mexico”) [38] presents
a feasibility analysis regarding the cost of several land use options, in which commercial plantations are
rated as the second highest cost-benefit index amongst all analyzed options [38]. Moreover, this report
finds a net profit of $15,914,910.00 MXN (1,218,599.54 USD) with a discount rate of 12% coming from
forest utilization in a 100 ha area for mahogany and a time horizon of 60 years as a land use option.
Out of eight land use alternatives in Mexico, forest utilization and commercial forest plantations
have high cost-benefit indices of 0.57 and 2.24, respectively, meaning economic potential for their
development [37].

Thus, considering biomass availability identified through scenario modeling given an increment
of timber production areas and restricted by sustainability constraints, together with the sensitivity
analysis presented in this paper, economic alternatives can be identified for the decision-making
process. It is important to note that previous studies involving forest utilization, like that developed
by Lara et al. [37], were restricted to analyses of economic outputs accounting for timber production.
In contrast, this paper evaluates forest woody biomass residues for bioenergy as an economic option
with considerable potential for development that has not yet been fully studied.

In a comparison of Latin-American countries, based on a study developed by Cubbage et al., [40]
standing timber prices from Chile, Brazil, Argentina, Uruguay, Colombia, Venezuela and Paraguay
were lower than the Mexican standing timber prices. On the other hand, harvesting costs were also
lower. When comparing revenues from these countries, there was a minimum value of 6.78 USD/m3,
a maximum of 30.60 USD/m3 and a mean of 19.09 USD/m3. However, despite the higher costs and
higher prices observed in Mexico, the revenues identified in the present research suggest opportunities
for the development of energy supply chains based on forest woody biomass predominantly in the
northern region.

With the introduction of the General Law of Climate Change and the National Climate Change
Strategy [41], the development of alternative energy supply chains based on sustainability parameters
is crucial at regional and national levels. Guevara et al. [24] argued that further research on energy
supply and its evolution in Mexico should be focused on understanding the relationship between
energy and economics and evaluating the impact of energy policies on the energy and economy sectors.
As suggested by the International Energy Agency, the introduction of methodologies and sustainability
criteria for bioenergy supply-chain use and forecasting different medium- and long-term demand
scenarios are fundamental to achieving the main objectives of the law together with actions presented
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in the National Climate Strategy [42]. The presented results from this research contribute to this
purpose by modeling economic outputs in the short to long term scenarios based on sustainability
criteria for achieving goals within climate change strategies.

The creation of forest wood supply chains opens up a range of opportunities for supplying
biomass to the bio-economy, with bioenergy as an alternative value chain. The forest sector in
Mexico is challenging and under development where economic profitability could be achieved
throughout the application of programs guided by the implementation of policies, capacity building,
market development and integration of the stakeholders involved in the value chain. The offered
opportunities, such as energy transformation, are strengthened with the creation of supply chains
and the diversification of products. The implications of this research consider the design of
sustainability guidelines that affect decision-making processes regarding energy policies and forest
management plans.

Further research advancements involve the collection of more significant data regarding costs and
revenues from forest woody biomass utilization at a local level to create regional datasets that include
a representative sampling universe for modeling accurate simulations. This would set the basis to give
recommendations considering business models for the forestry and energy industries according to
regional conditions such as species, terrain conditions, equipment, forest logistics and energy demand.
Moreover, the development of models that assess forest woody biomass availability for energy use
together with the evaluation of economic alternatives for wood energy supply within a time horizon is
a fundamental factor for the research progress.

Research constraints such as: data availability considering forestry business models, lack of
economic and technical studies considering forest woody biomass for energy use and the low given
attention to the forest sector for climate mitigation strategies at a national level, were challenges this
study identified.

Advanced forest operations and forest management together with business strategies are essential
aspects for improving the industry towards the development of a national bio-economy. The outputs
presented in this paper support recommendations for each of the analyzed regions regarding economic
alternatives based on changes in price and costs and their effects on the rate of return of capital. These
results provide the basis for the decision-making process regarding forest utilization towards energy
generation based on economic indicators.

5. Conclusions

This research involves evaluating the opening of bioenergy markets in Mexico, by estimating
alternative costs and prices of utilizing the analyzed residues for energy use. The aim was to simulate
changes in the economic parameters within a given time frame to evaluate the potential of introducing
energy supply chains based on forest woody biomass at a regional level. In order to carry out this
evaluation, a methodology framework involving Monte Carlo simulations and sensitivity analyses
of percentage variation of the most probable estimate was conducted. This included an assessment
of the percentage change of the parameters cost and price against the rate of return on capital (ROC)
when individual parameters increase or decrease within a range. The analysis was developed for three
biomass sources (harvesting residues, non-extracted stand residues, and sawmill residues) for both
regions. With the given results, an evaluation of one alternative with changes to several parameters
within a specific time series can be graphically presented, making the decision-making process clearer.
Moreover, the opening up of the bioenergy market based on forest woody biomass residues can be
modeled from several perspectives when analyzing variables such as price, cost and ROC.

Given the presented results, a focus on investing in energy supply chains based on forest woody
biomass in the short to mid-term is recommended in the northern region. This is based on the high
sensitivity observed in the parameters price and cost for the biomass sources harvesting residues and
non-extracted stand residues. Moreover, due to the integration along the value chain in this region
and based on the introduction of more diverse renewable energy supply chains, energy markets will
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be affected supporting prices and costs in the long-term. Furthermore, based on simulations, a 10%
reduction in the transportation cost would reduce overall supply cost, resulting in total revenues of
13.69 USD/m3 and 0.75 USD/m3 for harvesting residues and non-extracted stand residues, respectively.
For the central south region, results identified a negative economic flow with the exception of sawmill
residues. A contribution of 16.53 USD/m3 from the year 2013 and a total revenue of 33.00 USD/m3 in
2030 from sawmill residues are estimated to improve the value chain. A focus on the improvement of
the harvesting value chain supported by revenues from sawmill residues is recommended.

Strategies for estimating positive economic outputs result when modeling alternatives such as
increment of areas for timber production and the introduction of advanced forest techniques [43]. With
this, balancing prices and costs according to forest woody biomass availability affects decision-making
regarding the opening up of bioenergy markets. Moreover, the economic impact of decreasing timber
imports can be evaluated in light of scenario modeling and the presented analysis.

Studies and research regarding sustainable forest management practices, the introduction of
advanced forest operations and economic models for developing regional bioenergy markets are
fundamental for a transition from a fossil-based economy. The potential offered by the Mexican
forest, as a major biomass supplier, could alleviate socioeconomic deficiencies and also mitigate
environmental impacts. This study gives basis for evaluating economic alternatives regarding energy
markets based on forest woody biomass, contributing to the decision-making processes for developing
a bio-economy at a regional level in Mexico.

Modeling different scenarios regarding an increment of production areas and the introduction
of advanced forest operations will impact forest woody biomass availability, affecting economic
alternatives for developing bioenergy markets, too. For instance, based on numerical modelling
with sustainability constraints as limits for biomass production [43], a conservative increment of the
mechanization level amounts to 976.98 million MXN of GDP for 2030 from forest woody biomass for
energy use, compared to 38.05 million MXN observed in 2014. Under the assumption of applying
advanced techniques of forest operations the sustainable supply of energy from woody biomass could
be increased by 12% to 44.55 PJ by the year 2030 compared to 44.32 PJ for a status quo scenario [43].
Given these alternatives, new perspectives for the opening up of bioenergy markets in Mexico can be
analyzed, lowering costs due to higher availability and also impacting the balance of prices.
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